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Abstract

Neuromyelitis optica spectrum disorder (NMOSD) is an neuroinflammatory disease of the
central nervous system (CNS), causing demyelinating lesions characterized in the optic nerve,
spinal cord and brain stem that result in severe disability presents with paralysis or blindness.
Astrocytes are the primary target of autoimmune response in the majority of NMOSD patients,
and they undergo complement-dependent lysis mediated by aquaporin-4 specific antibodies
(AQP4-IgG) that are present in the serum and cerebrospinal fluid. In addition, subset of AQP4-
IgG seronegative patients have antibodies against the myelin oligodendrocyte glycoprotein
(MOG-IgG), rendering a direct injury on CNS myelin. Although the initial glial attack
primarily starts in the astrocytic endfeet in AQP4-positive NMO, there is a rapid spread of
cellular pathology described with the damage of surrounding cells, including the neurons and
oligodendrocytes. Even though initial cellular targets of the disease and the
immunopathological features of NMOSD lesions are well defined, mechanisms underlying

secondary injury following the initial antibody-attack remain elusive.

In order to elucidate possible injury mechanisms that drive NMO-related pathology in axons
and oligodendrocytes, I utilized in vivo imaging to follow the induction phase of experimental
lesions in a mouse model of AQP4-IgG mediated NMO. By the help of time-lapse imaging
experiments performed with genetic and pharmacological interventions, I could define the
instant changes in morphological characteristics and intracellular calcium dynamics of the glial
cells — astrocytes, oligodendrocytes - and axons. Our findings implicated that AQP4-IgG
mediated astrocyte lysis leads to acute axonal beading that is driven by cytoskeletal disruptions,
particularly in thin caliber axons; and cellular mechanism underlying formation of such
beadings is distinct from axon injury pathways previously described in MS- or trauma-related
models. With the survival surgery approach that I developed to study the fate of beaded axons
on the following day of NMO lesion induction, I could also demonstrate that axonal beading
state was persistent for a certain period without displaying apparent signs of neurodegeneration.
Additionally, a rapid antibody-independent membrane attack complex (MAC)-mediated
oligodendrocyte injury develops consequently to AQP4-IgG mediated astrocyte loss,
implicating the contribution of complement related off-target effects in the spread of NMO

pathology.



Overall, the data presented in my thesis improves the current understanding on the time course
of cellular events involved in the NMO lesion induction, as well as mechanisms of injury that
mediates NMO-related pathology spread from astrocytes to other CNS cells. Notably, our
findings provided candidates for acute therapeutic treatments that can help with diminishing

development of permanent neurological deficits.



1 Introduction

1.1 Astrocytes in health & disease

Astrocytes are the most abundant glial cell type, comprising ~30% of the cells in CNS
(Liddelow and Barres, 2017). Astrocytes were initially considered as archetypical glia (‘brain
glue’) and hence ‘passive’ counterparts of neurons that provide only structural support.
However, over the last decades there have been advances in understanding the role of astrocytes
in development and function of the nervous system (Sofroniew and Vinters, 2010; Allen and
Lyons, 2018), as well as their contribution to the initiation, progression and resolution of

different pathological conditions (Sofroniew, 2015; Linnerbauer et al., 2020; Han et al., 2021).

Astrocytes comprise of a heterogeneous glial cell population concerning morphology, gene
expression profile and physiological characteristics — which depend amongst other factors on
anatomical location, developmental stage and ‘activation’ status in response to the local micro-
milieu. The fine ‘star’-like processes, which gave astrocytes their name result in a complex
cellular morphology that enables interaction with blood vessels, neurons and other glial cells
in the CNS. Such interactions allow astrocytes to play a wide variety of roles in molecular,

cellular and structural support (Sofroniew and Vinters, 2010; Verkhratsky et al., 2012).

Astrocytic end-feet form the glia limitans, which sheaths the perivascular spaces and lies
directly below the pia mater (Liu et al., 2013). These end-feet contribute to neurovascular
coupling where astrocytes are involved in regulating activity-dependent adjustments in local
blood flow (Attwell et al., 2010). The glia limitans also helps maintaining the blood-brain
barrier (BBB), which shields the CNS parenchyma from invasion of peripheral immune cells,
as well as from non-selective influx of soluble factors, such as serum-derived proteins (Abbott
et al., 2006; Daneman and Prat, 2015). Following pathological insults that induce astrocyte
dysfunction or loss, such as trauma, ischemia or neuroinflammation, the integrity of the glia
limitans can be compromised. The resulting immune cell recruitment and immune signaling in
the CNS can then further aggravate the pathology, but might also contribute to repair processes
(Sofroniew, 2015).

Indeed, during development, astrocytes play essential tropic roles for neurons. For instance,
astrocytes are required for neuronal survival and migration (Lemke, 2001), they promote
formation of functional synapses via release of factors such as thrombospondin or cholesterol,

and together with microglia contribute to synapse pruning, using engulfment receptors such as

3



the mammalian Draper homologue (Stevens et al., 2007; Chung et al., 2015). Once synapses
are mature, astrocytes are involved in neurotransmitter biosynthesis and turnover, and regulate
the homeostasis of the CNS extracellular milieu (e.g. by buffering ions such as potassium that
accumulate extracellularly during neuronal firing, regulating water and pH balance)
(Verkhratsky and Nedergaard, 2018). Astrocytes maintain a local energy store via glycogen
granules and can provide metabolic support to neurons via delivery of the energy substrate,
lactate (Magistretti and Allaman, 2018; Verkhratsky and Nedergaard, 2018). In addition,
astrocytes are embedded in various further metabolic task-sharing and detoxification networks
with neurons, e.g. for glutamate or lipid substrates (Rosenberg and Aizenman, 1989; Anderson

and Swanson, 2000).

Beyond links via the extracellular milieu, astrocytes are also cytoplasmically coupled amongst
themselves and with other glial cells. Astrocytes express connexin (Cx) proteins, which form
gap junctions with neighboring astrocytes and oligodendrocytes. Such glial coupling enables
long distance intercellular signaling, exchange of ions (e.g. during propagation of astrocytic
calcium waves or potassium buffering of astrocytes), metabolites and neurotransmitters (e.g.
glutamate, ATP, D-serine) (Giaume et al., 2013). This glial gap junction coupling obtains
specificity by cell-type specific expression of hemichannel subtypes, such as Cx30/43 in

astrocytes and Cx32/47 in oligodendrocytes (Orthmann-Murphy et al., 2007).

This broad set of roles of astrocytes and the cellular networks, in which they are embedded,
already implies possible contributions of this cell type in a wide variety of disease processes.
Indeed, astrocytes actively responds to injury or disease via a process called ‘reactive
astrogliosis’ (Pekny and Pekna, 2014). Astrogliosis can involve proliferative or non-
proliferative states and involves structural and molecular changes that result in gain or loss of
certain astrocytic functions (Sofroniew, 2020). Such changes can result in BBB permeability,
metabolic stress and synaptic dysfunction that can contribute to a wide variety of neurological
diseases, ranging from trauma, neuroinflammation or neurodegeneration (Phatnani and
Maniatis, 2015; Pekny et al., 2016). Importantly, however, astrogliosis does not necessarily
have only detrimental effects on neuronal survival and function. Indeed, the net impact of
astrocytic changes on disease outcome likely depends on timing and the overall cellular context
of a given CNS pathology (Rothhammer and Quintana, 2015; Sofroniew, 2015). One concept
that has been put forward is the polarization of reactive astrocytes into more neurotoxic (‘A1)
and neuroprotective (‘A2’) phenotypes. These were implicated to play differential roles in

neuroinflammatory and neurodegenerative diseases, but also following ischemia or during



aging (Liddelow et al., 2017; Clarke et al., 2018). However, a recently defined consensus on
astrocyte reactivity and gliosis aims to go beyond such a simplified polarized classification, as
typically only a mixed set of Al- or A2-related transcripts were upregulated in different disease
settings and do not suffice to neatly categorize the possible phenotypic diversity into only two
classes (Escartin et al., 2021). Instead, multiple variables of reactivity should be taken into
account together with transcriptomic profiles (e.g. proliferation, morphological and functional
state of astrocytes). Such astrogliosis definition cover the spectrum of variable reactivity states

that occur in response to CNS perturbations of different severity (Escartin et al., 2021).

1.2 Neuromyelitis optica spectrum disorders — definition, clinical picture &

diagnostic criteria

Neuromyelitis optica (NMO; originally called Devic’s disease, Devic & Gault, 1894; (Jarius
and Wildemann, 2013)), is an autoimmune disease of the central nervous system mostly
characterized by simultaneous presentation of transverse myelitis and optic neuritis, and to a
lesser extent with brain involvement (Wingerchuk et al., 2015). While NMO was initially
described as a monophasic disease, most patients show relapses without intermittent disease
progression (Jarius et al., 2020), characterized by motor (paralysis), sensory deficits (visual
loss, pain) and fatigue. Vomiting and nausea, as well as intractable hiccups are reported in the
cases with cerebral involvement (Wingerchuk et al., 2015; Jarius et al., 2020). NMO was
regarded as a variant of multiple sclerosis until the discovery of a NMO-specific serum
antibody against aquaporin-4 (AQP4), which can be used as an entity-defining diagnostic
marker (Lennon et al., 2004; Lennon et al., 2005). The majority of NMO patients (~80%) is
seropositive for AQP4-IgG (Lennon et al., 2004; Levy et al., 2021), but also there is a
considerable number of AQP4-IgG seronegative patients. Many of these patients have
antibodies against the CNS myelin surface antigen, myelin oligodendrocyte glycoprotein
(MOG-IgG) (Mader et al., 2011; Kitley et al., 2012; Probstel et al., 2015), but a small subset
of patients lacks a currently discernible antibody, and would be considered ‘idiopathic’ (Jarius
et al., 2020). MOG-IgG-positive patients show distinct disease characteristics (Kitley et al.,
2012; Kitley et al., 2014; Sato et al., 2014) including a lower number of relapses, earlier disease
onset and a higher males-to-female ratio compared to AQP4-IgG-positive NMO, which affects
females more frequently (female:male = 10:1) (Hor et al., 2020; Jarius et al., 2020). This

distinct clinical presentation of AQP4- and MOG-IgG-positive patients, as well as variability



among patients in the initial clinical syndromes that may present with brainstem involvement,
have resulted in a broadened diagnostic criteria and gave rise to the term ‘neuromyelitis optica
spectrum disorders’, NMOSD (Wingerchuk et al., 2007; Fujihara, 2019). However, ‘NMOSD’
is inconsistently used in the literature, and recently the suggestion has been made to subsume
MOG-IgG-positive patients under a distinct entity of ‘MOG antibody-associated disorder’
(MOGAD) (Hoftberger et al., 2020). For the purpose of this thesis, I will use the term ‘NMO’
or ‘NMO-related’ for AQP4-IgG-associated pathology, while I will refer to ‘NMOSD’, when

broader autoantibody-mediated glial pathology is meant.

Current diagnostic criteria for NMO/NMOSD/MOGAD include serological status, radiological
findings and clinical presentation with certain core characteristics, including optic neuritis,
acute myelitis, or area postrema syndrome (Wingerchuk et al., 2015). Using such definitions,
the prevalence of NMOSD range between 0.5 -1:100.000 across the globe, being more common
in East-Asians (Hor et al., 2020).

In addition to the discovery of biomarkers and the resulting ongoing reclassifications, there has
also been substantial progress in understanding the neuropathological and pathomechanistic
underpinnings of NMSOD, as well as in the neurobiology of aquaporins, which I will describe

in the following sections.

1.3 NMOSD neuropathology

Neuropathological investigations of AQP4-IgG seropositive NMO lesions mostly revealed
AQP4 or GFAP loss. Additionally, perivascular deposition of immunoglobulins and
complement proteins is apparent (Misu et al., 2007; Roemer et al., 2007). Depending on the
stage of these lesions, demyelination, axonal damage and immune cell infiltration are also
apparent, sometimes resulting in necrotic lesions that bear hallmarks of secondary tissue
destruction (Misu et al., 2013; Lucchinetti et al., 2014). Immune infiltrates contain
predominantly macrophages/activated microglia and granulocyte, but also the presence of cells
of the adaptive immune system (T cells) have been reported (Lucchinetti et al., 2002; Misu et
al., 2013). Additionally, sub-pial pathology with AQP4 loss, complement deposition and
microglial reactivity was described (Guo et al., 2017). Notably, the absence of AQP4
immunoreactivity does not always indicate complete loss of astrocytes. Indeed, there have been
reports of [gG-induced AQP4 internalization leading to loss of surface AQP4 without astrocyte
necrosis (Hinson et al., 2008; Hinson et al., 2012). Despite the destructive quality that advanced



NMO lesions often display, signs of tissue repair can also be found: For instance, signs of
astrocyte repopulation and remyelination have been noted (Parratt and Prineas, 2010; Bruck et
al., 2012; Guo et al., 2017). Most of these neuropathological descriptions refer to NMO, and in
comparison, less is known about the neuropathology of MOGAD. A primary characteristic
here appears to be demyelination with predominant MOG loss compared to other myelin
proteins, such as MBP and MAG. As in NMO, complement deposition and macrophage
infiltration is apparent within demyelinating lesions (Takai et al., 2020). Interestingly, despite
primary demyelination, axons and oligodendrocytes are relatively preserved (Weber et al.,
2018; Hoftberger et al., 2020; Takai et al., 2020), without any astrocyte or AQP4 loss (Weber
et al., 2018; Takai et al., 2020).

1.4 Animal models of NMOSD, and current understanding on NMOSD

pathogenesis

An important driver of progress in our pathomechanistic understanding of NMOSD has been
the development of animal models of the disease. The discovery of AQP4-IgG as a disease
marker and likely initiating factor of NMO (Lennon et al., 2004; Lennon et al., 2005), many
efforts have been undertaken to develop experimental models of NMO in order to study the
pathogenesis of the disease and to investigate new candidate approaches to therapy. However,
establishing AQP4 autoimmunity in rodents has been challenging, as deletional immune
tolerance seems to be strong in rodents (Vogel et al., 2017). Only recently, AQP4-mimotopes
have been reported to induce production of AQP4 autoantibodies in rats (Tsymala et al., 2020).
Instead, for the last decade, passive transfer of NMO-related autoantibodies was the prevailing
approach to model NMO lesions in rodents. For this, AQP4 antibodies (in many instances,
together with human complement) were transferred to mice or rats via a range of delivery
techniques, including local or systemic injection. Such models confirmed the potential
pathogenicity of AQP4-IgGs and successfully represented characteristics of human NMO,
which aided the study of disease pathogenesis and progression in rodent brain, optic nerve and

spinal cord (Duan and Verkman, 2020).

Early transfer models combined transfer of NMO-related IgG with rat models of experimental
autoimmune encephalomyelitis (EAE), which induces neuroinflammation and compromises
the BBB. Intraperitoneal delivery of AQP4-IgGs to EAE-primed rodents resulted in CNS entry
of antibodies, which triggered AQP4 and GFAP loss, together with perivascular deposition of



complement proteins and immune cell infiltration into the CNS (Bradl et al., 2009; Kinoshita
et al., 2009; Wrzos et al., 2014). However, these EAE/NMO passive transfer models mostly
lack substantial demyelination and axon pathology, which are found in human NMO lesions
(Bennett et al., 2009; Bradl et al., 2009; Kinoshita et al., 2009). In order to improve
recapitulation of human NMO pathology, and avoid the use of EAE, various passive transfer
NMO models using experimental naive rodents have been established. Delivery of patient
derived or recombinant AQP4-IgGs, together with human complement directly to CNS tissue
induced experimental NMO lesions. Astrocyte loss in these models was antibody-titer
dependent and mediated by complement-dependent cell (CDC) toxicity (Saadoun et al., 2010;
Ratelade et al., 2013; Wrzos et al., 2014; Herwerth et al., 2016). CDC mediates a direct injury
on astrocytes via the coupling of complement protein C1q to antigen-antibody complexes. This
activates the classical complement cascade with sequential enzymatic conversion of
complement proteins and insertion of the membrane attack complex (MAC) into the plasma
membrane of astrocytes - causing the osmolytic death of these cells (see section 1.6). While
secondary axonal injury (Saadoun et al., 2010; Herwerth et al., 2016), as well as demyelination
and oligodendrocyte loss was described in these models (Saadoun et al., 2010; Wrzos et al.,
2014), the exact mechanisms of such ‘off-target’ injury still remain to be determined. Several
reports from in vitro and in vivo studies by the Verkman lab have suggested a complement-
mediated bystander injury on oligodendrocytes and neurons. Following activation of
complement proteins, neighboring cells within the range of 100 um to astrocytes might be
targeted via diffusion of soluble components forming MAC, causing MAC insertion on
oligodendrocyte and axon membranes (Tradtrantip et al., 2017; Duan et al., 2018) — even
though these cells do not express AQP4 and are hence not directly targeted by NMO antibodies.
In addition to such complement-mediated bystander cell targeting, there have been reports of
antibody-dependent cellular cytotoxicity (ADCC) as the result of AQP4-IgG binding based on
the use of differentially de-functionalized recombinant IgGs for transfer. In this setting, an
effector cell type — e.g. nature killer cells - recognizes the Fc regions of AQP4-IgG on
astrocytes and target these cells via cytotoxic degranulation and phagocytosis independently of

complement activation (Ratelade et al., 2012; Ratelade et al., 2013; Duan et al., 2019).

Notably, in contrast to AQP4-IgGs, the pathogenicity of MOG-IgGs in transfer experiments to
rodents has been reported to be independent of complement activation or immune cell
infiltration (Saadoun et al., 2014). While one day after MOG-IgG/complement delivery, there

were structural changes to myelin and axons, these changes were reversible within two weeks



and there was no indication of astrocyte, neuronal or oligodendrocyte loss as seen with AQP4-
IgG-mediated injury. The exact mode of MOG-IgG-mediated injury remains elusive, but the
authors suggested an antibody-mediated MOG internalization, which might hinder Clqg-

mediated complement activation (Saadoun et al., 2014).

Thus, while the potential pathogenicity of AQP4-IgG for intracerebral lesion formation is now
largely undisputed and the complemented-mediated lysis of astrocytes appears to drive
formation of destructive lesions (Saadoun et al., 2010; Wrzos et al., 2014), many questions
remain open. For instance, it is unknown, whether bystander injury to axons and
oligodendrocytes happens in vivo. In addition, which cell injury programs are triggered in
axons and oligodendrocytes is unresolved, which has important translational implications that
might guide efforts of neuroprotection, myelin preservation or repair. These questions are at
the center of my thesis. Ultimately, transfer models of NMOSD cannot elucidate how the
autoantibody responses against glial antigens are induced in NMOSD patients, and how
peripheral IgGs initially enter the CNS. For the latter, possible entry routes involve CNS sites
such as area postrema (Popescu et al., 2011), or blood-CSF barrier (Guo et al., 2017). However,
the elucidation of the earlier steps in NMOSD pathogenesis will have to await the development
of more realistic models of disease initiation in rodents, and co-aligned studies on the immune

pathogenesis of NMOSD in humans.

1.5 Role of aquaporins in NMO

As AQP4 appears to be the primary target of IgG-mediated autoimmunity in NMO, the
question arises whether the pathophysiology of NMO is solely explained by the ensuing
complement-mediated lysis of glial cells, or whether loss of AQP4 function per se might
contribute. AQPs are osmotically driven, bidirectional water channel proteins that regulate
cellular water and osmotic homeostasis. Two members of the AQP gene family - AQP1 and
AQP4 - are expressed in the CNS (Papadopoulos and Verkman, 2013). AQP4 is primarily
located on ependymal cells and astrocytes, especially on the pial end-feet at the glia limitans
and around vessels (Frigeri et al., 1995). In the periphery, AQP4 is expressed in skeletal
muscle, kidney, stomach and lung tissue (Frigeri et al., 1995; Frigeri et al., 1998). AQP4
monomers consist of six membrane-spanning helical domains, although each monomer can
function as a water transport unit itself; AQP4s are found in tetramers on the plasma

membranes (Papadopoulos and Verkman, 2013). Two isoforms of AQP4, long ‘M1’ and short



‘M23’ are expressed; and only the latter one is found in orthogonal arrays of particles (OAPs),
in which AQP4 M1 and M23 monomers further aggregate to supramolecular assemblies, which
appear to be the primary targets of AQP4-IgGs in NMO (Nicchia et al., 2009; Phuan et al.,
2012).

Binding of AQP4-IgG to its target antigen triggers at least two processes. First, internalization
and degradation of AQP4 protein, putatively together with other interacting membrane
proteins, such as the astrocytic glutamate transporter, EAAT2 (Hinson et al., 2008; Hinson et
al., 2012) — which together result in water dyshomeostasis and cellular edema (Hinson et al.,
2012), or glutamate excitotoxicity (Wrzos et al., 2014; Marignier et al., 2016). Second, AQP4-
IgG can also activate the complement cascade, eventually resulting in MAC assembly and lytic
death of astrocytes (Ratelade et al., 2013; Herwerth et al., 2016). Notably, this outcome might
be promoted by the relatively low expression level of complement inhibitors, such as CD59,
on the surface of astrocytes (Wang et al., 2017). The internalization of AQP4 vs. astrocyte lysis
might arise from isoform-related effects: It has been suggested that M1 isoform of AQP4 is
preferentially internalized following IgG binding, while M23 isoform can resist internalization
and rather triggers complement activation (Hinson et al., 2012). However, these hypotheses are
still under debate, as contradictory results have been reported on preferential internalization of

these isoforms or AQP4 following IgG binding (Ratelade et al., 2011; Rossi et al., 2012).

1.6 Complement system and its role in NMO

The complement system is part of the innate immune system and compromise more than 50
plasma and membrane-bound proteins (Dunkelberger and Song, 2010; Kanmogne and Klein,
2021). Upon activation, complement proteins mediate responses against pathogens, but is also
involved in the tissue responses after sterile injury via interacting receptors on T cells, B cells
and dendritic cells (Dunkelberger and Song, 2010; Dalakas et al., 2020). Complement
activation involves sequential proteolytic activation of complement proteins, which eventually
result in formation of activated C3 and C5 convertases. These activated proteases mediate
production of complement effectors, such as anaphylatoxins (C3a, C5a), opsonins (C3b, C4b)
and the membrane attack complex (MAC, C5b-9) (Dunkelberger and Song, 2010; Dalakas et
al., 2020).

Three major pathways of complement activation have been described: The classical, the lectin

and the alternative pathways. The classical complement cascade is initiated by recognition of
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surface pathogens or antibody-antigen complexes via the C1 complex, which binds to the Fc
region of complement-fixing antibodies IgG or IgM and in turn, activates C1r/Cls to cleave
C4 and C2. The resulting cleavage products mediate C3a and C3b release, with the latter
activating C5 convertase that generates C5a and C5b. While the anaphylatoxins C3a and C5a
recruit more immune cells to the activation site, C3b and C4b act as opsonins that tag cells for
phagocytic clearance (Dunkelberger and Song, 2010). Activated C5b sequentially binds to C6
and C7 proteins and initiates MAC formation without further proteolytic steps. Following
conformational changes that generate a lipophilic membrane-binding site, the C5b-7 complex
is anchored to the plasma membrane surface. Subsequent C8 incorporation promotes
penetration of the C5b-8 complex into the plasma membrane (Bayly-Jones et al., 2017). This
complex, organizes C9 oligomerization, which results in a non-selective 11nm pore in the
target cell’s or pathogen’s membrane (Farkas et al., 2002; Tegla et al., 2011; Bayly-Jones et
al., 2017). Such membrane pores allow ion and water flux, eventually leading osmolytic death
of the target. The lectin pathway is analogous to the classical complement cascade, except that
it is initiated by association of a mannose-binding lectin to sugar monomers on the pathogen
surface (Dunkelberger and Song, 2010). The alternative pathway refers to spontaneous
activation of the complement cascade resulting in C3a and C3b generation. This pathway is
continuously active at a low level, and amplifies C3b and C5 convertase activity in the classical

and lectin pathways (Dunkelberger and Song, 2010).

Notably, in the CNS, complement does not only regulate responses to pathogens or other bona
fide inflammatory processes (Dalakas et al., 2020; Kanmogne and Klein, 2021; Propson et al.,
2021). Specific complement components are also implicated in circuit remodeling, e.g. by
removal of cell corpses or elimination of synapses during development (Stephan et al., 2012).
Microglia-mediated pruning of synapses is mediated by the Clq and C3 components of the
classical complement cascade, e.g. in the developing visual circuits in cortex or motor circuits
in the spinal cord (Stevens et al., 2007; Schafer et al., 2012; Bialas and Stevens, 2013;
Vukojicic et al., 2019). The same complement proteins might also modulate synaptic plasticity
during aging (Stephan et al., 2013; Shi et al., 2015), and mediate synapse loss during
neurodegeneration or neuroinflammation (Propson et al., 2021). Additionally, C1lq can also act
as a neuroprotective signaling factor without the need for complement activation (Benoit and

Tenner, 2011).

As expected for a powerful and potentially destructive host defense system, complement

activity is controlled by several layers of regulation. Membrane-bound complement regulators
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can be expressed on potential target cells to inhibit complement activation in a cell-autonomous
fashion. This includes the trans-membrane proteins CD46 and CDS55, which prevent early
amplification steps of complement activation, or the glycosylphosphatidylinositol (GPI)-
anchored protein CD59 that prevents MAC formation and insertion into the plasma membrane
(Dunkelberger and Song, 2010). CD59 binds to the C8 and C9 components of the MAC,
interferes with C8-C9 interaction and oligomerization of C9, which is essential for terminal
pore formation and lytic activity of MAC (Farkas et al., 2002; Kimberley et al., 2007). CD59
can also block the reported ion channel function of ‘leaky’ C5b-8/9 complexes that precede

full-fledged MAC pores (Farkas et al., 2002).

In addition to blocking specific steps along the complement activation and execution cascades,
nucleated cells can also resist MAC action by removal of the C5b-9 complex from the
membrane by endocytosis or vesicular shedding (Scolding et al., 1989b; Moskovich and
Fishelson, 2007). In such cases, MAC can still exert sub-lytic activation of intercellular
signaling cascades that are either dependent on pore activity (e.g. ion or metabolite fluxes), or
pore-independent (e.g. where MAC proteins trigger second messenger signaling) (Xie et al.,
2020). Such signaling can initiate various cell death pathways (Ziporen et al., 2009; Lusthaus
et al., 2018), but also pro-inflammatory (Triantafilou et al., 2013) or pro-survival signaling

(Soane et al., 1999; Cudrici et al., 2006).

The complement systems plays a central role in a number of diseases, including NMOSD,
where it mediated AQP4-I1gG and MOG-IgG-targeted injury. IgG antibodies can interact with
C1q upon their binding to their target antigens and appear to initiate the classical complement
cascade (Hinson et al., 2007; Mader et al., 2011). In NMO, for instance, perivascular deposition
of AQP4-IgGs and activated complement proteins is apparent within lesions (Lucchinetti et al.,
2002; Misu et al., 2007; Roemer et al., 2007; Misu et al., 2013). Accordingly, rodent NMO
models based on transfer of AQP4-IgG also support the role of complement activation in
disease pathogenesis. Typically, human complement needs to be co-transferred with IgGs to
induce full-fledged pathology. This induces antibody-mediated deposition of lytic MAC pore
on astrocytic membranes and their osmo-ionic lysis (Saadoun et al., 2010; Ratelade et al., 2013;
Wrzos et al., 2014; Herwerth et al., 2016). This pathology was prevented by C1 inhibitors,
targeting Clq with antibodies or following depletion of Clq from the transferred human
complement (Saadoun et al., 2010; Phuan et al., 2013; Herwerth et al., 2016). Similarly, in
MOGAD, complement deposition is present in demyelinating lesions, again arguing for a

contribution of complement in pathogenesis (Takai et al., 2020).
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While thus the role for complement in NMOSD pathogenesis is largely undisputed, the extent
and specificity of this role is less clear. First, there are hints towards complement independent
roles of the autoantibodies, by either interfering with the target antigens function (see above,
Section 1.5) or by targeting cell-mediated immune attacks towards the target glial cell
(Ratelade et al., 2012). Second, activated complement can cause ‘bystander’ injury on cells
that do not express the target antigens of the auto-antibody, likely especially in settings where
two cell types are in close proximity as astrocytes are to oligodendrocytes or neurons (e.g. at
nodes of Ranvier or synapses, respectively). In experimental NMO models, such bystander
injury was proposed because MAC proteins and their putative insertion on neurons and
oligodendrocytes was observed by immunofluorescence staining, while initial complement
cascade activator, C1q component was only bound to astrocytes (Tradtrantip et al., 2017; Duan
et al., 2018). These results were interpreted as indicative of a special vulnerability of neurons
and oligodendrocytes to a ‘bystander’ complement attack, as these cells express low levels of
complement regulator proteins, such as CD59. Indeed, such bystander killing could be modeled
in cell culture systems of complement-mediated astrocyte lysis (Tradtrantip et al., 2017; Duan
etal., 2018). Notably, even tissues that express AQP4 outside the CNS (such as kidney, skeletal
muscle, stomach and lungs) do not show signs of an autoimmune attack in NMOSD patients
(Jarius et al., 2020). This has been mostly attributed to high expression of complement
regulatory proteins (e.g. CD46, CD5, CD59) in peripheral tissues compared to the CNS
(Saadoun and Papadopoulos, 2015; Wang et al., 2017), supporting the notion that protection
against complement attack might be as much a determinant of which cells are targeted, as the
specificity of the initial antibody binding. In line with this notion, CD59 knock-out rats
developed kidney and skeletal muscle injury following passive transfer of AQP4-1gGs, which

was prevented by treatment with a complement inhibitor (Yao and Verkman, 2017a).

1.7 Mouse models of in vivo spinal cord imaging

While in vitro and ex vivo studies have helped elucidate many fundamental concepts in
neurobiology, the mammalian nervous system is difficult to model outside of its in vivo
context— this problem also applies to neurological disease modeling, especially for conditions
that require the interaction of different organ systems as in neuroinflammation. Therefore, in
vivo imaging is particularly important for studying the CNS and its disorders, and many
pioneering technical developments in in vivo imaging where devised to study the CNS. For the

spinal cord, both widefield (Kerschensteiner et al., 2005; Misgeld et al., 2007) or multi-photon
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microscopy techniques (Davalos et al., 2008; Johannssen and Helmchen, 2010) have been
applied. While the former is simpler, cheaper and uses less light, the latter provides optical
sectioning for 3D reconstructions, can resolve denser labeling and allows deeper tissue
penetration, even though in the white matter tracts of the spinal cord even two-photon imaging
is restricted to relatively superficial areas (<100um) likely due to scattering effects of myelin.
Combined with an ever evolving combination of structural, functional and subcellular labeling
approaches (Romanelli et al., 2013; Rose et al., 2014; Lin and Schnitzer, 2016) that can be
transgenically or virally delivered (Deverman et al., 2016; Chan et al., 2017; Ravindra Kumar
et al., 2020), spinal in vivo imaging has allowed studying neuro-immune and neuro-glia
interactions, neuronal activity and subcellular dynamics under homeostatic and disease
conditions (Akassoglou et al., 2017; Nelson et al., 2019; Schumacher et al., 2019). In the
disease context, spinal in vivo imaging was used to characterize axonal pathology following
models of spinal injury (Kerschensteiner et al., 2005; Williams et al., 2014; Lorenzana et al.,
2015), or multiple sclerosis-related neuroinflammation (Nikic et al., 2011; Witte et al., 2019),
as well as investigating glial pathology (Davalos et al., 2005; Nimmerjahn et al., 2005; Farrar
et al., 2012; Romanelli et al., 2016) and vascular changes (Davalos et al., 2008), but also to
explore pain signaling (Chen et al., 2018; Yoshihara et al., 2018).

One limitation of the original approach to spinal in vivo imaging was the lack of a stable
chronic window preparation and the need for long anesthesia (Kerschensteiner et al., 2005;
Misgeld et al., 2007). Implantation of chronic windows on the spinal cord is anatomically more
challenging compared to cortex, given the mobility of the spine and the absence of a stable
bony surface for attaching the window. Still, there have been advances in developing chronic
spinal windows based on spinal adaptors that fuse a few segments and can allow repetitive
observations over weeks or even months (Farrar et al., 2012; Fenrich et al., 2012). Additionally,
wearable miniature-scope versions of such windows have been explored to study spinal micro-
circuits in awake behaving animals (Sekiguchi et al., 2016; Nelson et al., 2019). While usage
of such approaches can overcome the limitations of repeated surgery and anesthesia-related
physiological artifacts, they still provide comparatively limited optical depth penetration and
spatial resolution compared to conventional imaging setups, thus have not overcome the
problem of the consistently observed chronic inflammatory response to the chronic window,

which is a special concern when modeling chronic neuroinflammatory diseases.

Thus, for neuroinflammatory disease models, acute imaging remains an important approach to

study the early stages of lesion development (Nikic et al., 2011; Sorbara et al., 2014). For
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NMOSD, we have previously established an in vivo imaging approach using an acute
experimental mouse model of NMO-related injury. This involves a laminectomy and local
application of patient-derived or recombinant AQP4-1gGs together with human complement to
spinal cord (Herwerth et al., 2016). Our model was the first in vivo imaging model to study the
induction of acute experimental NMO-related lesions, with the ability of performing time-lapse
recordings for up to 8 hours. Combined with transgenic labeling of neuronal and glial cell
populations, this model can be used to assess the spread of pathology from the primary
astrocytic target to secondarily affected cells types (Herwerth et al., 2016) — and underpins the

studies that I performed for this thesis.

1.8 Aims of the thesis

My PhD research has focused on identifying the possible injury mechanisms that drive NMO-
related pathology. Therefore, I have addressed the following objectives by taking advantage of
our AQP4-IgG/complement-mediated spinal NMO mouse model (Herwerth et al., 2016) that

is suitable for performing time-lapse in vivo imaging (Figure 1):

- Defining the temporal sequence of axon and oligodendrocyte injury in regard to
astrocyte loss during the induction phase of experimental NMO (Section 2)

- Implicating the early hallmarks of glial and axonal injury, and identifying intracellular
cascades promoting cell damage and loss (Section 2)

- Elucidating activated complement vulnerabilities of cells that are not primarily targeted
by NMO-IgGs, and whether such vulnerability takes part in progression of
experimental NMO (e.g. for oligodendrocytes, Section 2.2)

- Establishing a survival surgery approach compatible with our AQP4-IgG/complement
mediated NMO model to investigate the long-term fate of injured cells following

induction of astrocyte depletion (e.g. for axons, Section 2.1)
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Figure 1. In vivo imaging of cellular injury mechanisms in a mouse model of spinal NMO

Transgenic mouse lines that express cell-specific, genetically encoded fluorescent proteins or calcium
sensors were used to image NMO-related cellular pathology. Following laminectomy surgery, a dura-
free imaging window was prepared to allow AQP4-IgG/complement application over the dorsal spinal
cord to induce astrocyte (green, left) loss. Consequent to astrocyte damage (gray, right), we have
investigated intracellular events and the morphological changes in axons (red) and oligodendrocytes
(purple) by performing in vivo time-lapse imaging experiments. (Figure was created with

BioRender.com)
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Abstract

Neuromyelitis optica (NMO) is a chronic neuroinflammatory disease, which primarily targets
astrocytes and often results in severe axon injury of unknown mechanism. NMO patients
harbor autoantibodies against the astrocytic water channel protein, aquaporin-4 (AQP4-IgG),
which induce complement-mediated astrocyte lysis. Using in vivo imaging in a mouse model
of spinal AQP4-IgG induced lesions; we explored the mechanism of axon injury that followed
astrocyte loss. In particular, small caliber axons showed a swift and morphologically distinct
‘pearls-on-string’ transformation independent of myelination. Such beaded axons were also
readily detectable in NMO lesions. Functional imaging revealed that calcium homeostasis was
initially preserved in this ‘acute axonal beading’ state ruling out disruption of the axonal
membrane, which is unique compared to previously described forms of traumatic and
inflammatory axon injury. Pharmacological, genetic and morphological analyses revealed that
AQP4-IgG induced axon injury involved osmotic stress and ionic overload, as axonal beading
could be partly prevented by raising extracellular osmolarity and by blocking sodium channels.
Remodeling of the axonal cytoskeleton including loss of microtubules was observed in the
beaded axons. Treatment with the microtubule stabilizer epothilone B, a therapy in
development for traumatic and degenerative axonopathies, prevented axonal beading,
indicating a potential role in the acute treatment of NMO attacks. Our results reveal a new form
of immune-mediated axon pathology distinct from known cascades of posttraumatic and
inflammatory axon loss, and propose new strategies for neuroprotection in NMO and related

diseases.

20



Introduction

In many neurological diseases, damage to axons plays a central role in pathology. In some
conditions, such as neurodegeneration or multiple sclerosis (MS), axon injury is insidious and
slowly progressive. In others diseases, e.g. trauma and stroke, axons are damaged in a
cataclysmic event. While in the former conditions, the optimal strategy to prevent axon injury
is early disease modulation, while acute neuroprotection and neuroregeneration need to be

prioritized in the latter.

Neuromyelitis optica (NMO), which is part of a spectrum of antibody-mediated autoimmune
CNS disorders (Wingerchuk et al., 2015; Fujihara, 2019), presents a blend of these disease
dynamics. In NMO patients, astrocytes are the primary target of aquaporin-4 specific
autoantibodies (AQP4-IgGs) (Lennon et al., 2004; Lennon et al., 2005; Hinson et al., 2007)
astrocyte injury is swiftly followed by demyelination and neuronal pathology (Roemer et al.,
2007; Misu et al., 2013). The resulting disease is characterized by relapses, and unlike in MS,
disease progression is rarely observed between attacks (Wingerchuk et al., 2007; Combes et
al., 2017). Instead, even the first inflammatory lesions typically inflict irreparable damage to
axons in the eponymous fiber tracts of spinal cord and optic nerve. Thus, devising early
neuroprotective interventions would be an important addition to emerging immunomodulatory
therapies (Jarius et al., 2020; Levy et al., 2021), which only allow blunting further damage once
the diagnosis is established and the initial damage has occurred. In addition to these specific
therapeutic needs, AQP4-IgG-positive NMO also represents a paradigmatic example of an
‘astrocytopathy’ (Lucchinetti et al., 2014; Bennett and Owens, 2017). As astrocyte damage is
increasingly implicated in more common neuroinflammatory and neurodegenerative diseases
(Brosnan and Raine, 2013; Booth et al., 2017; Liddelow et al., 2017; Rothhammer et al., 2018;
Yun et al., 2018; Prineas and Lee, 2019; Linnerbauer et al., 2020), understanding how axon

injury emerges as a consequence of astrocyte dysfunction is of general importance.

Thus far, the mechanisms of axon injury in NMO have mostly been inferred from
neuropathological analysis (Kawachi and Lassmann, 2017). Possible mechanisms of axon
injury in NMO include inflammatory bystander damage via complement (Duan et al., 2018),
as well as ionic, ischemic or excitotoxic mechanisms driven by astrocytic loss (Kawachi and
Lassmann, 2017). In addition, previously established programs of axon degeneration, such as
Wallerian-like degeneration or focal axonal degeneration (Nikic et al., 2011; Witte et al., 2019;
Coleman and Hoke, 2020) have been implicated in NMO (Misu et al., 2013; Hokari et al.,
2016; Cai et al., 2017), suggesting shared axon destruction pathways between NMO and
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neurodegeneration or MS. Still, no clear-cut axon injury program that could represent a suitable

down-stream target for neuroprotective interventions in NMO has been revealed.

We have previously established two-photon in vivo imaging of the mouse spinal cord as a
suitable approach to model the dynamics of cellular injury in AQP4-IgG-induced lesions in
mice (Herwerth et al., 2016). In this model, astrocytes undergo lytic cell death after local
application of NMO patient-derived AQP4-IgG and human complement to dorsal white matter
tracts. Direct in vivo observation then reveals the quick spread of pathology to other cell types,
including neurons and their axons. We now explored the mechanisms of such axon injury and
demonstrate that these changes—which closely mimics the axon pathology seen in NMO —
are neither due to the known axon destruction programs, such as Wallerian-like axon loss or
MS-related focal axonal degeneration, nor involve bystander injury via complement pores.
Instead, axons in acute astrocytopathic lesions undergo a ‘beading’ phenomenon that thus far
has not been characterized in vivo, which could largely be prevented by microtubule
stabilization, a therapy strategy previously investigated in traumatic spinal cord injury (Ruschel
et al., 2015) — suggesting a potential new target for neuroprotective intervention in NMO-

related pathology.

Results

Axonal beading occurs in early NMO lesions

Previously, we had observed by in vivo two photon imaging of the exposed mouse spinal
cord, that topical AQP4-IgG/complement application induces almost complete loss of local
subpial astrocytes in white matter tracts, followed by swift axon injury characterized by a
‘pearls-on-string’ pattern (Herwerth et al., 2016). First, we confirmed that the axonal beading
pattern in our NMO model is indeed also found in acute NMO lesions, where astrocyte loss,
demyelination, immune infiltration and reduced axonal density have been previously described
(Lucchinetti et al., 2014). To characterize axonal pathology, we identified seven early NMO
lesions (5/9 screened biopsies, 2/9 autopsies; Table 1) that contained MRPI14-positive
macrophages — a marker for early stage lesions (Bruck et al., 1995b) and suitable axon
orientation to score beading by either neurofilament staining or Bielschowsky silver
impregnation (Fig. 1A, B). Axonal beading was readily apparent in NMO lesions and greatly
increased compared to perilesional white matter and control tissues (5 biopsies/ 4 autopsies of

unrelated pathologies; for details, see Table 2, Fig. 1C). Thus, ‘pearls-on-string’-like axon
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pathology is a pervasive feature in early NMO, suggesting that our spinal NMO mouse model

(Herwerth et al., 2016) is suitable to investigate the mechanisms of NMO-related axon injury.

Axonal beading precedes calcium dyshomeostasis in experimental NMO lesions

In many neuropathological settings, axonal pathology (such as spheroid formation) is
preceded by calcium overload in the cytoplasm (Coleman, 2005; Friese et al., 2014), either
derived from intracellular stores (Orem et al., 2020), or from influx of extracellular calcium
via ion channels (Friese et al., 2007; Schattling et al., 2012) or non-specific membrane
disruptions (Williams et al., 2014; Witte et al., 2019). While sometimes reversible (Williams
et al., 2014), such calcium overload can cause activation of destructive intracellular signaling
cascades that eventually result in irreversible axon degeneration (Coleman, 2005). Thus, we
tested whether in our experimental NMO model, intra-axonal calcium elevation precedes
axonal beading. We used Thyl:TNXXL transgenic mice, which express a fluorescence
resonance energy transfer (FRET)-based calcium sensor in neurons (Mank et al., 2008). As in
our previous experiments (Herwerth et al., 2016), application of complement together with
NMO patient-derived AQP4-IgG or recombinant (r) AQP4-IgG induced fast and progressive
beading of many axons within a 6-hour observation period (Fig. 1D-E; astrocyte survival for
patient-derived AQP4-IgG at 3h measured in Aldhlll1:GFPxThyl:OFP3 mice, mean+SEM:
NMO 3.8 £ 2.5%, n = 6). Such axonal damage was largely absent after application of
complement with IgG from healthy donor or recombinant control-IgG (Fig. 1D-E). In contrast
to other models of neuroinflammation or trauma (Nikic et al., 2011; Williams et al., 2014), no
axons progressed or recovered from beading during the imaging period, suggesting a relatively

stable state of axon injury.

Unexpectedly, we found that most beaded axons did not show an increase in calcium level
during the first 6 hours of astrocyte ablation (Fig. 1D, E). Moreover, the minority of axons in
which calcium increases showed this increase with substantial delay, and no axon showed a
detectable calcium increase before axonal beading started (Fig. 1F). Even in the subset of axons
that did show a calcium increase, there was no fixed temporal relationship between the onset
of axonal beading and of the calcium rise (Fig. 1G). Altogether, these data suggest that AQP4-
IgG mediated astrocyte loss induces a distinct form of axon pathology, which is calcium-
independent at onset and subsequently leads to an impairment of axonal calcium homeostasis.

This cascade thus reverses the sequence of events found in most previously described forms of
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axonal injury (Coleman, 2005; Friese et al., 2014), including neuroinflammation (Schattling et

al., 2012; Witte et al., 2019).

Experimental NMO lesions lead to persistent axonal beading

We next explored, whether beading was a transient or lasting pathology. As acute in vivo
two-photon imaging only allowed us to follow early axonal injury within a 6-hour time
window, we turned to a survival surgery approach to assay chronic axonal changes after
initiation of experimental NMO lesions (Kerschensteiner et al., 2005; Williams et al., 2014)
(Fig. 2). For this, we exposed the dorsal spinal cords of Aldhlll:GFPxThyl:OFP3 mice with
rAQP4- or rCtrl-IgG plus human complement. One day after surgical closure of the
laminectomy, the animals were perfused and the spinal cords were examined by confocal
microscopy (for details, see Methods). Application of rAQP4-IgG, compared to rCtrl-IgG,
induced a pronounced reduction in astrocyte density in many areas of the spinal cord (Fig. 2A-
(). Analysis of axonal beading showed that while a subset of axons also had caliber variations
in rCtrl-IgG-treated spinal cords (most likely due to the opening of the dura required for IgG
application), astrocyte ablation by AQP4-IgG induced a significantly higher fraction of beaded
axons (Fig. 2D), suggesting that NMO-related axonal beading is a persistent phenomenon. We
did not observe any axon fragments, which typically last for days in the spinal cord
(Kerschensteiner et al., 2005), suggesting that axonal beading represents a stable dysmorphic

state that can persist for days.

Beading predominantly affects small caliber axons independently of myelination

In addition to astrocyte loss, demyelination is another hallmark of NMO lesion pathology
(Parratt and Prineas, 2010; Bruck et al., 2012). Axonal beading could be the immediate
consequence of myelin pathology (Weil et al., 2016). This would predict that only myelinated
axons would undergo beading after AQP4-IgG induced astrocyte loss. As myelination requires
a target axon above a threshold diameter (Waxman and Bennett, 1972), large caliber axons
would be expected to be most vulnerable to beading, if myelin was a central contributor.
However, when we compared the axon caliber of the beaded vs. the non-beaded axons in
Thyl:TNXXL mice, thinner axons were more vulnerable to develop beading (Fig. 3A). Based
on this observation, we assumed that unmyelinated axons might also develop beading due to
astrocyte loss. Due to limitations in resolution in light microscopy and in differentiation
between myelinated and unmyelinated axons, we examined the morphology of myelinated and

unmyelinated axons in mouse NMO lesions via serial section electron microscopy (EM; Fig.
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3B-E). This approach revealed that in addition to myelinated axons, also non-myelinated axons
showed the beading phenomenon (mean+SEM: NMO npyel = 47.4 + 10.4%, Nunmyel = 74.1 +
4.4%; n=3 mice Fig. 3F). Notably, also control unmyelinated axons showed caliber variations
(mean£SEM: control nummyel = control: 30.5 £ 11.3%; n=3 mice Fig. 3F), which can likely be
explained by presynaptic varicosities (Greenberg et al., 1990), but the beading phenomenon
could be clearly identified by a significant increase in swelling density induced in the
experimental NMO lesions (Fig. 3G). Overall, the axonal injury following AQP4-IgG
mediated astrocyte loss especially affects thin axons, whether they are myelinated or not, and

therefore it is unlikely to be initiated by NMO-related myelin pathology.

Axonal beading involves local cytoskeletal remodeling driven by osmo-ionic overload

Another potential driver of axon shape changes is cytoskeletal remodeling, which in some
cases can result in local organelle accumulations due to disrupted transport (Coleman, 2005;
Beirowski et al., 2010). We used transmission EM to directly assess the cytoskeleton inside
beaded axons and found that microtubules were unusually sparse and disorganized, in contrast
to the well-organized cytoskeletal structures in control axons (Fig. 4A). In line with these
ultrastructural results, confocal analysis of tubulin immunostainings (Fig. 4B-C) revealed local
loss and reorganization of microtubules at the center of axonal beads compared to well-
preserved parallel-running microtubule bundles outside the swellings or in control axons (Fig.
4B). We quantified BIII-tubulin immunofluorescence relative to a fluorescent protein (OFP)
transgenically expressed in axons. Tubulin staining was reduced by >50% within axonal beads
compared either to the interjacent axon segments in AQP4-IgG-induced lesions or to axons
under control conditions (Fig. 4C). As cytoskeletal breakdown is known to occur during
Wallerian degeneration and related processes (Beirowski et al., 2010; Coleman and Freeman,
2010), we explored whether deleting a central mediator of Wallerian-like degeneration, sterile
alpha and TIR motif-containing protein 1 (SARM1) (Osterloh et al., 2012) would affect NMO-
related axon beading. In SARMI-deficient mice, treatment with AQP4-IgG/complement
resulted similar kinetics and extent of axon loss as in heterozygote SARM1*"

surviving astrocytes after 3h, mean + SEM: SARM17: 2.3 + 1.9%; SARM™: 2.4 + 1.4%, n =

mice (fraction of

5 mice each), without a difference in the degree of axonal beading (Fig. 4D). Thus, Wallerian-

like degeneration does not appear to play a key role in NMO-related axon injury.

Another notable ultrastructural feature of the axonal beads was that they typically showed

few membranous organelles, in contrast to axonal swellings that result from ‘traffic jams’ of
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organelle transport (Maday et al., 2014). As this scarcity in organellar content could indicate
cytoplasmic expansion due to cellular edema and because astrocytes via AQP4 play a central
role in water homeostasis (Papadopoulos and Verkman, 2013), we probed whether changing
the osmotic milieu by applying a hyperosmolar (200% of the initial osmolarity) mannitol
solution would affect acute axonal beading. Indeed, this delayed and significantly reduced the
number of beaded axons during experimental NMO lesion formation (Fig. 4E). At the same
time, astrocytes were still efficiently ablated by AQP4-IgG/complement treatment (fraction of
surviving astrocytes after 3h, mean £ SEM: 1.5 + 0.5%, n = 4). Similarly, reducing the sodium
influx to axons using the voltage-gated sodium channel blocker tetrodotoxin (TTX, 1 uM), also
significantly protected axons from beading (Fig. 4F) while astrocytes were still lysed (fraction
of surviving astrocytes after 3h, mean + SEM: 3.0 + 2.3%, n = 6). These results imply that
osmotic and ionic overload, likely due to astrocyte necrosis, together with calcium-independent

cytoskeletal remodeling mediate the initial phase of acute axonal beading in our NMO model.

Microtubule stabilization prevents acute axonal beading in experimental NMO lesions

While microtubule loss is not an early or dominant feature in MS-related forms of axon
degeneration (Sorbara et al., 2014), in some traumatic and neurodegenerative settings,
microtubule alterations are a prominent feature in injured axons and might also contribute to
the intrinsic inefficiency of CNS axon regeneration. Accordingly, microtubule stabilization
using taxenes or related drugs (Hellal et al., 2011; Ruschel et al., 2015) has been explored as
pro-regenerative interventions after axon transection. Whether such an approach could be used

for axon protection in NMO-related pathology is unknown.

Local application of microtubule stabilizer epothilone B (epoB) during AQP4-
IgG/complement treatment, greatly reduced the number of beaded axons was, while it did not
affect astrocyte survival (Fig. SA-C). Similarly, as epoB is CNS-permeant, after intraperitoneal
(i.p.) injection of epoB (Ruschel et al., 2015) 24 hours prior to local lesion induction also
reduced axonal beading (Fig. 5D). Analysis of BIIl-tubulin immunostainings confirmed
microtubule stabilization after local epoB treatment by showing a significant preservation of
microtubule content in axon beads (Fig SE), but also in interjacent non-beaded axon segments
(BII-tub/OFP ratio after epoB: 1.66 + 0.17, n = 65 axons vs. vehicle: 0.57 £ 0.05, n = 188, 5
mice each). Overall, these results imply that microtubule stabilization might be a suitable

strategy to protect axons during early phases of NMO lesion formation.
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Discussion

Astrocyte pathology—the structural hallmark of NMO—has been implicated in neuronal
dystrophy associated with many neurodegenerative and neuroinflammatory diseases
(Verkhratsky et al., 2012; Pekny et al., 2016; Liddelow et al., 2017). To date, these observations
have been largely confined to the chronic phases of lesion formation and involved the slow
development of reactive astrocyte phenotypes (Hokari et al., 2016; Kawachi and Lassmann,
2017). Often, the impact of such a neurotoxic polarization of astrocytes is mediated via indirect
cellular signaling involving microglial crosstalk, e.g. in models of MS (Liddelow et al., 2017;
Rothhammer et al., 2018), but also implicated recently in chronic NMO lesions (Chen et al.,
2020). In contrast, the impact of acute astrocytic injury during the early phases of NMO lesion
formation has received less attention, even though the swift development of lasting axonal
injury and persistent neurological deficits are characteristic of this neuroinflammatory disease
(Jarius et al., 2020). Understanding the underlying axon injury mechanisms is important, as in
contrast to more common neuroinflammatory diseases—such as MS—, the first episode of
NMO often already has devastating consequences that would need acute neuroprotective
intervention, in addition to ameliorating relapse risk by immunomodulatory intervention

(Tradtrantip et al., 2020).

Here we describe ‘acute axonal beading’ as the swift consequence of in vivo astrocyte loss
and as the earliest observable axon injury in acute experimental NMO lesions. Acute axonal
beading represents a new form of calcium-independent axonal pathology that is distinct from
the mechanisms of axon injury previously described during MS-related neuroinflammation or
trauma. We show that after lytic depletion of astrocytes, axonal microtubules are lost,
accompanied by fast and lasting axon beading in a ‘pearls-on-string’ pattern that is evident in
NMO lesions as well (Fig. 1C). These insights regarding the involvement of a specific axon
loss mechanism (Coleman and Perry, 2002; Raff et al., 2002) are important, as they hint
towards cytoskeletal stabilization as a possible intervention point for acute neuroprotection

during destructive episodes of NMO.

Acute axonal beading has characteristics that set it apart from other pathways that hitherto
have been implicated in axon pathology in general, and especially in axonal spheroid formation
(Beirowski et al., 2010). One central feature that sets NMO-related acute axonal beading apart
of most previously proposed axon injury cascades is the lack of initial calcium overload—
indeed, in our observations, axonal beading was typically complete before signs of calcium

overload appeared without any evident fixed time delay (range of delay: 10 to 250 min; Fig.
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1F-G). In contrast, most other forms of axon injury show signs of calcium dysregulation before
structural axon pathology becomes apparent, including MS-related neuroinflammation (Nitsch
et al., 2004; Witte et al., 2019), trauma (Knoferle et al., 2010; Stirling et al., 2014; Williams et
al., 2014) or hypoxia (Ouardouz et al., 2003; Stirling and Stys, 2010). These cascades are
initiated by the spurious opening of calcium channels (Stys, 1998), release from internal stores
(Orem et al., 2020) or the reversal of calcium-carrying membrane pumps (Yang et al., 2013),
often as a consequence of sodium overload. In contrast, the axons in acute experimental NMO
lesions do not seem to experience early calcium overload (Fig. 1E), even though TTX-sensitive
voltage-gated sodium channels that act upstream of calcium in a range of axonal pathologies
(Wolf et al., 2001; Waxman, 2006), appear relevant for the beading process (Fig. 4F).
However, this role likely relates more to a sodium influx-related osmotic challenge than acting
as a driver of secondary calcium influx (see below). Similarly, mitochondrial dysfunction is an
early hallmark of many pathways that involve ‘virtual hypoxia’ induced by ionic overload
(Trapp and Stys, 2009). In addition, our ultrastructural analysis did not show the characteristic
mitochondrial pathology that can be found early e.g. in many neurodegenerative conditions in
MS (Nikic et al., 2011; Court and Coleman, 2012) or chronic NMO lesions (Hokari et al.,
2016).

The absence of early calcium influx also rules out a number of additional pathways of axon
injury that have been suggested to drive neuroinflammatory axon loss. For instance, there could
be a spurious attack by complement components that preassemble on astrocytes as part of the
AQP4-mediated injury and spill over to nearby axonal membranes. Such ‘bystander injury’ has
been invoked to explain the spread of cellular injuries in NMO in general (Tradtrantip et al.,
2017), but also for neurons in particular (Duan et al., 2018). However, whether such a
mechanism could also affect axons in white matter tracts directly is unknown (Bruck et al.,
1995a). Our in vivo imaging data provide little support for this: The affected axons are
mostly—albeit not all—myelinated, which would likely hinder access of a macromolecular
attack complex such as complement (Serna et al., 2016), except at the nodes of Ranvier.
However, we see little evidence for an onset of beading at nodes, in contrast to swellings that
we previously described in a model of MS (Nikic et al., 2011). Moreover, from previous work
involving in vivo dye loading and calcium imaging (Williams et al., 2014; Witte et al., 2019),
we know that in vivo calcium imaging is sensitive to the presence of 10nm pores, as would be
expected if the MAC assembled on axonal membranes (Serna et al., 2016). Thus, the late

occurrence of calcium influx largely rules out the mechanisms of axonal bystander injury. The

28



same applies to the formation of membrane nanoruptures (Witte et al., 2019) observed during
another well-established inflammatory axon degeneration pathway, focal axonal degeneration,
which is characteristic of MS (Nikic et al., 2011; Witte et al., 2019), but has also been
implicated in chronic NMO (Hokari et al., 2016). Finally, Wallerian-like degeneration, which
is the best understood molecular cascade resulting in axon swelling and subsequent
fragmentation (Kerschensteiner et al., 2005; Beirowski et al., 2010; Singh et al., 2017), also
typically involves calcium influx (Vargas et al., 2015; Coleman and Hoke, 2020). In line with
the absence of such calcium influx, deletion of SARM—the central endogenous mediator of
Wallerian degeneration (Osterloh et al., 2012)—had no discernible effect on NMO-related
lesions (Fig. 4D). Thus, our data suggest that an axon injury pathway distinct from those
previously described in neuroinflammation and trauma underlies acute axonal beading induced

by astrocyte lysis in NMO.

Our intravital, ultrastructural and histological investigations, point to important features of
this unusual form of axonal pathology: (1) While many axons (76 £ 2,8% in the dorsal column
of Thyl:TNXXL mice; Fig. 3A-B) undergo this change, thin-caliber axons are especially
vulnerable (Fig. 3A). (2) This vulnerability does not strictly relate to myelination, as both
myelinated and non-myelinated axons appear beaded in EM (Fig. 3D-F), making a geometrical
or mechanical cause for the vulnerability of thin axons more likely. (3) The axonal beads show
a striking reorganization of the cytoskeleton with local loss of microtubules (Fig. 4B).
Together, this supports the view that cytoskeletal reorganization drives acute axonal beading,
which further distinguishes NMO-related axon injury from other forms of inflammatory axon
damage - cf. (Sorbara et al., 2014). The fact that acute axonal beading can be largely prevented
by stabilizing microtubules (Fig. 5), but also by blunting hypo-osmotic impact (Fig. 4E),
corroborates this notion—and points to a possible therapeutic target. Notably, the
morphological and mechanistic features of NMO-related in vivo axon injury harbor parallels
to a previously characterized ex vivo phenomenon of axonal beading, which is prominent in
fixed and isolated PNS axons after stretch (Ochs et al., 1997), but can also be modeled in vitro
using PNS axons exposed to osmotic shock (Pullarkat et al., 2006). Indeed, also in the ex vivo
PNS stretch model, calcium was not required, myelinated, as well as non-myelinated axons
were affected, and local cytoskeletal changes were observed (Ochs and Jersild, 1987; Ochs et
al., 1997). In vitro, axoplasm-filled swellings were described that had a microtubular ‘core’
strikingly similar to the microtubular arrangements we observed in NMO-related injury - cf.

Fig. 2 in (Datar et al., 2019) with our Fig. 4B). A modeling analysis of the beading
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transformation (Datar et al., 2019) in vitro revealed that hyperosmotic shock disrupts the
interplay of longitudinally running microtubules, sub-membranous actin and membrane
surfaces tension resulting in a surface tension-driven shape destabilization that finally results
in beading—again in line with our result that small caliber (and hence high surface-to-volume

ratio) axons showed special vulnerability.

Targeting the microtubular cytoskeleton (e.g. by pharmacological stabilization using
taxenes or epothilones; (Ruschel et al., 2015)) is currently a widely debated form of
intervention in neurodegeneration (Ballatore et al., 2012; Zhang et al., 2012) and after
neurotrauma (Curcio and Bradke, 2018; Griffin and Bradke, 2020). Such intervention has been
proposed to stabilize degenerating axon ends, promote axon outgrowth and reduce scaring
(Erturk et al., 2007; Hellal et al., 2011; Ruschel et al., 2015), but perhaps also to protect
homeostatic function such as axonal transport (Fernandez-Valenzuela et al., 2020). However,
in neuroinflammation, microtubule stabilization has not been seen as a promising target, on the
one hand because hitherto microtubular changes were described as rather late changes in axon
(Sorbara et al., 2014); cf. (Shriver and Dittel, 2006), but also because the immunosuppressive
effects of microtubule-targeting drugs hamper analysis of direct axonal effects in chronic
settings (O'Sullivan et al., 2013). Indeed, these immunosuppressive effects — as well as
chronic neurotoxicity and the possibility of preventing physiological plasticity (Brill et al.,
2016) — make the implementation of microtubule stabilizing therapies in traumatic settings
challenging, both acutely and to support long-term recovery. In contrast, we now show that in
our NMO model, epothilone (as well as hyperosmotic intervention using mannitol) can largely
prevent beading during the acute phase. This result is in line with previously described pearling
instability models of axons: when microtubules are disrupted, the threshold tension to form
beadings is decreased, as the internal cytoskeletal elastic resistance is altered (Datar et al.,
2019). The decrease in such elasticity, together with the presence of additional osmotic tension
due to the release of the cytosolic components of lysed astrocytes or altered osmotic regulation
due to lack of astrocyte end feet (Pullarkat et al., 2006; Datar et al., 2019), are likely drivers of
acute axonal beading. Given the result that the beaded state is relatively long lived (Fig. 2), but
is eventually followed by potentially destructive calcium dysregulation (Fig. 1D-E), a window
of opportunity for protective intervention might exist. Given the time line of our model,
microtubule stabilization here is very likely to act directly on axons, rather than the immune
system. Moreover, in an NMO setting, also an acute anti-proliferative effect would be less of

a problem, as a course of steroids is part of current standard relapse management anyway

30



(O'Sullivan et al., 2013). Therefore, in summary, our data suggest that acute disruption of the
microtubular cytoskeleton might be a worthwhile target to explore as an acute axon-protective

intervention point during a destructive NMO relapse.

Materials and Methods

Animals

To image astrocytes, we used 2- to 5-month old male and female Aldhll1:GFP mice
obtained from MMRRC (strain: Tg(Aldh111-EGFP)OFC789Gsat/Mmucd) and to image axons
Thyl:OFP3 mice (Brill et al., 2011), courtesy of J. Lichtman, Harvard U., Cambridge, MA.
The Thyl TNXXL strain—courtesy of O. Griesbeck (Max Planck Institute of Neurobiology,
Martinsried)—was used to measure axonal calcium levels as previously described (Mank et
al., 2008; Williams et al., 2014). The SARM knockout mouse line was a courtesy of A. Ding
(Cornell U., Ithaca, NY). Animal experiments were conducted in accordance with local

regulations and were approved by the responsible regulatory agencies.

Patient sera, antibodies and complement source

AQP4-I1gG-positive NMO sera were collected from patients treated in the Department of
Neurology, Klinikum rechts der Isar, Technical University of Munich, Germany. Samples were
stored in the biobank of the department, which is part of the Joint Biobank Munich in the
framework of the German Biobank Node. Written informed consent was obtained from each
participant. The study was approved by the ethics committee of the Technical University of
Munich. All cases fulfilled the Wingerchuk diagnostic criteria for NMO (Wingerchuk et al.,
2015). Healthy donor plasma was used as a control (Ctrl-IgGs) and three different sera of
healthy subjects obtained from the ‘blood bank’ of the Bavarian Red Cross were pooled and
served as complement source. AQP4-IgG-positive NMO and Ctrl-IgG samples were heat-
inactivated. In some experiments, a human IgG1 recombinant antibody rAQP4-IgG (clone 7-
5-53) reconstructed from a clonotypic plasma blast obtained from the CSF of an NMO patient
was used (Bennett et al., 2009). The recombinant rCtrl-IgG (clone ICOS-5-2), a human 1gG;

antibody of unknown specificity from a meningitis patient, served as an isotype control.

Human tissue

To investigate axonal pathology, we screened formalin-fixed and paraffin-embedded biopsy
and autopsy tissue from the archives of the Institute of Neuropathology at the University

Medical Centre Gottingen. The study was approved by the local ethics committee. Of the 18
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NMO patients with tissues available (9 biopsies and 9 autopsies), 7 lesions fulfilled the criteria
for analysis, i.e. lesions localized in white matter tracts with longitudinally running axons. The
samples were classified as early lesions, defined by the presence of recently infiltrated MRP14
positive macrophages (Bruck et al., 1995b; Winkler et al., 2021). Only biopsies from patients
that were later tested to be AQP4-IgG-positive were included. The serological status was
unknown in autopsied cases, as these NMO patients had died before AQP4-IgG testing was
available. Neuropathologically, NMO was confirmed by the presence of inflammatory,
demyelinating, macrophage-rich CNS-lesions with loss of GFAP- and AQP4-expressing

astrocytes and relative axonal preservation (Table 1).

32



Table 1: Clinical data of NMO patients

Patient B/A Age/sex Disease duration Serum AQP4- CNS region studied
(years) IgG

1 B 37/t 9 positive Occipital lobe

2 B 31/ 5 positive Parietal lobe

3 B 57/m 10 positive Parietal lobe

4 B 45/f >2 positive Spinal cord

5 B 42/m 10 positive Frontal lobe

6 A 16/f 4 N/A Pons

7 A 69/f 0.4 N/A Pons

B=biopsy; A=autopsy; f=female; m=male; N/A=not available

Biopsies used as controls contained—besides diseased areas, which were not analyzed —
neuro-pathologically normal white matter with axons that were assessable longitudinally.

Except for one patient, autopsies showed no CNS pathology (Table 2).

Table 2: Clinical data of control patients

Patient = B/A Age/sex | Neuropathological Cause of death CNS region
diagnosis studied

1 B 76/m Glioblastoma mult. n/a Frontal lobe

2 B 78/m Vasculitis n/a Frontal lobe

3 B 81/m Glioblastoma mult. n/a Temporal lobe

4 B 75/m Multiple sclerosis n/a Corpus callosum

5 A 57/m No CNS pathology Cardiac arrest Pons

6 A 57/f No CNS pathology Sepsis Pons

7 A 39/f No CNS pathology Pulm. embolism Pons

8 A 65/m TBI Trauma Pons

9 A 38/t No CNS pathology Breast carcinoma Pons

B=biopsy; A=autopsy; f=female; m=male; mult.= multifome; n/a=not applicablePulm.=Pulmonary; TBI=Traumatic brain injury

Formalin fixed paraffin embedded tissue was cut into 1-2 um thick sections and used for
histological and immunohistochemical stainings. To investigate astrocyte loss,
immunohistochemistry was performed using antibodies directed against AQP4 (1:200, rabbit,

Sigma Aldrich, #A5971) and GFAP (1:1000, rabbit, Dako, #A5971). LFB/PAS staining was
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used to detect demyelination, while MRP14 immunohistochemistry (1:500, mouse, Acris,
clone S36.48, #BM4026) served to detect recently infiltrated macrophages. Axonal pathology
was investigated by Bielschowsky silver impregnation and immunohistochemistry for NF200
(1:400, mouse, clone N52, Sigma Aldrich, #N0142) for ‘pearls-on-string’ morphology at 400x
magnification. Using Bielschowsky silver impregnation, axons with multiple swellings within
NMO were counted and related to the lesion size measured with the software Imagel/Fiji
(Schindelin et al., 2012; Schneider et al., 2012). On the same slide, axons in a fixed area the
adjacent non-lesioned white matter were evaluated. Additionally, neuropathologically normal
white matter of control patients was analyzed. For NF200 immunohistochemistry, all beaded
axons (also with single swellings) were quantified using a morphometric grid within the lesion,
in the non-lesioned and in control white matter. All quantifications were performed at 400x

magnification in at least 8 different fields of view and presented as counts per mm?2.

Mouse NMO model

Surgical procedures: Laminectomy surgery was performed as previously described (Nikic et
al., 2011; Herwerth et al., 2016). In brief, mice were anesthetized by an intraperitoneal injection
of meditomidin (0.5mg/kg), midazolam (5mg/kg) and fentanyl (0.05 mg/kg). Anesthesia was
re-applied as needed. After a double dorsal laminectomy over the third lumbar (L3) and L4
segments, mice were suspended using compact spinal cord clamps (Davalos et al., 2008). An
imaging window free from dura was established in the imaging area using a bent hypodermic
needle. To allow superfusion with artificial cerebrospinal fluid (aCSF, in mM: 148.2 NaCl, 3.0
KCl, 0.8 Na,HPO4, 0.2 NaH2POy4, 1.4 CaCl, and 0.8 MgCl,), a well around the opening was

built using 2-3% agarose.

In vivo imaging: In vivo imaging of the lumbar spinal cord was performed as previously
described (Nikic et al., 2011; Romanelli et al., 2013; Herwerth et al., 2016). Briefly, stacks
were acquired using two-photon microscopes (Olympus FV1000 MPE or FVMPE-RS) tuned
to 1000 nm to excite green and orange fluorescent proteins (GFP/OFP) at the same time. The
systems were equipped with a x25/1.05 N.A water-dipping cone objective. Emission was first
filtered through a 690 nm short-pass dichroic mirror; to separate the GFP and OFP channels,
we used a G/R filter set (BA495-540, BA570-625) mounted in front of gallium arsenide
phosphide (GaAsP) photomultiplier tubes. For FRET signal imaging in Thyl:TNXXL mice,
the laser was tuned to 840 nm and a CFP/YFP cube (BA480/40, BA540/40) was positioned in

front of GaAsP detectors to separate CFP and cpCitrine signals as previously described
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(Williams et al., 2014). Time-lapse (xyzt) stacks were acquired at 10-minute intervals for 6
hours with the following parameters: 30-50 images (zoom 2.0; pixel size: 0.281 um) at 1 um

z-step intervals.

Diluted recombinant antibodies (rAQP4-IgG vs rCtrl-IgG ICOS-5-2; 1,5ug/ml respectively)
or heat-inactivated plasma (AQP4-IgG vs Ctrl-1gG; 150 pg/ml respectively) together with 20%
of pooled healthy donor sera as a complement source was applied every 30 minutes for the first
2 hours; afterwards the solution was refreshed every 60 minutes. Under these experimental
conditions, we have previously shown that phototoxicity and transgenic labeling does not
significantly influence the health of spinal axons (Nikic et al., 2011; Romanelli et al., 2013;
Williams et al., 2014; Herwerth et al., 2016). TTX (1 uM, Tocris) was washed in for 10 minutes
before the start of the experiment. Mannitol (Sigma; 300 mM) was solved in aCSF and applied
continuously throughout the experiment to achieve a stable hyperosmolar condition (200% of
the initial osmolarity). Experiments with pharmacological manipulations were scored by a

blinded observer.

FRET analysis: Data analysis was done as previously described (Williams et al., 2014). Time-
lapse recordings were first inspected as z-projected image stacks and putative changes from
low to high calcium were marked. Each such calcium transition was individually verified in
unprocessed three-dimensional (3D) image stacks. Only axons that were observable at least 50
um in length were included in the analysis. Local background was subtracted from each
channel prior to calculating the cpCitrine/CFP ratio. Axons were scored as having elevated
calcium levels if the cpCitrine/CFP ratio was 50% greater than at baseline cf. (Williams et al.,
2014). Axonal caliber was measured as the diameter of individual axons in a representative

area in unprocessed image stacks, using the Fiji plot profile plugin.

Epothilone B administration

For local administration, vehicle alone (PEG 300, Sigma) or epoB (Selleckchem, 5 pg/ml,
dissolved in vehicle) was delivered during NMO experiment continuously via bath application
from 30 minutes on until the end of the experiment (6 hours) in double transgenic Aldhl!1:GFP
x Thyl:OFP3 mice. For systemic administration, mice were i.p. injected with 1.5 mg/kg BW
epoB (dissolved in vehicle, 100 ul volume) or vehicle alone 24 hours prior to imaging
experiments (Ruschel et al., 2015). No abnormal behavior or weight loss were observed in mice

during this time-period.
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Immunohistochemistry and confocal imaging

Mice were perfused transcardially with 4% paraformaldehyde (PFA) in 0.0.1M phosphate-
buffered saline (1xPBS; in mM: 1.5 KH2PO4, 2.7 KCI, 8.1 NapHPO4, and 137 NaCl),
followed by an additional overnight fixation in 4% PFA. On the next days, whole mounts of
lumbar spinal cord were extracted and kept in well-plates filled with 1xPBS for further staining
procedures. Antibodies were diluted in 0.2% Triton X-100, 10% normal goat serum, and 1%
bovine serum albumin in PBS. For tubulin staining, spinal cord tissue was incubated with Alexa
Fluor 647-conjugated BIII-tubulin antibody (mouse; BioLegend, 1:200) for 6 days. Afterwards,
the stained whole mounts of fixed spinal cords (2-4 spinal segments) were secured with the
dorsal surface in contact with a cover glass in 2% agarose for imaging. Samples were scanned
with an upright confocal microscope (Olympus FV1000) equipped with x20/ 0.8 N.A. and
x60/1.42 N.A. oil-immersion objectives, as previously described (Williams et al., 2014;
Herwerth et al., 2016). For quantification, regions of interest were drawn around beadings, then
the mean gray values within and between the beadings were measured for each axon, and
averaged for every channel. Background subtraction was applied to each single optical section,
and the ratio of the mean gray values for the tubulin staining and the OFP3 signal were used to
normalize for cytoplasmic content. The analysis of epoB experiments in Aldhlll:GFP x

Thyl:OFP mice was performed blinded to exclude observer bias.

Electron microscopy

Transmission electron microscopy (TEM): The animals used for the TEM experiment were
perfused directly after the experiment with 5 mL. HBSS, followed by 30 mL fixative (2.5%
glutaraldehyde, 4% paraformaldehyde in phosphate buffer). The spinal cord at the laminectomy
site was immersed in the same solution during the perfusion. After overnight fixation, the spinal
cord was extracted and further post-fixed overnight at 4°C in the same fixative. The area below
the laminectomy was collected and post-fixed with 2% OsO4 and 1.5% ferricyanide (Science
Services), dehydrated by ethanol, then acetone and finally Epon-embedded (Serva). 50 nm
ultrathin sections from the area corresponding to the imaging site in the two-photon acute
imaging experiment were contrasted with 4% uranyl acetate (Science Services) and lead citrate
(Sigma). The imaging was done on a TEM JEM 1400plus (JEOL) equipped with an 8Mpixel
camera (Ruby, JEOL). Large areas covering the first 20-30 micrometer from the dorsal pial
surface of the spinal cord were imaged using the Shuttle-and-Find software at 8000 nm/pixel.

Images were processed using the open-source image analysis software, Fiji.
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Serial section electron microscopy using automated tape-collecting ultramicrotome (ATUM):
we applied a standard rOTO en bloc staining protocol including a tannic acid incubation step.
Spinal cord cross sections (0.5 mm thickness) were initially postfixed in 2% osmium tetroxide
(EMS), 1.5% potassium ferricyanide (Sigma) in 0.1 M sodium cacodylate (Science Services)
buffer (pH 7.4). After three washing steps in buffer and water, the staining was enhanced by
reaction with 1% thiocarbohydrazide (Sigma) for 45 min at 40°C. The tissue was washed in
water and incubated in 2% aqueous osmium tetroxide, washed and further contrasted by 0.2%
tannic acid for 30 min. After overnight incubation in 1% aqueous uranyl acetate at 4°C and 2h
at 50°C, Walton’s lead aspartate treatment (L-aspartic acid, Sigma; lead nitrate, Alfa Aesar)
was performed for 30 min at room temperature. The samples were dehydrated in an ascending
ethanol series and infiltrated with Epon (medium hardness, Serva). In order to prevent folds,
the dorsal part of the spinal cord cross section was supported by mouse cortex tissue
(Hildebrand et al., 2017). The block was trimmed by 200 um at a 90° angle on each side using
a TRIM90 diamond knife (Diatome) on an ATUMtome (Powertome, RMC). Consecutive
sections were taken with a 35° ultra-diamond knife (Diatome) at a nominal cutting thickness
of 200 nm and collected on freshly plasma-treated (custom-built, based on Pelco easiGlow,
adopted from M. Terasaki, U. Connecticut, CT), carbon-coated (R. Schalek, and J. Lichtman,
Harvard U., Cambridge, MA.) Kapton tape (Kasthuri et al., 2015). Sections on Kapton were
assembled onto adhesive carbon tape (Science Services) attached to 4-inch silicon wafers
(Siegert Wafer). Kapton and silicon were connected by adhesive carbon tape strips (Science
Services) for grounding. EM micrographs were acquired on a Crossbeam Gemini 340 SEM
(Zeiss) with a four-quadrant backscatter detector at 8 kV. In ATLASS Array Tomography
(Fibics), the whole wafer area was scanned at 8000 nm/pixel to generate an overview map. In
total, 130-160 sections were selected and imaged at 200 x 200 x 200 nm? and a region at the
dorsal spinal cord acquired at 20 x 20 x 200 nm?>. High resolution micrographs (3x3 nm?) were
taken from smaller regions on selected sections. The 20 x 20 x 200 nm® image stacks were
aligned by a sequence of automatic and manual processing steps in Fiji TrakEM2 (Schindelin
et al., 2012). VAST software was used for reconstructions (Berger et al., 2018). A region of
150 x 50 pm, in 50 um distance from the middle dorsal vein, was used for quantification. The
area of each numerated myelinated and unmyelinated axon was measured every 2 um (10
slices) throughout the stack (130-160 slices). Only axons that could be followed by at least 70
slices were included. Given that the difference between control and mouse NMO experiments
was obvious, we relinquished scoring the morphological axonal changes blindly. Axonal

diameter changes were scored as swellings, if the diameter locally increased by least 50%.
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Swellings that could not be followed completely were excluded from the analysis. The number

of swellings per axon was referred to the measured length of axon to get a longitudinal density.

NMO survival surgeries

Mice were anaesthetized by i.p. injection of fentanyl (0.05 mg/kg), midazolam (5 mg/kg),
meditomidin (0.5 mg/kg) (MMF). Anesthesia was re-applied when needed. After a double
dorsal laminectomy over the LS and L6 segments, the dura mater was punctured with the tip
of a hypodermic needle to allow insertion of intrathecal catheter (ALZET® 0007743). The
catheter was secured to surrounding tissues using 4-0 Ethilon sutures, and dorsal side was
covered with 2% agarose in aCSF. Two additional punctures in the dura mater were made at
the caudal end of the surgery site to avoid pressure increases during the superfusion.
Recombinant antibodies rAQP4-IgG (7-5-53, 6ug/ml) or rCtrl-IgG (ICOS-5-2, 6ug/ml) with
20% of healthy donor serum, diluted in aCSF, were subdurally superfused for 90 minutes with
a 150ul/h flow rate using a syringe pump. Afterwards, the catheter was removed and the
surgical site was covered with 2% agarose in aCSF. The incision site was closed with wound
clips, and mice were given post-surgery analgesia (Metacam, 2 mg/kg), followed by
administration of Atipamezol (2.5 mg/kg), Flumazenil (0.5 mg/kg), Naloxon (1.2 mg/kg) to
antagonize MMF. 0.9% NaCl solution was delivered s.c. for rehydration. Animals were kept
on heating pads until fully recovered. Mice were sacrificed on the next day via isoflurane
overdose and transcardially perfused with 1x PBS and 4% PFA. Tissues were fixed overnight
with 4% PFA at 4°C. To define areas of substantial astrocyte depletion, whole-mounts of fixed
spinal cords up to 4-5 segments in length were prepared. Tissues were embedded in 1% agarose
in 1xPBS, with the dorsal surface facing a cover glass. These hanging drop preparations were
scanned on an Olympus FV1000 confocal microscope with x20/0.8 N.A. and x60/1.42 N.A.
oil-immersion objectives using z-steps of lum and 0.7um, respectively. High-resolution
images taken with an x60/1.42 N.A. objective were used for quantification. Only areas rostral
to the surgical site were analyzed to avoid any surgery-related injuries. In rAQP4-1gG treated
mice, only astrocyte depleted regions were included in the evaluation of axonal beading, which
was performed blinded. Only the axons observable at least 50 um in length were included in

the analysis.

Image processing/representation

Images were processed using the open-source image analysis software Fiji and Adobe

Creative Suite. For some figure representations, different channels of confocal image series
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were combined using pseudo-color in Adobe Photoshop. In non-quantitative panels, gamma
value was adjusted non-linearly to enhance visibility of low-intensity objects. Data sets were

processed with Excel (Microsoft Corporation, Redmond, WA).

Data analysis

Results are presented as mean + SEM. Statistical significance was analyzed with the
GraphPad Prism 9 software (GraphPad Software, San Diego, California USA) using
nonparametric t-tests followed by Mann-Whitney tests for comparing two groups and
nonparametric ANOV A followed by Kruskal-Wallis tests for comparing more than two groups.
P values < 0.05 were considered to be significant and indicated by “*”, p values < 0.01 by “**”

and <0.001 by “#**7,
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Figure 1: Axonal beading occurs in NMO lesions and precedes calcium rise.

(A) Density of beaded axons quantified in NF200 staining and (B) Bielschowsky silver
impregnations. NMO lesions (beaded axons/ um?: Bielschowsky: 11.7 + 6.0, NF200: 271.1 +
75.6; n = 7 patients), perilesion (Bielschowsky: 1.3 + 0.8, NF200: 8.3 £ 4.9; n = 6), control
white matter (Bielschowsky: 0.1 £ 0.1, NF200: 0.7 £ 0.5; n = 9). Data represent mean + SEM;
NMO lesions vs control ** p =0.004 (left), *** p =0.0002 (right); Kruskal-Wallis test followed

by Dunn’s multiple comparisons test

(C) Representative ‘“‘pearls-on-string” axonal beading (red arrowheads) morphology in a
Bielschowsky silver impregnation of an early NMO lesions (left). Very few beadings were

observed in perilesional white matter (right). Scale bar: 20 um.

(D) In vivo two-photon time-lapse imaging showing development of axonal beadings (white
arrowheads) and intracellular calcium rise (orange arrowheads) at the indicated times (minutes)
after AQP4-Ig/complement application. Axons remain unaffected in control experiments (Ctrl-

IgG/complement). Calcium levels pseudo-color coded as indicated; scale bar: 20 um.

(E) Increase of beaded (gray) and high calcium-containing axons (orange) in Thyl:TNXXL
mice over 6h after experimental NMO lesion induction. The majority of labeled axons showed
beading (Left, AQP4-IgG: 73.0 = 3.7%, n = 5 mice vs. control: Ctrl-IgG: 3.4 + 1.7%, n = 4.
Right, rAQP4-IgG: 74.3 + 2.4%, n = 4;; rCtrl-1gG 2.5 + 2.5%, n = 3), Mann Whitney test, * p
(AQP4-IgG vs Ctrl-IgG) = 0.015. Some beadings followed by calcium rise (threshold:
dCitrine/CFP > 1.5. Left, NMO AQP4-IgG: 19.6 + 3.9% vs. control Ctrl-IgG: 0.5 £ 0.5%.
Right, rAQP4-IgG: 19.4 + 3.1% vs. rCtrl-IgG 0 + 0%). Data represent mean £ SEM. n >200

axons were analyzed for each condition.

(F) Population and (G) axon individual (ordered by time of beading onset) data showing the
relative time-course of beading (gray) and calcium elevation (orange) in the subset of axons
that lost calcium homeostasis. While on average, the calcium rise was delayed by 136 + 9 min
(tso%[beading] — tsos[calcium rise]; mean = SEM), on an axon-to-axon there is no consistent
temporal relationship between the time of beading and of calcium rise. n = 50 high-calcium

axons from 5 experiments.
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Figure 2: Astrocyte depletion leads to persistent axonal beading in experimental NMO

lesions.

(A-B) Representative overview confocal images of spinal cord whole-mounts of Aldh1l1:GFP
x Thyl:OFP3 mice. In control tissue (A), astrocytes (Aldh1l1:GFP, magenta) remained mostly
unaffected 24h after superfusion with rCtrl-IgG/complement (90 min) with only a small
number of axon showing swellings (Thyl:OFP3, grey; arrowhead) in control tissue, possibly
due to surgery. In experimental NMO lesions 24h after superfusion with rAQP4-
IgG/complement (for 90 min; B), astrocyte loss and axonal beadings (arrowheads) were
apparent. Note patchy astrocyte loss likely due to the non-homogenous distribution of rAQP4-
IgG/complement in subdural space, only substantially astrocyte-depleted areas were included

in analysis.

(C) Astrocyte density within analyzed areas of chronic lesions and control treated spinal tissue

(rCtrl-IgG: 920 + 57 vs. rAQP4-IgG: 40 + 24 mm™, n = 5 mice each).

(D) Density of beaded axons in experimental NMO lesions vs. control-treated spinal tissue
(tCtrl-IgG: 453 + 63 vs. rAQP4-IgG: 1227 + 222 mm™>, n = 5 mice each). Only astrocyte
depleted regions were included in the analysis for the rAQP4-IgG group.

Dashed lines indicate the average density of astrocytes (C) and swollen axons (D) quantified
in mice without any surgical interventions (n = 3 mice). Schematic representation of spinal
cord (gray) with surgery (purple arrowheads) and imaging (yellow box) areas is shown between
A and B. Boxed areas are magnified on the right. n > 48 axons were analyzed per animal. Data
represented as mean = SEM. Mann Whitney test; **p = 0.0079 in C, *p = 0.0159 in D. Scale
bars: 40 um.
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Figure 3
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Figure 3: Electron microscopy (EM) analysis of axonal pathology in experimental NMO

lesions.

(A) Histograms of axon caliber distribution of the axon population imaged in vivo in
Thyl:TNXXL mice (>250 axons from n = 5 mice, binning 0.2 um). Overall population (left)
and split into swollen/non-swollen (right) after 6h of AQP4-IgG/complement application. Pie
charts: Thin axons were more likely to swell (<1.5 um: 93 + 1.7% vs. >1.5 um: 9.1 £3.2%; n
= 5 mice). Dashed lines in right diagrams represents mean of initial diameter in swollen and
non-swollen axon populations. Data represent mean = SEM. Mann Whitney test, ****p <

0.0001.

(B-C) Volume EM analysis by tape-based scanning EM of mouse spinal lesions 6h after NMO
induction (resolution: 20x20x200 nm?). (B) shows cross-section image of dorsal spinal column.
Boxed area: x-y position of the 3D data series used in C. Scale bar: 20um. Higher magnification
images of experimental NMO lesion (C, left) shows edema, glial cell loss and axonal injury.
In control tissue (right), tightly packed axons and glial cells (green) were visible without signs

of edema or cell loss. Boxes: Axons analyzed in (D) and (E). Scale bar: Sum.

(D-E) 3D surface rendering of myelinated (D; axon: blue, myelin: gray) and unmyelinated
axons (E; purple). Representative cross-sections of non-swollen (1) and swollen (2) axon
segments in experimental NMO lesion (left) and of non-swollen axons with comparable

diameters (3, 4) in control conditions (right). Scale bar: 1um.

(F) Percentage of swollen axons in myelinated (NMO: 47.4 + 10.4%; control: 0.00 £ 0.0%)
and unmyelinated (NMO: 74.1 £ 4.4% right; control: 30.5 + 11.3%) axon populations. NMO:

nmyel = 41 1, nunmyel = 142; COI]'[I‘O] nmye]= 319, nunmyel = 148 axons; N=3 mice.

(G) Density plot of beadings of unmyelinated axons in experimental NMO lesions (0.065 +
0.003, left) vs. control tissue (0.046 + 0.003, right). Myelinated axons are not plotted, as no
swellings were observed in controls (F). Bold lines: median, dashed lines: quartiles.

Data represent mean = SEM. Mann Whitney test, ***p < 0.001.
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Figure 4
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Figure 4: Axonal beadings show cytoskeletal disruptions, driven by ionic and osmotic

overload.

(A) High-resolution transmission EM analysis of swollen axons in an experimental NMO
lesion shows edema and microtubule disorganization (red) within beadings (left, 1). Well-
arranged, densely packed microtubules (red) are visible in neighboring non-swollen axon areas

(2) and in control tissue (right, 1). Scale bar: 200 nm.

(B) Confocal image of Thyl:OFP3 spinal cord axons (green), stained with BIII-tubulin
antibody (red) after 6h application of AQP4-IgG or Ctrl-IgG/complement. Red arrowheads

point to an axon bead containing disorganized microtubules. Scale bar: 5 um.

(C) Quantification of BIII-tubulin mean fluorescent intensity (MFI) normalized to OFP signal
of Thyl:OFP3 axons in control tissue (median: 0.75, n = 137 axons) and experimental NMO
lesions (median, outside: 0.69; inside: 0.32, n = 102 axons; 5 mice for each condition). Box-
and-whisker plot: 10-90 percentile. Kruskal-Wallis test followed by Dunn’s multiple

comparisons test using axons, ***p < (0.0001.

(D) Percentage of swollen axons within 6h of experimental NMO lesion induction was similar
in SARMI-deficient KO vs. heterozygous mice in Aldhlll:GFPxThyl:OFP3 background
(SARM17: 54.0 +3.1%; SARM™: 55.5 +2.7%; from n = 5 mice each), as well as to wild type
Thyl:OFP3 mice (cf. F, below).

(E) Local application of hyperosmolar (200% of the initial osmolarity) mannitol solution
delayed and diminished beading in NMO spinal lesions (mean + SEM: 31.5 £ 10.4%, n =5
Thyl:TNXXL mice). Percentage of swollen axons induced by AQP4-IgG/complement under
normal osmotic conditions from Fig.1 re-plotted for comparison (73.0 = 3.7 %, n = 5). Mann-

Whitney test, ** p = 0.0079.

(F) Local treatment with voltage-gated sodium channel blocker TTX (1 uM) reduced the
number of swollen axons (mean + SEM, TTX: 25.0 + 3.2%; vehicle: 52.4 + 2.4%; n =6
Aldhl1ll:GFPxThyl:OFP3 mice for each condition). Mann-Whitney test, ** p = 0.0022.
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Figure 5
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Figure 5: Microtubule stabilization protects axons from beading.

(A) In vivo two photon imaging of Aldhl1l1:GFPxThyl:OFP mice spinal cord axons within 6h
of experimetal NMO lesion induction with local epoB (5ug/ml) or vehicle application. Red
arrowheads indicate axonal beading, which is diminished with epoB treatment. Scale bar: 20

pm.

(B) Unchanged depletion of spinal cord astrocytes following local epoB or vehicle treatment

(survival after 3h, epoB: 2.3 + 1.3% vs. vehicle: 1.2 + 0.6%; n = 6 mice each).

(C) Quantification of axonal beading after 6h local epoB treatment (epoB: 19.9 + 3.1%;
vehicle: 50.9 + 3.8%, n = 6 mice each). Mann Whitney test, p < 0.01.

(D) The fraction of beaded axons was reduced following systemic administration of epoB 24h
prior to lesion induction (after 6h: 19.2 £ 3.4% vs. vehicle: 61.6 + 2.5%, n = 5, 4 mice

respectively) Mann Whitney test; p < 0.05.

(E) Quantification of BIII-tubulin staining mean fluorescent intensity (MFI) normalized to OFP
signal in ThyI:OFP mice. Local epoB treatment preserved tubulin staining compared to vehicle

(median, vehicle: 0.17 vs. epoB: 0.52, n = 188, 65 axons respectively in 5 mice each).

Mann Whitney test; ****p < (0.0001. Box-and-whisker plot: 10-90 percentile. Data represent
mean + SEM in B-D.
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Abstract

Neuromyelitis optica spectrum disease (NMOSD) is an autoimmune disease predominantly
affecting spinal cord and optic nerve. The majority of NMOSD patients have serum antibodies
(IgG) against the water channel protein aquaporin-4 (AQP4), which is in the CNS expressed
on astrocytic end-feet and ependymal cells. Despite this primary astrocytic target,
demyelination is also prominent in AQP4-IgG seropositive NMO patients, and is regarded as
secondary to astrocyte loss. However, it remains unresolved how targeting of an astrocytic

antigen drives injury of other cell types, such as oligodendrocytes.

Here, we investigated early signs of oligodendrocyte damage in a mouse model of experimental
NMO induced by spinal application of patient-derived AQP4-IgG and human complement
followed by in vivo imaging. Morphological assessment and calcium imaging of genetically
labeled astrocytes and oligodendrocytes revealed a membrane attack complex (MAC)-
mediated fast spread mechanism of NMO pathology. Within an hour of AQP4-IgG application,
intracellular calcium levels in astrocytes increased globally and membrane rupture swiftly
followed as confirmed by uptake of a cell-impermeable nuclear dye and subsequent cellular
fragmentation. Concurrent to the global astrocytic calcium rise, oligodendrocyte processes also
showed transient calcium overload, which however reached the somata comparatively later. In
contrast to the pervasive and swift lytic cell death of astrocytes, only some oligodendrocytes
were lost at later time points. While dye exclusion experiments negated overt membrane
rupture, expression of human MAC-inhibitor protein CD59 on oligodendrocytes still protected

these cells from secondary damage after AQP4-IgG—mediated astrocyte injury.

These results imply that oligodendrocyte pathology in AQP4-IgG+ NMO is not driven by the
loss of astrocytes per se, but rather evolves from MAC-dependent ‘bystander’ targeting of
oligodendrocytes. At the same time, our dynamic observations suggest that despite the similar
MAC-mediated starting point of glial injury, the executive phase of cell damage might differ
and could result in activation of distinct cell death pathways in the two major glial cell targets

of NMO.
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Introduction

Neuromyelitis optica (NMO) is an autoimmune disease characterized with neuroinflammatory
lesions on the optic nerve and spinal cord (Wingerchuk et al., 2015). Serum antibodies (IgG)
targeting the water channel protein aquaporin-4 (AQP4) — which is expressed on astrocytic
endfeet and ependymal cells in CNS (Papadopoulos and Verkman, 2013) - are specific marker
for the disease and present in the majority of patients (Lennon et al., 2004; Lennon et al., 2005;
Hinson et al., 2007). Experimental and pathological data support the notion that in the CNS
parenchyma cellular injury initiates with AQP4-IgG orchestrated complement attack on
astrocytes (Hinson et al., 2007; Misu et al., 2007; Roemer et al., 2007; Ratelade et al., 2013),
while complement-independent steps might also contribute to astrocyte dysfunction (Hinson et
al., 2008; Hinson et al., 2012) during NMO lesion formation. Although the primary cellular
target of NMO pathology are astrocytes, NMO lesions manifests with subsequent neuronal
pathology and demyelination (Lucchinetti et al., 2002; Roemer et al., 2007; Parratt and Prineas,
2010; Misu et al., 2013). Despite the well-characterized immunopathological features of NMO,
we only have a limited understanding of the mechanisms that drive the secondary injury to

other cell types, such as oligodendrocytes.

In addition, considerable number of AQP4-seronegative NMO patients have antibodies against
the myelin oligodendrocyte glycoprotein (MOG-IgG), an antigen expressed on the outer
surface of CNS myelin (Mader et al., 2011; Kitley et al., 2012; Probstel et al., 2015). AQP4-
and MOG-IgG seropositive patients display distinct clinical presentation, therefore gave rise
to the term NMO spectrum diseases (NMOSD) (Wingerchuk et al., 2007; Fujihara, 2019).
Regardless of the glial cell target of NMOSD autoantibodies, demyelinating lesions is
prominent feature among these patients (Wingerchuk et al., 2015) - which is a common
hallmark of several neuroinflammatory diseases, in which proposed links between
demyelination and astrocyte damage or dysfunction have been implicated (Parratt and Prineas,
2010; Sharma et al., 2010; Ponath et al., 2018). For instance, impairment of extracellular
glutamate removal by astrocytes can lead to glutamate excitotoxicity in oligodendrocytes,
which has been implicated in myelin damage (Micu et al., 2006; Kostic et al., 2013) and in
NMO pathology (Marignier et al., 2010; Wrzos et al., 2014). In addition, astrocyte damage can
lead to disruption between glial metabolic coupling, which reduce the provision of essential
metabolites to oligodendrocytes and cause secondary demyelination (Sharma et al., 2010;
Markoullis et al., 2012; Masaki, 2015). However, an alternative interpretation suggest a direct

immune attack on oligodendrocytes, either during the chronic phase of NMO lesion
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development, when a local cellular immune response develops at the site of the initial
astrocytopathic lesion (Lucchinetti et al., 2002; Misu et al., 2013), or due to the complement

attack that lacks cellular specificity (‘bystander damage’; (Tradtrantip et al., 2017)).

To study the mechanisms of NMO lesion formation and spread of cellular pathology, a range
of rodent models were established. These models supported the pathogenic roles of AQP4-1gG
(Bradl and Lassmann, 2014; Duan and Verkman, 2020) and provided insights on complement
dependent (Saadoun et al., 2010; Wrzos et al., 2014; Tradtrantip et al., 2017; Duan et al., 2018)
and independent (Ratelade et al., 2012; Ratelade et al., 2013; Duan et al., 2019) modes of
cellular damage in NMO. However, the models could not reveal the swift dynamics by which
secondary oligodendrocyte damage occurs after AQP4-IgG induced injury. To address such
questions, in vivo imaging can serve as a useful approach, as it has been used in the past to
reveal the mechanisms of oligodendrocyte injury in other models of neuroinflammation, e.g.

related to multiple sclerosis (Romanelli et al., 2016).

For this purpose, we previously established a mouse model of AQP4-IgG/complement induced
lesions in the dorsal column of the mouse spinal cord, which is accessible to in vivo two-photon
imaging (Herwerth et al., 2016). Here, we now used this approach to investigate the dynamics
of oligodendrocyte injury that follows AQP4-IgG mediated astrocyte loss. Our results revealed
that the initial site of injury appears to occur along on oligodendrocytes’ internodes and
involves local calcium dyshomeostasis, compatible with previous observations of myelin
vesiculation (Weil et al., 2016). With a delay, oligodendrocytes show somatic changes, and die
at relatively late time points. Underlying this outside-in pathology appears to be a ‘bystander’
injury arise during the membrane attack complex (MAC) assembly on astrocytes (Hinson
2007); as oligodendrocyte-specific expression of the MAC inhibitor protein CD59 protected
oligodendrocytes from AQP4-IgG mediated damage. Notably, the characteristics of cell death
appear to be distinct between astrocytes and oligodendrocytes, given that the former, but not
the latter show signs of full-fledged membrane permeabilization — suggesting that further
investigations could reveal selective means to rescue oligodendrocytes, even though their

initial injury appears to be initiated by a complement attack.
Results

Characterization of glial injury in experimental NMO lesions

Using in vivo imaging, we investigated the early signs of glial damage in an acute spinal model

of experimental NMO that we previously established. This approach leads to rapid depletion
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of astrocytes within couple of hours by local application of patient-derived or recombinant
AQP4-IgGs together with human complement to the dorsal spinal cord of the mouse (Herwerth
et al., 2016). Experimental NMO lesions induced in triple transgenic ALDHILI:GFP x
Plp:CreERT x CAG:fl tdTom mice (Doerflinger et al., 2003; Madisen et al., 2010; Yang et al.,
2011) allowed simultaneous assessment of astrocyte and oligodendrocyte morphology for up
to 8 hours following application of AQP4-IgG/complement. As previously described, in this
model AQP4-IgG binding to astrocytes initiates the classical complement cascade (Herwerth
et al., 2016) and results in lytic depletion of astrocytes. We observed astrocyte loss mostly
within the first 1.5 hours of local AQP4-IgG/complement treatment (mean+SEM: astrocyte
loss tso = 77 = 7 min, n=3 mice; Fig. 1A, D). Morphological signs of damage to
oligodendrocyte cell bodies were noted later (mean+SEM: oligodendrocyte loss tso, = 332 +
43 min, n=3 mice) with the emergence of a swollen and more spheroid appearance of the
somata (Fig. 1A, D). Notably, in the neuropil, where oligodendrocytes support internodes via
thin connectors, the appearance of a grainy pattern likely representing the formation of
beadings on oligodendrocyte processes and internodes was also apparent (Fig. 1A). No glial
pathology was detectable under control conditions following application of Citrl-

IgG/complement (Fig. 1B).

Putative mechanisms of oligodendrocyte injury involve glutamate excitotoxicity (Wrzos et al.,
2014), calcium-mediated myelin vesiculation (Weil et al., 2016) and complement-mediated
‘bystander’ poration (Tradtrantip et al., 2017); all of which involves intracellular calcium rise
in oligodendrocytes albeit with different spatio-temporal and pharmacological profiles.
Therefore, we developed and assay to measure glial calcium dynamics in experimental NMO
and assess the possible role of calcium in glial pathology. For this purpose, we used a floxed
reporter mouse line to express the genetically-encoded calcium sensor, GCaMP5g (Akerboom
et al., 2012; Gee et al., 2014), in oligodendrocyte and astrocyte glial population (Plp:CreERT
or GFAP:Cre respectively; (Doerflinger et al., 2003; Gregorian et al., 2009); in our hands,
Plp:CreERT spontaneously recombines floxed alleles without the need for tamoxifen
injections). Following application of AQP4-IgG/complement, astrocytes showed global
calcium rise (mean+SEM: astrocytic high Ca®* tso% = 55 + 3.8 min, n=3 mice; Fig. 1C, E)
preceding their lytic death (mean+SEM: tsoq[astrocyte loss] — tsos[high Ca®*] = 28 + 4.7, n=3
mice; Fig. 1D-E). Similar temporal dynamics of astrocyte loss (mean+SEM: tso%, = 78 + 16.4
min, n=4, Fig. 1F) and increase in intracellular calcium (mean+SEM: astrocytic high Ca* tsos

= 64 + 17.4 min n=4; Fig. 1G) were observed using recombinant AQP4 antibodies (rAQP4-
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IgG) and complement. A recombinant isotype control antibody (rCtrl-IgG) induced no glia
changes (Fig. 1F-G). This early calcium dyshomeostasis is compatible with the anticipated
MAC pores on astrocytic membranes; as such pores would allow largely unhindered
extracellular calcium influx (Bayly-Jones et al., 2017). Interestingly, oligodendrocytes showed
a similar calcium dyshomeostasis (mean+SEM: oligodendrocyte high Ca* tsos, = 106 + 6.9
min, n=2 mice; Fig. 1C, E), preceding the onset of morphological alterations observed in
oligodendrocyte somata and processes (Fig. 1D-E). Thus, we demonstrated that despite
astrocytes are being the apparent target of NMO-related cytotoxicity in vivo, oligodendrocytes
appear to undergo similar ionic and morphological changes albeit with later onset and slower

cellular spread.
MAC-inhibitor protein CD59 protects oligodendrocytes from AQP4-1gG-mediated injury

There are various possible mechanisms to explain calcium influx into oligodendrocytes
observed after AQP4-IgG targeted complement lysis of astrocytes. One that has been
championed in vitro, and is also supported by some in situ staining evidence, is a spill-over of
activated complement proteins to oligodendrocytes (‘bystander injury’; (Tradtrantip et al.,
2017; Duan et al., 2018)). AQP4-IgG-mediated complement targeting of astrocytes involves
enzymatic activation of complement proteins and sequential insertion of soluble C5b to C9
proteins into the plasma membrane to form an osmolytic pore, called membrane attack complex
(MAC, C5b-9). Such pores drive ion and water influx to antibody-targeted cells (Bayly-Jones
et al., 2017) and cause rapid necrotic lysis. In order to test whether in our in vivo model
complement-mediated bystander injury might also contribute, we established a system of cell
type-specific transgenic overexpression of the human (h) MAC-inhibitor protein CD59, by
taking advantage of a previously developed floxed knock-in allele of this protein (Feng et al.,
2016). CD359 is a glycosylphosphatidylinositol-linked membrane protein, which blocks MAC
pore formation by interfering with the oligomerization and incorporation of C9 protein in

preassembly complexes of MAC (Farkas et al., 2002; Kimberley et al., 2007).

As expected, if overexpressed on astrocytes (GFAP:Cre x CAG:fl tdTom x CAG:fl hCD59),
even heterozygote hCD59 expression protected against the direct complement attack mediated
by AQP4-IgG for up to 6 hours of lesion induction (astrocyte survival %, mean + SEM:
hCD59%E 90 £ 3.3% n=5; hCD5%0 93 + 3, n=3; Fig. 2A-C). Whereas, hCD59 negative
littermate controls showed complete astrocyte depletion after 3 hours (mean £ SEM: WT 1.4
+ 0.9 %, n=5; Fig. 2A-C). Remarkably, when hCD59 was selectively overexpressed in
oligodendrocytes (MOG:Cre (Hovelmeyer et al., 2005) crossed with CAG:fl tdTom x CAG:fl
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hCD59), secondary injury following AQP4-IgG/complement was also blocked
(oligodendrocyte survival %, mean £+ SEM: WT 33 + 4.9, n=3; hCD59%k 96 = 0.7, n=4;
hCD59%10 100 + 0, n= 3; Fig. 2D-E). We confirmed the unaltered depletion of astrocytes under
these conditions (mean = SEM 1.1 + 1.1 %, n=3), by parallel transgenic labeling of both the
astro- and oligodendroglial cell population (ALDHILI:GFP x MOG:Cre x CAG:fl tdTom x
CAG:fl hCD59; Fig. 2F-G).

Overall, our results revealed that at least acute oligodendrocyte injury in our model is MAC-
mediated and allows a number of conclusions: First, bystander attack appears to be the core
mechanisms of oligodendrocyte injury in our model, which corroborates earlier predictions
based on in vitro models and MAC immunostainings (Tradtrantip et al., 2017). Second,
astrocyte lysis and the resulting changes in the extracellular milieu are not sufficient to cause
the oligodendrocyte pathology that we detected in our model. Finally, the spurious presence of
MAC pores on oligodendrocytes provides a plausible route for calcium entry as detected in our
calcium imaging experiments (Fig. 1E). Further experiments are required to determine the role
of spurious MAC pores, or alternative calcium sources (such as activation of additional
voltage-gated channels or calcium release from internal stores) on oligodendrocyte calcium

dyshomeostasis e.g. using specific blockers (Witte et al., 2019).
MAC-mediated oligodendrocyte injury initiates in processes and partially porates membranes

Despite an apparently similar mechanism of MAC-mediated glial injury, oligodendrocyte loss
occurs with a delay after astrocytes die (Fig. 1D-E). In order to understand this delay and define
possible divergence points in cell death mechanisms between astrocytes and oligodendrocytes,
we investigated the spatio-temporal characteristics of oligodendrocyte injury in more detail.
For this purpose, we used transgenic mice (Plp:CreERT mice crossed to reporter GCaMP5g
line without tamoxifen delivery; leaky recombinase expression of this Cre reporter line results
in sparse labeling of cells in mice that are heterozygous for both alleles), in which only some
oligodendrocytes express the GCaMP5g calcium sensor. Individual oligodendrocytes were
imaged for the first 2 hours following lesion induction with AQP4-IgG/complement. Typically,
we observed local transient calcium elevation in the oligodendrocyte processes, which
sometimes briefly invaded the soma (mean+SEM: tiocal Ca’*=53.5 + 8.6 min, n=4, N=3 mice),
before a global and steady state of calcium dyshomeostasis of the entire cell was apparent
(mean£SEM: tgiobal Ca%*= 75 + 6 min, n=4, N=3 mice; Fig. 3A). Such calcium rise preceded
the morphological changes described above — a granular appearance in oligodendrocyte

processes was detected and the cell body became more spheroid (Fig. 3A). Oligodendrocytes
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in Ctrl-IgG/complement treated mice lack calcium changes and morphological signs of cellular
damage (Fig. 3B). These observations suggest that the site of complement spill over might be
located in the oligodendrocyte’s periphery, e.g. at nodes of Ranvier, where oligodendrocyte
processes and astrocytic endfeet, where MAC is primarily deposited, are in close proximity
(Hinson et al., 2007). This could explain some of the spatio-temporal differences in
morphological changes and patterns of calcium influx that we observe comparing astrocytes

and oligodendrocytes, and importantly also activate different pathways of cellular demise.

We next explored the degree of membrane disruption in astrocytes and oligodendrocytes under
AQP4-IgG/complement attack. For this purpose, we used the well-established cell death
indicator, ethidium homodimer (EtHD). This nuclear dye is excluded in the cells with intact
membranes, but brightly stains the nuclei of porated cells after intercalating into DNA. The
dye uptake assay clearly showed that astrocyte nuclei were labeled in experimental NMO
lesions in vivo (ALDHILI:GFP; Fig. 3C), suggesting a high degree of membrane disruption,
while EtHD staining was not apparent in oligodendrocytes (Plp:GFP, (Mallon et al., 2002);
Fig. 3C). This difference suggests that the primary attack of MAC on astrocytes causes
poration of these cells and leads to a necrotic phenomenon, whereas the bystander complement
attack on oligodendrocytes is more restricted in extent and it might initiate a relatively delayed
cell death mechanism. Identifying the diverging mechanisms of glial cell death is the focus of
ongoing follow-up investigations in our lab, with the hope of identifying possible acute

intervention points to prevent oligodendrocyte loss in nascent NMO lesions.

Discussion

Demyelination and oligodendrocyte damage is a common hallmark of neuroinflammatory
diseases. In MS, myelin is targeted by immune attack, although lacking a defined antigen
association; while in NMO the antigen target is known, AQP4 (Lennon et al., 2004; Lennon et
al., 2005). How this defined target on astrocytes can result in pathology spread, including
oligodendrocytes remains unclear; and it might well involve several parallel pathways that
operate during different phases of NMO lesion development. A complement-mediated attack
on oligodendrocytes (Tradtrantip et al., 2017), as well as secondary damage mechanisms,
where oligodendrocytes and myelin are injured by the absence of astrocytes via various forms
of metabolic or ionic coupling (Marignier et al., 2010; Wrzos et al., 2014; Richard et al., 2020),

have been invoked. Currently, a variety of experimental models is used to gain insights into
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possible mechanisms of spreading cellular pathology in NMO (Saadoun et al., 2010; Wrzos et
al., 2014). However, most of these models are geared towards the late phases of lesion
development. Our acute model combined with in vivo imaging offers a unique window into
the immediate dynamics of how glial damage progresses. Such insights might hint towards
intervention points early during the formation of lesions that can swiftly turn highly destructive

and disabling.
Our most notable observations were the following:

(1) Within two hours of initiating complement injury at astrocytes with AQP4-IgG, both

astrocytes and oligodendrocytes showed a rise in intracellular calcium (Fig. 1C, E).

(2) The rapid disruption of the glial calcium homeostasis preceded morphological changes and
subsequent cell loss (Fig. 1D-E), suggesting that calcium dyshomeostasis could play an early
causative role not only in glia cell loss, but also in earlier stages of oligodendrocyte injury;

such as myelin vesiculation (Weil et al., 2016).

(3) The antibody-mediated complement attack on astrocytes resulted in MAC pore formation
in the astrocytic cell membrane, which can explain the loss of membrane integrity (Fig. 3C)

and massive calcium influx in astrocytes prior to cell lysis (Fig. 1C-E).

(4) Notably, this MAC attack was not restricted to astrocytes, but appeared to affect
oligodendrocytes as well, likely in the cells’ periphery (Fig. 3A), and is responsible for the

acute loss of oligodendrocytes observed in our experimental NMO lesions.

(5) Despite this similar starting point of injury involving MAC pores, astrocytes and
oligodendrocytes undergo cell death with very distinct spatio-temporal characteristics (e.g.
time of onset of injury, pattern of calcium influx, degree of membrane disruption), leaving open
the possibility of distinct cell death pathways are activated (Xie et al., 2020). Identifying these
cell death mechanisms, and contribution of calcium dyshomeostasis to trigger such cascades,
are important next steps in our attempts to understand the dynamics of early NMO lesion

formation.

However, this is not to claim that all aspects of the spread of pathology to other cell types in
NMO lesions is mediated by ‘bystander injury’. Indeed, our own studies of acute axonal
pathology show that the mechanism of bystander injury spread is not likely to explain the most
obvious axonal pathology (see accompanying manuscript; Herwerth*, Kenet* et al., in
submission). However, also for oligodendrocytes, many additional modes of cellular injury

following AQP4-IgG/complement-mediated astrocyte lysis are conceivable:
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Indeed, the intact interaction between astrocytes and oligodendrocytes is indispensable for the
proper function of oligodendrocytes and involves several types of cellular and molecular
interaction. For instance, dysfunction of astrocytes impairs the homeostatic regulation of
neurotransmitter levels in the CNS (Murphy-Royal et al., 2017), to which oligodendrocytes are
vulnerable. When astrocytic uptake of glutamate is disturbed, extracellular glutamate reaches
to toxic levels for oligodendrocytes. This has been proposed as a mechanisms of
oligodendrocyte and myelin loss in ischemia (Karadottir et al., 2005; Salter and Fern, 2005;
Micu et al., 2006) and in models of demyelination related to multiple sclerosis (Pitt et al., 2000;
Bannerman et al., 2007). Even without complement-mediated lysis, AQP4-IgG bound to its
target on astrocytes could reduce surface expression levels or the function of AQP4 and other
interacting membrane proteins. For example, the levels of the astrocyte-enriched glutamate
transporter EAAT2 are reduced (Hinson et al., 2008; Geis et al., 2015). This could potentiate
glutamate-mediated toxicity in early phases of NMO, even if no overt loss of astrocytes is
apparent (Hinson et al., 2008; da Silva et al., 2019). However, there have been contradicting
results on EAAT2 and AQP4 internalization following AQP4-IgG treatment (Ratelade et al.,
2011; Rossi et al., 2012). Regardless, glutamate excitotoxicity alone seems unlikely to explain
oligodendrocyte loss in our model at least within the first 6 hours of the lesion induction, as
under cell autonomous hCD59 protection, oligodendrocytes were largely unaffected despite
complete astrocyte depletion and hence loss of astrocytic glutamate buffering (Fig. 2F-G). At
the same time, sublethal excitotoxicity mediated by kainate receptors, calcium influx and
reactive oxygen species signaling is known to sensitize oligodendrocytes to complement attack
(e.g. via IgG-independent MAC insertion (Alberdi et al., 2006; Matute, 2007)). Our current
data cannot rule out such an intersection of toxicity mechanisms, which resembles a pathway
previously described for neurons (Xiong and McNamara, 2002) and further studies conducted
with glutamate receptor blockers will be needed to elucidate the role of glutamate in
experimental lesions. Indeed, other forms of astrocyte-oligodendrocyte coupling, such as
syncytial coupling via connexins (Orthmann-Murphy et al., 2007) or osmo-ionic influences
that we found to be relevant for early axon injury (see accompanying manuscript; Herwerth*,
Kenet* et al., in submission) are also relegated at best to a secondary role based on the hCD59-
mediated protection of oligodendrocytes, which would not protect against such non-

immunological impact.

CD59 has a well-described mode of action: It acts as a complement regulatory protein and

binds the complement proteins C8 and C9 during the assembly of MAC. It thus hinders C9
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polymerization and inhibits insertion of the osmo-lytic MAC pore into the plasma membrane,
which protects the target cells from complement-mediated lysis (Farkas et al., 2002; Kimberley
et al., 2007). A protective role of endogenous CD59 in NMO-related pathology has been
described using knockout rodent models, which were more vulnerable to AQP4-IgG mediated
injury. These mutants developed demyelinating lesions under conditions when normally
minimal pathology is observed (Zhang and Verkman, 2014; Yao and Verkman, 2017b). CD59
knockout animals also develop peripheral organ injury, which is mostly absent in NMO despite

high levels of AQP4 expression, e.g. in the kidneys (Yao and Verkman, 2017a).

Thus, our observation of oligodendrocyte protection by cell-type specific expression of hCD59
following AQP4-IgG—mediated astrocyte depletion (Fig. 2D-G) strongly supports the notion
of an IgG-independent complement attack on oligodendrocytes. This provides direct in vivo
evidence for a ‘bystander’ injury mechanism, where an astrocyte-targeted IgG attack (Lennon
et al., 2005; Hinson et al., 2007) result in the terminal complement complex assembly also in
nearby cells. This has been proposed based on immune-histochemical detection of MAC
components on neurons and oligodendrocytes implicated bystander complement injury
(Tradtrantip et al., 2017; Duan et al., 2018).The presence of MAC pores would explain the
calcium influx (Tegla et al., 2011) that we observed in oligodendrocytes (Fig. 1C, E; Fig3A).

Despite this strong evidence for a similar starting point of toxicity based on membrane-inserted
MAC pores, the extent of injury and subsequent fates of astrocytes and oligodendrocytes
differed in our experiments. Astrocytes showed signs of overt membrane poration, immediate
and global calcium influx, and swiftly swelled before they succumbed to cell lysis (Fig. 1; Fig.
3C). In contrast, oligodendrocytes showed globally intact membranes, delayed and local
calcium dyshomeostasis and appeared to die slower (Fig. 1; Fig. 3C). One important open
question from our study is, whether this downstream divergence can be harnessed to rescue
oligodendrocytes once a lesion has started to form. In further experiments, different cell death
pathways could be explored — while astrocytes die of lytic necrosis, the cell death of
oligodendrocytes bears morphological hallmarks of more controlled forms of cell death (e.g.
nuclear compaction). In addition to classical apoptosis, several other forms of inflammation-
and membrane poration-related cell death cascades have been described (Galluzzi et al., 2018).
MAC pores at sublytic density are known to trigger pore-dependent or -independent signaling,
which can activate a variety of such cell death pathways (Xie et al., 2020), which could in the
future be probed in our model by pharmacological and genetic intervention. Indeed, if cell

death signaling is prevented, oligodendrocytes might be capable of surviving a local
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complement attack. Nucleated cells have mechanisms to counteract MAC-mediated cell lysis,
including MAC removal from the plasma membrane via vesicular shedding and internalization
(Scolding et al., 1989b; Moskovich and Fishelson, 2007). Whether this will allow long-term
survival of oligodendrocytes, and have additional beneficial effects such as protecting axons,
or aiding remyelination (to which surviving oligodendrocytes appear to contribute in certain
settings; (Franklin et al., 2020), would require long-term observations, e.g. using a chronic
spinal cord imaging approach. Indeed, our data only address the acute phase of NMO lesion
development immediately after AQP4-IgG-mediated astrocyte lysis. It is worth noting that
during the chronic phases of NMO-related injury, other forms of astrocyte-oligodendrocyte
interactions, e.g. involving connexins (Sharma et al., 2010; Richard et al., 2020) or glutamate

excitotoxicity (Marignier et al., 2010; Wrzos et al., 2014), might well become highly relevant.

Material and Methods

Animals

We used 2- to 6-month old female and male mice. To visualize astrocyte morphology
ALDHILI:GFP ((Yang et al., 2011); MGI:3843271), or GFAP:Cre ((Gregorian et al., 2009);
JAX: 24098) mice crossed with Rosa26 CAG:STOP-flox-tdTom reporter line (tdTom;
(Madisen et al., 2010); JAX: 7914) were used. Oligodendrocyte morphology was assessed in
the crosses of PLP:GFP ((Mallon et al., 2002); JAX: 33357), or PLP:CreERT-tdTom
transgenic lines (PLP:CreERT; (Doerflinger et al., 2003); (JAX: 5975)). Calcium imaging was
conducted in the GFAP:Cre and PLP:CreERT crosses with Polr2a CAG:flox GCaMP5g IRES
tdTom mice (GCaMP5g; (Gee et al., 2014); JAX: 24477). For glia specific expression of MAC
inhibitor protein CD59, MOG:Cre-tdTom or GFAP:Cre-tdTom mice crossed to HipplIl CAG:
STOP-flox-CD59 line (hCD59 mice; Feng et al 2016, courtesy of Prof. Bin Gao, NIAAA —
NIH, USA; MOG:Cre mice (Hovelmeyer et al., 2005), courtesy of Prof. Ari Waisman,
University of Mainz, Germany). Due to constitutive Cre recombines activity observed in the
different progenies from PLP:CreERT crosses, tamoxifen administration was not necessary.
All the animal experiments were conducted in accordance with local regulations and were

approved by the responsible regulatory agencies.
Complement and antibody sources
Plasma sample of an AQP4-IgG-positive NMO patient treated in the Department of Neurology,

Klinikum rechts der Isar, Technical University of Munich was included to the study. The
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patient was fullfiling the NMO diagnostic criteria (Wingerchuk et al., 2015). For control
plasma and the complement source, healthy subject plasma and sera of three healthy donors
were included to the study (from the Bavarian Red Cross). All subjects gave written informed
consent for the use of their samples for research purposes. Plasma and serum samples were
collected and treated as previously described (Herwerth et al., 2016). In order to eliminate
complement activity of the NMO and control plasma, samples were heat inactivated and only
used as IgG sources in the experiments. As complement source, pooled sera of three healthy
subjects was supplied in each experiment. Human IgG1 antibody, recombinant AQP4-IgG
(rAb7-5-53) was reconstructed from a clonotypic plasma blast obtained from the CSF of an
NMO patient (Bennett et al., 2009). Human IgG1 antibody of unknown specificity developed
from a chronic meningitis patient, recombinant control-IgG (rAb ICOS-5-2) was used as an

isotype control.
Surgical Procedure and In Vivo Imaging

Laminectomy surgeries were performed as previously described (Nikic et al., 2011; Herwerth
etal., 2016). In brief, mice were anaesthetized by intraperitoneal injection of medetomidin (0.5
mg/kg), midazolam (5 mg/kg), fentayl (0.05 mg/kg). Anesthesia was re-applied as needed.
After a double dorsal laminectomy over the lumbar L4 and LS segments, mice were suspended
using compact spinal cord clamps (Davalos et al., 2008). The dura mater was punctured with
the tip of a hypodermic needle and removed by the help of fine forceps to have a dura-free
imaging window. 2% agarose well was built around the surgery area to allow application of
artificial cerebrospinal fluid, aCSF (in mM: 148.2 NaCL, 3.0 KCI, 0.8 Na2HPO4, 0.2
NaH2PO4, 1.4 CaCl2 and 0.8 MgCI2) or antibody/complement mix over the imaging window.

Diluted recombinant antibodies (rAQP4-IgG vs rCtrl-IgG ICOS-5-2; 1,5ug/ml) or heat-
inactivated plasma (AQP4-IgG vs Ctrl-IgG; 150 pug/ml); together with 20% of healthy sera as
a complement source was applied every 30 minutes for the first 2 hours, afterwards the solution
was re-applied every 60 min for the rest of imaging time window. In some experiments, cell
membrane disruption was verified by addition of ethidium homodimer-1 to
antibody/complement mix (1:500, 0.56mg/ ml stock; Invitrogen, Carlsbad, CA). We have
previously shown that photo-toxicity or transgenic labeling does not influence the health of

glial cells under these experimental conditions (Herwerth et al., 2016).

In vivo imaging of the lumbar spinal cord was performed as previously described (Nikic et al.,
2011; Romanelli et al., 2013; Herwerth et al., 2016). Briefly, two-photon microscope (Olympus
FV1000 MPE or FVMPE-RS) equipped with a X25/1.05 N.A. water-dipping cone objective,
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was tuned to 770nm for GFP/EtHD, 920nm for GCaMP5g/tdTom, 950nm for GFP/tdTom to
acquire imaging stacks. Emission was filtered through 690 nm short-pass dichroic mirror, and
separated with G/R (BA 495-540, BA 570-625) filter set mounted in front of gallium arsenide
phosphide photomultiplier tubes.

Time-lapse stacks were acquired at 10-minute intervals for 6-8 hours (glial morphology
imaging) or at 5-minute intervals for 6 hours (glial calcium imaging). In sparsely labeled
oligodendrocyte imaging experiments, stacks were acquired at 10-min intervals for the first
30min and at every 2 minutes, for 3 hours. Indicated parameters were used while imaging: up

to 50 stacks with a z-step of 1.5-2 um; zoom of 1.5-3.0; pixel size ranging 0.28— 0.38 pum.

Cell survival analysis: While assessing the survival analysis, death cells were defined by a loss
of at least 50% intensity of mean gray value, or by the appearance of morphological changes
on astrocytes (disintegration of the cell) and oligodendrocytes (swollen somata with process
blebbing, appearance of condensed nuclei). Since the difference between control and NMO

experiments was obvious to evaluator, scoring was done without blinding.

GCaMP5g Calcium analysis: Time of visually detectable calcium transitions was first assessed
from z-projections of image stacks. Each transition was verified in unprocessed three-
dimensional image stacks. A cell was scored to have elevated calcium, if the GCaMP5g levels
were 50% greater than the baseline obtained at the beginning of each experiment. Mean gray
value intensities were measured in Fiji from the unprocessed, singular planes. ROIs were

assigned manually within the stacks.
Image Processing and Data Analysis

Images were processed using the open-source image analysis software ImageJ/Fiji (Schindelin
et al.,, 2012) and Adobe Creative Suite. For figure representations, individual channels of
imaging series were combined using pseudo-colors. Gamma values were adjusted to enhance
visibility of cellular structures in non-quantitative figure panels. Data sets were processed with
Excel (Microsoft Corporation, Redmond, WA) and the GraphPad Prism 9 software (GraphPad
Software, San Diego, California USA). All results are presented as mean + SEM. When
comparing two experimental groups, nonparametric t-test followed by Mann-Whitney test was
performed using GraphPad Prism 9 software. P values < 0.05 were considered to be significant

and indicated with “*”, p values < 0.01 with “**” and <0.001 with “***>,
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Figure 1. Glial calcium rise preceded AQP4-1gG mediated astrocyte loss and subsequent
oligodendrocyte injury

(A) Representative in vivo time-lapse images in acute spinal experimental NMO lesions
showing the astrocyte depletion (green) and oligodendrocyte morphological changes
(magenta); swollen somata with condensed nuclei (white arrowhead, 360min). Swollen
oligodendrocytes were lost in later time points (yellow arrowhead, 360min). Boxed areas are
magnified below and depicting the morphological alterations at indicated time points. GFP:
swollen astrocyte (407), cell lysis (507); tdTom: swollen oligodendrocyte with process beadings
and condensed nuclei (2807, 4307), cell loss (4407). Both astrocytes and oligodendrocytes were
imaged simultaneously in a triple transgenic ALDHILI:GFP x Plp:CreERT x CAG:fl tdTom

mouse. Scale bars 30 pm.

(B) After 6h application of Ctrl-IgG/complement, no glial cell loss was observed in spinal cord
of ALDHILI:GFP x Plp:CreERT x CAG:fl tdTom mouse. Scale bar 30 um.

(C) Glial calcium elevation in experimental NMO lesions. GCaMP5g expressing astrocytes
(GFAP:Cre x CAG:f1 PCGCaMP5g IRES tdTom, green) and oligodendrocytes (Plp:CreERT x
CAG:fl PCGCaMP5g IRES tdTom, magenta) showed calcium rise in vivo. Scale bars: 20 um
(left), 30 um (right).

(D) Survival plot of glial cells following application of AQP4-IgG/complement for 8hours.
Oligodendrocyte injury (purple) was observed in relatively later time points compared to
astrocytic depletion (green). Astrocytes tsos survival= 77 = 7 min; oligodendrocytes tso%

survival = 332 + 43 min (ALDHILI:GFP x Plp:CreERT x CAG:fl tdTom mice, n=3).

(E) Percentage of glial cells with high calcium levels (>1.5x to baseline GCaMP5) after AQP4-
IgG/complement application. Astrocytes tsoeHigh-Ca = 55 + 3.8 min, oligodendrocytes
tsosHigh-Ca= 106 £ 6.9 min. GFAP:Cre x CAG:fl PCGCaMP5g IRES tdTom (green, n=3) and
Plp:CreERT x CAG:fl PCGCaMP5g IRES tdTom (purple, n=2) mice.

(F) Astrocyte survival plot and (G) percentage of high-Ca** cells following application of
rAQP4-1gG or rCtrl-IgG/complement. Temporal dynamics of the cell survival and calcium
elevation in astrocytes with rAQP4-IgG (green, n=4) was similar to AQP4-IgG treated
experimental lesions (D-E; in green). rAQP4-IgG: Astrocytes tsos High-Ca = 64 + 17.4 min;
tso% survival= 78 + 16.4 min. No astrocytic loss or calcium elevation was observed after rCtrl-

IgG treatments (yellow, n=3).

Data represent mean = SEM in D-G.
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Figure 2. Expression of MAC inhibitor protein hCD59 protected the glial cells from AQP4-
IgG mediated injury

(A) Following 6hour treatment with AQP4-IgG/complement, astrocytes expressing the hCD59
protein was protected from a direct complement attack and subsequent cell lysis in GFAP:Cre
x CAG:fl tdTom x CAG:f1 hCD59 mice (CD59 homozygous, HO and heterozygous, HE). Only
minor levels of astrocyte loss was observed in these mice after 6hour of lesion induction. In
contrast, astrocytes without hCD59 expression died after 3hours of AQP4-IgG/complement
application in littermate controls (CD59 negative, WT). Scale bar: 30 um

(B) Astrocyte survival plot and (C) fraction of live hCD59 expressing astrocytes following
treatment with AQP4-IgG/complement: in hCD59 homozygous (CD59 HO, after 6h, mean +
SEM: 93 + 3, n=3), heterozygous (CD59 HE, after 6h, mean £ SEM: 90 + 3.3, n=5) mice and
littermate controls (WT, after 3h, mean = SEM: 1.4 £ 0.9 %, n=5). Mann Whitney test, ***p
(astrocyte survival after 3h, WT vs CD59xEg,10)=0.0008.

(D) Oligodendrocyte survival plot and (E) fraction of live oligodendrocytes. Oligodendrocytes
expressing hCD59 was protected from AQP4-IgG/complement mediated injury in MOG:Cre
x CAG:fl tdTom x CAG:fl hCD59 mice (CD59 HE: 96 + 0.7, n=4; CD59 HO: 100 % 0, n=3),
compared to hCD59 negative triple transgenic littermates (WT: 33 +4.9, n=3). Mann Whitney
test, *p (oligodendrocyte survival after 6h, WT vs CD59xEH0)=0.0167.

(F) hCD59 expressing oligodendrocytes were imaged simultaneously with astrocytes in
ALDHILI:GFP x MOG:Cre x CAG:fl tdTom x CAG:fl hCD59 mice, during formation of
AQP4-IgG/complement mediated experimental NMO lesions. Oligodendrocytes remain
protected without any sign of process beading and cell loss, even after complete depletion of

astrocytes (after 6h, mean £ SEM: 1.1 + 1.1 %, n=3). Scale bar: 30 um

(G) Glial cell survival plot of ALDHILI:GFP x MOG:Cre x CAG:fl tdTom x CAG:fl hCD59
(n=3).
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Figure 3. Oligodendrocyte injury initiates in the processes with calcium rise

(A) Sparsely labeled oligodendrocytes (magenta) expressing GCaMP5g (gray) in Plp:CreERT
x CAG:fl PCGCaMP5g IRES tdTom tg mice. AQP4-IgG/complement mediated injury
preceded with transient calcium elevations in oligodendrocyte processes (26°). Global, steady
calcium rise was observed at later time points (60°) and followed by morphological changes

(112’), such as swollen soma and process beadings. Scale bar: 30 um.

(B) Treatment with Ctrl-IgG/complement did not lead to oligodendrocyte injury and calcium

elevation.

(C) Cell-impermeable nuclear dye, EthD uptake assay of oligodendrocytes (magenta) and
astrocytes (green). Astrocyte nuclei were labeled and traced with EtHD following the lytic cell
death, whereas oligodendrocytes remained negative to such labeling suggesting comparatively

preserved membrane integrity of cells.
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3 Discussion

Various NMO models have been useful to study the contribution of NMOSD antibodies
(AQP4-IgG or MOG-IgG), complement activation and immune cell infiltration into CNS, to
the progression of NMO pathogenesis (Bradl et al., 2009; Kinoshita et al., 2009; Saadoun et
al., 2010; Saadoun et al., 2014; Wrzos et al., 2014). Although these models could mimic certain
hallmarks of NMO and reproduce secondary demyelination and axon injury following
astrocyte depletion, these studies were mostly representative for the late phases of NMO lesions

(Saadoun et al., 2010; Ratelade et al., 2013).

Therefore, we previously established a mouse model of NMO-related pathology, which allows
in vivo imaging during the induction phase of experimental lesions in the spinal cord (Herwerth
et al., 2016). This model involves local application of human-derived or recombinant NMO-
IgGs together with human complement to the dorsal spinal cord in transgenic mice, which
initiates acute astrocyte loss and emergence of NMO-like lesions in optically accessible parts
of the mouse spinal cord. This approach allowed us to determine the immediate dynamic
changes in cellular morphology and intracellular signaling likely to contribute to NMO lesion

formation, which could not be assayed in previous NMO models.

The experiments presented in my thesis were devised to understand how astrocyte loss in our
NMO model causes secondary injury in neurons and oligodendrocytes. We found that this
primary astrocytopathic attack resulted in antibody-independent, ‘off target” MAC-mediated
oligodendrocyte damage (Kenet et al., in preparation), and acute axonal beading due to
cytoskeletal disruptions (Herwerth, Kenet et al., in submission). I also established an NMO
survival surgery approach to study the fate of injured axons on the day following the induction
of astrocyte loss. Here we found no overt signs of axon degeneration, supporting the notion
that a time window for providing acute therapeutic interventions to prevent permanent

neurological damage from initial NMO attack might exist.

3.1 MAC-mediated glial injury in experimental NMO lesions

Complement activation was the main mediator of glial cell damage in our NMO model
(Herwerth et al., 2016). This is in line with most studies on NMO, despite the notion that also
AQ4-IgG alone could have some detrimental effects via direct AQP4 modulation (Hinson et

al., 2008; Hinson et al., 2012). Indeed, the complement-dependent pathogenicity of AQP4-
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IgGs has been confirmed in various experimental NMO models (Saadoun et al., 2010; Wrzos
et al., 2014). Complement activation follows a well-defined pathway, which initiates with
antibody binding to target cells, and leads to insertion of the terminal complement complex -
the MAC pore - into the plasma membrane that eventually causes the osmolytic death of cells
(Tegla et al., 2011). Accordingly, in our model, when the complement regulator protein CD59,
which interferes with MAC pore formation (Farkas et al., 2002; Kimberley et al., 2007), was
expressed on astrocytes, cell depletion was halted even in the presence of AQP4-IgG and active
complement (Fig. 3, Kenet et al., in preparation). This is expected and confirming the dual
IgG/classical complement requirements of our model that we had demonstrated earlier
(Herwerth et al., 2016). However, mechanisms on how cells other than astrocytes are damaged
in NMO lesions remains to be less well understood. The previously formulated models
implicated alternatives including off-target complement attack (Tradtrantip et al., 2017; Duan
et al., 2018), immune cell-mediated toxicity (e.g. depending on the granulocytes that
characteristically infiltrate more advanced NMO lesions (Saadoun et al., 2010; Asavapanumas
et al., 2014; Asavapanumas and Verkman, 2014)) or non-specific secondary necrosis. While
for NMO itself a combination of these factors is likely, our acute NMO model provided the
unique opportunity to watch the earliest phases of the cellular spread of pathology. Indeed,
despite initial sparing from cell death (Herwerth et al., 2016), oligodendrocytes were also
vulnerable to the MAC-mediated complement targeting even though there was no direct
antibody attack to oligodendrocytes (Kenet et al., in preparation). Notably, compared to
astrocytes, oligodendrocyte injury was slower and seemed to show a more sustained phase of
injury to the cell’s periphery, before overt somatic shape changes and finally apparent lysis
occurred. This proximate secondary injury of oligodendrocytes might be due to an unusually
high vulnerability of oligodendrocytes to complement as suggested previously (Alberdi et al.,
2006). Macroglial cells in general appear to share this vulnerability compared to many other
cells in the body (e.g. AQP4-positive cells in the kidney, which are not typically damaged in
NMO (Jarius et al., 2020)), perhaps due to CNS cells are normally shielded from complement
by the BBB. Many nucleated cells have mechanisms to protect themselves from complement
attack, e.g. based on expression of complement regulatory proteins such as CD46, CD55 and
CD59, which protect them from eventual cell lysis (Dunkelberger and Song, 2010). Indeed,
oligodendrocytes express low levels of complement regulatory proteins (Wing et al., 1992;
Piddlesden and Morgan, 1993; Scolding et al., 1998), which render them vulnerable to the
presence of activated complement without the need of a primary antibody attack (Wood et al.,

1993). Based on such arguments, antibody-independent bystander complement targeting has
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been implicated in NMO-related secondary injury of oligodendrocytes and neurons following
AQP4-IgG/complement-mediated injury (Tradtrantip et al., 2017; Duan et al., 2018). In these
studies, in situ light microscopy revealed the presence of soluble complement proteins and
MAC on oligodendrocytes, but also on neurons, suggesting MAC-mediated spread of
experimental NMO pathology from astrocytes to neighboring cells (Tradtrantip et al., 2017;
Duan et al., 2018).

For oligodendrocytes, we could corroborate this notion by demonstrating in vivo that
oligodendrocyte-specific overexpression of hCD59 protected oligodendrocytes during AQP4-
IgG/complement-mediated astrocyte loss in experimental NMO lesions (Fig. 2D-F, Kenet et
al., in preparation). In vivo observation of the astrocyte-depleted lesions in which CD59-
protected oligodendrocytes survived confirmed that the change in extracellular milieu after
necrotic death of astrocytes (e.g. dysregulation of water, ion or neurotransmitter levels;
(Parpura and Verkhratsky, 2012; Verkhratsky et al., 2012)), the spread of pathology via gap
junctions dysfunction (Sharma et al., 2010; Richard et al., 2020) or the loss of astrocytic support
e.g. provision of metabolites (Murphy-Royal et al., 2017) was not sufficient to induce acute
oligodendrocyte injury (Kenet et al., in preparation). Overall, our findings revealed that
antibody-independent MAC-deposition initiates the oligodendrocyte injury in experimental
NMO - and provides seminal in vivo support for the ‘bystander’ model that thus far was mostly

based on indirect or in vitro observations.

3.2 Calcium dyshomeostasis and mechanisms of glial cell death

Complement-mediated MAC-driven glial injury first emerged with rapid calcium elevations in
astrocytes and oligodendrocytes, preceding any morphological alterations or cell loss (Fig. 1D-
E, Kenet et al., in preparation). MAC is a transmembrane pore with 11 nm inner diameter that
allows ion and water flux (Tegla et al., 2011), which can provide an entry route for extracellular
calcium influx into glial cells. In our model, astrocyte calcium elevations were very rapid,
possibly mediated by abundant and global MAC deposition on the membrane of astrocytes,
perhaps amplified by secondary osmotic membrane rupture (Fig. 3C, Kenet et al., in
preparation). Oligodendrocytes apparently lacked a similar extent of membrane damage (Fig.
3C, Kenet et al., in preparation); still, transient calcium elevations were observed on
oligodendrocyte processes soon after AQP4-IgG/complement-mediated targeting of astrocytes

(Fig. 2A, Kenet et al., in preparation). It is plausible that these early calcium changes might
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arise from MAC insertion on oligodendrocyte processes, presumably those that are in close
proximity to astrocytes, e.g. near node of Ranvier. Such sites would serve as predilection sites
for the unspecific ‘bystander’ complement attack that spills over from astrocytes to
oligodendrocytes (for a summary of oligodendrocyte injury, see Figure 2). However, we
currently lack the resolution to pinpoint the exact site of initial oligodendrocyte injury, leaving
this notion in the realm of speculation. In any case, it has been previously shown that a
complement attack on oligodendrocytes can induce transient calcium oscillations (Wood et al.,
1993), which were ascribed to the intrinsically transitory pore opening of MAC or perhaps also
the vesicular removal of MAC pores by cell repair mechanisms (Scolding et al., 1989a; Wood
et al., 1993). Following the phase of transient calcium rise on processes, oligodendrocytes
entered a later phase of global and stable calcium elevation (Fig. 3A, Kenet et al., in
preparation). These findings suggest the involvement of additional calcium sources to promote
sustained calcium elevation in oligodendrocytes, such as calcium release from internal stores
or activation of gated calcium channels in the plasma membrane (Wood et al., 1993). Such a
secondary amplification, which we have not addressed in our model yet, could be approached
using biosensors and pharmacological interventions used previously in the lab to study

neuroinflammatory or traumatic axon degeneration (Williams et al., 2014; Witte et al., 2019).

Alternatively, calcium dyshomeostasis in oligodendrocytes might be mediated via gap-junction
coupling between astrocytes and oligodendrocytes (Giaume et al., 2013). When calcium rises
in an astrocyte’s cytoplasm (via ion influx through MAC pores), calcium ions might propagate
swiftly to oligodendrocyte processes that are in continuity with astrocytes via connexin
channels. However, it should be noted that gap junctions can be gated by intracellular
concentration of calcium - at higher concentrations inhibiting the hemi-channel function -
providing a potential counterbalance (Giaume et al., 2013). Such transcellular calcium flow
from injured astrocytes may explain the short-lasting nature of low intensity calcium elevation
observed on oligodendrocyte processes, since this source may dwindle following the swift

necrotic death of astrocytes or by inhibition of hemichannels (Kenet et al., in preparation).

Moreover, despite an apparently similar starting point of MAC-mediated injury, several
observations in our model provide hints that the eventual fate of oligodendrocytes might differ
from the lytic necrosis of astrocytes. For instance, preliminary experiments using dye exclusion
failed to detect overt breakdown of membrane integrity in oligodendrocytes — which was
apparent in astrocytes. The interplay between the number of MAC pores and cellular

mechanisms to resist MAC-deposition (such as vesicular internalization or the shedding of
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MAC) would define whether a cell undergoes the osmolytic death (Moskovich and Fishelson,
2007; Xie et al., 2020). In conditions that MAC density does not suffice to exert its lytic effects,
additional downstream players were implicated to activate cell death (Ziporen et al., 2009;
Lusthaus et al., 2018), pro-inflammatory (Triantafilou et al., 2013) or pro-survival pathways
(Soane et al., 1999; Cudrici et al., 2006), most of which involve calcium influx through MAC
pores (Xie et al., 2020). This chimes with the spatial and temporal differences we observed in
glial morphological changes and calcium dyshomeostasis, which in astrocytes tended to be fast
and global while oligodendrocytes showed a slow ‘outside-in’ pattern of cellular pathology
(Kenet et al., in preparation). In future experiments, we plan to explore whether this difference
is also reflected in different cell death pathways that mediate final cellular demise — in the hope
to define possible intervention points to rescue oligodendrocytes, especially in light of the
results that suggest that surviving oligodendrocytes could indeed contribute to subsequent

remyelination, e.g. in MS (Yeung et al., 2019).

Moreover, additional factors might differentially regulate complement susceptibility between
astrocytes and oligodendrocytes, such as sub-lethal glutamate excitotoxicity, which could
modulate MAC insertion or add a ‘second hit’ to oligodendrocytes (Alberdi et al., 2006; Wrzos
et al., 2014) — aspects that we will be able to test by monitoring and modulating glutamate
release and signaling. Additionally, our in vivo CDS59-overexpression approach allows
restricting cellular injury to individual cell types and study long-term consequences, e.g. by
moving antibody/complement injury to chronic cortical or spinal window preparations. Here,
we have started developing the required preparations, but also employing antibodies that
primarily target oligodendrocytes — in an attempt to mimic some aspects of non-AQP4-
dependent NMOSD and explain the convergence of such lesions to a similar final state of multi
cellular injury, despite the increasingly appreciated differences in lesion pathology between

NMO and MOGAD.
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Figure 2. Antibody independent, MAC-mediated oligodendrocyte injury in experimental NMO

Following AQP4-IgG binding to astrocytes (green), classical complement cascade is activated and lead
to lytic death of astrocytes (gray). Activated, soluble complement proteins such as components of MAC
pore (C5b-9), can spill over and target unspecific cells in close contact with astrocytes; for example
oligodendrocytes (purple). MAC deposition allow calcium influx, which can further activate
downstream pro-inflammatory or cell death cascades, leading eventual cell loss. (Figure was created

with BioRender.com)

3.3 Distinctive features of axonal injury in experimental NMO

In addition to exploring the mechanisms of spreading injury amongst glial cells and hence the
emergence of demyelination, I also addressed the question of how axons might get injured in
the aftermath of an astrocytopathic attack, as axonal injury is another hallmark of NMO
(Lucchinetti et al., 2002; Misu et al., 2013). As opposed to the early and global calcium
dyshomeostasis that precedes morphological signs of glial injury, axons in our model showed
only inconsistent calcium elevations (Fig. 1D, Herwerth*, Kenet* et al., in submission). This
was apparent only hours after axons had undergone a dramatic shape change, which we named
acute axonal beading. Therefore, our results argue against the presence of membrane pores on

axons, which can underlie calcium influx into axons during trauma or MS-related spinal
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pathology (Williams et al., 2014; Witte et al., 2019). This result also rules out MAC-pores and
hence the previously proposed involvement of a ‘bystander’ effect in NMO-related axonal
injury (Duan et al., 2018). However, our current conclusion is based limited by the possibility
that MAC-mediated calcium influx below the detection level of our imaging might still
contribute to the beading process. While this is unlikely, given the high sensitivity of the
calcium sensor we used (Mank et al., 2008; Williams et al., 2014), a more direct assessment of
MAC involvement in acute axonal beading will be desirable for the future. For this, we can
investigate the presence of terminal complement proteins on axons in experimental NMO
lesions, e.g. using enhanced resolution light microscopy techniques or even immune-electron
microscopy. As a ‘negative’ result with these methods however, will still remain contentious,
we also plan to study the axonal injury responses of CD59-expressing neurons to AQP4-
IgG/complement-mediated astrocyte loss, in analogy to how we explored the ‘bystander’
mechanism in oligodendrocytes. Currently, the challenge is to identify a suitable viral promotor
or transgenic line to express Cre-recombinase in the thin-caliber dorsal column axon population

that we found to be especially vulnerable to acute axonal beading.

In addition to arguing against a bystander attack on axons, our data also refute the involvement
of another prominent axon degeneration pathway that has been implicated in
neuroinflammation (Singh et al., 2017) namely Wallerian-like degeneration. First, Wallerian-
like degeneration is also typically triggered by a calcium-dependent initiation event (Vargas et
al., 2015; Coleman and Hoke, 2020). Second, Wallerian-like degeneration can now be defined
by the involvement of a core set of endogenous mediators, most prominently SARM (Osterloh
etal., 2012). Deletion of the SARM gene did not alter acute axonal beading in our experimental
NMO lesions, effectively ruling out this pathway as an early mediator of axon injury (Fig. 4D,

Herwerth*, Kenet* et al., in submission).

Hence, we turned to alternative explanations of axonal beading. One widely implicated process
in axon injury, e.g. after ischemia (Stys, 1998; Stirling and Stys, 2010), but also in
neuroinflammatory settings (Waxman, 2006; Friese et al., 2014), is ionic overload — which
typically involves sodium initially, but later can also result in secondary calcium influx, e.g.
due to bioenergetics failure or pump reversals. Indeed, when we used TTX to reduce sodium
load in axons after AQP4-IgG/complement-mediated astrocyte loss, we observed a reduction
in axon swellings (Fig. 4F, Herwerth*, Kenet* et al., in submission). However, as we did not
observe calcium influx into axons before they swelled, we sought an alternative explanation

for shape changes — and focused on osmotic effects, as astrocytes and AQP4 are core regulators
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of CNS water homeostasis. Indeed, hyperosmotic intervention diminished the axonal beadings
(and even the late emergence of a high calcium axons; not shown), suggesting that axonal
beading might be driven by an osmotic and hence mechanical process. Previous in vitro and
biophysical work (Pullarkat et al., 2006; Datar et al., 2019) has indeed tied the formation of
‘string-of-pearl’ patterns of axon swelling to a mechanical disruption of the interplay between
cytoskeleton and plasma membrane. Both ultrastructural and immunohistochemical data
showed that the core of NMO-related axonal beadings showed cytoskeletal arrangements with
local microtubule loss (for a summary of axonal injury, see Figure 3). Stabilizing microtubules
with pharmacological intervention (as proposed previously for promoting axonal growth;
(Hellal et al., 2011; Ruschel et al., 2015)) indeed rescued the beading phenotype (Fig. SA,
Herwerth*, Kenet* et al., in submission). Thus, loss of microtubule stability seems to be a
promoting factor of acute axonal beading, possibly by altering the threshold tension for beading
formation as previously described in pearling-instability models (Datar et al., 2019). Expansion
of the tubular volume of an axon within the beaded area can lead to higher surface tension and
membrane stretch at the later phases of acute axonal beading. In a vicious cycle, such
mechanical stress might irreversibly change the kinetics of voltage gated sodium channels
(Shcherbatko et al., 1999), further increasing the local sodium load and perhaps eventually
activating the reserve mode of Na*/Ca®* exchangers (Wolf et al., 2001) and lead calcium influx
observed in some of the beaded axons (Fig. 1D, Herwerth*, Kenet* et al., in submission).
Alternatively, membrane stretch could activate mechanoreceptors and induce calcium influx
(Song et al., 2019). In our NMO model, thin axons were more vulnerable to acute axonal
beading (Fig. 3A, Herwerth*, Kenet* et al., in submission), which might be more sensitive to
mechanical stress e.g. due to their expression of Piezol, a mechano-nociceptive cation channel
primarily present in small diameter DRG neurons (Wang et al., 2019). However, also simple
geometrical or cytoskeletal characteristics of these axons might explain their pronounced
vulnerability; future experiments using pharmacological intervention or a combination of gene

deletion and overexpression would allow us to address these open questions.
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Figure 3. lonic-osmotic stress and cytoskeletal disruption drive axonal injury in experimental NMO

Following AQP4-IgG binding to astrocytes (green), classical complement cascade is activated and lead
to lytic death of astrocytes (gray), which alters homeostasis of extracellular milieu. In the presence of
such osmotic stress and ionic overload (e.g. sodium influx to axons), subsequent microtubule loss
impairs the cytoskeletal integrity and promotes acute axonal beading (red). (Figure was created with

BioRender.com)

3.4 Limitations of NMO-related mouse model

Although our in vivo NMO-related mouse model is unique to allow following the induction
and development of experimental lesions, it has certain limitations. First, low activity of mouse
complement (Ratelade and Verkman, 2014) made the necessity of providing human
complement source together with AQP4-IgGs to induce experimental NMO lesions. Although
this is not uncommon, and human complement have been supplemented in various NMO
models (Saadoun et al., 2010; Ratelade et al., 2013; Wrzos et al., 2014), this may lead to certain
variability in the dynamics of cellular injury progression we have observed in our model when

compared to human pathology.

One of the distinctive immunopathological features of NMO is the perivascular deposition of
antibodies and complement, which suggests leaky (e.g. area postrema) or disrupted (e.g. due

to astrocyte loss, local inflammation or immune cell infiltration (Takeshita et al., 2017; Winkler
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et al., 2021)) BBB regions as the primary access sites for peripheral antibodies entry to CNS
(Lucchinetti et al., 2002; Misu et al., 2007; Roemer et al., 2007). Our spinal model of NMO
employs the local application of antibody/complement over the pial surface; therefore would
not mimic vasculocentric nature of initial NMO pathology. Additionally, pial surface delivery
is restrictive in terms of lesion localization and spread of experimental NMO, since the
pathogenic impact of antibody/complement only applies within the range of tissue penetration

of these components.

Lastly, my PhD project focused on elucidating early cellular injury responses underlying
development of experimental NMO lesions, but we have not yet explored the later events
involved in aggravation of the local inflammatory responses; such as immune cell infiltration,
cytokine release or subsequent gliosis, all of which have been implicated in different stages of
NMO lesions (Misu et al., 2013). However, presence of complement inhibitors in mouse serum
(Ratelade and Verkman, 2014) might hinder secondary amplification steps of
neuroinflammatory responses in the absence of supplementary complement source. Therefore,
rat models of NMO may be more suitable to investigate chronic stages of experimental lesions
— a recent study on systemic antibody transfer model already implicated experimental lesions
and behavioral phenotype without the need of additional complement delivery (Hillebrand et

al., 2019).

3.5 Conclusion and outlook

The aim of my thesis was to understand the cellular mechanisms involved in the formation and
transcellular spread of experimental NMO pathology. While NMO relapses can increasingly
be prevented by immunomodulation, including targeting of the complement system (Levy et
al., 2021), the first episode of NMO — which is typically the initial manifestation of the disease
— is often highly destructive and can cause lasting disability (Wingerchuk et al., 2007;
Wingerchuk et al., 2015). Hence, this episode poses a therapeutic challenge akin to other acute
forms of CNS injury, such as ischemia or trauma. In analogy to these acute forms of pathology,
neuro- or glio-protective interventions could be a first line of treatment before initiating long-
term immunomodulation, in order to constrain initial damage and improve the potential for
recovery. My hope is that the line of investigation initiated in this thesis work might provide

mechanistic understanding of how pathology spreads between cell types in NMO lesions,
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which might be of relevance to identify potential intervention points to break the chain of

events before irreversible damage occurs.
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