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1 Introduction

1.1 Neurodegeneration in the central nervous system

Among many traumatic and neurodegenerative diseases of the central nervous system
(CNS), neuronal cell death is one of the main pathological hallmarks and the leading cause
of progressive clinical dysfunction (Akamatsu and Hanafy 2020; Chi et al. 2018). To
prevent or delay excessive neuronal loss during the process of these detrimental diseases,
increasing attempts have been made to unravel the underlying mechanisms and identify
therapeutic targets aimed at protecting the cell body from degeneration. However, all
endeavors proved to have limited success in the long-term experimental trials. As a matter
of fact, it is becoming increasingly evident that axonal degeneration rather than neuronal
soma is the initial step and in turn promotes neuronal death in traumatic and
neurodegenerative diseases (Coleman 2005; Fischer et al. 2004). Further elucidation of
the pathological mechanisms underlying CNS axonal degeneration provides the most
immediate possibility for early intervention to rescue neuronal cells and thus provides a

promising future therapeutic strategy.

However, axonal degeneration comprises a complex regulatory cascade of self-
destruction that can result from various stimuli, including toxins, trauma, aging, and
genetic deficits (Coleman 2005; Wang et al. 2012). In recent years, a growing
understanding of this field has inspired a number of interventional paradigms to better
elucidate its mechanisms. One of the most common methods for reproducibly inducing
axonal degeneration is through traumatic axonal injury (Hill et al. 2016; Wang et al. 2021).
Therefore, many studies have concentrated on the mechanisms of degeneration following
axonal injury and searched for one or several key molecules or pathways for modulation
that can effectively counteract lesion-induced axonal loss. However, although there may
be some overlap in the pathophysiological cascade between different models, axonal
degeneration cannot be considered as an exactly uniform series of events due to diverse
etiologies (Lingor et al. 2012). Hence, it is critical and necessary to use different models
of neurodegeneration for comparison or to elucidate the scope of application of
interventions. In addition, promising findings could hopefully translate into potential

treatments for neurodegenerative diseases in the future.
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12 Traumatic axonal injury

Mounting evidence for traumatic axonal injury in the CNS has illuminated the pathology
of axonal degeneration in terms of temporal and spatial dynamics (Hill et al. 2016;
Knderle et al. 2010). Improved comprehension of the fundamental mechanisms
underlying simple traumatic axonal injury allows us to simulate axonal degeneration in
more complex neurodegenerative situations. In general, post-axonal degeneration can be
divided into two discernible phases based on morphological characteristics: a transient
and early-onset degenerative event, referred to as acute axonal degeneration (AAD), has
quickly happened in both proximal and distal segments of the lesion, and a subacute
process consisting of a slow dying back degeneration in the proximal axons and Wallerian
degeneration (WD) in the distal axonal parts (Zhang et al. 2021). WD is then followed by
infiltration of glial cells, including astrocytes, macrophages and Schwann cells, to clear
axonal debris. However, altering physiological conditions within several hours of injury,
such as decreasing extracellular calcium levels, inhibiting calcium-dependent protease
activity, or expression of the WIS transgene, can significantly attenuate axonal
degeneration and preserve the integrity of damaged axons (Conforti et al. 2000; Kncferle
et al. 2010; Zhang et al. 2016). Thus, identification of potential molecular processes at
distinct morphological phases may shed light on possible targets to delay or even partially

rescue axonal degeneration in the CNS.

121  Acute axonal degeneration

In vivo live imaging experiments in the optic nerve and spinal cord have shown that
axonal segments on both sides of the lesion developed AAD as soon as several minutes
after focal traumatic axonal injury (Kerschensteiner et al. 2005; Kncferle et al. 2010). The
prompt reaction to injury is exhibited by rapid axonal fragmentation extending up to 400
um adjacent to the axonal terminal on both sides between 5 and 60 min and followed by
the slow formation of degenerating bulbs to accumulate cellular organelles due to

disruption of axonal transport (Figure 1).

Channel-mediated extracellular Ca?* influx is a key event to initiate AAD, as Ca®'-
channel inhibitors suppress early intra-axonal Ca?* elevation and further retard the AAD
progression (Knéferle et al. 2010; Koch et al. 2010). In addition, administration of Ca?*
ionophores significantly accelerates the axonal degenerative processes (Kndferle et al.
2010). Besides, calcium-dependent activation of proteases such as calpain leads to

cytoskeletal condensation and disintegration, including cleavage of axonal microtubules
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as well as neurofilaments, which corresponds to the onset of AAD (Czogalla and Sikorski
2005; Ma 2013). Furthermore, abnormal activation of calpain after axonal injury also has
deleterious effects on a series of downstream substrates (Metwally et al. 2021). For
example, collapsin response mediator protein-2 (CRMP2), a key downstream target of
calpain, was significantly cleaved 6h after the optic nerve crush (ONC), while CRMP2
overexpression or calpain blockers alleviated axonal degeneration after axotomy (Ribas
et al. 2017; Zhang and Koch 2017; Zhang et al. 2016).

Another striking characteristic feature of AAD is the excessive activation of autophagy
(Yang etal. 2013). It is common to observe significant autophagosome accumulation after
lesion-induced AAD. Blockade of autophagy with 3-methyladenine (3-MA) markedly
reduces the number of autophagosomes and protects against axonal degeneration (Koch
et al. 2010). However, pharmacological inhibition of the Ca?* channel attenuates axonal
degeneration more robustly, indicating that autophagy serves as a downstream target of
Ca?* flux (Kndferle et al. 2010). Given the critical role of autophagy in AAD

implementation, it provides a potential therapeutic strategy.

m— microtubule ® Ca’t G-} autophagosome
—  nevrofilament I Ca®* gradient
(1» mitochondria calpain

Figure 1: Schematic diagram of the molecular and morphological processes involved in acute axonal
degeneration (AAD). As early as 5-60 min post-axonal traumatic injury, the axonal terminals on both
sides demonstrate AAD, primarily regulated by rapidly increased intracellular Ca?* influx and abnormal
activation of calcium-dependent proteases such as calpain. Misalignment of neurofilaments and disruption
of microtubules subsequently can be seen, as well as locally accumulated organelles due to dysfunctional
axonal transport. Afterward, axonal bulbs are gradually formed, and autophagy is excessively induced to
eliminate cytoskeletal shards and damaged organelles. Figure modified from Lingor etal.(2012).
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122  Wallerian degeneration

Wallerian degeneration (WD) is conventionally characterized as the process of axonal
degeneration located distally after traumatic injury (Waller 1851). During the first 24 to
72 h, the distal part of axons still exhibits stable morphology and performs some
physiological functions. For example, action potential conduction is still maintained in
transected motor neuron axons for 24 h following axotomy in vivo, despite gradual decay
of evoked potentials and conduction velocities (Moldovan et al. 2009). Hereafter, the
distal stump degenerates rapidly, resulting in complete fragmentation of the axons.
However, the molecular mechanism underlying WD has not been completely clarified.
Although increased Ca?* levels in axons contribute to WD, they are not necessary to
initiate its process (Conforti et al. 2014). It is suggested that a core event during WD
following axonal injury is the disrupted transport of the vital survival factor nicotinamide
mononucleotide adenylyltransferase 2 (NMNAT?2) from the cell body to the distal axons
(Gilley and Coleman 2010). Consequently, the loss of NMNAT?2 results in a decrease in
the coenzyme nicotinamide adenine dinucleotide (NAD), but a rise in its precursor
nicotinamide mononucleotide (NMN) (Hill et al. 2016). NAD depletion, NMN
accumulation or even both are considered to ultimately trigger WD (Coleman MP and
Hdke 2020). Afterward, activation of downstream modulators with executive functions,
particularly the sterile alpha and TIR maotif-containing 1 (SARM1) protein, further

orchestrates rapid axonal fragmentation (Gerdts et al. 2015; Osterloh et al. 2012).

1.3 Glaucoma-induced neurodegeneration

Glaucoma is a leading neurodegenerative disease that leads to progressive vision loss and
irreversible blindness (Kang and Tanna 2021). It affects more than 60 million individuals
in the world in 2019, and this number will escalate to an estimated 111.8 million by 2040
(Tham et al. 2014). Under normal conditions, standard intraocular pressure (IOP) is
maintained by balancing the aqueous humor (AH) generation and its subsequent efflux
through the trabecular meshwork (TM). According to the degree of ocular drainage canal
closure in the anterior segment, there are two major subtypes of glaucoma: open-angle
glaucoma and angle-closure glaucoma. Their common features are the loss of retinal
ganglion cells (RGCs) and optic nerve degeneration in response to elevated I0OP (Schuster
et al. 2020). Despite successful pharmacological and surgical therapies to reduce IOP, the
progression of visual impairment cannot be stopped in most patients with glaucoma
(Gupta and Yirel 2007). Hence, there is an urgent need to understand the early

pathophysiological manifestations of glaucoma in order to prevent further visual loss
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during IOP-lowering treatments.

Emerging experimental animal models provide effective and practical research tools to
explore the underlying mechanisms of glaucomatous neurodegeneration, especially in
primates and rodents, whose eyes share numerous biological similarities with humans
(McKinnon et al. 2009; Millar and Pang 2015). These models artificially simulate
glaucomatous damage via genetically modified mice with glaucoma, physical blockage
of the aqueous outflow pathway or pharmacologically inducible ocular hypertension
(OHT), like potent glucocorticoid (GC) administration (Pang and Clark 2020). Given that
RGCs are located within the retina, their axons span a considerable length, converging at
the optic disc to form the optic nerve, which in turn projects to the lateral geniculate
nucleus (LGN) and superior colliculus (SC), and connect the eye to the brain to transmit
visual information. Damage to any of these regions can affect its functional integrity.
However, the elevated 10P in glaucoma and resulting low perfusion trigger a series of
apoptotic cascades in the retina that lead to the death of RGCs, including oxidative stress,
excitatory amino acid neurotoxicity, ischemia, and glial/astrocyte activation (Qu et al.
2010). Additionally, mounting evidence demonstrates that glaucomatous damage also
occurs in the visual center of the brain, especially in the LGN, contributing to the cell
body atrophy, pronounced decline in dendritic fields and complexity (Almasieh et al.
2012). Furthermore, excessive IOP also causes mechanical stress damage to nerve fibers,
especially at the optic nerve head (ONH), resulting in structural changes that compromise
neurotrophic factor transport from the superior colliculus to the RGC soma, such as brain-
derived neurotrophic factor (BDNF) and neurotrophic factor 4/5 (NT4/5) (Davis et al.
2016; Vidal et al. 2012). Transport deficits also appear in anterograde transport. By
intravitreal administration of labeled cholera toxin subunit-B (CTB), DBA/2 transgenic
mice of the glaucoma model first experienced a loss of transport at their most distal site,
where the RGC axon terminates in the SC. Deficits propagate toward more anterior RGC
targets in the brain, including the optic tract and nerves, and then reach the retina, where
active uptake is ultimately compromised (Crish et al. 2010). Impaired transport in both
directions and the consequent dysfunction of cargo trafficking, together with all the
mechanisms mentioned above (Figure 2), could be involved and interact with each other,
ultimately resulting in nerve degeneration and neuronal cell death (Dias et al. 2022; Qu
et al. 2010).

Interestingly, growing evidence in recent years has shown that defective axonal transport
in glaucoma appears to precede the structural alterations of RGCs. Vidal et al. described

an important study in which the total number of Brn3a® RGCs was greater than that of



Introduction 6

FG*- (rats) or OHSt" (mice) retrogradely traced RGCs from the SC back to the RGC soma
8 days after OHT induction by laser photocoagulation of limber tissues, indicating that

some surviving RGCs had already altered retrograde transport (Vidal et al. 2012). It was

also reported that in a GC-induced OHT mouse model, no functional or structural damage
to the RGC soma was observed after 5 weeks of periocular injection with dexamethasone
21-acetate (Dex), but TEM imaging revealed significant axonal degeneration within the
proximal portion of the optic nerve compared with Veh-injected mice, although the distal
region was not involved. The transport of fluorescent CTB injected into the eye was
further detected in the continuous frontal sections of the SC, exhibiting mild transport
impairment in the posterior regions. In contrast, no CTB transport was found in the SC
after 8 weeks of treatment with Dex. Consistent with this, PPD staining, which was
employed to detect optic nerve degeneration, revealed similar axonal degeneration in both
the proximal and distal optic nerve, along with significant loss of RGCs (Maddineni et al.
2020). Therefore, transport deficits are an early event in glaucoma progression. The
temporal gap between impaired transport and the structural deterioration of RGCs
presents itself as a conceivable therapeutic opportunity to attenuate irreversible vision

damage.
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Figure 2: Overview of pathological features involved in glaucoma. High IOP and low ocular perfusion
pressure induce a series of signaling cascades, such as axonal transport deficits, neurotrophic factor
deprivation, oxidative stress, excessive excitotoxicity, local ischemia, and glial/astrocyte activation,
ultimately leading to the programmed death of RGCs. ONH, optic nerve head; 10P, intraocular pressure;
OHT, ocular hypertension; RGCs, retinal ganglion cells. Figure created by Biorender.com
(https://biorender.com/).
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14 Aging

It is well known that aging is one of the most important risk factors for many
neurodegenerative disorders, including stroke, Parkinson's disease (PD), and Alzheimer's
disease (AD). Its prevalence continues to rise with advancing age (Hou et al. 2019). In
addition, aging is associated with physical deterioration, which increases susceptibility to
illness and death (Rose 2009). However, nowadays the pathological mechanisms
underlying aging are still poorly understood. Thus, there remain limited or no effective
therapies for aging-related neurodegenerative diseases, which have a tendency to advance

irreversibly at great cost to individuals and society.

The impacts of aging on the brain are multifaceted and profound. Given that
neurodegenerative diseases are very common in elderly people and that completely
disease-free brains are rare, it is appealing to consider neurodegenerative diseases as
manifestations of accelerated aging. However, this simplification does not help to capture
the underlying mechanisms between neurodegeneration and aging (Wyss 2016). The
progression of aging should be determined by the interaction of environmental and
genetic factors (Rodr guez et al. 2011). To better understand the biological and cellular
changes during the aging process, L¢ez et al. defined nine common hallmarks and
classified them into three groups: primary, antagonistic, and integrative hallmarks. The
primary hallmarks consist of genomic instability, telomere attrition, epigenetic alterations,
and loss of proteostasis. They are thought to be the primary drivers of aging and leading
causes of functional decline. The antagonistic hallmarks indicate compensatory or
antagonistic reactions to primary damage, including mitochondrial dysfunction, cellular
senescence, and deregulated nutrient sensing. Their function depends primarily on
intensity, exerting beneficial effects at low levels and becoming detrimental at high levels.
The integrative hallmarks serve as a result of primary and antagonistic damages
associated with senescence and comprise stem cell exhaustion and impaired intercellular
communication (Lpez et al. 2013). Since most of the cells in the CNS are post-mitotic, it
is particularly sensitive to the effects of aging due to the cumulative damage with age and
the lack of multiple forms of DNA repair (Chow and Herrup 2015). Notably, the
alterations mentioned above are very common in these cells, indicating that analogous
mechanisms could, to some extent, interpret diverse age-related neurodegenerative
diseases. However, it remains unclear why neurons respond differently to similar
environmental and genetic stimuli and develop different outcomes, such as

normal aging or different neurodegenerative diseases. This further requires early
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identification of presymptomatic manifestations in neurodegenerative diseases and

exploration of the pathophysiological basis to avoid irreversible cellular changes.

Axonal degeneration, an early and prominent characteristic in neurodegenerative diseases,
is prevalent in normal aging (Adalbert and Coleman 2013). In fact, numerous age-related
alterations in cellular processes have been demonstrated to contribute to axonopathy, in
which defects in axonal transport are involved and play an important role (McQuarrie et
al. 1989; Millecamps and Julien 2013; Minoshima and Cross 2008). Therefore, studying
axonal transport deficits may have practical implications for further understanding the
molecular mechanisms that drive individuals to develop neurodegenerative diseases in

old age.

Essential intracellular cargos in neuronal cells are heavily dependent on efficient transport
within axons, for example, mitochondrial assembly to regions of high energy demand,
autophagosome-mediated clearance of damaged organelles and mRNA trafficking for
local translation (Mattedi and VVagnoni 2019). Recent advances in real-time imaging have
allowed a clearer picture of how neuronal trafficking is coordinated in the aging
organisms. Mitochondria are the most interesting cargos to study during aging since they
provide energy for biochemical reactions in cells. Besides, their functions are tightly
connected to efficient transport. Takihara et al. described mitochondrial transport in
different age groups of mice through the so-called "MIMIR" technique (Minimally
Invasive In Vivo Imaging of Mitochondrial Axonal Transport in RGCs). Although the
total organized transport pattern remained unchanged in normal aged RGCs (23-25
months old), dynamic properties (including duration, distance, duty cycle, and velocity)
were significantly reduced compared to adult mice, while the mitochondrial-free zones
increased with aging (Takihara et al. 2015). Aged-dependent decline in mitochondrial
transport was also found in dorsal root ganglia neurons (DRGs) derived from 5-month-
old mice overexpressing tau P301S compared to those cultured from young mice of the
same genotype (Mellone et al. 2013). Similarly, autophagy defects also exist with aging.
A recent study showed that pronounced stalling of autophagosome biogenesis was noticed
in cultured DRGs from aged mice, even though the early stages of autophagosome
formation were not affected (Stavoe et al. 2019). However, transport impairment does not
appear to be a ubiquitous characteristic of neuronal aging. Sleigh et al. reported no change
in the transport of signaling endosomes displayed by the toxic binding fragment of tetanus
neurotoxin (HcT) in mice older than 13 months (Sleigh and Schiavo 2016). Thus, the
distinct kinetics of these cargos during aging may be the result of their intrinsically

different pathophysiological properties.
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However, more detailed and precise work is still required to identify the significance of

cargo transport dynamics during aging.

15  Autophagy

As a highly conserved pathway of lysosomal degradation responsible for controlling the
quality of cytosolic proteins and organelles, autophagy is widely considered to be
important for maintaining axonal homeostasis in neurons (Wang et al. 2018). Recently,
growing evidence has suggested that autophagy dysfunction is closely linked to axonal

degeneration in most neurodegenerative diseases.

Broadly speaking, there are three major categories of autophagy, including chaperone-
mediated autophagy (CMA), microautophagy, and macroautophagy (Parzych and
Klionsky 2014). Although all three processes deliver cellular cargos to the lysosome for
degradation and recycling, each has unique morphological features. Chaperone-mediated
autophagy utilizes chaperones to selectively recognize cargo proteins containing a
specific targeting motif (Kaushik and Cuervo 2018). During microautophagy,
internalization of cytoplasmic cargo into the lysosome is facilitated by invagination or
protrusion of the lysosomal membrane (Mijaljica et al. 2011). Macroautophagy involves
the formation of double-membrane autophagosomes to sequester and deliver cargos to
lysosomes (Stavoe AKH and Holzbaur 2019a). Among them, macroautophagy is
considered the principal mechanism of catabolism and has been widely explored. In this
case, the succeeding section of this dissertation shall direct its attention toward

expounding on the mechanism of macroautophagy, henceforth named as autophagy.

Autophagy widely exists in eukaryotic cells. It is in charge of the turnover of targeted
proteins and unwanted cellular organelles, thereby contributing to intracellular recycling
(Menzies et al. 2015). Over the last two decades, our understanding of the process and
molecular machinery of autophagy in yeasts and mammalian cells has grown dramatically.
Mechanistically, the formation of autophagosomes involves a series of interconnected
steps, including initiation, elongation, closure and degradation (Figure 3) (Melia et al.
2020; Wang et al. 2018). After activation of autophagy, a cup-like single-membrane
structure termed the phagophore appears and enwraps degraded substrates in the
cytoplasm. It gradually elongates and evolves into a closed, double-membrane
autophagosome. Upon completion, autophagosomes mature after fusion with lysosomes
to degrade sequestered materials and eventually release catabolic products (Xie and
Klionsky 2007; Yang Z and Klionsky 2010). Simultaneously, most autophagy-related
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genes (ATG) have been recognized to participate in autophagy biogenesis (Figure 3). The
Atgl/Unc-51-like kinase 1 (ULK1) complex is the most upstream regulator of the
autophagy pathway, including the kinase ULK1, ATG13, ATG101, and the focal
adhesion kinase family-interacting protein of 200 kDa (FIP200) (Melia et al. 2020). It
serves as an initiator of autophagy and further recruits other autophagic proteins to the
putative nucleation site of autophagosomes (Parzych and Klionsky 2014). Next, the
activated ULK1 complex facilitates autophagy by targeting the class IlI
phosphatidylinositol 3-kinase (P13K) complex, composed of vacuolar protein sorting 34
(VPS34), VPS15, ATG14L, and Beclin 1 (Menzies et al. 2015). Structurally, this complex
is stabilized by the pairwork of Beclin 1/ATG14L and Vps15/Vps34 (Stjepanovic et al.
2017). Subsequent to the initiation of autophagy, Beclin 1 recruitment triggers the
assembly of complexes mediated by the adaptor ATG14L, in which the WD structural
domain of Vps15 arranges the proteins into the complex, thus enabling Vps34 function
(Grasso et al. 2018). In the meantime, ULK1 enhances the PI3K activity of the catalytic
subunit VVps34 through phosphorylation of Beclin 1 (Ser14) and ATG14L (Ser29), leading
to increased phosphatidylinositol 3-phosphate (PI3P) production (Russell et al. 2013).
Herein, the local enrichment of PI3P in the ER, as a signaling lipid needed for the
assembly of downstream autophagic effectors, is of critical importance during the initial
phases of autophagy (Wirth et al. 2013).

Afterward, a series of steps involves the elongation of the autophagic membrane, mainly
relying on two ubiquitin-like conjugation systems: the Atg12—Atg5-Atgl6L system and
the microtubule-associated protein 1 light chain 3 (LC3)/Atg8 system (Wang et al. 2018).
ATG12 is conjugated to ATG 5 through enzymatic reactions involving ATG 7 and ATG
10, and the resulting complex non-covalently binds to ATG16L1 (Noda et al. 2013).
Subsequently, the formed Atgl2-Atgbh-Atgl6L complex interacts with pre-
autophagosomal membranes and promotes their elongation with the aid of LC3
recruitment (Menzies et al. 2017). In the LC3/Atg8 ubiquitin-like conjugation system,
LC3 is first processed by ATG4B, which cleaves the C-terminus to form LC3-1. This
cleavage is then critical for the conjugation of cytosolic isoform LC3-1 with
phosphatidylethanolamine (PE) to produce the lipidated isoform LC3-11 by means of
ATG3, ATG7,and ATG12-ATG5-ATG16L1. LC3-11is intimately linked to the extension
of autophagosomal membranes and retained on completed autophagosomes, while the
ATG12-ATG5-ATG16L complex dissociates from the membrane prior to the
completion of autophagosome formation (Menzies et al. 2017; Nikoletopoulou et al. 2015;
Wang et al. 2018). Therefore, it is widely accepted that LC3-11 is a standard autophagy
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marker to monitor autophagy. Additionally, p62/sequestosome 1 (SQSTM1), a selective
receptor for autophagy, links to polyubiquitinated cargos through the ubiquitin-associated
domain (UBA) and delivers them to the autophagic machinery for degradation (Liu et al.
2016). Consequently, p62 indirectly reflects autophagy activity as an autophagy substrate,
and its level is inversely correlated with autophagy activation (Bjerkey et al. 2009).

Strikingly, unlike nonneuronal cells, several studies on neuronal autophagosome
biogenesis, mainly in vitro, have described that autophagosomes are preferentially formed
at the axon tip, thus emphasizing their highly compartmentalized and spatially regulated
nature (Maday and Holzbaur 2014). Once formed, the newly generated double-membrane
autophagosomes interact with microtubules. After an initial transient period of
bidirectional motility, they subsequently undergo a unidirectional, highly progressive
retrograde transport toward the soma at an average speed of 0.45 pm/s, with very few
anterograde movements observed (1%) (Maday et al. 2012). However, all these data on
autophagosome transport were generated in in vitro models and so far, no imaging of

autophagosome transport in vivo has been published.

Generally speaking, trafficking in autophagosomes is mediated by two major classes of
motor proteins. Kinesin-1 is the plus-end-directed motor protein driving cargos to the
cell periphery, whereas the dynein-dynactin complex is the major motor protein that
delivers cargos to the perinuclear region (Nakamura and Yoshimori 2017). Meanwhile,
nascent autophagosomes mature in transit from distal axons to the soma by fusing with
lysosomes to form autolysosomes (Stavoe AKH and Holzbaur 2019a). Mechanistically,
the fusion requires three distinct groups of protein families: Rab GTPases, membrane-
tethering complexes and soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNARES). Rab proteins exhibit specific localization to lysosomal membranes
and serve to enlist tethering complexes, which function as molecular bridges to connect
fusion-related components and facilitate their interaction. SNARE proteins direct the two
corresponding membranes toward each other and provide the driving force, ultimately
achieving membrane fusion (Chen YA and Scheller 2001; Nakamura and Yoshimori
2017). After fusion, acidification is induced and becomes increasingly acidic, which
allows for the efficient digestion of cargo and the recycling of nutrients by lysosomal
enzymes, such as hydrolases (Zhao et al. 2021).

In summary, autophagy is a conserved process of catabolic trafficking that involves
massive destruction and the routine turnover of cytoplasmic components through

regulated degradation of lysosomes (Martinet et al. 2009; Menzies et al. 2015).
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Autophagy usually occurs at low levels, but it can be induced by a number of stress
conditions, such as starvation and hypoxia (King et al. 2011). Numerous studies have
described that autophagy may play a double-edged role in several diseases, including
neurodegenerative diseases (Lee 2009). On the one hand, autophagy acts as a self-
phagocytic pathway that facilitates cellular survival under unfavorable situations; on the
other hand, excessive autophagy can induce cell death through immoderate self-
cannibalization of vital cellular components, thereby exhausting cellular synthetic
capacity (Martinet et al. 2009). Since neurons have permanent post-mitotic properties,
polarized morphology, and actively engaged protein trafficking, they are heavily reliant
on functional autophagy (Horton and Ehlers 2003; Lee 2009). Accumulated
autophagosomes have often been found in a range of neurodegenerative disorders, such
as Alzheimer's, Parkinson's diseases, and amyotrophic lateral sclerosis as well as acute
CNS injuries (Guo et al. 2018; Jaeger und Wyss 2009). However, it still remains unclear
if autophagy exerts either a protective or deleterious effect on neurodegenerative diseases.
Therefore, understanding the molecular mechanisms of neuronal autophagy and the
specific role of autophagy in neurodegenerative diseases may offer opportunities to

develop therapeutic interventions resulting from the modulation of this process.

Induction of autophagy Lysosome

}

Phagophore Autophagosome Autolysosome
(1solated membrane)

ULK1 complex ATG12-ATG5-ATG16L system Rab GTPases
PI3K complex LC3/Atg8 conjugation system Tethering complex
SNAREs

Figure 3: Schematic diagram of the autophagic process in mammals. Briefly, the autophagy pathway
consists of several steps: initiation, nucleation, elongation, closure, maturation, and degradation.
Cytoplasmic components are first recruited to an isolated membrane called phagophore, which then
progressively develop into a dual-membrane autophagosome and thereafter mature into an autolysosome
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following fusion with lysosomes. This process is initiated by the ULK1 complex, including ULK1, Atg13,
FIP200, and Atgl01. Autophagosome elongation contains two ubiquitin-like conjugation systems: the
ATG12-ATG5-ATG16L system and the microtubule-associated protein 1 light chain 3 (LC3)/Atg8 system.
Finally, the cargos sequestered within autophagosomes are subject to degradation via lysosomal enzymes
and released as small molecules.

16  Aims of this thesis

Autophagy is strongly involved in the pathology of neurodegeneration. On the other hand,
it is also important to maintain metabolic homeostasis and serves a crucial regulatory
function in cell survival and death, mainly depending on the specific environment. The
axon is at center stage in the early pathophysiology of most neurodegenerative conditions.
Autophagosomes need to be transported along the axon for proper clearance of their
contents and recycling processes. So far, it is not known, how autophagosomes are
transported along the axon, in particular in neurodegeneration. Given that axonal transport
defects of other cargos precede neuronal structural alterations, further elucidation of the
axonal transport patterns of autophagosomes in different models of neurodegeneration
may potentially promote the advancement of targeted therapeutic interventions. Therefore,
the aim of this thesis was to analyze how autophagy contributes to different models of

neurodegeneration.

As a prerequisite for all subsequent experiments, the first objective of this study was to
construct an AAV-LC3 viral vector labeled with fluorescence to visualize autophagosome
transport. Its toxicity and transduction efficiency in vitro and in vivo were assessed, and

the most suitable titer was then selected for the following experiments.

The second goal was to explore the dynamic changes of autophagosome transport at
different time points in the acute axonal injury model in vitro and in vivo, the rat subacute
glaucoma model, and the aging model and further compare their similarities and

differences.

Thirdly, focusing on the in vivo and in vitro models of acute axonal degeneration, the
alterations in the autophagy-lysosomal pathway were evaluated from different
perspectives, including the levels of relevant autophagic proteins, the ratio of
autophagosome-lysosome fusion and degradative capacity, thus laterally validating the

findings of the second step.

Finally, potential molecules regulating the process of autophagosome transport were
investigated, especially several closely related key motor proteins.
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2 Materials and Methods

2.1 Materials

211  Animals

Embryonic day 18 (E18) Wistar rats were acquired from the Central Animal Facility,
University Medical Center Gd&tingen, Germany, for the preparation of primary neuronal
cultures. All female rats used for in vivo experiments with a body weight of 250-350g were
from Charles River laboratories, Germany.

All animal experiments were carried out in compliance with the approved experimental
animal licenses (11/0408 and 17/2642) issued by the responsible animal welfare authority
(Niedersichsisches Landesamt fiir Verbraucherschutz und Lebensmittelsicherheit) and
overseen by the local animal welfare committee of the University Medical Center
Gottingen, Germany. Additionally, all animal experiments adhered to the principles and
requirements set forth in the ARRIVE guidelines.

212  Chemicals

Table 1: Chemicals

Chemicals Company

Thermo Fisher Scientific, Waltham, MA,
United States

Brain-derived neurotrophic factor (BDNF)| PeproTech, Rocky Hill, NJ, USA

B -27™ supplement

Boric acid Carl Roth, Karlsruhe, Germany
Bovine serum albumin (BSA) Sigma-Aldrich, St. Louis, Missouri, USA
Bromphenol blue Sigma-Aldrich, St. Louis, Missouri, USA

Ventana Medical Systems, Innocation

Cell conditioning solution ccl park drive tucson, Arizona, United States

Ciliary neurotrophic factor (CNTF) PeproTech, Rocky Hill, New Jersey, USA
Complete protease inhibitor Roche, Basel, Switzerland

DAPI AppliChem, Darmstadt, Germany

Dako antibody diluent Agilent, Carpinteria, CA, United States
Deoxyribonuclease (DNAse) | Sigma-Aldrich, St. Louis, Missouri, USA
Dithiothreitol (DTT) Sigma-Aldrich, St. Louis, Missouri, USA

DMEM Low Glucose Biowest, Nuaillé France
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Chemicals

Company

Dimethyl sulfoxide (DMSO)

AppliChem, Darmstadt, Germany

Ethanol absolute (molecular biology grade)

AppliChem, Darmstadt, Germany

ECL Prime Western Blotting Detection
Reagents

Cytiva, Amersham, UK

Fetal calf serum (FCS)

Merck, Darmstadt, Germany

Glutamax

Thermo Fisher Scientific, Waltham,
Massachusetts, USA

H.0,

Sigma-Aldrich, St. Louis, Missouri, USA

Hank’s balanced salt solution (HBSS)

Thermo Fisher Scientific, Waltham,
Massachusetts, USA

Laminin Sigma-Aldrich, St. Louis, Missouri, USA
Luminol Merck, Darmstadt, Germany

Methanol AppliChem, Darmstadt, Germany
NaCl Merck, Darmstadt, Germany

NaHCO; AppliChem, Darmstadt, Germany

Neurobasal medium

Thermo Fisher Scientific, Waltham,
Massachusetts, USA

Pepstatin A, BODIPY™ FL Conjugate

Thermo Fisher Scientific, Waltham,
Massachusetts, USA

Penicillin/streptomycin/neomycin (PSN)

Thermo Fisher Scientific, Waltham,
Massachusetts, USA

Penicillin-Streptomycin (PS)

Sigma-Aldrich, St. Louis, Missouri, USA

Phosphatase inhibitor

Roche, Basel, Switzerland

Phosphate buffered saline (PBS)

AppliChem, Darmstadt, Germany

Pierce™ bicinchoninic acid (BCA) Protein
Assay

Thermo Fisher Scientific, Waltham,
Massachusetts, USA

Poly-L-ornithine (PLO)

Sigma-Aldrich, St. Louis, MO, United
States

PageRuler Plus Prestained Protein Ladder

Thermo Fisher Scientific, Waltham,
Massachusetts, USA

Radioimmunoprecipitation assay buffer

Thermo Fisher Scientific, Waltham,
Massachusetts, USA

Sodium dodecyl sulfate (SDS)

AppliChem, Darmstadt, Germany

HoloTransferrin

AppliChem, Darmstadt, Germany

Tris AppliChem, Darmstadt, Germany
Trypsin Sigma-Aldrich, St. Louis, Missouri, USA
Triton X100 AppliChem, Darmstadt, Germany




Materialsand Methods

16

213  Buffers, solutions, and their recipes

Table 2: Buffers and solutions recipes

Buffer/solution/medium

Constituents

Calcium magnesium-free (CMF)

50 mL 10x HBSS, 7.5% NaHCO3, in
450 mL sterile distilled H,O, pH 7.4

Cortical medium

0.25% glutamax, 0.5% 1 mg/mL holo
transferrin, 1% PSN, 2% B-27 supplement
in neurobasal medium

Astrocyte medium

DMEM low glucose medium, 2.5% PS,
20% FCS

BODIPY FLpepstatin A

1 uM BODIPY FLpepstatin A in DMSO

Enhanced chemiluminescence (ECL)
reagent 1

100 mL 250 mM luminol, 44 i 90mM
p-coumaric acid, ImL 1 M Tris pH 8.5
in 8.85 mL distilled H,O

ECL reagent 2

0.6 pL 30% H,0,, ImL 1 M Tris pH 8.5
in 9 mL distilled H,0

Electrophoresis buffer

190 mM glycine, 25 mM Tris, in distilled
H.O

Laemmli buffer

312.5 mM Tris pH 6.8, 10% SDS, 50%
glycerine, 0.005% bromphenol blue, 100
mM DTT

Lysis buffer

91% RIPA buffer, 5% complete protease
inhibitor, 4% phosphatase inhibitor

PBS

9.5 mg/mL PBS in distilled H.O

Tris-buffered saline (TBS)

20mM Tris, 137 mM NaCl in distilled
H,O

TBS-Tween-20 (TBS-T)

0.1% Tween-20 in TBS, pH 7.6

Transfer buffer

190 mMglycine, 25 mM Tris, 20%
methanol

214  Viral vectors

Table 3: Viral vectors

Viral vectors

Source

AAV6-mScarlet-LC3

provided by Prof. Uwe Michel,
Department of Neurology, University
Medicine Gdtingen

AAV1/2-hSyn-EGFP
[Genbank ID: HQ416702]

provided by Prof. Uwe Michel,
Department of Neurology, University
Medicine Gdtingen
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2.15 Antibodies

Table 4: Primary antibodies

. . Catalog
Antibody Species number Company
anti-Cathepsin D mouse 377124 gantaCruz, Dallas, TX, United
tates

anti-Dynein mouse MMS-400p Sﬁ\i/taer(]jcgi aTe%rth Carolina,
anti-GAPDH mouse 5G4 Hytest Ltd., Turku, Finland

. . Sigma-Aldrich, St. Louis,
anti-LC3B rabbit L7543 Missouri, United States
anti-p150Glued mouse 610474 LBJIr:1)| tgéoggéigsces, New Jersey,

i . Sigma-Aldrich, St. Louis,
anti-p62 rabbit PO067 Missouri, United States
anti-p-ATGI6L1 | rabbit 195202 | jeoeeits cambridge, Unite

. . Sigma-Aldrich, St. Louis,
anti-Kif 5 rabbit 3500282 Missouri. United States

. Bio legend, San Diego,
anti-SMI 32 mouse 801701 California, United States

Table 5: Secondary antibodies
. . Catalog
Antibody Species number Company

anti-mouse HRP horse 7076P2 gz:;bsrli?jgglIB?\i;I;%C}I](ri]ﬁé%%)r/ﬁ

. . Cell Signaling Technology,
anti-rabbit HRP goat 7074P2 Cambri?jge U?“te i King d?r’n
anti-mouse Alexa647 | donkey 21447 w;:?;ml:lli;l];srsiglheunst :;: USA
anti-mouse Alexa594 | goat 11005 w:I:?; mFllizzsrsig;]eunst :;g USA
anti-rabbit Alexa546 | donkey A10040 w;:?;ml:lli:l];;sig;‘leunst :;: USA
anti-rabbit Star635p goat 1002 Abberior, Gottingen, Germany
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216  Equipment

Table 6: Equipment

Equipment

Company/manufacturer

10-0 polyamide surgical suture

Ethicon, New Jersey, United states

Analytical balance BL210S

Sartorius, Gdtingen, Germany

Balance LE6202S

Sartorius, Gdtingen, Germany

Blotting paper Whatman

GE Healthcare, Chicago, IL, USA

Cryostat CM3050 S

Lecia, Wetzlar, Germany

Centrifuge 5418 R

Eppendorf, Hamburg, Germany

CO;incubator HERACcell 150i

ThermoFisher Scientific, Waltham,
Massachusetts, USA

Cryomatrix gel

Epredia, Michigan, USA

Drying oven (37<C, 60<C)

Heraeus, Hanau, Germany

Electric driller

Proxxon, Micromot NG2/S,F&hren

Electrophoresis power supply

GE Healthcare, Chicago, IL, United States

FluoroDish 35-100

World precision instruments, Sarasota, FL,
United States

Forceps

Fine Science Tools, Heidelberg, Germany

Freezer (-20C)

Bosch, Stuttgart, Germany

Freezer (-80C)

Ewald innovationstechnik, Rodenberg,
Germany

Fridge (+49

Gorenje,Velenje, Slovenia

Fusion solo s

Vilber Lourmat, Eberhardzell, Germany

Glass coverslips

R.Langenbrinck, Emmendingen, Germany

Ice machine AF107

Scotsman Ice Systems, VernonHills, IL,
United States

Observer Z1 Inverted Phase Contrast
Fluorescence Microscope

Carl Zeiss Microscopy, Jena, Germany

AXI0O Imager.Z2 Motorized Fluorescence
Microscope

Carl Zeiss Microscopy, Jena, Germany

Inverted light microscope Axiovert 40C

Carl Zeiss Microscopy, Jena, Germany

Laminar flow hood LaminAir HB 2448

Heraeus, Hanau, Germany

Low-temperature cautery

Bovie Medical Corporation, Florida, USA

Microfluidic chambers RD450

Xona, California, United States

Mini-PROTEAN® TGX™ Precast Protein
Gels (4-15%)

Bio-Rad, Hercules, CA, United States

Multimode microplate reader Spark 10M

Tecan, M&nedorf, Switzerland
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Equipment Company/manufacturer
Parafilm Bemis, Neenah, W1, United States
Pipette tips STARLAB, Hamburg, Germany
Pipettes Gilson, Middleton, WI, United States

Polyvinylidene difluoride (PVDF) transfer
membrane

GE Healthcare, Chicago, IL, United States

Safe-lock tubes

Eppendorf, Hamburg, Germany

Scalpel Aspen Surgical, Caledonia, MI, United
States

Scissors Fine Science Tools, Heidelberg, Germany

Shaker ST5 CAT, Staufen-Etzenbach, Germany

Thermocoagulator

Fine Science Tools, Heidelberg, Germany

Thermomixer comfort 1.5 mL

Eppendorf, Hamburg, Germany

Tono-Pen® Vet

Reichert, Depew, NY, United States

Two-photon microscope

LaVision BioTec TriM Scope, Bielefeld,
Germany

Ultrasonic bath RK 100 H

BANDELIN electronic, Berlin, Germany

Ultrasonic homogenizer UP50H

Hielscher Ultrasonics, Teltow, Germany

Vertical Electrophoresis Cell

Bio-Rad, Hercules, CA, United States

Water bath 1003

GFL GesellschaftfUr Labortechnik,
Burgwedel, Germany

Water purification system Arium pro

Sartorius stedim, Gdtingen, Germany

217  Software

Table 7: Software

Software

Company

Endnote X8

Clarivate Analytics, Philadelphia, PA,
United States

Excel 2019

Microsoft, Redmond, WA, United States

EvolutionCapt Plus 6

Vilber Lourmat, Eberhardzell, Germany

GraphPad Prism 8

GraphPad Software, La Jolla, CA, USA

National Institutes of Health, Bethesda,

ImageJ MD, United States

ImSpector LaVision, Gdtingen, Germany
PowerPoint 2019 Microsoft, Redmond, WA, United States
Word 365 Microsoft, Redmond, WA, United States

ZEN 2.5 pro

Carl Zeiss Microscropy, Jena, Germany
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2.2 Methods

221  cDNA Cloning and production of adeno-associated viral vectors

The cDNA cloning and construction of AAV vectors were done by Elisabeth Barski,
Barbara MUler, and Prof Dr. Uwe Michel (Department of Neurology, University Medical
Center Gdtingen).

Briefly, rat LC3 cDNA was amplified and labelled with a basic red fluorescent protein
mScarlet and finally packed into the AAV6 vector. Expression of LC3-mSlarlet was
controlled by a hybrid cytomegalovirus (CMV) /chicken beta-actin (CB) promoter and
further augmented by a woodchuck hepatitis virus post-transcriptional regulatory element
(WPRE). Before production of AAV vectors, the sequence of all plasmids was confirmed.
The resulting AAV vectors were termed as AAV6-mScarlet-LC3 and detailed

information was shown below (Figure 4).

AAV6-mScarlet-LC3

—mRH B K o c3 H were H bGHpA H TR —

Figure 4: Vector diagram of AAV6-mScarlet-LC3. As an adeno-associated viral vector, it expresses
mScarlet fluorophores fused to LC3. ITR: AAV-6 inverted terminal repeat. CB: chicken beta-actin. CMV:
cytomegalovirus promoter. WPRE: woodchuck hepatitis virus posttranscriptional regulatory element. bGH-
pA: bovine growth hormone- polyadenylation site.

2.2.2  Neuronal cell culture in microfluidic chambers

Embryos of the Wistar rat at E18 were used to prepare primary cortical neurons. All
procedures were approved by the local government authorities in accordance with the

regulations of the animal research council of Lower Saxony, Germany.

2.2.2.1 Preparation of microfluidic chambers

Duct tape was used to carefully remove dust and cell debris from microfluidic chambers,
especially in main channels and microgrooves. Then cleaned microfluidic chambers were
immersed in 70% undenatured ethanol with microgrooves up at least 10 minutes for
sterilization. After complete drying under a cell culture hood, the chambers were ready for

the next step.
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2.2.2.2 Coating with poly-L-ornithine and laminin

In all in vitro experiments, Petri dishes were used and covered with PLO and laminin
under the sterile hood of cell culture. PLO was first dissolved in 0.15 M sodium borate
buffer at pH 8.5 resulting in a 1 mg/ml stock solution stored in a refrigerator at 4 °C. PLO
was then diluted ten times with sterile double-distilled water to a final concentration of
0.1 mg/ml. 1 ml of this PLO solution was pipetted into the middle of Petri dishes and left
in the hood at room temperature overnight. After washing the dishes twice with sterile
double-distilled water, 1 ml of diluted laminin was applied to the dishes at a concentration
of 1 g/mL. Then, the dishes were transferred into an incubator at 37 °C for at least 2 hours.
After aspiration of the laminin solution and multiple washings with sterile double-distilled
water, the microfluidic chambers described in 2.2.2.1 were carefully placed in the center
of Petri dishes with sterile forceps. Subsequently, the chambers were gently pressed with
fingers to ensure they adhered well to the dishes. At last, 180 piL of the pre-warmed
cortical medium was introduced into the somatic compartment through the main channels,
while the axonal compartment was filled with 120 L of cortical neuron medium the next

day. All dishes were stored in a 37 °C cell incubator until the seeding of neurons.

2.2.2.3 Primary cortical neuronculture and cell seeding

The rat primary cortical neurons were prepared by Elisabeth Barski (Department of
Neurology, University Medical Center Gdtingen).

Pregnant E18 Wistar female rats were euthanized with carbon dioxide (CO2) and pinned
to a prepared pad. The skin covering the abdomen underwent disinfection with a 70%
ethanol solution, after which an incision was made to expose the peritoneal cavity. All
embryos were carefully taken out of the uterus and immediately placed in a pre-cooled
CMF buffer on a clean bench with laminar flow. After decapitation, brain dissection and
isolation of cortices were performed under a stereomicroscope to achieve precise
identification in another petri dish with ice-cold CMF. To be more detailed, both
hemispheres of brains were exposed and meninges were carefully removed. Cortical
regions from both hemispheres were isolated, collected, and subsequently put into a
Falcon tube containing 10 ml of ice-cold CMF. After aspiration of CMF, the cortices were
subjected to the addition of 1 mL of trypsin (25,000 U/mL), followed by placement in a
37 <C water bath for 15 minutes. During the last 5 minutes of the water bath, 50 pL of
DNAse | (5 mg/mL) were supplemented. Afterward, the Falcon tube was centrifuged at
800 rpm for 1 minute at room temperature (RT). The supernatant was immediately

discarded and 1 mL FCS was used to stop trypsin activities. Then, a homemade fire-



Materials and Methods 22

polished glass Pasteur pipette was used to gently triturate the pellets. Following
centrifugation of cell suspension at 800 rpm for 4 minutes, the supernatant was removed
and the resulting pellet was re-suspended by 1ml of warm culture medium. 10 pi of cell
suspension was introduced into both sides of a Neubauer counting chamber for cell
counting. Before seeding cells in the microfluidic chambers, all of the medium within the
wells of the somatic compartments was thoroughly sucked out. 60,000 neurons were
directly added to the somatic compartment of microfluidic chambers through main
channels. 1 hour later, 200 pL of the pre-warmed cortical medium was introduced to the
wells located in the somatic compartment of the microfluidic chambers. All chambers
together with the dishes were subsequently maintained at 37<C under an environment

comprising 5% CO2 and 95% humidity.

2.2.2.4 Test of virus toxicity and transduction efficacy

The AAV-mScarlet-LC3 virus was tested for toxicity and transduction efficacy on
primary cortical neurons. At least 3 hours after seeding 60,000 cortical neurons in
microfluidic chambers, LC3 virus was diluted at different titers in 200 i of fresh pre-
warmed cortical medium (0.5*10° transduction units (TU), 1*10° TU, 2*10° TU).
Neurons were transduced by drop-wise addition of the viral vector. On day in vitro (DIV)
2, half of the medium was removed from the somatic and axonal compartments and
substituted with new, pre-warmed cortical medium. Further replacement of medium
happened every two days until neurons were imaged. On DIV5, some axons were long
enough to cross through microgrooves and enter the axonal compartment. On DIV10,
cortical neurons were visualized using a Zeiss inverted microscope with a special cell
incubation system to maintain 37 °C and 5% CO- concentration. Photomicrographs were
taken under 40x magnification by using Zen software. For each viral titer, a minimum of
two chambers including at least 4 view fields, was imaged through bright and DsRed
filters (to image mScarlet fluorophore). The transduction rate was quantified by manually
counting the number of neurons expressing mScarlet fluorescence in each field of view
and then dividing it by the total number of neurons. Besides, the morphology of neurons
and the number of dead cells were also checked as factors to reflex the toxicity of viral
vector. A titer with a high degree of transduction but low toxicity was selected for

subsequent in vitro experiments.

2.2.2.5 Co-culture of cortical neurons and astrocytes

The rat primary astrocytes were prepared, harvested, and stored in liquid Nitrogen by
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Elisabeth Barski (Department of Neurology, University Medical Center Gdtingen).

Briefly, astrocytes stored in Dulbecco's Modified Eagle Medium (DMEM) complemented
with 20% FCS and 10% dimethyl sulfoxide (DMSQO) were taken out from the liquid
nitrogen and slowly melted in a 37 °C water bath until a small piece of ice was left in the
tube. All liquid inside was transferred into a 10ml falcon tube filled with 6-8ml neurobasal
medium and then centrifuged at 800 rpm for 8 minutes at RT. The supernatant was
discarded and substituted with pre-warmed astrocyte medium supplemented with 20%
FCS. Astrocytes were counted through a Neubauer counting chamber. 30,000 astrocytes
were seeded into the somatic compartment of microfluidic chambers. 1 hour later, 200 L
of fresh, warm astrocyte medium was added to the wells in the somatic compartment of
microfluidic chambers. The chambers were then placed within an incubator with 37°C
and 5% CO,. Afterward, astrocytes were quickly checked every day under an inverted
phase contrast microscope until the density reached one-third of the somatic compartment.

Then 20,000 cortical neurons were directly seeded in the chambers as described in 2.2.2.3.

2.2.2.6 Viral transduction and medium changes

After viral titer optimization, 2*10° TU was determined to be the best condition due to its
optimal transduction efficiency and low toxicity. In all following in vitro experiments,
cells were transduced with this titer. Cell transduction was performed as described in
2.2.2.4. In primary cortical neuron culture, 2*10® TU of LC3 virus was diffused in 200
L of cortical medium with 10% FCS and then pipetted into the somatic compartment of
microfluidic chambers. At the same time, 20 L more medium was given to the axonal
compartment to prevent neurons from entering the axonal side. However, the next day,
the pressure gradient was reversed and maintained for the following several days until
neurons were imaged on DIV 10 in order to let axons better elongate into axonal side of
chambers. Additional changes were performed every two days. Each time, only half of
the medium was replenished with fresh, pre-warmed medium. On DIV 4, brain-derived
neurotrophic factor (BDNF) and ciliary neurotrophic factor (CNTF) were supplemented
to cortical medium with 10% FCS according to a dilution ratio of 1:1000. On DIV 6, FCS
was removed from the medium formula. Only cortical medium with BNDF and CNTF

was applied until DIV 10.

In terms of the co-culture of cortical neurons and astrocytes, the viral transduction process
and medium changes were the same as cortical neuron culture. Since astrocytes could

support cortical neurons, all medium was serum-free. On DIV 11, neurons were imaged.



Materials and Methods 24

2.2.2.7 Axotomy

Due to the use of microfluidic chambers, selective axonal lesions were possible to achieve.
On DIV 10-11, axons were axotomized by using a vacuum pump to completely suck out
all medium in the axonal compartment through the main channel. Passing air bubbles in
main channels caused the mechanical lesion of axons, thus inducing axonal degeneration.
Afterward, the main channel was immediately replenished with 150 pL of pre-warmed
cortical medium with BDNF and CTNF as mentioned in 2.2.2.6. The chambers were
quickly checked under an inverted light microscope to ensure all axons were successfully
axotomized. If not, axotomy could be performed repeatedly. Afterward, chambers were
placed in the microscope with a cell incubation system and then imaged as mentioned in
2.2.4.2.

2.2.2.8 Treatment with pepstatin A, BODIPY™ FL Conjugate

For co-culture of cortical neurons and astrocytes, a treatment with boron-dipyrromethene
(BODIPY)-modified full-length (FL)-pepstatin A was performed. BODIPY—pepstatin A,
a fluorophore-tagged pepstatin, is a novel tool widely used to detect cathepsin D
distribution and trafficking in vitro since it is exclusively bound to active cathepsin D at
the pH of 4.5 (Chen et al. 2000; Cheng et al. 2018). The substance was solubilized using
DMSO and stored ina -20 °C freezer. On DIV 11, neurons were incubated with BODIPY—
pepstatin A (1uM) for 1 hour at both somatic and axonal compartments of chambers in a
cell incubator. The medium at both sides was then replaced to remove this fluorescent
probe. Images were taken on the axonal side using an inverted microscope with an
incubation system to trace the colocalization of active cathepsin D as determined by
BODIPY—pepstatin A and mScarlet-LC3.

2.2.2.9 Recycling of microfluidic chamber

After all live imaging procedures, chambers were collected and repurposed for further
experiments. Medium was first totally withdrawn from wells on both sides. Subsequently,
the Petri dishes were then treated with 0.5% SDS and 70% ethanol to disinfect the AAV
vectors. After washing with water, chambers were collected and immersed in a 50 mL
beaker filled with double-distilled water for one week. Then all chambers underwent
ultrasonic cleaning for 15 minutes to clear out cell debris. After drying at RT, the

chambers were stored in clean Petri dishes for future use.

2.2.3 Live-cell microscopy and quantification
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2.2.3.1 Real-time imaging of LC3 transport indegenerating axons in vitro

Primary cortical neurons cultured in microfluidic chambers and transduced with a
mScarlet-LC3 viral vector were visualized with a Zeiss inverted fluorescent microscope
outfitted with a cell incubation system to maintain 37 °C and 5% CO.. Autophagosome
transport in axons labeled with mScarlet fluorophore was recorded under 40x
magnification for 10 minutes at 5s intervals before, direct after, and every 2 hours until 6
hours after axotomy. In general, a minimum of two chambers including at least 3 view
fields at each time point was imaged. However, selected areas differed before and after
axotomy. Before axotomy, only axons with growth cones in the axonal compartment were
imaged in order to distinguish transport direction, while for the time points after axotomy,
microgrooves with clearly axotomized axons were recorded since after axotomy, only
axons retracting back to microgrooves were considered as lesion-induced degenerating

axons. All videos were carefully collected and then quantified.

2.2.3.2 Quantification of live-imaging in microfluidic chambers in vitro

In order to analyze the live-imaging in vitro, KymoAnalyzer, an open-source software,
was used. It is a robust tool that automatically categorizes particle tracks and
systematically computes a plethora of parameters, including moving lengths, speeds, and
other characteristics of motor-driven transport from time-lapse live-imaging sequences
(Neumann et al. 2017).

Briefly described, the KymoAnalyzer plugin was downloaded and installed in ImageJ.
Time-lapse live-imaging was then imported into the software. In each video, a minimum
of 3 axons was carefully tracked from the somal side to the axonal side using the polyline
tool. Afterward, 2D kymographs were automatically generated. Then, particle trajectories
were manually tracked. The position was recorded as coordinates in the x and y
dimensions (distance and time, respectively). Following track assignments,
netcargopopulation and netvelocities macro executed automatically and then displayed
the final results. However, after axotomy, the motility of LC3 vesicles was damaged so
that some of them moved very slowly. In this case, vesicles moving less than a net 5 um
within the 3-minute time frame (netvelocities < 0.028 um/s) were defined as bidirectional

or stationary ones.

2.2.3.3 Imaging and quantification of BODIPY -pepstatin A and LC3 co-localization in
vitro

Cortical neurons co-cultured with astrocytes were seeded in microfluidic chambers and
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transduced with the mScarlet-LC3 viral vector. On DIV 11, BODIPY -pepstatin A was
added to neurons and incubated for 1h. The medium was then replaced with fresh, pre-
warmed cortical medium supplemented with BDNF and CNTF. In order to distinguish
the single axon to which vesicles belonged, 3-minute videos were acquired on axonal
sides before, direct after and every 2 hours until 6 hours after axotomy as described in
2.2.3.1. For colocalization analysis between active cathepsin D, as indicated by BODIPY -
pepstatin A with EGFP fluorophore and mScarlet-LC3, the overlapped vesicles labeled
with yellow signals were counted manually in individual axons and separately divided by

the number of active cathepsin D and LC3 vesicles at each time points.

2.2.4 Animal experiments

Adult female rats provided by Charles River, weighing between 250-350g at an age of 3
months or beyond 18 months, were employed in vivo experiments. All animals were
placed in a room with a temperature of 22 £2 <C, a 12/12h light and dark cycle and free
access to regular food and water. All operations on animals were undertaken with the
permission of the local animal research council and according to the legislation of the
State of Lower Saxony, Germany.

2.2.4.1 Intravitreal injections of viral vectors

Anesthesia was induced first with 5% isoflurane for 3 minutes, and then the flow rate was
decreased to 3% for another 5 minutes until animal breaths became stable in a closed glass
chamber. Afterward, 10% ketamine (95mg/kg) and 2% xylazine (7 mg/kg) were mixed
and then injected intraperitoneally to maintain anesthetic state. Palpebral, corneal reflexes,
and toe pinch were performed to assess if the level of anesthesia was sufficient. Only
when animals were under deep anesthesia, intravitreal injections of the viral vector were
administered at optimized titers 3-4 weeks prior to live imaging, leading to sufficient
transduction of the retina without apparent toxicity under a stereotactic operating

microscope.

In brief, the left eye bulb of the rat was well-exposed and fixed by forceps or the fingers
of the left hand. The viral vector (AAV. CMV-mScarlet-LC3: 5.4 x 10" TU per eye; AAV.
hSyn-EGFP: 1.23 x 108 TU per eye) was diluted to a volume of 5 piL per eye in sterile
PBS buffer. Intravitreal injections were then carried out using a Hamilton syringe at a
distance of about 2 mm posterior to the corneal limbus. With the aid of continuous visual
guidance to prevent injury to the lens and retina, the needle tip was cautiously

positioned and directed toward the upper nasal quadrant. All substances were then
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injected slowly over 1 minute. After about a 30-second interval, the needle was carefully
retracted from the eye bulb. Ocular ointment was then rubbed on both eyes. Finally,
animals were kept in a heating chamber and transferred to a quiet and dark room to let

them wake up.

2.2.4.2 Surgical exposure of the optic nerve

The surgery on the optic nerve was performed as reported before (Koch et al. 2011). The
rat was first anesthetized. The head fur of the rat was then shaved off with a razor.
Afterward, the rat was positioned on a heating cushion and stably fixed with a custom-
made rat positioning system. Heart rate and peripheral oxygen saturation were
continuously monitored during the surgery process. The anesthetic state was checked each
hour with the methods described in 2.2.4.1. To maintain sufficient anesthesia,
intraperitoneal (i.p.) injections were performed with the repetitive administration of a

diminished dosage of Ketamine and Xylazine.

The following were the detailed steps of the procedure. A midline incision was made with
a scalpel on the skin between the two eyes. The animal was then tipped 30<to the right
and placed under a stereomicroscope. Afterward, the operation field close to the orbital
rim was well exposed by retracting skins on both sides with four home-made hooks. Using
a thermocoagulator, the orbita was opened, and the supraorbital vein was totally blocked.
After covering the lacrimal gland with gauze swabs to protect the eye, a small electric
driller was used to remove a part of the orbital bone for later objective positioning of live
imaging. Physiological solution was then applied to clean the remaining bone chips. After
removal of the lacrimal gland, the superior palpebral and rectus muscles were dissected
and detached from their tendinous origins using coarse forceps. The eye was then rotated
downwards. A fifth hook was put in the mass of muscles close to their insertion to fix the
eye bulb. Care was taken to remove the connective tissue above the optic nerve and keep
the central retinal artery intact. After exposure of the optic never sheath, the meninges
wrapped around the optic nerve were removed layer by layer through the interactive use
of fine forceps and scissors. Pre-warmed physiological solution was repetitively rinsed to

clean remaining tissue fragments at the operation site.

2.2.4.3 Crush lesion of the optic nerve

In the optic nerve crush lesion paradigm, a polyamide surgical suture (Ethicon, 10-0
Ethilon) was loosely placed approximately 1 mm proximal to the optic nerve for structural
identification. After finishing real-time imaging of the basal state, the suture was firmly
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knotted for 30 seconds to induce acute axonal degeneration.

2.2.4.4 Establishment of the subacute glaucoma animal model

The glaucoma model was set up as reported before (Lani et al. 2019). The rats with an
intravitreal injection of the mScarlet-LC3 viral vector were put under deep anesthesia
through the administration of 10% ketamine (95mg/kg) and 2% xylazine as described in
2.2.4.1. Prior to starting the procedure, a hand-held tonometer (Tono-Pen® XL, Reichert)
was used to measure the basal intraocular pressure (IOP) in both eyes. The rats were then
placed in lateral decubitus position, and the left eyelid was kept apart by means of curved
forceps. The eyeball was gently and carefully advanced forward for good exposure of the
limbal vasculature. Afterward, the limbal plexus around the cornea was cauterized at 360
with a low-temperature ophthalmic cautery (Bovie Medical Corporation) through softly
touching the blood vessels under a stereo Zeiss microscope. Great attention was paid to
avoid damage to the periphery of the cornea. IOP measurements of both eyes were
performed immediately after surgery to confirm the successful induction of ocular
hypertension (OHT). Afterward, the optic nerve was surgically exposed for further live

imaging of autophagosome transport as described in 2.2.4.2.

2.2.45 Two-photon live imaging of axonal LC3 transport on the optic nerve

After exposing the optic nerve surgically, the orbital cavity received multiple washings
with pre-warmed physiological solution until the solution became transparent. In vivo live
imaging was then performed using a two-photon microscope (LaVision BioTec TriM
Scope). The objective tip was immersed in the physiological solution. The objective
position was sufficiently adjusted, even tilted ~15<to the right side of the rat, allowing
the optical axis perpendicular to the labeled axons. Afterward, a conventional
fluorescence microscope was used to locate the optic nerve through the suture mentioned
in 2.2.4.3 as a structural marker. The labeled axons on the optic nerve were then properly
aligned with the microscope. A minimum of mercury lamp intensity was applied in order
to reduce photobleaching in this process. Once the microscope alignment was set up, the

rat's position was carefully kept and not moved again.

By using a custom-built two-photon microscope, 200 real-time images of the optic nerve
were acquired with ImSpector software. Briefly described, an optical parametric oscillator
(chameleon, coherent) was used as the excitation source. The excitation wavelength of
the mScarlet was continuously tuned at 1100 nm. Then, the emitted fluorescence signal

was collected through a 40x immersion Zeiss objective and directed to a photomultiplier
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tube (PMT) through a dichroic filter.

After the optic nerve crush injury, the imaging areas were selected about 500 pm proximal
to the reference suture, which was located at a 1mm distance from the bulbus as mentioned
above. In order to reduce movement artifacts caused by animal breaths, a custom-built
breath trigger was used. An accelerometer was placed at the area of maximum respiratory
excursion in the upper lateral thorax of the rat to detect respiratory movements. A custom-
built software synchronized respiratory movements of the animal with the image
acquisition. Imaging frames were initiated with a delay of 0.2-0.4 s after the maximum
respiratory excursion. The trigger delay varied based on the overall image stability, with
a preference for short delays (~ 0.2s) at fast respiratory rates (>70/min) and long delays
(~ 0,4s) at slow respiratory rates (60/min). In addition, the frame duration was also

adjusted according to the respiration rate, with values between 0.3 and 0.5s/Frame.

2.2.4.6 Quantification of in vivo live imaging

The raw real-time live imaging was further processed for quantification using a custom-
written macro set installed in Image J. Two parts were included in this macro set: in vivo

tracking and Kymograph.

The live imaging was first registered into the macro and then stabilized in order to
improve imaging quality. Under some circumstances, strongly shifted segments that could
not be well stabilized were removed from the file using the “Create Sub-Stack” macro.
Afterward, registered live imaging was converted to a projection file. A number of 10-20
axons per file were then carefully tracked from the proximal part to the distal part of the
optic nerve and added as Regions of Interest (ROIs). By using “Kymograph” macro, all
tracked axons were automatically transformed into Kymographs one by one, as described
in 2.2.3.2. Stationary and motile trajectories of LC3 vesicles in each Kymograph were
separately marked and added to the ROI-manager. After completion of all track
assignments in each imaging sequence, the absolute number and velocity of different LC3
vesicles were executed automatically using the “Kymograph” macro. At last, the final

results were displayed as excel files for further statistical analysis.

2.2.5 Immunohistochemistry

2.2.5.1 Animal euthanasia and tissue processing

Four weeks prior to the surgery, AAV. hSyn-EGFP was intravitreally injected into both
eyes to label the axons of bilateral optic nerves. as described in 2.2.4.1. Under deep
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anesthesia, the optic nerves were then exposed, and crush injury was administered to the
left optic nerve while the contralateral side acted as an internal control. After 6 hours, the
rats were sacrificed with CO2. To preserve morphological structures, dissected optic
nerves on both sides were removed, fixed with 4% paraformaldehyde (PFA) in PBS at
4<C overnight, and incubated into 30% sucrose solution for at least 48 h for dehydration.
Afterward, optic nerves were longitudinally embedded in cryomatrix gel and sectioned
using a Leica cryostat at a thickness of 16 pm. All sections were then completely dried in

a 37°C oven and stored in a -20°C freezer until immunohistochemical staining.

2.2.5.2 Immunohistochemical staining and quantification

To explore the colocalization of autophagosomes and lysosomes, double fluorescence

staining of LC3 and cathepsin D was performed.

In brief, the frozen sections mentioned above underwent drying in a 37 <C oven and then
were rehydrated in TBS for 30 minutes. Afterward, sections were incubated in a TBS
solution (PH = 9) at 50<C for 4 h to retrieve the antigen. Next, sections were quickly
washed in TBS to remove antigen retrieval buffer, and 0.3M Glycin was used to quench
autofluorescence and reduce background. Subsequently, sections were washed again in
TBS, and then blocked with Dako antibody diluent solution for 1 h at room temperature.
Primary antibodies (LC3 and cathepsin D) were diluted in Dako antibody diluent solution
to 1:50 and applied to the sections overnight at 4<C. After the removal of the primary
antibody solution, sections were washed with TBS for 3 times and incubated with
secondary antibodies (Alexa 546 and Cy5) diluted at 1:500 with Dako antibody diluent
solution for 1 h at RT. In the last 10 minutes, DAPI solution was applied for nuclear
staining. After that, sections were rewashed 3 times with TBS, dried in an oven at 37<C,

and mounted with ProLong™ Gold Antifade Mountant.

Microscopic optical section images were obtained under a 63x/1.4 NA, oil-immersion
objective using an Axioplan microscope equipped with an ApoTome module in the
regions approximately 500 um away from the lesion on both sides. The module has a
special pseudo-confocal capability to improve image quality. All images were acquired
at 0.24 pm intervals over a 2 pm distance using a motorized stage and merged by
orthogonal projection to form a single view of the tissue. For each group, from three
different animals were evaluated in similar contrast. Since axons in the optic nerve were
labeled by the EGFP virus as described above, we typically only analyze the

colocalization of LC3 and cathepsin D in labeled axons. Therefore, after converting the
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EGFP-image to 8-bit, the axons were highlighted by adjusting the threshold. This image
was then inverted and subtracted from the Alexa 546 and Cy5-image using the image
calculator. Finally, the resulting image containing only axonal LC3 and cathepsin D was
created, and the colocalization of LC3 and cathepsin D was quantified through the JACoP
plugin for ImageJ (Bolte und Cordeliéres 2006).

Furthermore, to explore autophagic induction 6 h after a crush lesion in the optic nerve, a
phospho-ATG16L1 antibody was used to label newly forming autophagosomes.
Therefore, its level directly reflects autophagy rates and is not affected by the blockade
of autophagic flux (Tian et al. 2020). At the same time, SMI-32, a neurofilament protein,
was utilized to identify axons in the optic nerve. The staining protocol was the same as
mentioned above, except for the following points: first, the cell conditioning solution ((PH
= 8.5) was used for antigen retrieval; second, p-ATG16L1 was incubated at 4<C for two
overnights; third, SMI1-32 was diluted at 1:500 in Dako antibody diluent solution. Sections

were photographed with 40x magnification using the ApoTome device (Zeiss).

2.2.6 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

Separation of proteins in each sample was achieved using gel electrophoresis according
to their different molecular weights. Briefly described, 6 h after the crush injury, rats were
euthanized by CO> inhalation. Optic nerves were dissected and excised in both proximal
and distal regions, spanning a distance of 1 mm from the crush site, with the right side of
the optic nerve regarded as an internal control. The samples were then homogenized,
sonicated and centrifuged at 1300 rpm and 4°C for 10 minutes in a mixed lysis buffer,
including Radioimmunoprecipitation assay buffer (RIPA buffer), protease inhibitor, and
phosSTOP-phosphatase inhibitor. Afterward, the supernatant of each sample was
carefully collected, and protein concentration was determined using bicinchoninic acid
(BCA) assay. Equal amounts of protein (15 pg) from different samples were then diluted
in Laemmli buffer containing 20% DTT to a final volume of 12 pl and cooked at 95°C
for 5 minutes. Subsequently, the prepared proteins and protein ladders were loaded in
different lanes of 4-15% precast gradient gels (BioRad). Electrophoresis was carried out

until the dye front almost reached the bottom of the gel.

2.2.7 Immunoblotting and quantification

After electrophoresis, the gels were carefully removed and placed on a P\VDF membrane
for protein transfer. Before the blot transfer process, the PVDF membrane was treated for

30 seconds in 100% methanol for activation. Then, the sandwich was prepared for
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insertion into a blotting cassette filled with ice cold transfer buffer after being covered
with two sheets of Whatman filter paper and sponge pads. Protein transfer from the gel to
the PVDF membrane was performed at 100V for 2 h in a cooling room. Subsequently,
the membrane was blocked with 5% BSA in TBS-T for 1 h at RT. Afterward, the
membrane was cut into small pieces based on the molecular weight and incubated with
primary antibodies overnight at 4°C. After being rinsed 4 times with TBS-T for 10
minutes each, the membrane was incubated with corresponding HRP-coupled secondary
antibodies diluted with 2.5% BSA in TBS-T for 1 h at RT. The optimal concentrations
for each antibody were outlined in Table 8. Afterward, the membrane underwent a series
of 4 rinses in TBS-T. Before imaging, ECL detection reagents were mixed according to a
ratio of 1:1 and evenly applied to the membrane. Then, the membrane was placed in a
vilber Lourmat chemiluminescence imaging system controlled by EvolutionCapt Plus 6
software and imaged at different exposure times until optimal bands were obtained. Either
Image J or EvolutionCapt Plus 6 software was employed to evaluate the intensities of
bands. The final outcomes were standardized relative to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as loading control.

Table 8: Antibodies and dilutions involved in Western blotting

Target protein Molecular Primary antibody Secondary antibody
weight [kDa]
LC31 16 1:1,000 1:3,000
LC31I 18 1:1,000 1:3,000
p62 62 1:3,000 1:3,000
Kif5 114 1:1,000 1:3,000
Dynein 74 1:300 1:3,000
P150 150 1:500 1:3,000
Cathepsin D 33 1:300 1:3,000
46-48
52-60
GAPDH 36 1:10,000 1:5,000

2.2.8 Statistical analyses

Statistical analyses were carried out by GraphPad Prism 8 software. Specifically, a two-
tailed unpaired t-test was employed to compare two groups, whereas the difference among
multiple groups was evaluated through one-way ANOVA or one-way repeated
measurement (RM) ANOVA, followed by Turkey’s post-hoc tests. If the data did not
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conform to a normal distribution, then Mann-Whitney test was applied in measurements
of two groups, while comparisons of multiple groups were conducted by Kruskal-Wallis
test or Friedman test followed by Dunn’s post-hoc tests. Error bars represented means =+
standard error of the mean (SEM). Significances were determined when P < 0.05. (*P <

0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; N.S.: not significant).



Results 34

3 Results

31  Experimental set-up for an in vitro model of acute axonal
degeneration

To study transport of autophagosomes during acute axonal degeneration in vitro, rat
primary cortical neurons in microfluidic chambers were transduced with AAV-mScarlet-
LC3 on DIV1. Successful transduction was confirmed through detectable mScarlet
fluorescence on DIV10 (Figure 5 B). Under the 40x objective, mScarlet labeled
autophagosomes were easily distinguished (Figure 5 C), which allowed for the following
analysis. The in vitro acute axonal degeneration model was established using axotomy in
the axonal compartment based on the description by Park et al. (Park et al. 2006), as
depicted in Figure 5 A. Live microscopy was carried out on the axons before, directly
after, and every 2h until 6h after axotomy within the region extending up to 250 um

proximal to the site of the lesion.
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Figure5: Acute axonal degeneration model in vitro. On DIV 1, AAV-mScarlet-LC3 was introduced into
the cortical neurons of rats, which were subsequently imaged on DIV 10. (A) Schematic drawing of the
experimental set-up in microfluidic chambers. Each microfluidic chamber comprises 4 wells and two
compartments connected by 450 pm long microgrooves. The soma compartment serves as the locus for
seeding primary cortical neurons. Only axons have the ability to traverse the microgrooves and reach the
opposite side, named the axonal compartment. Axotomy is performed only in the axonal compartment to
induce acute axonal degeneration. (B) Exemplary image of rat cortical neurons transduced with specified
LC3 AAYV vectors in the microfluidic chamber on DIV 10. Scale bar: 50 pm. (C) Representative clearly
labeled autophagosomes on the axon transduced with the given LC3 AAV vector on DIV 10. Scale bar: 5

pm.
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32  Evaluation of axonal transport of autophagosomes after axotomy in
vitro

Having achieved effective transduction with AAV-mScarlet-LC3, the next step was to
explore if transport of autophagic vesicles changes during axonal degeneration using the
in vitro model established above. Since mounting evidence indicates that axonal transport
is altered prior to the death of neuronal cells (Wang et al. 2018), it has not yet been
addressed to compare the axonal transport of autophagosomes before and at different time

intervals post-injury (Figure 6).
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Figure 6: Live imaging of autophagosomes in rat primary cortical neurons after axotomy in vitro on DIV 10. (A)
Exemplary kymographs of autophagosomes along the axons before and at various time intervals following axotomy
within 10 minutes (y-axis). (B, C, D) Quantification of autophagosome movements before and after axotomy. (D)
Quantification of the average velocity of autophagosomes before and after axotomy. In all quantifications, At least 27
axons in the regions with a distance of 250 um proximal to the lesion site were included. *P < 0.05; **P < 0.01; ****P <
0.0001 by one-way ANOVA and Turkey’s multiple comparisons test or Kruskal-Wallis test and Dunn’s multiple
comparisons test based on normality tests.

Prior to analysis, autophagosomes were classified into two main categories: moving and
stationary vesicles (the latter class including bidirectional moving vesicles), based on
whether their net movement was greater than 5 pm within the 3-minute imaging window

(net velocity > 0.028 um/s).

After axotomy, the bidirectional and stationary autophagosomes immediately increased to
13.7+ 1.4 per 100 um and reached the peak at 17.7+ 0.6 per 100 um 2h after axotomy
compared to 8.5+0.4 per 100 um before axotomy. In addition, their numbers never
returned to normal values even 6h after axotomy (14.9 + 1.3 per 100 pm). On the contrary,
a significant reduction in the number of motile autophagosomes was found, from 16.7 + 1.6
per 100 um before axotomy to 8.0 + 0.4 per 100 wm 6h after axotomy (Figure 6 B). Similar
to the number of bidirectional and stationary autophagosomes, the percentage of
bidirectional and stationary autophagosomes also increased significantly after axotomy
(47.5+£3.9%) and maintained an upward trend until 6h after axotomy (2h after:
55.6 +2.1%; 4h after: 57.0 £3.3%; 6h after: 61.1 £3.6%) compared to before axotomy
(35.0+ 1.6%). As for the proportion of motile vesicles, there was no statistical significance
in anterograde transport, while the percentage of vesicles moving retrogradely significantly
decreased at 2h after axotomy (29.8 £2.0%) compared to before axotomy (47.4 +2.5%)
and persisted until 6h after axotomy (23.8 +3.4%) (Figure 6 C). These findings were
further confirmed by the absolute number of moving autophagosomes. Only the
retrogradely transported vesicles were significantly reduced at 6h after axotomy (5.7 £ 0.8
per 100 um) in comparison with the data before axotomy (12.4 + 1.5 per 100 um) (Figure
6 D). However, the speed of motile autophagosomes was not notably affected at all
observed time points (Figure 6 E). Overall, axotomy significantly impaired
autophagosome transport, as evidenced by restricted retrograde motility and the rapid
elevation of stationary vesicles. This may be due to the fact that after axotomy, the
substances required for anterograde transport can still be replenished from the cell body in
a short period, whereas retrograde transport originating from axon terminals is more

vulnerable to disruption.
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33  Establishment of in vivo models of axonal degeneration in the
optic nerve

To better understand how autophagy contributes to axonal degeneration in vivo and to see
if in vitro parameters are consistent with the in vivo situation, we developed three in vivo
axonal degeneration models and performed live microscopy in the optic nerve at different
time points: 1) crush lesion model in young adult rats (3 months); 2) subacute glaucoma

model in young adult rats (3 months); 3) aging in old rats (18 months).
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Figure 7: Live imaging of autophagosomes in vivo. (A) Schematic diagram of the experimental setup of crush lesion on
the optic nerve. The viral vector was intravitreally injected 3 weeks before optic nerve surgery. In this model, a suture
approximately 1mm away from the eye bulb was closed for 30 seconds to create a completely axotomy on the optic nerve.
Then the autophagosome transport was evaluated before and over 6h after crush at 500 pm proximal to the lesion site. (B) 10x
magnification flat mounting section of the retina 3 weeks after AAV injection. (C) Longitudinal section of the optic nerve 3
weeks after AAV injection under 10x magnification. (D) Representative two-photon microscopy of the optic nerve. White
arrows indicated the LC3 viral vector labeled autophagosomes in the single axon. Figure A adjusted from Smart-servier
medical ART, https://smart.servier.com/.

In all in vivo models, rats were intravitreally injected with AAV-mScarlet-LC3 at 21 days
prior to optic nerve exposure surgery (Figure 7 A). This allowed for sufficient labeling of
axons in the retina (Figure 7 B) and optic nerve (Figure 7 C), a prerequisite for the
following live imaging. After optic nerve exposure according to a previous protocol in
our research group (Koch et al. 2011), superficially labeled axons were imaged under a
two-photon microscope while animals were under deep anesthesia. In order to reduce the
disruption of animal's breathing and stabilize live imaging, each picture was captured in
synchronization with the respiratory cycle detected by an accelerometer on the chest. This
set-up allowed to clearly visualize the movements of autophagosomes in the optic nerve
(Figure 7 D).

331  Autophagosome trafficking in young animals at basal levels

After the successful establishment of the above model, the movement pattern of
autophagosomes in the optic nerve was investigated under the basal state. In young adult
rats (age: 3 months), the number of moving LC3 vesicles was 10.81+3.03 per minute per
mm, while the number of stationary LC3 vesicles was considerably higher at 53.1247.03
per mm. Among all moving LC3 vesicles, 85.21% were retrogradely transported,
occupying the dominant position in the transport process. The average velocity of
retrograde transport was 461.3360.02 nm/s, which was also faster than the average
velocity of the antegrade transport with 316.4481.12 nm/s.

332  Evaluation of autophagosome transport in aging

Aging is a major risk factor in the majority of neurodegenerative diseases. Since neurons
are highly polarized cells whose elongated axons are usually located far away from the
cell body, axonal transport is essential for maintaining homeostasis and biological
functionality. However, aging may challenge this process and potentially increase
susceptibility to neurodegenerative diseases, as adult neurons in the central nervous

system are post-mitotic and lose their regenerative function.
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For the purpose of investigating the effects of aging on autophagosome transport in the
rat optic nerve, live imaging was performed in two groups of different ages: a 3-month-
old young group and an 18-month-old old group. The transport properties of
autophagosomes varied significantly in different age groups. Compared to 10.8143.03 per
minute per mm in the young group, the number of motile LC3 vesicles significantly
decreased to 4.20+1.04 per minute per mm in the old group (Figure 8 B). Interestingly,
we only observed a significant reduction with age in the retrograde moving LC3 vesicles
(8.97+2.14 per minute per mm in the young group and 2.7820.69 per minute per mm in
the old group), whereas the number of anterograde LC3 vesicles was relatively stable
(Figure 8 D). Correspondingly, the percentage of different LC3 vesicles showed the same
results (Figure 8 E). However, the number of stationary LC3 vesicles was significantly
elevated with age, reaching 92.3443.83 per mm, compared with 53.1247.03 per mm in
the young group (Figure 8 C). In terms of motility, only the average velocity of retrograde
transport was severely impaired in aged animals at 184.0428.19 nm/s compared to

461.3460.02 nm/s in young animals (Figure 8 F).

Taken together, autophagosome transport in the optic nerve of aged animals is
characterized by strongly impaired motility of retrograde transport and an increased

stationary fraction.

333  Transport of autophagosomes in the crush lesion model

3.3.3.1 Assessment of autophagosome trafficking in the crush lesion model

Having conducted all previous experiments under resting conditions, we wondered
whether axonal transport of autophagosomes would be affected in pathological
circumstances. Therefore, we performed crush lesion to the optic nerve and analyzed
autophagosome trafficking before and thereafter up to 6h after lesion. Optic nerve crush
(ONC) serves as an excellent model for studying traumatic optic neuropathy since it

results in axonal degeneration and retinal ganglion cell death (Figure 9).

In vivo, before crush, the number of moving LC3 vesicles was 14.4644.09 per minute per
mm, whereas the number of stationary ones was considerably higher than that of moving
vesicles at 48.95410.64 per mm (Figure 9 C and D). However, a majority of motile LC3
vesicles lost their motor function after crush lesion. Even directly after crush, the number
of motile LC3 vesicles decreased immediately to 7.2140.88 per minute per mm, and the
situation became worse at 6h after crush injury, with a value of 0.6920.44 per minute per

mm (Figure 9 C). In contrast, the number of stationary vesicles significantly increased
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Figure 8: In vivo autophagosome transport of the optic nerve in young adult rats (3 months) and aged
rats (18 months). (A) Representative kymographs and movement trajectories of LC3 transport in the optic
nerve of young and aged rats. (B, C, D) Quantification of the number of motile and stationary LC3 vesicles
in the optic nerve of rats with different ages. (E) Quantification of proportions of different LC3 vesicles at
different ages. (F) Quantification of the average velocity of motile LC3 vesicles at different ages. In all
quantifications, a minimum of 10 axons per time point per animal was evaluated at approximately 500 pm

proximal to the lesion site. A total of 5 animals were included. *P < 0.05; **P < 0.01 by unpaired t test or

Mann-Whitney test based on the normality test of variables.

to 133.3748.54 per mm direct after crush lesion compared to before crush and continued
to rise until reaching a peak of 183.25+16.04 per mm at 6h after lesion (Figure 9 D).
However, only retrogradely moving LC3 vesicles of all motile autophagosomes were
affected by the crush injury. The number of anterograde LC3 vesicles was relatively stable
within 4 hours after crush injury (direct after:3.7620.98 per minute per mm; 2h after:
2.8840.71 per minute per mm; 4h after: 3.3940.78 per minute per mm) compared with
that before crush (2.39+1.82 per minute per mm). Although this number dropped to
0.6440.39 per minute per mm at 6h after crush, there was no statistical significance
(Figure 9 E). As opposed to that, the number of retrograde LC3 vesicles decreased rapidly
after crush injury, with a significant difference occurring as early as 2h after crush
(3.6040.66 per minute per mm) compared to 12.1542.40 per minute per mm before crush
(Figure 9 E). These findings were quite consistent with the proportions of different LC3
vesicles at the given time points (Figure 9 G). In terms of moving speed, before crush, the
average velocity of anterograde transport was 359.7+130.6 nm/s, while the velocity of
retrograde transport was even faster at 540.41452.95 nm/s. However, the average velocity
of retrograde transport was significantly reduced at 6h after crush lesion, but the velocity

of anterograde transport had no difference at all time points (Figure 9 F).

Both in vivo and in vitro, motile LC3 vesicles accounted for more than 60% of all
autophagosomes at the basal condition. However, there was a difference between
anterograde and retrograde transport. In vitro, only 73% of motile vesicles moved
retrogradely, while this number increased to 85% in vivo. The velocity of retrograde
transport was also faster in vivo with an average speed of 540.41452.95 nm/s compared
to the in vitro situation with an average speed of 333.07+15.09 nm/s, although there was
no difference in anterograde transport (Figure 9 F). Of all motile autophagosomes
observed in vivo and in vitro after traumatic axonal damage, only the number of
retrograde LC3 vesicles decreased significantly. However, the number of

retrogradely moving LC3 vesicles decreased more rapidly in vivo, with a remarkable
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decline at 2h after crush injury, whereas statistical significance was observed only 6 h
after axotomy in vitro (Figure 9 E). The motility also behaved in a different way between
in vitro and in vivo experiments. Unlike in vivo, the average velocity in both directions

did not change significantly at all observed time points in vitro.

3.3.3.2 Colocalization of LC3 and active Cath D after axotomy in vitro

Having elucidated the autophagosome transport patterns in different axonal degeneration
models, we next wondered if the fusion of autophagosomes with lysosomes and their
degradative capacity were affected by axonal degeneration, explaining their accumulation

and retrograde transport deficit.
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Figure 9: In vivo autophagosome transport in the optic nerve of rats after crush lesion. (A, B) Representative
kymographs and moving trajectories of LC3 transport in the rat optic nerve before and at the observed time points post-crush
lesion. (C, D, E) Quantification of the number of motile and stationary LC3 vesicles in the optic nerve of rats before and at the
given time points following crush lesion. (F) Quantification of the average velocity of different moving LC3 vesicles before
and at the given time intervals following crush lesion. (G) Quantification of proportions of different LC3 vesicles before and at
the given time points after crush lesion. In all quantifications, a minimum of 10 axons per time point per animal was evaluated
at a distance of roughly 500 pum proximal to the location of the lesion. A total of 5 animals were included. *P < 0.05; **P <
0.01; **P < 0.001 by one-way repeated measures ANOVA and Turkey’s multiple comparisons test or Friedman test and
Dunn’s multiple comparisons test on the basis of normality tests of variables.

BODIPY—pepstatin A is a useful probe with green fluorescence that binds specifically to
active cathepsin D, an aspartyl protease, in acidified environments at the pH of 4.5. In
living cells, BODIPY—pepstatin A is taken up by endocytosis and subsequently
transported to lysosomes. As cathepsin D is ubiquitously distributed in lysosomes and
plays pivotal roles in intracellular protein degradation, we therefore used BODIPY—
pepstatin A to visualize lysosomes and further reflect whether autolysosomes following
the fusion of autophagosomes and lysosomes represent acidified structures containing

activated hydrolases, such as cathepsin D.

Primary cortical neurons co-cultured with astrocytes were transduced with the same
mScarlet-LC3 viral vector on DIV 1 in microfluidic chambers. On DIV 11, axons were
long enough to grow across microgrooves and enter the axonal compartment. At that time-
point, neurons were treated with 1uM BODIPY—pepstatin A both in somatic and axonal
compartments for 1h. After replacing the medium in the chambers, live imaging was
conducted before and every 2 up to 6 hours after axotomy to explore the colocalization of
mScarlet-LC3 and BODIPY -pepstatin A on the axonal side. The ratio of colocalization
was assessed by manually counting particles in axons within approximately 250 pm from

the axon terminal.

We found the ratio of LC3 colocalized with active cathepsin D, an indicator of lysosome-
autophagosome fusion, was relatively low at the basal condition. Only 29+1.86% of viral
labelled LC3 vesicles contained active cathepsin D (Figure 10 D). However, a large
proportion (59.4842.81%) of active cathepsin D labeled vesicles were positive for LC3
(Figure 10 E). After axotomy, these two numbers gradually dropped and reached their
lowest point at 6h after axotomy (14.44+2.43% of labeled LC3 vesicles colocalized with
active cathepsin D and 25.9643.97% of active cathepsin D vesicles still positive for LC3,
respectively) (Figure 10 D and E). This indicated that axotomy has an adverse impact on
the fusion of autophagosomes and lysosomes containing mature hydrolases. Besides,

we also observed a notable decline both in the number of labeled LC3 vesicles from
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0.15+0.008 per um before axotomy to 0.1+0.008 per um 6h after axotomy and the number
of active cathepsin D from 0.07+0.005 per pum before axotomy to 0.05+0.004 per um 6h
after axotomy (Figure 10 B and C).

A

Cortical neurons cultured in microfluidic chamber
Axonal compartment mScarlet-LC3 BODIPY pepstatin A

before
axotomy

6h after
axotomy
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Figure 10: Decreased colocalization of LC3 and active Cath D after axotomy in vitro. (A)
Representative images illustrating LC3 partial colocalization with active cathepsin D marked by BODIPY—
pepstatin A in the axons of cortical neurons before and 6h after axotomy. Arrows indicate LC3-positive
vesicles with detectable BODIPY—pepstatin A. (B, C) Quantification of the number of LC3 and active
cathepsin D vesicles per um in cortical neuronal axons at the given time points. (D) Quantitative analysis
of LC3 labeled vesicles positive for active cathepsin D at the observed time points. (E) Quantitative analysis
of BODIPY—pepstatin A positive vesicles colocalized with LC3 labeled by the given viral vector at the
indicated time points. Data was quantified from at least 23 neuronal axons at each time point in three
independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by one-way ANOVA and
Turkey’s multiple comparisons test or Kruskal-Wallis test and Dunn’s multiple comparisons test in
accordance with normality tests of variables.

3.3.3.3 Colocalization of LC3 and active Cath D after axotomy in vivo

To further investigate the fusion of autophagosomes and lysosomes following acute
axonal degeneration in vivo, we quantified the colocalization of axonal LC3 and cathepsin
D in the optic nerve at a distance of approximately 500 um from the lesion site in both
directions using Pearson’s correlation coefficient (Figure 11 A and B). Analysis revealed
very little colocalization of LC3 and cathepsin D (0.07 =0.007) in the contralateral
unlesioned control. At 6h after crush injury, the colocalization increased significantly in
the distal parts of the optic nerve, although its value was still relatively low at 0.14 £0.013.
However, no big difference was noticed between the proximal stumps and unlesioned

control.
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Figure 11: Colocalization of LC3 and cathepsin D in the rat optic nerve 6 hours after crush lesion.
(A) Representative immunofluorescence staining of LC3 and cathepsin D at 6h post-injury in the different
regions of the optic nerve located approximately 500 pm away from the injury site compared with the
contralateral side. (B) Quantification of the colocalization of LC3 and cathepsin D in the given regions of
the optic nerve. Data from 3 animals were quantified and each group consisted of 15 images. *P < 0.05;
**P < 0.01 N.S. no significant difference, determined by one-way ANOVA and Turkey’s multiple
comparisons tests.
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3.3.34 Activation of autophagy after optic nerve crush injury in rats

During the process of autophagy, the conversion of LC3-1 to LC3-1I requires the
involvement of an LC3 conjugation system comprising ATG16L1/ATG5-12, whereby
phosphatidylethanolamine is incorporated into LC3-1. Thus, the ATG16L1-containing
complex is indispensable to autophagy. Besides, it has been recently demonstrated that
the level of phosphorylated ATG16L1 (p-ATG16L1) is directly associated with the
autophagy rate (Robichaud et al. 2022; Tian et al. 2020). Here, we examined the

Control Staining of p-ATG16L1 in different parts of the optic nerve
6 hours after crush lesion
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Figure 12: Crushed-induced autophagy in rat optic nerve. (A) Representative immunofluorescence

distal

+ 50 pm

staining for p-ATG16L1 in the contralateral unlesioned control and different parts of the optic nerve 6 hours
after crush injury. (B) Representative double immunofluorescence staining of p-ATG16L1 (green) and
SMI-32 (red) at the proximal and distal stumps in the optic nerve 6h post-injury. Asterisks indicate the

lesion site.
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expression of p-ATG16L1 to figure out if autophagy is activated by the optic nerve crush.

At 6h following the crush injury, a considerable number of p-ATG16L1 positive puncta
were observed at both terminals of the optic nerve, whereas there was little expression in
the untreated contralateral control or intermediate optic nerve away from the crush site
(Figure 12 A). Further double fluorescence staining revealed that a considerable portion
of the p-ATG16L1 positive puncta overlapped with SMI-32, indicating that autophagy

was induced within axons (Figure 12 B).

3.3.35 Crush lesion alters autophagic flux and the motor protein distribution in the rat
optic nerve

Our previous in vivo live imaging demonstrated that the motility of autophagosomes was
impaired in the optic nerve of rats following lesion-induced axonal degeneration. Besides,
autophagy was also induced during this process. The next step was to further analyze

these findings at the protein level and investigate the underlying mechanisms.

Optic nerve protein lysates were obtained 6h after the crush lesion from both terminals
within 1 mm of the injury site. Compared with the untreated contralateral control, a
significant increase in the LC3 II/1 ratio was observed on both sides of the optic nerve
following the crush lesion (Figure 13 B). In addition, p62 levels also had a dramatic

elevation at both stumps 6h after crush lesion (Figure 13 C).
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Figure 13: Changes of autophagic pathways in the rat optic nerve 6 hours after crush lesion. (A)
Representative immunoblots of LC3 1I/1, p62, cathepsin D, and GAPDH at two stumps of the optic nerve
6h after crush injury compared with the contralateral side. (B-E) Quantifications of the band intensities of
LC3 1I/1, p62, and Cathepsin D normalized to GAPDH as loading control. Blots were quantified from at
least 3 animals. *P < 0.05; **P < 0.01 N.S. no significant difference, determined by one-way ANOVA and

Turkey’s multiple comparisons test.

In addition, we also explored changes in proteolytic capacity, as this is a crucial
component of the autophagy-lysosome process and plays a vital role in maintaining
neuronal cell homeostasis (Vidoni et al. 2016). Here, the protein level of different
isoforms of cathepsin D, an essential aspartyl protease that predominantly locates in
lysosomes, was evaluated. Cathepsin D is specifically directed to cellular vesicular
structures and undergoes a gradual maturation process facilitated by an acidic
environment, thereby enabling the successful degradation of proteins (Benes et al. 2008).
In the blots, crush lesion in the optic nerve caused a significant reduction in the level of
mature cathepsin D within the proximal and distal segments compared with the
contralateral side. However, the protein levels were not different between the proximal
and distal sides. (Figure 13 D). Besides, the immature cathepsin D level, including pro-
and pre- isoforms, was also significantly decreased but only on the distal sides of the crush
compared with the contralateral side (Figure 13 E). Altogether, cathepsin D levels were
remarkably reduced 6h after optic nerve crush, indicating impaired autophagic

degradation.

We further investigated the levels of motor proteins, which are important components for
cellular transport, such as autophagosomes. Kinesin-1 is a major motor protein required
for anterograde autophagosome transport, whereas the dynein- dynactin complex is in
charge of retrograde trafficking of autophagosomes (Fu and Holzbaur 2014). At 6h after
crush injury, we found a significant increase of Kif 5, a member of the kinesin 1 family,
in the proximal parts of the optic nerve, compared with the distal parts and the
contralateral unlesioned side (Figure 14 B). As the lesion could interrupt the regular
transport of the optic nerve, it is conceivable that Kif 5 was accumulated from the cell
body to the proximal terminal but spread out from the distal sides of the optic nerve.
Interestingly, no alterations in dynein protein levels were detected, but its adaptor
p150Glued, the biggest component of the dynactin complex, was dramatically reduced
after crush injury both on the proximal and distal sides (Figure 14 C and D). Although the
p150Glued level at the distal stump was not statistically different from that in the
contralateral unlesioned control, the value was at the statistical threshold (P = 0.0526)
(Figure 14 D). Taken together, these findings indicated that crush-induced axonal
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Figure 14: Motor protein levels in the rat optic nerve 6 hours after crush lesion. (A) Representative
immunoblots of kif5, dynein, p150Glued and GAPDH at two stumps of the optic nerve 6h after crush injury
compared with the contralateral side. (B-D) Quantifications of the band intensities of kif5, dynein and
p150Glued normalized to GAPDH as loading control. Blots were quantified from at least 3 animals. *P <
0.05; **P < 0.01 N.S. no significant difference, determined by one-way ANOVA and Turkey’s multiple

comparisons.

degeneration in the optic nerve altered the distribution patterns of motor proteins in vivo,
leading to the accumulation of Kif5 in the proximal parts of the optic nerve and a marked

reduction in p150Glued at both stumps.

334 Analysis of autophagosome transport in a subacute glaucoma model

3.3.4.1 Establishment of a subacute glaucoma model based on limbal vascular plexus
cauterization

Since the previous experiments had been performed under acute axonal degeneration, we

wondered if the results were also applicable to other models of neurodegeneration, and

thus a subacute model of glaucoma was chosen. In this model, the method of inducing

unilateral ocular hypertension (OHT) was developed through low-temperature
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cauterization of the vascular plexus surrounding the corneal limbus, an integral
component of the drainage pathway for aqueous humor (Lani et al. 2019). After cautery,
intraocular pressure (IOP) remained at a high level for the first few days and then
gradually decreased due to corneal revascularization. 91.5% of the animals achieved
complete recovery and displayed no clinical ocular abnormalities 14 days after surgery
according to the published paper mentioned above. In this case, the surgery only resulted
in a transient rise in IOP. Compared to crush injury, this was a milder way to induce optic
nerve degeneration through elevated 10P. Besides, the relatively large size of the eye

bulbs in rats made it accessible for surgical procedures.

Bilateral 10P measurements were performed using a hand-held tonometer. The
measurements were repeated at least three times before and after the cauterization of the
left eye. The mean values were listed in Table 9. The IOP after cautery on the left side

was almost 3.5 times higher than before cautery.

Table 9: IOP measurements in OHT and control eyes in 5 rats

Animals Cauterization IOP LE [mmHg] I0P RE [mmHg]
Animal 1 pre 4.3 8.3
post 26.67 8
Animal 2 pre 7.67 6.67
post 18.17 5.67
Animal 3 pre 8.33 9
post 21.67 5
Animal 4 pre 6.67 9
post 29.67 8
Animal 5 pre 10 10
post 18.33 8

3.3.4.2 Evaluation of autophagosome transport in the glaucoma model

After the successful establishment of a subacute glaucoma model in the left eye as shown
in Table 9, the optic nerve was surgically exposed, and live imaging was then carried out

from 3 to 6 hours after cautery.

Here, very similar findings were observed compared with the previously crush lesion
model. During the 3h of recording time, a substantial reduction in the number of motile
autophagosomes was observed, from 12.1443.97 per minute per mm at 3h after cautery
to 4.15+1.58 per minute per mm at 6h after cautery. In contrast, the number of stationary

vesicles increased rapidly, with a number of 144.75 £10.35 per mm at 6h after cautery,
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almost twice as many as 79.21 +£13.10 per mm at 3 h after cautery (Figure 15 C). In the
further detection of directionality of motile LC3 vesicles, only a remarkable reduction in
the number of retrograde vesicles was found at 2.7541.31 per minute per mm 6h after
cautery, compared to 8.9943.14 per minute per mm 3h after cautery (Figure 15 D). These
findings were consistent with changes in the percentage of different LC3 vesicles at the
given time points. Although the percentage of retrogradely moving LC3 vesicles
decreased dramatically, there was no big difference in the percentage of anterogradely
moving LC3 vesicles at the analyzed time points (Figure 15 F). Furthermore, only the
retrograde velocity of LC3 vesicles showed a clear downward trend, from 397.1467.31
nm/s 3h after cautery to 238.90%73.20 nm/s 6h after cautery (Figure 15 E).
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Figure 15: Invivo autophagosome transport in the optic nerve of rats after cautery. (A) Representative kymographs
and moving trajectories of LC3 transport in the rat optic nerve before and at the given time points after cautery. (B, C, D)
Quantification of the number of motile and stationary LC3 vesicles in the optic nerve of rats at the given time points after
cautery. (E) Quantification of the average velocity of different moving LC3 vesicles at the given time points after cautery. (F)
Quantification of proportions of different LC3 vesicles at the given time points after cautery. In all quantifications, a minimum
of 10 axons per time point per animal was evaluated. A total of 5 animals were included. One-way repeated measures
ANOVA and Turkey’s multiple comparisons test or Friedman test and Dunn’s multiple comparisons test were applied based

on normality tests of variables.
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4 Discussion

Axonal degeneration is a prevalent hallmark of normal aging, trauma, and
neurodegenerative CNS diseases. As an early event, it usually occurs prior to neuronal
cell death, which has potential therapeutic implications (Salvadores et al. 2017). However,
attempts to develop efficient axonal neuroprotective therapies have not yet been clinically
successful. Given that neurons exhibit a high degree of cellular polarization with
distinctive morphological and compartmental specializations, functional axonal transport
IS important to maintain axonal integrity and normal physiological metabolism (Fang et
al. 2012). Therefore, further elucidation of axonal transport enhances our understanding
of the mechanisms underlying axonal pathology and contributes to the discovery of new

therapeutic avenues against neurodegeneration.

Importantly, autophagy, as a profoundly conserved metabolism of lysosomal degradation,
is crucial for neuronal and axonal homeostasis (Maday 2016). Notably, growing evidence
suggests that autophagy may exert a dual function in axonal degeneration (Wang et al.
2018). The protective effect is mainly associated with the elimination of dysfunctional
organelles and aggregated proteins, while excessive activation of autophagy is thought to
promote neuronal loss (Yang et al. 2013). However, the precise function of autophagy in
neurodegeneration still remains elusive, although changes in autophagic flux can be
indirectly reflected by diverse monitoring analyses of autophagy-related molecules,
including autophagic substrates (Yang et al. 2018). Therefore, tools that more precisely
display autophagy alterations are required, particularly in vivo. Advances in the field of
live imaging, especially in animal models, enable us to closely monitor this process and
develop a deeper comprehension of autophagy mechanisms (Kerschensteiner et al. 2005;
Koch et al. 2011). Based on a previous study in our lab indicating that autophagy was
closely linked to axonal degeneration (Kndferle et al. 2010), the present research further
explored the dynamic alterations of autophagy in several axonal degeneration models and
tried to identify the potential molecular mechanisms.

41  Dynamic changes in axonal trafficking of autophagosomes after
axotomy in vitro

Based on the evidence that autophagy contributes to axonal degeneration, we investigated
how autophagy kinetics were altered in primary cortical neurons after traumatic injury

(Wang et al. 2018; Yang et al. 2013). Axotomy was performed on the axon side, as
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described before (Vahsen et al. 2020). We found that the motility of retrograde transport
was significantly diminished, although there was no difference in the average velocity
over the observation period. According to previous research, autophagosomes are
continuously formed at the tip of axons, followed by retrograde movement toward the cell
body. (Maday and Holzbaur 2014; Maday et al. 2012). Thus, decreased autophagosome
biogenesis after axotomy may be one of the reasons for reduced retrograde transport.
Besides, energy deficits can occur after axonal injury due to mitochondrial damage,
decreased mitochondrial transport, and increased energy consumption (Sheng 2017). In
contrast to the unidirectional treading of kinesin-1 motors, recent in vitro and in vivo
measurements suggest that retrograde transport manifests itself as movement in teams of
6-12 motors, which is not only less efficient than anterograde transport but also requires
more energy expenditure (Maday et al. 2014). As a result, retrograde transport is more
prone to be impaired than anterograde transport after axonal injury. This could explain
why we saw fewer autophagosomes moving retrogradely after axotomy. Moreover, we
noticed that after axotomy, the number of autophagosomes at the axon terminal slowly
increased, peaked at 2h after axotomy, and declined gradually thereafter, mainly due to a
rapid rise in the number of stationary autophagosomes and a relatively slow decline in the
number of retrogradely transported vesicles. The reason could be that autophagosomes
are temporarily retained in the observed region due to their reduced retrograde motility.
However, since the axon tip was removed after axotomy, autophagosome generation was
severely disrupted. The total number of autophagosomes had a downward trend since 2h
after axotomy, but there was no statistical difference in the given time points compared
with the basal condition, probably due to the insufficient observation period and relatively
long residual axons in the axonal compartment. Therefore, the later in vitro experimental
setup was improved by decreasing the number of seeded cortical neurons in the
microfluidic chambers in order to achieve a more successful axotomy and shorten the

length of the remaining axons on the axon side.

42  Invivo autophagosome trafficking in axonal degeneration models

Until now, most of our knowledge about autophagosome trafficking in neuronal cells has
come from in vitro studies. However, the transport patterns in vivo, especially in
vertebrate models, have been rarely described (Lopez et al. 2018). Here, a two-photon
microscope was used to investigate autophagosome trafficking in the rat optic nerve,

based on its relatively easy exposure and manipulation (Koch et al. 2011). We observed
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that a significant proportion of LC3 vesicles remained stationary throughout the imaging
process. Retrograde vesicles accounted for 85% of the total number of moving vesicles,
and the average speed of retrograde transport was also slightly higher than the average
speed of anterograde transport. This finding provides an impression of autophagosome
transport in vivo, allowing us to better understand the physiological function of
autophagosomes. Next, autophagosome trafficking was explored in three different models
of axonal degeneration: an acute crush injury model, a subacute glaucoma model, and
aging. Similar to the in vitro data, we found a remarkable increase in the number of
stationary autophagosomes but a decline in the number of retrogradely moving vesicles
both in the crush lesion model and glaucoma model. In addition, the in vivo data also
showed a decline in the average velocity of retrograde transport. However, compared with
the glaucoma model, autophagosome trafficking changed more rapidly in the crush injury
model. Overall, the total number of autophagosomes continued to rise following
degeneration induction, consistent with a great deal of research on neurodegenerative
diseases showing autophagosome accumulation, but our study illustrated a dynamic
process of changes in autophagosome trafficking (Ciechanover and Kwon 2015; Park et
al. 2020).

In terms of aging, the motility of autophagosome trafficking, especially retrograde
transport, was significantly impaired compared with young animals. Additionally, the
total number of autophagosomes increased substantially, which was in line with a
previous study in our lab demonstrating that aged animals contained more LC3 puncta
than young animals in the optic nerve through fluorescence staining (data not shown).
These findings may imply that autophagosomes within the imaged areas were
accumulated because of transport defects. However, it was still insufficient to evaluate
whether this increase represented an induction or blockade of autophagy. Furthermore,
autophagosome biogenesis and autophagic activities with age are still inconsistent among
different species (Stavoe AKH and Holzbaur 2019b). For example, in mouse DRG
neurons, a reduction in autophagosome biogenesis at axon terminals with increasing age
was observed by quantifying the formation of GFP-LC3B-positive puncta (Stavoe AK et
al. 2019). Meanwhile, another study also found that hippocampal autophagy activity in
mice decreased during aging (Glatigny et al. 2019). On the contrary, transcriptome and
proteome analysis in rat brains revealed no significant alterations in the components of
the autophagy pathway between 6 months and 24 months (Ori et al. 2015). Overall, since
the effect of age on neuronal autophagy seems to be more variable than that on other

tissues (Chang et al. 2017), we emphasize that additional experiments are required to
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completely comprehend the role of autophagy in aging.

43  Fusion of autophagosomes and lysosomes following axonal injury

Considering that autophagosome-lysosome fusion is a prerequisite for the degradation of
autophagic substrates, the fusion ratio was assessed both in vitro and in vivo. Since
lysosomes act as degradation hubs for autophagic components, choosing appropriate
markers for lysosomes increases confidence in the accuracy of the assessment. Although
LAMP1 is commonly employed as a marker for lysosomes, and LAMP1-positive
organelles are conventionally identified as lysosomes, a substantial proportion of lamp1-
labeled organelles lacks lysosomal hydrolases, implying that they are actually not
lysosomes (Cheng et al. 2018). To this end, cathepsin D, an aspartyl protease that mainly

exists within lysosomes, was used to label lysosomes in this thesis.

Given that maintaining an acidic environment is necessary to activate hydrolases and then
degrade cellular components, BODIPY -pepstatin A was chosen to specifically visualize
activated cathepsin D with a pH of 4.5 in acidic environments in vitro (Chen et al. 2000).
However, it is not easy to find effective probes in vivo that label not only an acidic
environment but also lysosomal hydrolases. Hence, we only performed cathepsin D
staining. In this case, all isoforms of cathepsin D were visualized. It should be noted that
when interpreting, endosomes were also labeled in addition to lysosomes, as endosomes
usually deliver newly synthesized lysosomal enzymes and membrane proteins to

lysosomes (Barral et al. 2022).

In vitro, within the imaging period of 6h after axotomy, we observed a substantial decline
in the number of LC3 vesicles and active cathepsin D. Besides, the colocalization ratio of
LC3 and active cathepsin D was also significantly decreased. Regarding the fusion of
autophagosomes and endosomes/lysosomes following acute axonal degeneration in vivo,
Pearson's correlation coefficients demonstrated a notable increase in the distal but not
proximal parts of the optic nerve compared to the contralateral unlesioned control,
indicating the accumulation of fused autophagosomes and endosomes/lysosomes at the
distal stump. However, there was no difference between the unlesioned control and the

proximal terminals.

Furthermore, since successful autophagic degradation relies on the fusion of
autophagosomes with multiple late endosomes/lysosomes to maintain an adequately
acidic environment for hydrolases to function (Jahreiss et al. 2008; Zhao and Zhang 2019),

this finding may imply that axonal injury leads to impaired autophagosome maturation.
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As a result, autophagosomes are unable to turn over and accumulate as nondegradable
autophagic vacuoles, which have been widely reported in both neurodegenerative
diseases and traumatic neuropathies (Ray 2020; Wu and Lipinski 2019; Zhao et al. 2021).

44  Autophagy is induced following acute axonal injury in vivo

To explore autophagy induction after crush lesion of the optic nerve, fluorescence staining
of p-ATG16L1 and the expression levels of the autophagic pathway components were
examined. The staining showed that p-ATG16L1 puncta were abundant on both sides of
the lesion site, while the signal was barely visible in the uninjured control. Besides, the
level of p-ATG16L1 is intimately linked to autophagy biogenesis (Tian et al. 2020).
Hence, upregulation of p-ATG16L1 expression may indicate an increase in newly
synthesized autophagosomes. Despite previous descriptions of autophagosome
biogenesis preferentially occurring at the distal tip of axons under physiological
conditions, mid-axons still exhibited a limited amount of autophagosome generation
(Maday and Holzbaur 2014). After axonal injury, the massive demand for substrate
degradation as well as cellular reconstruction, especially at the lesion site, may have
altered the original autophagosome biosynthesis pattern but this still remains to be

validated by additional studies.

Corresponding to our p-ATG16L1 fluorescence result, a notable increase in the LC3 11/l
ratio, an indicator of autophagic turnover (Klionsky et al. 2008), and higher levels of the
autophagic substrate p62 were observed on the proximal and distal sides of the optic nerve
6h after lesion. This was consistent with previous studies in our laboratory in which LC3
and p62 expression levels were quantified by fluorescent staining (Knc¥erle et al. 2010;
Koch et al. 2010). Overall, these findings above could therefore indicate that axonal injury
leads to autophagy activation with increased degradation of cellular material or blockage

of autophagic flux.

45  Degradative capacity in the autophagy pathway is impaired after
axonal lesion

Considering the vital role of lysosomal hydrolases in autophagic degradation, protein
levels of cathepsin D were evaluated following axonal injury. 6h after the crush lesion,
mature cathepsin D levels were considerably lowered at both terminals of the optic nerve,
but immature cathepsin D levels were exclusively reduced on the distal side because of

the supplement from the adjacent cell body in the proximity, compared with control.
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Additionally, reduced protein levels and activity of cathepsin D were also recently
detected, along with impaired autophagic flux after CNS trauma, including traumatic
brain injury (TBI) and spinal cord injury (SCI) (Lipinski et al. 2015; Sarkar et al. 2014).
However, since intraluminal acidification (Song et al. 2020) and microtubule-dependent
axonal transport (Ferguson 2018; Lee et al. 2011) are both crucial for the efficient
operation of the lysosomal digestive system, it still remains to be clarified by further

research which process is dominant or whether this is a result of their interaction.

46  Crush lesion selectively disrupts the retrograde axonal transport
in the optic nerve

Having demonstrated significant defects in retrograde transport of autophagosomes
following crush lesion to the optic nerve, we aimed to explore the underlying molecular
mechanisms. After assessing the levels of several key motor proteins involved in
autophagosome transport, a significant reduction in p150Glued was found after axonal
injury, but no significant difference in dynein. P150Glued is the biggest component of the
dynactin complex, which facilitates dynein activation and, together with dynein,
effectively enables the long-distance retrograde transport of cargo (Kobayashi et al. 2006;
McKenney et al. 2014). Hence, p150Glued deficiency could reasonably explain our
previous finding of severely impaired retrograde transport following crush lesion in the
optic nerve. Consistently, recently published studies have also shown that the G59S
mutation in p150Glued and the depletion of p150Glued causes a partial loss of capacity
of dynein/dynactin-mediated retrograde transport and the accumulation of retrogradely
transported cargos, such as synaptophysin or autophagosomes, thus exacerbating
neurodegeneration (Bercier et al. 2019; Ikenaka et al. 2013; Lai et al. 2007).

To date, it is unknown why the optic nerve crush selectively caused the reduction in
p150Glued. In fact, compared to dynein, dynactin1/p150Glued is more vulnerable to toxic
exposures, especially excitotoxicity (Katsuno et al. 2006; Xu et al. 2021). Recently, a
growing body of evidence has suggested that glutamate levels appear elevated after
traumatic optic nerve injury, as well as upregulation of glutamate transporter mRNA
(Mawrin et al. 2003; Vorwerk et al. 2004). Moreover, the administration of glutamate
antagonists or blockers of glutamate receptors provided neuroprotective effects (Schmitt
and Sabel 1996; Vorwerk et al. 2001). Accordingly, we hypothesize that glutamate
excitotoxicity induced by optic nerve injury may adversely affect p150Glued.

Interestingly, Fujiwara et al. found that glutamate excitotoxicity generated a variant form
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of p150Glued with C-terminal truncation, thus exacerbating axonal degeneration.
Consistently, overexpression of pl150Glued attenuated axonal degeneration and
suppressed cell body death (Fujiwara et al. 2012). However, this study also showed a 35%
drop in the dynein intermediate chain (DIC). Therefore, lesion-induced glutamate
excitotoxicity alone may not adequately explain our findings.

Another possible explanation is that p150Glued was cleaved by caspases during cellular
apoptosis, but dynein intermediate chain (DIC) was decreased even more rapidly in this
process (Lane et al. 2001). Since apoptosis generally occurs relatively late after trauma,
this is not well aligned with our findings that the impaired motility of retrograde transport

happened rapidly following crush injury.

Thus, we demonstrate that decreased p150Glued is correlated to the breakdown of
retrograde transport of autophagosomes in a model of lesion-induced axonal degeneration.
Besides, p150Glued may be engaged in various cellular processes and could be influenced
by multiple factors. However, the reason for its rapid decrease is currently unclear and

needs to be elucidated by further studies.

4.7 Conclusion

In conclusion, this study has shown that the retrograde transport capacity of
autophagosomes is significantly diminished in multiple models of CNS trauma and
neurodegenerative diseases, both in vitro and in vivo. Specifically, in the rat optic nerve
crush model, autophagy is dramatically activated, but impaired retrograde transport
results in the accumulation of autophagosomes as well as increased cellular materials that
need degradation; moreover, the lysosomal degradative capacity is also damaged.
Although the retrograde mobility of autophagosomes was reduced, it seems not to affect
the fusion with other vesicles in the autophagic pathway. Mechanistically, the significant
reduction of p150Glued may contribute to the severe impairment of retrograde transport
in this model, which may represent a potential therapeutic target for traumatic and

neurodegenerative diseases of the central nervous system.
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5 Summary

Axonal degeneration represents a prevalent and early pathophysiological manifestation
observed in various traumatic and neurodegenerative diseases of the central nervous
system. It usually leads to progressive dysfunction of damaged neurons as a consequence
of their reduced inherent regenerative potential and increased external growth inhibitors.
Since current therapeutic strategies are very limited and can only delay the progression of
CNS diseases, there is an urgent need for a more profound comprehension of the
molecular mechanisms underlying axonal degeneration to identify prospective
therapeutic targets. During axonal degeneration, autophagy, a conserved degradation
mechanism of lysosomes, is indispensable for maintaining neuronal axonal homeostasis
by controlling cellular protein and organelle quality. However, although autophagy has
been previously demonstrated to be closely associated with axonal degeneration, its exact
role in this process is still unclear. In particular, given the complexity of autophagic
activity, the accumulation of autophagosomes in degenerating axons remains difficult to
identify whether the autophagic flux is activated or the autophagic process is blocked,

especially in vivo with existing tools.

To dynamically monitor autophagic changes in axonal degeneration, autophagosomes
were visualized in primary cortical neurons and in the optic nerve transduced with an
adenovirus-associated viral vector expressing LC3, a standard marker of autophagosomes.
After selective neuronal axonal injury in microfluidic chambers, the retrograde
movements of autophagosomes were compromised, and the number of stationary vesicles
increased significantly compared to the basal state. Similarly, in the optic nerve crush
model and the subacute glaucoma model in vivo, the retrograde transport capacity of
autophagosomes was also impaired, as evidenced by a noticeable decrease in the amount
and speed of retrogradely moving vesicles. In addition, in the aging model, old rats at 18
months of age also had fewer autophagosomes moving backward and a slower velocity
of retrograde transport, accompanied by increased number of stationary vesicles,
compared to 3-month-old young rats. We next explored the potential mechanism of
impaired retrograde transport of autophagosomes in the model of optic nerve crush. The
induction of autophagy following axonal injury was confirmed by fluorescence staining
of p-ATG16L1 locally at lesion site of the optic nerve and by immunoblotting of the LC3-
[1/1 ratio. Further, the decrease in the proportion of LC3 that overlapped with active
cathepsin D in vitro and the increased LC3 vesicles positive for cathepsin D that

accumulated on the distal sides of the optic nerve in vivo after axonal lesion suggested
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that axonal injury may not affect the autophagosome and endosome/lysosome fusion.
Additionally, decreased levels of mature cathepsin D after optic nerve injury indicated
impaired hydrolytic capacity of lysosomes. Thus, elevated p62 protein levels in this
process were indicative of deficits in autophagic degradation, which meant the blockade
of autophagic flux. Apart from that, the detection of key motor protein levels in the optic
nerve following crush injury revealed a substantial decrease in p150Glued, which may

account for the impaired retrograde transport of autophagosomes.

Together, the findings of this thesis provide further insight into the function of retrograde
transport of axonal autophagosomes in CNS trauma and degenerative diseases.
Additionally, we find that the retrograde transporter protein p150Glued holds promise as
a potentially innovative target for therapeutic intervention in lesion-induced
neurodegeneration. However, the detailed mechanism of p150Glued changes during this

process remains to be clarified.
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