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Abstract 

Multiple sclerosis (MS) is a chronic inflammatory, demyelinating and degenerative disease of 

the central nervous system (CNS), characterised by the formation of focal inflammatory le-

sions and additional damage due to smouldering low-grade CNS inflammation. The clinical 

manifestation of relapsing-remitting MS – the rapid appearance of new neurological symp-

toms – is likely caused by acute inflammation and demyelination. The extent of long-term, 

irreversible disability, however, is determined by neurodegeneration, especially loss of axons. 

This degeneration is observable from the earliest stages of the disease and causes progressive 

disability once a critical compensable threshold is passed. Currently available immunomodu-

latory treatments for MS suppress relapses but cannot completely halt neuroaxonal degenera-

tion. The development of primary neuroprotective treatments is therefore an important unmet 

clinical need. 

In vivo imaging in experimental autoimmune encephalomyelitis, an animal model of MS, is a 

powerful tool to study the pathogenesis of axonal degeneration. Such experiments have shown 

that initial axonal damage is still reversible and that the likelihood of fragmentation of dam-

aged axons is determined by intra-axonal calcium, which enters through “nanoruptures” in the 

plasma membrane. As some axons can re-establish calcium homeostasis spontaneously, we 

hypothesised that therapeutic interventions, which support axons in regaining calcium home-

ostasis will shift the balance in favour of recovery and reduce axonal loss. The aim of this 

thesis was therefore to explore calcium modulation for axoprotective therapy by (1) exploiting 

endogenous calcium homeostatic pathways and (2) developing an exogenous calcium chela-

tion approach, selectively targeted to injured axons, to prevent side effects on physiological 

calcium signalling. 

The basis of the selective targeting approach was to deliver a prodrug calcium chelator via the 

membrane “nanoruptures” that characterise damaged, high-calcium axons. As a proof-of-prin-

ciple we first delivered fluorogenic compounds across damaged plasma membranes, thereby 

developing a membrane damage sensor, that is applicable across different cell types and in 

different types of membrane damage. The cytosolic localisation of the biosensor also makes 

it useful for targeting axons, which contrasts with nuclear DNA-binding stains such as pro-

pidium iodide. First steps of translating these findings into prodrug development have also 

been taken. To enhance endogenous calcium buffering, we performed experiments of rAAV-

mediated, neuron-specific overexpression of the cytosolic calcium-binding proteins calbindin 

and calretinin. Despite optimisation attempts, the axonal expression achieved with this ap-

proach was low and did not reduce intra-axonal calcium levels or the degree of axonal loss in 

an MS animal model. Further improvement of the overexpression approach will be necessary 

to assess the axoprotective potential of calcium-binding protein overexpression.  

In summary, this thesis lays foundational work to address the suitability of calcium as a neu-

roprotective target by developing a selective targeting approach to membrane-damaged axons 

and by evaluating an experimental approach for rAAV-mediated axonal overexpression of 

calcium-binding proteins.  
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Zusammenfassung 

Die Multiple Sklerose (MS) ist eine chronische, entzündliche, demyelinisierende und degene-

rative Erkrankung des zentralen Nervensystems (ZNS), welche durch die Entstehung fokaler 

Entzündungsherde sowie durch eine progrediente diffuse Gewebsschädigung aufgrund eines 

niedrig-gradig schwelenden Entzündungsprozesses charakterisiert ist. Es wird angenommen, 

dass die klinische Manifestation der schubförmig remittierenden MS – die akut auftretenden 

neurologischen Ausfälle – durch die Entzündung und Demyelinisierung ausgelöst werden. 

Das Ausmaß der langfristigen und irreversiblen Behinderung hingegen wird durch die Neu-

rodegeneration bestimmt, insbesondere durch den Verlust von Axonen. Diese Degeneration 

ist in den frühesten Stadien der Krankheit beobachtbar und verursacht eine fortschreitende 

Behinderung, sobald eine kritische, kompensierbare Schwelle überschritten wird. Die derzeit 

verfügbaren immunmodulatorischen Therapien für MS unterdrücken Krankheitsschübe, kön-

nen aber die neuroaxonale Degeneration nicht vollständig aufhalten. Die Entwicklung primär 

neuroprotektiver Therapien ist daher dringend notwendig. 

In vivo mikroskopische Untersuchungen der experimentellen autoimmunen Enzephalomyeli-

tis, einem Tiermodell der MS, sind ein hilfreicher Ansatz, um die Pathogenese der axonalen 

Degeneration zu verstehen. Experimente dieser Art haben gezeigt, dass die anfängliche Schä-

digung der Axone noch reversibel ist und, dass die Wahrscheinlichkeit der Fragmentierung 

geschädigter Axone von der Konzentration des intra-axonalen Calciums abhängt, welches 

durch „Nanorupturen“ in der Plasmamembran eintritt. Da manche Axone ihre Calcium-Ho-

möostase spontan wiederherstellen können, stellten wir die Hypothese auf, dass therapeuti-

sche Interventionen, welche Axone darin unterstützen ihre Calcium-Homöostase wiederher-

zustellen, die Balance zugunsten einer axonalen Erholung verschieben und den Verlust von 

Axonen verringern können. Das Ziel dieser Arbeit war es daher die Modulierung von Calcium 

als mögliche axoprotektive Therapiestrategie zu untersuchen. Dies erfolgte durch zwei ver-

schieden Ansätze: (1) Durch die Ausnutzung endogener Mechanismen der Calcium-Homöo-

stase und (2) durch die Entwicklung eines exogenen Calcium-Komplexierungsansatzes, wel-

cher selektiv auf geschädigte Axone abzielt. Dies sollte Nebenwirkungen auf physiologische 

Calcium-Signale vermeiden. 

Grundlage dieses Ansatzes war es, einen Calcium Chelator als Propharmakon durch jene „Na-

norupturen“ einzuschleusen, welche geschädigte Axone mit erhöhtem Calcium charakterisie-

ren. In einer Machbarkeitsstudie schleusten wir dazu zunächst fluorogene Stoffe über die ge-

schädigte Plasmamembran ein und entwickelten so einen Membranschädigungs-Sensor, der 

in verschiedenen Zelltypen und für verschiedene Arten der Membranschädigung einsetzbar 

ist. Die zytosolische Lokalisierung des Biosensors macht ihn auch für die Darstellung von 

Axonen nützlich, im Gegensatz etwa zu Propidiumiodid, einem Farbstoff, welcher lediglich 

die DNA im Zellkern färbt. Erste Schritte zur Übertragung dieser Erkenntnisse auf die Ent-

wicklung eines Calcium-puffernden Propharmakons wurden ebenfalls unternommen. Um die 

endogene Calcium-Pufferung zu unterstützen, wurden zudem Experimente zur rAAV-vermit-

telten, Neuron-spezifischen Überexpression der zytosolischen Calcium-bindenden Proteine 
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Calbindin und Calretinin durchgeführt. Trotz mehrerer Optimierungsversuche war die so er-

reichte axonale Überexpression jedoch gering und konnte weder die intra-axonale Calcium-

Konzentration noch den Verlust von Axonen in einem Tiermodell der MS reduzieren. Eine 

weitere Verbesserung des Überexpressions-Ansatzes wird notwendig sein, um das axoprotek-

tive Potential Calcium-bindender Proteine zu untersuchen. 

Zusammenfassend lässt sich sagen, dass diese Arbeit grundlegende Vorarbeiten zur Entwick-

lung neuroprotektiver Therapiestrategien, die an den erhöhten intraaxonalen Calciumkonzent-

rationen ansetzen, geleistet hat. Dies tut sie durch die Entwicklung einer selektive Zuliefe-

rungsmethode in membrangeschädigte Axone sowie durch die Evaluation eines experimen-

tellen Ansatzes für die axonale rAAV-vermittelte Überexpression Calcium-bindender Prote-

ine.
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1. Introduction 

1.1. Multiple Sclerosis 

Multiple sclerosis (MS) is a chronic inflammatory, demyelinating and degenerative disease of 

the central nervous system (CNS). The pathologic hallmarks of MS, that gave the disease its 

name, are CNS lesions or plaques: focal areas of inflammation, demyelination and axonal 

degeneration, arising in consequence of a loss of self-tolerance against CNS antigens and im-

mune cell infiltration across the blood-brain-barrier (Dendrou et al., 2015). Additionally, 

smouldering low-grade disease activity throughout the CNS contributes to neuroaxonal injury 

and accrual of disability. 

MS affects around 2.8 million people worldwide, with 300 new diagnoses made every day 

(The Multiple Sclerosis International Federation, 2020). The disease is caused by a complex 

interplay of genetic and environmental risk factors, yet why some individuals develop MS and 

others do not is still incompletely understood (Jakimovski et al., 2024). The clinical course of 

MS is very heterogenous, making an accurate prognosis very difficult. In most patients, MS 

starts with a relapsing-remitting course followed by a progressive disease stage (Baecher-

Allan et al., 2018). Around 50 % of patients will require a walking aid within 15 years of 

diagnosis (Scalfari et al., 2010). With a mean age of only 32 years at diagnosis, this makes 

MS the most common non-traumatic cause of disability in young people (The Multiple 

Sclerosis International Federation, 2020). 

To this day, no curative treatment exists. While disease-modifying therapies (DMTs) that 

dampen immune reactions can initially slow down disease progression, they do not halt neu-

rodegeneration and eventually lose efficacy in the progressive stage of MS, where the disease 

process becomes mostly independent from immune cell infiltration (Scalfari et al., 2024). The 

development of primary neuroprotective treatments for MS is therefore an important unmet 

clinical need. 

1.1.1. Epidemiology and aetiology 

With 2.8 million patients worldwide, the overall prevalence of multiple sclerosis is 36 in 

100 000 people. However, the geographic distribution of the disease is very heterogenous, 

with higher prevalences of 100 - 300 per 100 000 in countries in Europe, North America and 

Australia and low prevalence in the rest of the world. The prevalence is three times higher in 

women than in men (The Multiple Sclerosis International Federation, 2020).  

The precise aetiology of MS is yet unknown. Numerous studies on MS susceptibility have 

shown, that the disease is multifactorial and likely triggered by environmental factors in ge-

netically susceptible individuals. More than 200 genetic risk variants have been defined, 

which can mostly be mapped to genes that affect the function of peripheral immune cells and 
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microglia (The Multiple Sclerosis International Federation, 2020). The strongest individual 

risk gene is HLA-DRB1*15:01 with a 4-fold increased MS risk in heterozygous carriers and 

an 8-fold increased MS risk in homozygous carriers (Moutsianas et al., 2015; The 

International Multiple Sclerosis Genetics Consortium, 2019). Other HLA (human leukocyte 

antigen) genes are also implicated in MS susceptibility or protection, suggesting that presen-

tation of specific antigens plays a role in the development of MS (Moutsianas et al., 2015). 

Overall, the genetic landscape of multiple sclerosis suggest that the disease originates in the 

immune system and argues against the concept of a primary neurodegenerative disease with 

secondary inflammation. 

A disease concordance of 25-30 % in monozygotic twins (Hansen et al., 2005; Kuusisto et al., 

2008; Willer et al., 2003) emphasises the importance of environmental trigger factors for the 

development of MS. Most prominently, Epstein-Barr virus (EBV), a human herpesvirus that 

infects and latently persists in B cells (Thorley-Lawson, 2001), has been associated with the 

development of MS. Infectious mononucleosis patients, i.e. people with a symptomatic EBV 

infection, have an increased risk of developing MS, as have individuals with high antibody 

titers against EBV nuclear antigens (Levin et al., 2005; Thacker et al., 2006). The strongest 

evidence for a causative relationship between EBV infection and MS comes from a 2022 study 

on US military personnel in which longitudinal blood samples collected over the years of 

service were retrospectively analysed to unveil the temporal relationship between EBV sero-

conversion and MS diagnosis (Bjornevik et al., 2022). The study included 35 people who 

developed MS and had been negative for EBV at the start of their service. Analysis of the 

longitudinal blood samples showed that 34 of these patients (97 %) had seroconverted before 

MS onset, whereas no such association was found between MS diagnosis and cytomegalovirus 

(CMV). Overall, the study reported a 32-fold increase in hazard ratio for multiple sclerosis 

diagnosis after EBV seroconversion. How EBV causes MS remains debated, yet molecular 

mimicry or immune dysregulation due to ineffective EBV control and/or EBV-infected B cells 

are the most commonly discussed hypotheses. Notably, a recent publication has described 

molecular mimicry between Epstein-Barr nuclear antigen 1 (EBNA-1) and the glial cell ad-

hesion molecule glialCAM (Lanz et al., 2022). Given that more than 90 % of the population 

has been infected with EBV by the age of 25 (Winter et al., 2020), often asymptomatically, 

MS is still a very rare complication. Nevertheless, vaccines against EBV are under develop-

ment and may one day lower MS incidence. 

The gut microbiome and its composition are also known to be critical for the development of 

multiple sclerosis, due to interaction with the immune system. Yet again, the precise mecha-

nisms of this complex involvement are not understood (Baecher-Allan et al., 2018; Kadowaki 

and Quintana, 2020). Other known risk factors for MS are obesity, smoking and Vitamin D 

deficiency (Liu et al., 2016; Poorolajal et al., 2017; Duan et al., 2014). The latter was often 

proposed to explain the geographic pattern of MS prevalence, which increases with latitudes 

further from the equator. However, a recent publication has challenged this view by pointing 

out an evolutionary explanation for increased MS risk in certain populations. According to 

Barrie et al. (2024), genetic variants that predispose to MS today arose in the Bronze Age due 

to lifestyle changes in the steppe pastoralis population that necessitated the co-evolution with 
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novel pathogens. Today’s north-south gradient in European MS prevalence can be explained 

by different degrees of steppe pastoralis ancestry in consequence of migratory movements. 

1.1.2. Clinical manifestation 

1.1.2.1. Symptoms 

Symptoms of MS mostly involve the motor and sensory system, however depending on lesion 

localisation a broad range of neurological symptoms can occur in MS patients. Early symp-

toms of MS can include motor weakness, sensory deficits or loss of balance. Other frequent 

symptoms, especially in progressive MS, are cognitive impairment, fatigue and depression 

(Compston and Coles, 2008; Jakimovski et al., 2024). Disability progression in MS is com-

monly described using the EDSS (Expanded Disability Status Scale), a ten point scale which 

mainly assesses the patient’s ability to walk (Kurtzke, 1983). Around 50 % of patients reach 

EDSS 6, which indicates permanent use of a walking aid, within 15 years of diagnosis 

(Scalfari et al., 2010). In severe cases, patients may require a wheelchair, be bedridden or even 

die from MS. 

1.1.2.2. Diagnosis 

The diagnosis of MS involves a clinical assessment of the neurological symptoms, such as 

testing of reflexes, motor function and cognitive performance. The measurement of evoked 

potentials can uncover impaired nerve conduction in consequence of demyelination 

(Compston and Coles, 2008). Important imaging tools in the diagnosis of MS are MRI (mag-

netic resonance imaging) scans of brain and spinal cord which indicate the presence of 

neuroinflammatory lesions, responsible for the emergence of neurological symptoms. A con-

trast agent like gadolinium is used to distinguish new, contrast-enhancing lesions with perme-

able blood-brain-barrier from older, non-enhancing lesions. To diagnose MS in accordance 

with the 2017 McDonald criteria, the disease activity has to be disseminated in space and time, 

meaning that lesions have to occur in different CNS regions and new lesions have to develop 

over time (Thompson et al., 2018). Cases in which patients do not fulfil these criteria, for 

example because they present with a single lesion, are classified as “clinically isolated 

syndrome” (CIS). The majority of CIS patients is diagnosed with MS at a later timepoint 

(Jakimovski et al., 2024). The differential diagnosis of multiple sclerosis can also be aided by 

the detection of oligoclonal bands in protein electrophoresis of the cerebrospinal fluid (CSF) 

which indicate intrathecal antibody synthesis and are present in about 90 % of patients 

(Jakimovski et al., 2024).  
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1.1.2.3. Disease course and prognosis: Relapses, progression and disability 

Most patients initially experience a relapsing-remitting disease course (RRMS), which is char-

acterised by episodes of acute neurological symptoms alternating with phases of clinical sta-

bility. With disease duration, relapse rates decline, yet recovery from relapses becomes in-

complete (Jakimovski et al., 2024, Figure 1a). Natural history studies have shown that with-

out treatment 60 – 80 % of patients transition to secondary progressive MS (SPMS) after a 

median time of 15 - 20 years disease duration (Tremlett et al., 2008; Tedeholm et al., 2015). 

Progressive MS (PMS) is characterised by continuous worsening of symptoms independent 

of relapses and new MRI lesion activity, although superimposed relapses can still occur 

(Jakimovski et al., 2024, Figure 1a). With the availability of highly efficient immunomodu-

latory drugs and improved diagnosis, the fraction of patients that transition from RRMS to 

SPMS has decreased (Cree et al., 2016). In 12 % of patients however, the disease is progres-

sive from the beginning (primary progressive MS, PPMS) (The Multiple Sclerosis 

International Federation, 2020).  

Due to the high variance between disease courses, a prognosis for the individual patient is 

very difficult to make, especially at the timepoint of first diagnosis. Several studies have 

shown that neither relapse rate nor MRI lesion activity can predict long-term disability 

(Scalfari et al., 2013; Cree et al., 2016). Better predictors of disability progression are the 

steepness of EDSS increase and the degree of brain atrophy (Tur et al., 2023; Rocca et al., 

2023, Figure 1b). A recent genome-wide association study on MS progression has also un-

covered the first genetic risk marker for faster MS progression with genome-wide significance 

in the DYSF-ZNF638 locus (The International Multiple Sclerosis Genetics Consortium, 

2023). 

The differentiation between RRMS and PMS was classically made under the assumption that 

RRMS is driven by peripheral immune cell infiltration whereas PMS is driven by distinct CNS 

compartmentalised processes of neurodegeneration. Although this explains well, why PMS is 

refractive to immunomodulatory treatment, the simple binary view is challenged by the de-

tection of ongoing neurodegeneration throughout the whole disease course, even before diag-

nosis und under effective treatment (Friese et al., 2014; Scalfari et al., 2024). Instead, RRMS 

and PMS may be parts of a single disease continuum, in which transition to the progressive 

worsening occurs when neural compensation mechanisms are exhausted, not only because of 

progressive neurodegeneration but also as a consequence of aging (Kuhlmann et al., 2023). 

The importance of age is also supported by the fact that the average diagnosis ages for PPMS 

and SPMS are practically identical (Confavreux and Vukusic, 2006). 

In summary, long-term worsening of disability in MS is largely driven by “PIRA”, progres-

sion independent of relapse activity, representing neurodegenerative processes that continue 

despite relapse suppression by immunomodulatory treatment (Lublin et al., 2022, Woo et al., 

2024a, Figure 1c). This emphasises the need for neuroprotective drug development for the 

effective treatment of MS and the importance of neurodegeneration-related readouts for 

 



20 | 1.1 Multiple Sclerosis 

 

 

Figure 1 – Multiple sclerosis disease course and its relation to pathology. 
(a) Depiction of MS symptom severity over time, defining a relapsing-remitting phenotype (RRMS) with 
secondary progression (SPMS). MS is believed to be caused by environmental triggers in genetically 
susceptible individuals. Age is a key determinant for the transition from RRMS to SPMS. (b) Relapses 
in (a) are associated with new MRI lesion activity, while retinal thickness and brain volume decline 
linearly. (c) Contribution of relapses (RAW) and relapse-independent processes (PIRA) to disability 
progression. d) The biomarkers GFAP (glial fibrillary acidic protein) and NfL (neurofilament light chain) 
increase with disease course, starting before onset of clinical symptoms. GFAP reflects ongoing neu-
rodegeneration while NfL responds to acute inflammation. Dashed lines indicate levels seen in age-
matched people without MS (e) Acute bursts of inflammation underly relapse activity, while other pro-
cesses, especially degeneration, develop more continually. This has been shown in histopathological 
studies. (Figure legend continues on next page)
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(Continued legend for Figure 1) 

Reprinted from Nature Reviews Neuroscience, „The neuropathobiology of multiple sclerosis”, Woo et 
al., 2024a. Copyright © 2024, with permission from Springer Nature, license number 5903681407878. 

disease surveillance. These include optical coherence tomography (OCT) of the retina, which 

documents thinning of the retinal nerve fibre layer, as well as measurements of serum neuro-

filament light chain (NfL), indicative of axonal breakdown (Figure 1b, d). Both methods 

show an increase of neuroaxonal degeneration over the disease course of MS, which is appar-

ent at or even before diagnosis and can predict future patient disability (Petzold et al., 2010; 

Zimmermann et al., 2018; Benkert et al., 2022; Bjornevik et al., 2022). The astrocytic struc-

tural protein GFAP (glial fibrillary acidic protein) has been suggested as an additional 

biomarker for neurodegeneration as it can likewise predict disease progression, yet unlike NfL 

is not affected by relapses (Meier et al., 2023). Indeed, astrogliosis, the basis of GFAP detec-

tion in CSF and blood, is linked to neurodegeneration in both RRMS and PMS (Wheeler et 

al., 2020; Absinta et al., 2021). 

1.1.3. Pathogenesis and histopathology 

The diagnosis of MS is based on the detection of white matter (WM) lesions by MRI. Histo-

logically, these focal lesions or plaques are characterised by immune cell infiltration, demye-

lination, axonal degeneration and astroglial scarring, varying in degree depending on lesion 

evolution (Baecher-Allan et al., 2018). Postmortem studies also indicate more subtle patho-

logic changes in the non-lesioned, “normal appearing white matter” (NAWM) as well as the 

presence of grey matter lesions and diffuse grey matter injury, especially in PMS (Lassmann, 

2018). Whereas the loss of neurons and axons is irreversible, remyelination does occur, yet is 

ineffective in many patients (Patrikios et al., 2006). The damage to the CNS is believed to be 

initiated by immune cell infiltration due to loss of self-tolerance against CNS antigens. The 

immunopathogenesis of the disease – how and why self-tolerance is lost – remains incom-

pletely understood (Dendrou et al., 2015). 

1.1.3.1. Immune cell infiltration and lesion formation 

Lesion formation is initiated by tissue infiltration of activated autoreactive T cells from the 

bloodstream, which are reactivated in the CNS by renewed antigen presentation and recruit 

further immune cells to the site. The infiltrate of an acute MS lesion is eventually dominated 

by macrophages and CD8+ T cells with lower numbers of CD4+ T cells, B cells and plasma 

cells (Dendrou et al., 2015). The ensuing tissue damage is mainly attributed to macrophages, 

which have been shown to phagocytose myelin and can be found in close apposition to 

damaged axons, yet also have functions in lesion resolution (Kornek et al., 2000; Nikić et al., 

2011; Chu et al., 2018). Soluble factors within the inflammatory milieu, such as antibodies, 

cytokines, reactive oxygen and nitrogen species can also have deleterious effects on CNS-

resident cells (Woo et al., 2024a). The process is illustrated in Figure 2.

https://doi.org/10.1038/s41583-024-00823-z
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Figure 2 – CNS damage driven by immune cells. 
Lesion formation is initiated by the Th1 and Th17 CD4+ T cell subsets  which activate further cell 
types by secreting pro-inflammatory cytokines. The infiltrate consists of macrophages, CD8+ T cells, 
CD4+ T cells and B cells. Tissue destruction  is due to macrophages, CD8+ cytotoxicity and soluble 
factors secreted by immune cells, astrocytes and microglia. TNF-α = tumour necrosis factor α, 
IFN-γ = interferon γ, IL-17 = interleukin 17, MMP = matrix metalloproteinase, ROS = reactive oxygen 
species, RNS = reactive nitrogen species. 

Adapted and reprinted from Annual Review of Pathology, “The Immune Response in Multiple Sclero-
sis”, Rodríguez Murúa et al., 2022. Copyright © 2022, with permission from Annual Reviews, license 
number 1541345-1. 

No single triggering autoantigen has yet been found for MS. Autoreactive T and B cells 

against myelin sheath components like myelin oligodendrocyte glycoprotein (MOG), myelin 

basic protein (MBP) and proteolipid protein (PLP) have been detected in patients, however, 

autoreactive lymphocytes can also be found in healthy individuals where they do not trigger 

disease (Hohlfeld et al., 2016a, 2016b). Thus, the question in MS immunopathogenesis is less 

how autoreactive cells arise but more how they evade control and become activated. A look 

at the genetic factors of MS susceptibility suggests, that while specific HLA variants define 

the epitope specificity of the autoimmune reaction, other non-HLA risk genes may lower the 

threshold for immune cell activation (Dendrou et al., 2015). In addition, several studies have 

found a reduced function of regulatory T cells (Tregs) – cells responsible for peripheral control 

of autoimmunity – in MS patients (Viglietta et al., 2004; Haas et al., 2005). Whether autore-

active T cells are activated by molecular mimicry, bystander activation or by an encounter 

with the actual CNS antigen remains debated (Dendrou et al., 2015). Despite the still evolving 

https://doi.org/10.1146/annurev-pathol-052920-040318
https://doi.org/10.1146/annurev-pathol-052920-040318
https://doi.org/10.1146/annurev-pathol-052920-040318
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knowledge, studies of MS immunopathogenesis have led to the development of numerous 

immunomodulatory drugs for the treatment of relapsing-remitting MS. 

1.1.3.2. Lesion evolution and classification 

White matter lesions can evolve over time spans of months and years. To distinguish different 

stages of tissue destruction, which follows a stereotypic series of events, lesions are classified 

as active, chronic active, smouldering or inactive (Stadelmann et al., 2019).  

Active lesions are characterised by dense immune cell infiltration. Foamy macrophages 

phagocytosing myelin are found throughout the lesion and radially expand the lesioned area, 

whereas lymphocytes are mainly found at the perivascular lesion core (Henderson et al., 2009; 

Stadelmann et al., 2019). Axonal degeneration is already apparent at this early lesion stage 

(Trapp et al., 1999; Bitsch et al., 2000; Frischer et al., 2009).  

Chronic active and smouldering lesions have a chronic, demyelinated core mostly devoid of 

immune cells, yet tissue destruction, mostly by activated microglia and macrophages, contin-

ues in the lesion rim and slowly expands the lesion (Ferguson et al., 1997; Kuhlmann et al., 

2017; Dal-Bianco et al., 2017; Jäckle et al., 2020). Smouldering lesions are predominantly 

found in progressive MS and contain iron which can be visualised in MRI (Frischer et al., 

2015; Dal-Bianco et al., 2017). Slowly expanding or smouldering lesions have recently gained 

attention, as they can predict transition to PMS and future disability progression (Beynon et 

al., 2022; Preziosa et al., 2022). Their study may thus help to understand the mechanisms of 

CNS compartmentalised inflammation, sustained by CNS-resident cells (Wheeler et al., 2020; 

Absinta et al., 2021), that are refractive to current immunomodulatory treatment. 

Inactive lesions are sites of past inflammatory tissue destruction. They are characterised by an 

absence of peripheral immune cells and by a widespread loss of myelin, oligodendrocytes and 

axons (Wolswijk, 2000; Stadelmann et al., 2019; Schirmer et al., 2011). What determines 

whether an MS lesion stays chronically active or whether it turns into an inactive lesion is still 

unclear (Stadelmann et al., 2019). The same is true for remyelination, which can be observed 

at all lesion stages but its efficacy has been found to be highly variable between patients 

(Patrikios et al., 2006; Stadelmann et al., 2019). The finding that axonal density is higher in 

remyelinated compared to chronic demyelinated plaques suggests that remyelination protects 

from further axonal loss (Kornek et al., 2000). 

1.1.3.3. Grey matter lesions and diffuse CNS damage 

In addition to white matter lesions, focal areas of demyelination can also occur throughout the 

grey matter (GM), including the cortex, hippocampus, basal ganglia, brain stem and the grey 

matter of the spinal cord (Brownell and Hughes, 1962; Vercellino et al., 2005; Lassmann, 

2018). Compared to white matter lesions, grey matter lesions contain fewer lymphocytes and 

phagocytes (Peterson et al., 2001). Besides neuroaxonal loss, they are also accompanied by 
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an extensive loss of synapses (Wegner et al., 2006). Cortical lesions often have a subpial 

localisation, extending into deep sulci. They are associated with meningeal inflammation, in-

cluding the formation of ectopic B cell follicles (Serafini et al., 2004; Kutzelnigg and 

Lassmann, 2006; Magliozzi et al., 2010; Lucchinetti et al., 2011). Cortical demyelination can 

already be detected at the earliest stages of RRMS, but is much more prevalent in progressive 

MS (Lucchinetti et al., 2011; Kutzelnigg et al., 2005). The extent of cortical lesions has been 

found to correlate with cognitive impairment (Nielsen et al., 2013). 

Diffuse changes can also be observed outside of lesions, i.e. in the absence of dense peripheral 

immune infiltrates, in both normal appearing white and grey matter (NAWM, NAGM). These 

include diffuse microglia activation, diffuse presence of T cells, axonal injury and astrogliosis 

(Kutzelnigg et al., 2005). Part of these changes can be attributed to anterograde and retrograde 

degeneration of neurons or axons damaged within focal lesions (Dziedzic et al., 2010), yet 

diffuse damage to cortex and spinal cord also correlates with inflammation in the overlying 

meninges, indicating a role for soluble inflammatory mediators in the process (Androdias et 

al., 2010; Reali et al., 2020). Although NAWM and NAGM are usually defined by the absence 

of demyelination, a recent study has shown subtle pathologic changes to myelin even in the 

NAWM (van den Bosch et al., 2023). 

How or whether white and grey matter damage in MS are related to each other has long been 

debated. A recent meta-analysis demonstrated, that white matter lesion volume does correlate 

with grey matter atrophy, yet more in RRMS than in PMS (Lie et al., 2022). This suggests 

that grey matter damage in RRMS may happen secondary to white matter damage, whereas 

in PMS primary neurodegenerative disease mechanisms dominate. 

1.1.3.4. From histopathology to clinical manifestation 

In relapsing-remitting MS, histopathology is dominated by focal white matter lesions. Re-

lapse-related symptoms in RRMS patients are believed to result from inflammation and de-

myelination and thus slower or blocked conduction. Remission can thus be attributed to partial 

remyelination and adaptation of demyelinated axons, which redistribute ion channels to re-

establish conduction (Reddy et al., 2000; Bjartmar et al., 2003). Neuroaxonal loss in contrast 

is irreversible and responsible for the accrual of irreversible disability in MS (Coles et al., 

1999; Trapp et al., 1999). While axonal degeneration is clearly detectable from disease onset, 

progressive neuronal decline is believed to only set in once a threshold of compensable 

damage has been passed (Trapp et al., 1999; Kuhlmann et al., 2023). In progressive MS, the 

disease activity becomes more diffuse and independent from immune cell infiltration. Histo-

pathologically, this is represented by low-grade inflammation in grey matter lesions and 

diffuse NAWM and NAGM changes, which are believed to be largely driven by tissue-resi-

dent glia and immune cells (Lassmann, 2018; Healy et al., 2022). Clinically, it manifests as a 

loss of DMT effectiveness, as these drugs primarily target peripheral immunity (Scalfari et 

al., 2024).  
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1.1.4. Treatment 

No curative treatment for MS exists to date. Instead, the disease is managed using so-called 

disease-modifying therapy (DMT). Over the past thirty years, around twenty different DMTs 

with immunomodulatory and immunosuppressive effects have been approved for the treat-

ment of relapsing forms of MS (encompassing CIS, RRMS and SPMS with relapse activity), 

yet only one DMT has been approved for the treatment of primary progressive MS 

(Jakimovski et al., 2024). The molecular mechanisms of these therapies will be outlined fur-

ther below. 

Numerous studies have shown the benefits of early DMT initiation at the first clinical 

demyelinating event. DMT use in patients with clinically isolated syndrome (CIS) not only 

prolongs the time to confirmed RRMS diagnosis but is also associated with less disability for 

at least 10 years of follow-up when compared to patients with later treatment initiation 

(Tintore et al., 2020; Kappos et al., 2016). In RRMS patients, DMTs lower the relapse rate, 

MRI-based lesion activity and short-term disability worsening (Jakimovski et al., 2024). 

Studies on the natural history of MS have also shown that today’s fraction of patients that 

transition from RRMS to SPMS has decreased in comparison to the pre-DMT era (Cree et al., 

2016). The first DMT to be approved for PPMS, Ocrelizumab, slowed disability progression 

and brain volume loss in a placebo-controlled trial (Montalban et al., 2017). The therapeutic 

effect was however only observed in PPMS patients with focal MRI activity, suggesting that 

Ocrelizumab like other DMTs has a peripheral mechanism of action. 

In addition to DMTs, cortisol, or plasmapheresis as a second-line option, can be used for the 

treatment of acute relapses. Symptomatic therapy may be indicated to counteract MS symp-

toms like spasticity, bladder and bowel dysfunction, fatigue or depression (Jakimovski et al., 

2024). Patients also benefit from good management of comorbidities, especially hypertension, 

hyperlipidaemia, diabetes, and obesity, which are linked to MS disease activity (Salter et al., 

2020).  

Although adequate treatment increases the health span of MS patients, currently approved 

therapies do not halt neurodegeneration and largely lose efficacy in older patients (Weideman 

et al., 2017). Neuroprotective treatments may be the key to preventing MS progression, yet 

recent clinical trials in this regard have failed and no such medication has been approved to 

date (Chataway et al., 2020). Another limitation of DMT use are their side effects, which 

range from flu-like symptoms to fatal opportunistic infections such as progressive multifocal 

leukoencephalopathy (PML), a consequence of viral reactivation under immunosuppression 

(Jakimovski et al., 2024). 

1.1.4.1. DMT mechanisms of action and clinical use  

The first disease-modifying therapy (DMT) approved for MS was the recombinant cytokine 

interferon β-1b (IFNβ-1b) in the year 1993. IFNß-based formulations have various positive 
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immunomodulatory effects including reduced antigen presentation, reduced T cell prolifera-

tion, altered expression of cytokines and restoration of immune suppressor functions. Side 

effects include flu-like symptoms and increased liver enzymes (Jakimovski et al., 2018). 

IFNß was followed by glatiramer acetate in 1996. This DMT is a mix of synthetic polypeptides 

mimicking MBP (Ben-Nun et al., 1996). Its immunomodulatory, tolerogenic effects are seen 

in an anti-inflammatory shift in T cell polarisation and cytokine profiles. Severe side effects 

are rare (Jakimovski et al., 2024).  

Mitoxantrone, approved for use in MS in the year 2000, is a cytostatic drug and exerts its 

immunosuppressive function by suppressing the proliferation of T cells, B cells and macro-

phages. Due to severe side effects that include cardiotoxicity and leukaemia, mitoxantrone is 

only used in highly active MS that does not respond to other treatments. Two other drugs 

which also act on cell proliferation but have a better safety profile, teriflunomide and 

cladribine (approved in 2012 and 2019 respectively) are more frequently used (Deutsche 

Gesellschaft für Neurologie e. V., 2022; Jakimovski et al., 2024). 

The year 2004 saw the approval of the first monoclonal antibody in the treatment of MS: 

natalizumab, directed against the endothelial adhesion molecule VLA-4 (very late antigen-4, 

also known as ITGA4 = integrin subunit alpha 4). Natalizumab binding blocks leukocyte ad-

hesion and thus transendothelial migration into the CNS. It is highly effective in preventing 

relapses yet is also associated with the highest PML risk among all DMTs (Jakimovski et al., 

2024). Adhesion molecule inhibition has also been exploited as a mode of action for small 

molecule drugs. Fingolimod (2010), siponimod (2019), ozanimod (2020) and ponesimod 

(2021) all bind to and inhibit function of the sphingosine-1-phosphate (S1P) receptor on lym-

phocytes which regulates egress from lymph nodes. Consequently, this class of drugs prevents 

lymphocyte entry into the bloodstream. Common side effects are lymphopenia and increased 

infection risk (Jakimovski et al., 2024). 

The precise mode of action of dimethyl fumarate (2013) is not well understood, yet this drug 

has been shown to activate the Nrf2 (nuclear factor erythroid 2-related factor 2) signalling 

pathway thus initiating an anti-inflammatory transcriptional programme. Gastrointestinal side 

effects and lymphopenia can occur under this DMT (Gopal et al., 2017; Jakimovski et al., 

2024). 

Another class of DMTs consisting of alemtuzumab (2007), ocrelizumab (2017, also approved 

for PPMS), ofatumamab (2020), ublituximab (2022) and rituximab (off-label use) exerts its 

immunosuppressive effects by B cell depletion. Whereas alemtuzumab is directed against 

CD52, which is also present on T cells, NK cells and monocytes/macrophages, the other 

DMTs in this group are anti-CD20 antibodies. CD20 is present on immature and mature 

B cells, which are depleted by treatment, but not on plasma cells. The main side effects are 

lymphopenia and increased infection risk (Jakimovski et al., 2024). The fact that B cell de-

pletion is such an effective treatment for both RRMS and PPMS indicates their pivotal role in 
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Figure 3 – DMT mechanisms of action. 
Schematic depiction of the effects of DMTs on different immune cell types, their maturation (top), mi-
gration (center and BBB), proliferation (center) and polarisation (bottom). AHSCT = autologous 
haematopoietic stem cell transplantation; BTKi = Bruton’s tyrosine kinase inhibitor (currently undergo-
ing clinical trials); S1P = sphingosine-1-phosphate; BBB = blood-brain-barrier; CNS = central nervous 
system. 

Reprinted from Frontiers in Neurology, “Therapeutic Advances in Multiple Sclerosis”, Yang et al., 2022. 
Copyright © 2022 Yang, Rempe, Whitmire, Dunn-Pirio and Graves. Creative Commons Attribution 
License (CC BY 4.0). 

MS pathology, which has been underappreciated by past T cell focussed research. Indeed, the 

presence of oligoclonal immunoglobulins in CSF and the poor diagnosis associated with pres-

ence of ectopic B cell follicles in the meninges point to intense involvement of B cells in MS 

pathology. They may also provide the missing link between B cell tropic EBV and emergence 

of MS (Cencioni et al., 2021). 

Very aggressive multiple sclerosis phenotypes which do not respond to DMTs have also been 

successfully treated with autologous haematopoietic stem cell transplantation after near-com-

plete immunoablation (Atkins et al., 2016). 

All DMT mechanisms of action are summarised in Figure 3. For the application in the clinic, 

DMTs are subdivided into different groups based on efficacy. The German Neurology Society 

classifies interferons, glatiramer acetate, teriflunomide and dimethyl fumarate as moderate 

efficacy DMTs; fingolimod, ozanimod, ponesimod, cladribine and mitoxantrone as high-effi-

https://doi.org/10.3389/fneur.2022.824926
https://doi.org/10.3389/fneur.2022.824926
https://doi.org/10.3389/fneur.2022.824926
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cacy and the monoclonal antibodies alemtuzumab, natalizumab, ocrelizumab and ofatu-

mumab as highest efficacy (Deutsche Gesellschaft für Neurologie e. V., 2022). Although a 

direct use of highest efficacy drugs has been debated, the most common approach in MS treat-

ment is escalation therapy, in which DMTs with moderate efficacy are used as first-line treat-

ment and only escalated to a higher efficacy group if the development of disease activity is 

unfavourable (Ontaneda et al., 2019). This provides better risk management of side effects, 

which tend to be more severe in the higher efficacy groups. In any case, adequate treatment 

of MS requires regular supervision of disease activity. Depending on the DMT used, patients 

should also be regularly tested for lymphopenia, which can lead to life-threatening PML 

(Jordan et al., 2022).  

1.1.4.2. Unmet therapeutic needs and new future avenues for MS drug development 

The development of DMTs has prolonged the health span of MS patients. However, short-

comings of current MS treatment strategies are the occurrence of severe adverse effects and 

the ongoing neurodegeneration under DMT treatment. The latter may also explain their 

limited effectiveness in progressive MS and in older individuals. While finding more specific 

DMT targets may limit adverse effects (for example reversible B cell inhibition with Bruton’s 

tyrosine kinase inhibitors instead of B cell depletion, Reich et al., 2021), the development of 

genuinely neuroprotective treatments is arguably the most urgent unmet clinical need in MS 

treatment. This may include both remyelinating drugs and primary neuroprotective ap-

proaches. 

The biology of remyelination and why it often fails in MS lesions has been studied exten-

sively, leading to the identification of druggable targets and the initiation of several clinical 

trials (Cunniffe and Coles, 2021). The most advanced drug candidate is clemastine, an H1 his-

tamine receptor antagonist that stimulates oligodendrocyte precursor cell (OPC) differentia-

tion. Clemastine has been shown to induce remyelination and improve visual acuity in patients 

with RRMS and evidence of chronic demyelinating optic neuropathy (Green et al., 2017). 

Ongoing trials are also testing clemastine in combination with metformin, which aims to im-

prove OPC responsiveness (NCT05131828). 

Similarly, process has been made in characterising the mechanisms and stressors that lead to 

neuroaxonal degeneration in MS, such as ion dysregulation, oxidative damage and mitochon-

drial pathology (Woo et al., 2024a). Despite these efforts, the field has seen many setbacks in 

the past decade, as numerous neuroprotective drug trials in progressive MS have failed to 

show an effect (Chataway et al., 2024). This includes a phase 3 trial on high-dose biotin, 

proposed to boost neuronal energy production (Cree et al., 2020), a phase 2 trial on the coen-

zyme Q10 analogue idebenone, proposed to protect mitochondria (Kosa et al., 2020), the 

phase 2b multi-arm MS-SMART trial, investigating the effects of amiloride (blocking calcium 

and sodium influx), fluoxetine (improving mitochondrial metabolism by stimulation of gly-

cogenolysis) and riluzone (inhibiting glutamate release) (Chataway et al., 2020), and the 

phase 3 trial on simvastatin (inhibitor of the hydroxymethylglutaryl-CoA reductase, involved 

in cholesterol synthesis) (unpublished, presented at ECTRIMS 2024 by Jeremy Chataway). 
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More potentially neuroprotective drugs are currently undergoing clinical testing. A successful 

phase 2 trial has been reported for the antioxidant lipoic acid, achieving a reduction in brain 

atrophy of 68 % compared to placebo (Spain et al., 2017). The phase 3 trial is currently ongo-

ing. New drugs entering phase 2b include N-acetyl cysteine (antioxidant, NCT05122559), 

SAR443820 (inhibitor of receptor-interacting protein kinase 1 (RIPK1), involved in inflam-

matory response and cell death pathways, NCT05630547) and nicotinamide riboside (precur-

sor of nicotinamide adenine dinucleotide (NAD), proposed to improve mitochondrial func-

tion, NCT05740722). 

1.1.5. Animal models of MS 

Multiple sclerosis is a complex human disease of unclear aetiology. Accordingly, animal 

models that encompasses all aspects of the disease, such as the immunopathogenesis, the mul-

tiple types of lesions and diffuse alterations in the CNS or the complex two-stage clinical 

disease course do not exists (Lassmann and Bradl, 2017). Nevertheless, several animal models 

have been developed to mimic and study different aspects of the disease. 

The most widely used animal model for multiple sclerosis is experimental autoimmune 

encephalomyelitis (EAE). In active EAE, animals (mostly mice and rats for preclinical 

studies; but also primates for drug safety and efficacy) are immunised with myelin antigens 

combined with adjuvants to induce an autoimmune reaction. Freund’s complete adjuvant 

causes an immune stimulation and phagocytosis of the antigen which in turn leads to major 

histocompatibility complex (MHC) class II presentation to CD4+ T cells (Billiau and Matthys, 

2001). The pathogenesis of EAE is thus initiated by myelin-reactive CD4+ T cells, which 

cause the formation of neuroinflammatory lesions. These EAE lesions share important 

characteristics of MS lesions including immune infiltration, demyelination and axonal degen-

eration (Constantinescu et al., 2011; Nikić et al., 2011). In contrast to MS, EAE lesions are 

located almost exclusively in the spinal cord. Depending on the antigen used for immunisation 

and on the animal species or strain, the EAE disease course can vary: MOG immunisation in 

C57/BL6 mice leads to monophasic disease, whereas immunisation of SJL/J mice with PLP 

causes relapsing-remitting disease (Terry et al., 2016). 

Several other variants of EAE exist to study different aspects of MS pathology. EAE can be 

induced by transferring activated T cells from an immunised animal to a naive animal (Ben-

Nun et al., 1981). This model is called adoptive transfer EAE and is particularly useful for the 

study of T cell polarisation, infiltration and reactivation (Lassmann and Bradl, 2017). Both 

the active and passive induction model however are of limited use for the study of initiating 

events in immunopathogenesis. To bridge this gap, spontaneous EAE models have been de-

veloped which are based on transgenic expression of autoreactive T cell receptors (Bettelli et 

al., 2003). Among other findings, spontaneous EAE models have helped to uncover the 

pivotal role of the microbiota for the development of CNS autoimmunity (Berer et al., 2011). 

Adoptive transfer EAE with ß-synuclein-reactive T cells results in a model that recapitulates 

grey matter inflammation and brain atrophy (Lodygin et al., 2019). Cortical inflammatory 
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lesions can be induced by subacute MOG immunisation followed by cortical cytokine injec-

tion (Merkler et al., 2006). In addition to EAE, toxic models have been used to study demye-

lination and remyelination. This non-inflammatory demyelination can be induced with ly-

solecithin, a detergent that dissolves myelin sheaths, or the copper chelator cuprizone, which 

induces oligodendrocyte death (Jeffery and Blakemore, 1995; Matsushima and Morell, 2001). 

Irrespective of the specific model, interspecies differences must be kept in mind when 

modelling disease in animals. Several differences between the immune systems of rodents and 

humans have been reported (Mestas and Hughes, 2004) and may have implications for the 

translation of model findings to human disease. 

1.2. Axonal degeneration 

Axons are highly specialised neuronal projections, optimised for long-distance information 

transfer in the form action potentials. Their unique structure – a human axon can be 20 000 

times longer than the corresponding soma – also comes with unique challenges and vulnera-

bilities. This includes the dependence on active axonal transport for protein and organelle 

turnover, the high energy demands of action potential propagation and, in case of myelinated 

axons, the dependence on trophic support from oligodendrocytes (Guedes-Dias and Holzbaur, 

2019; Howarth et al., 2012; Lappe-Siefke et al., 2003; Fünfschilling et al., 2012). 

The process of axonal degeneration is largely independent from classic somatic cell death 

pathways. Indeed, Wallerian degeneration, an active axon-specific self-destruction pathway, 

leaves the proximal axon and soma intact (Coleman and Freeman, 2010). Nevertheless, the 

fates of different neuronal compartments are tightly linked, and dysfunction can spread from 

one compartment to the other, particularly when axonal transport is affected (Woo et al., 

2024a; Guedes-Dias and Holzbaur, 2019). 

Axonal dysfunction and degeneration can be observed in all types of MS lesions, including 

diffuse and smouldering lesions and from the earliest stages of pathology (Bitsch et al., 2000; 

Frischer et al., 2009; Lassmann, 2018). The loss of an axon is permanent. Even if some func-

tionality can be restored by remodelling of axonal connections (Kerschensteiner et al., 2004), 

the overall degree of axonal degeneration correlates with progressive disability in MS patients 

(Stefano et al., 1998; Agosta et al., 2007; Barro et al., 2018). Studies in EAE however suggest, 

that initial axonal damage is still reversible, thus providing a therapeutic window of oppor-

tunity (Nikić et al., 2011). 

Stressors such as ionic imbalance, calcium overload, oxidative stress, virtual hypoxia and 

mitochondrial pathology have been described as contributors to axonal dysfunction and de-

generation in MS (Friese et al., 2014). A better understanding of these mechanism can provide 

a basis for the development of axoprotective therapies, which hold the promise to halt MS 

progression. 
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1.2.1. Physiological structure and function of axons 

The polar neuron architecture enables unidirectional information propagation. Postsynaptic 

signals are received at the somatic dendrites; integration of the arriving potentials then deter-

mines whether an action potential (AP), a fast, transitory change of the membrane potential, 

is generated at the axon initial segment. APs are propagated along the axon to the axon termi-

nals where they trigger synaptic neurotransmitter release. Action potential propagation is 

ensured by the coordinated action of voltage-gated sodium and potassium channels (Duale 

Reihe Physiologie - 2. Auflage, Thieme Verlag, 2010). The Na+/K+-ATPase in turn is respon-

sible to restore cellular sodium and potassium concentrations, requiring a considerable energy 

expenditure (Howarth et al., 2012). 

Myelinated axons can propagate APs faster and more energy-efficiently compared to their 

non-myelinated counterparts due to saltatory conduction. The axonal myelin sheath consists 

of regularly spaced myelinated sections, called internodes, which are interrupted by nodes of 

Ranvier, where the axon is in direct contact with the extracellular space. Action potentials are 

only generated at the nodes, where voltage-gated sodium channels are clustered, and the 

myelin insulation enables direct AP propagation from one node to the next (Huxley A.F. and 

Stampfli, 1949). Ultrastructurally, myelin is a lipid-rich multi-layered membrane produced 

and wrapped around CNS axons by oligodendrocytes (Simons and Nave, 2015). Besides elec-

trical insulation it also provides metabolic support from oligodendrocytes to the axon, which 

may make myelinated axons particularly vulnerable when myelin is damaged (Lappe-Siefke 

et al., 2003; Fünfschilling et al., 2012; Schäffner et al., 2023).  

To support structure and function, the axon has a highly specialised cytoskeleton. Its main 

constituents are an actin-spectrin membrane periodic skeleton that regulates axon diameter 

and anchors membrane proteins and a microtubule system that enables active transport along 

the axon (Leterrier et al., 2017; Maday et al., 2014). Neurofilaments, which serve as blood 

and CSF biomarkers in MS, are neuron-specific intermediate filaments which provide further 

structural support (Yuan et al., 2017). While the role of the membrane periodic skeleton in 

neuropathology is only starting to be explored (Miazek et al., 2021), the importance of axonal 

transport for neuronal health is well documented (Sleigh et al., 2019). Anterograde cargos 

transported from the soma along microtubules include protein, mRNA and lipids, whereas 

retrograde transport is required for the degradation of protein and damaged organelles (Maday 

et al., 2014). Mitochondria constantly move in both directions, to quickly respond to changing 

energy requirements (Plucińska and Misgeld, 2016). mRNA anterogradely transported from 

the nucleus can be locally translated in the axon, thus enabling quick translational responses 

to specific cues (Jung et al., 2012). Since the axonal ER does not contain ribosomes, mRNA 

is translated at free ribosomes.  

Taken together, the unique function of the axon requires elaborate structural and logistic 

adaptations. It is therefore not surprising, that axons are vulnerable to dysfunction under 

inflammatory attack. 
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1.2.2. Evidence for axonal degeneration in MS 

Historically, axonal degeneration as a critical feature in MS pathology has long been over-

looked in favour of the myelin-directed immune attack. However, it is becoming increasingly 

clear that axonal degeneration (and neurodegeneration at large) is ongoing throughout the 

disease course, starting even before the onset of clinical symptoms and persisting under DMT 

treatment (Friese et al., 2014; Woo et al., 2024a; Scalfari et al., 2024). The following chapter 

will summarise the evidence for axonal degeneration in MS coming from post-mortem histo-

logical studies as well as from paraclinical studies, which also allow for longitudinal correla-

tion with disease course. 

1.2.2.1. Histological studies of axonal degeneration in MS 

A systematic post-mortem study on axonal degeneration in active and chronic active white 

matter lesions was performed by Trapp et al. in 1998. This study found significant numbers 

of transected, i.e. irreversibly lost axons in all lesions analysed. Transected axons were 

characterised by end bulbs and more abundant in early, active lesions compared to older, 

chronic lesions. In chronic active lesions, transections were more abundant in the active rim 

compared to the core. Interestingly, a few of the transected axons seemed to be ensheathed by 

intact myelin. Other axons exhibited swellings without transection. The study also reported 

an increased number of transected axons in the NAWM of MS patients as compared to 

neurologically healthy donors, i.e. again axonal damage in the absence of myelin pathology. 

Although axonal loss had been reported before, the study by Trapp et al. was important for 

being one of the first to rely on immunohistochemical staining, which is more sensitive than 

traditional silver stains. The study corroborated findings by Ferguson et al. (1997) who per-

formed similar studies using immunostaining for amyloid precursor protein (APP) a marker 

of impaired axonal transport. Although APP indicates axonal damage, not necessarily irre-

versible axon loss, the findings were highly similar with APP+ axons being most abundant in 

acute lesions, followed by chronic active lesions rims. In both regions, their number correlated 

with that of infiltrating macrophages. 

One limitation of these studies was that they were performed on autopsy tissue and thus mostly 

included patients with a long medical history. Axonal loss and APP accumulation in early MS 

were therefore confirmed in a study using material from newly diagnosed patients, who had 

undergone MRI-guided biopsy for differential diagnosis (Bitsch et al., 2000). Several studies 

have since confirmed the correlation between inflammation and axonal injury for all WM 

lesion types at all disease stages (Kuhlmann et al., 2002; Frischer et al., 2009; Schirmer et al., 

2011). Studies have also quantified the extent of axon loss in the WM. The above mentioned 

study by Bitsch et al. (2000) reported an axonal loss of 40 - 60 % within early and late 

demyelinating lesions respectively, yet with a high interindividual variability. A subsequent 

study on autopsy tissue reported an average axon loss of 65 % in chronic demyelinated lesions 

(Lovas et al., 2000). Tract-specific post-mortem studies have reported around 20 % and 40 % 
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of axonal loss in sensory and corticospinal tracts respectively, as well as a 35 % reduction in 

the corpus callosum (DeLuca et al., 2004; Evangelou et al., 2000). 

Transected neurites, axons as well as dendrites, can also be observed in grey matter lesions, 

showing again higher numbers in acute compared to chronic active and chronic lesions 

(Peterson et al., 2001). Similar to WM findings, neurite transection is also increased in 

patients’ NAGM compared to control tissue. Neurite damage and loss in the GM occur from 

the earliest stages of disease, as confirmed in biopsy material (Lucchinetti et al., 2011). 

Interestingly, the degree of meningeal inflammation, including the presence of ectopic B cell 

follicles, which are associated with fast disability progression in PMS, are associated with 

increased microglia activation and neurite damage in underlying cortical lesions and associ-

ated NAGM (Magliozzi et al., 2007; Choi et al., 2012). This suggests that toxic soluble 

mediators from the meningeal space may induce neurite damage either directly, or indirectly 

via activation of microglia. 

Analogous findings have subsequently been made for diffuse axonal damage in normal 

appearing spinal cord white matter. Although there seems to be some correlation between 

axonal degeneration inside WM lesions and the periplaque WM or associated tracts, indicating 

that some diffuse axonal damage may be a symptom of anterograde or retrograde degeneration 

of axons damaged within focal lesions (Bjartmar et al., 2001; Dziedzic et al., 2010), most 

studies examining larger WM tracts have reported none or weak correlation between axonal 

loss and lesion load (Evangelou et al., 2005; Kutzelnigg et al., 2005; DeLuca et al., 2006). 

Instead, diffuse axonal damage in spinal cord WM has been shown to correlate with inflam-

mation in the overlying meninges and with local microglia activation (Androdias et al., 2010; 

Reali et al., 2020). Taken together, this indicates that the site at which an axon is first damaged 

may also lie outside of well-defined lesions. 

1.2.2.2. Paraclinical studies of axonal degeneration in MS 

Magnetic resonance imaging, MRI, is the most common tool to monitor disease activity in 

MS patients. Although overall MRI lesion activity does not predict long-term disease out-

comes (Cree et al., 2016), numerous cross-sectional and longitudinal studies have shown that 

MRI measures of brain and spinal cord atrophy do correlate with disability and can be used 

as prognostic tools (Losseff et al., 1996; Ge et al., 2000; Brownlee et al., 2017; Rocca et al., 

2023). While measurements especially of white matter atrophy have historically been inter-

preted to represent axon loss, hard evidence for this correlation is lacking (Miller et al., 2002; 

Barkhof et al., 2009; Petrova et al., 2018). It is therefore more useful to consider atrophy as a 

global marker for tissue degeneration, rather than an axon-specific one. 

Diffusion MRI techniques in contrast provide higher pathologic specificity, as they can 

measure water molecule mobility along and perpendicular to axons. These techniques can be 

used to detect changes even in the normal appearing white matter of MS patients, are proven 
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to be sensitive to axonal damage and correlate with clinical disability (Rovaris et al., 2005; 

DeBoy et al., 2007; Agosta et al., 2007).  

A strong correlation between axonal degeneration and disability was also suggested by mag-

netic resonance spectroscopy studies looking at the metabolite N-acetyl aspartate (NAA) 

(Stefano et al., 1998). NAA is a derivative of the amino acid aspartate and has been used as a 

neuronal marker due to its high abundance in neurons and their processes and absence in other 

CNS cell types (Simmons et al., 1991). Post-mortem histological studies have confirmed that 

reduced NAA levels correlate with reduced axonal numbers (Bjartmar et al., 2000). However, 

NAA levels also decrease in demyelinated axons, indicating that NAA is a marker for axonal 

damage, but does not necessarily indicate irreversible axon loss. Magnetic resonance spec-

troscopy studies in MS patients have shown that NAA decreases in acute lesions and to a 

lesser extent in the NAWM compared to healthy controls (Davie et al., 1994). The reduction 

was evident from the earliest stages of disease (Filippi et al., 2003). These findings are con-

sistent with the description of axonal damage in histopathological studies. A negative corre-

lation between NAA levels, indicative of axonal health, and disability has been seen in both 

cross-sectional (Lee et al., 2000) and longitudinal studies (Stefano et al., 1998). 

Loss of axons in the retinal nerve fibre layer (RNFL) can be measured with optical coherence 

tomography (OCT), a method relying on infrared light reflection. Studies have found an RNFL 

thinning of 2 µm per year in MS patients even in the absence of optic neuritis, compared to 

only 0.2 µm in healthy controls. This underlines once again the presence of diffuse axonal 

damage in MS. Like other measures of axonal degeneration, RNFL thinning is evident from 

disease onset (Zimmermann et al., 2018). In MS patients with optic neuritis, RNFL layer 

thickness correlates with visual function; in PPMS patients it was found to predict future dis-

ability (Trip et al., 2005; Krämer et al., 2024).  

The best studied blood biomarker for MS disease progression is neurofilament light chain, an 

axonal structural protein that is released upon axonal degeneration. Serum neurofilament 

(NfL) is elevated in CIS, RRMS and PMS patients compared to age-matched controls, 

especially after recent relapses (Barro et al., 2018; Dalla Costa et al., 2019). NfL levels have 

also been found to correlate with current and future disability as well as with atrophy of brain 

and spinal cord (Barro et al., 2018). Two retrospective military personnel studies, one of 

which uncovered the temporal relationship between EBV seroconversion and MS diagnosis, 

reported increased NfL levels already six years before diagnosis, yet always post seroconver-

sion, consistent with early axonal damage in pre-diagnostic MS (Bjornevik et al., 2020; 

Bjornevik et al., 2022). 

Taken together, paraclinical studies corroborate histopathological findings of early and wide-

spread axonal degeneration in MS. They also show a clear, likely causative, association 

between axonal degeneration and disability. This emphasises the need for the development of 

axoprotective therapies for the adequate treatment of MS and prevention of long-term 

disability, as currently approved DMTs fail to halt neuroaxonal degeneration and lose efficacy 

in older patients (Weideman et al., 2017; Woo et al., 2024a). 
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1.2.2.3. Evidence of axonal degeneration in EAE 

A comparative histological study of post-mortem MS and EAE tissue reported a highly similar 

degree and pattern of acute axonal damage in WM lesions (Kornek et al., 2000). As in MS, 

axonal damage in EAE was associated with inflammation and thus more prominent in acute 

compared to chronic active or chronic lesions. Alterations in EAE NAWM have sporadically 

been reported (Howell et al., 2010), but have not been investigated systematically. Focal 

axonal degeneration within white matter lesions is morphologically similar between EAE and 

MS. Yet whereas axonal swellings and axonal transection can be observed as “snapshots” in 

post-mortem MS tissue, longitudinal in vivo imaging in EAE revealed, that axonal degenera-

tion is a stepwise process in which the swelling represents a reversible intermediate stage that 

can fully recover or proceed to fragmentation (Nikić et al., 2011). An EAE model with initial 

relapsing-remitting and later progressive disease course has been used to show that initial 

disability correlates with inflammation while long-term disability is determined by axon loss, 

reflecting our current understanding of MS pathology (Wujek et al., 2002). EAE is thus a 

suitable model to test whether axoprotective intervention at the reversible stage of axonal 

damage is feasible and can limit disability. 

1.2.3. Molecular mechanisms of axonal degeneration in MS 

The above chapter has outlined where and when axons degenerate in MS: most axonal damage 

happens acutely in the inflammatory lesion environment, whereas additional diffuse axonal 

damage in the NAWM may be attributable to low-grade inflammation. The following chapter 

will discuss how an inflammatory milieu and chronic demyelination can result in axonal 

energy crisis, calcium overload and, ultimately, axon disassembly. A special focus will lie on 

data derived from in vivo imaging of acute EAE lesions in the murine spinal cord. Although 

axonal degeneration in MS and EAE morphologically resembles Wallerian degeneration, 

cumulative evidence speaks against the involvement of this programmed axonal degeneration 

pathway (see 1.2.3.3 Axonal fragmentation pathways). The chapter will conclude with an out-

look on axoprotective treatment strategies. 

1.2.3.1. Study of axonal degeneration in EAE with in vivo two-photon microscopy 

In vivo imaging in animal models of disease allows for the longitudinal observation of patho-

logical processes, as well as for genetic and pharmacologic intervention. The EAE model of 

multiple sclerosis can be used to study degenerative processes in neuroinflammatory lesions, 

which replicate key features of MS pathology such as immune cell infiltration, demyelination 

and axonal degeneration. Lesions in spinal cord dorsal white matter tracts are relatively easily 

accessible for imaging through dorsal laminectomy, i.e. the removal of the overlying vertebral 

arch (Nikić et al., 2011). Two-photon microscopy is the method of choice for most in vivo 

 



36 | 1.2 Axonal degeneration 

 

 

Figure 4 – Focal axonal degeneration in experimental autoimmune encephalomyelitis (EAE). 
(a) Projection image of an acute EAE lesion in spinal cord, showing axons (white), activated macro-
phages/microglia (magenta) and T cells (cyan). Representative axons for stage 0 (“normal”), stage 1 
(“swollen”) and stage 2 (“fragmented”) are indicated and replicated in pseudocolour in (b). (c) Quanti-
fication of the frequency (% ± standard error of the mean) of axon stages at different timepoints relative 
to EAE disease onset compared to normal spinal cord (N). (d) Timelapse showing an axon (white) 
transition from stage 1 (“swollen”, yellow arrowhead) to stage 2 (“fragmented”, red and grey arrow-
heads). Time is shown as h:min; macrophages/microglia in magenta, meningeal second harmonic 
scattering in green. (e) Fate tracking of stage 1 axons at peak of disease by daily imaging. (f) Time-
lapse showing an axon recover from stage 1. Time is shown as h:min. Scale bar 10 µm in (a, b, f), 
25 µm in (d). EAE = experimental autoimmune encephalomyelitis. 

Reprinted from Nature Medicine, „A reversible form of axon damage in experimental autoimmune 
encephalomyelitis and multiple sclerosis”, Nikić et al., 2011. Copyright © 2011, with permission from 
Springer Nature, license number 5903661380948. 
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imaging. It relies on fluorophore excitation by the simultaneous absorption of two long wave-

length, low-energy photons instead of single high-energy photon absorption in conventional 

fluorescence microscopy. While this requires specialised, pulsed, high-output lasers to enable 

the simultaneous arrival of photons, it greatly improves imaging depth compared to single-

photon microscopy, since longer wavelengths become less scattered while passing through 

the tissue (Xu et al., 2024). Transgenic mouse lines expressing fluorescent proteins or biosen-

sors in the Thy1 (thymocyte differentiation antigen 1) locus provide sparse neuronal labelling 

and thus enable fate tracking of single axons in the above described setup (Kerschensteiner et 

al., 2005).  

Nikić et al. (2011) have used this combination of methods to characterise the process of focal 

axonal degeneration (FAD) inside neuroinflammatory lesions (Figure 4). Axons in these le-

sions presented with three different morphologies: normal (stage 0), swollen (stage 1) or frag-

mented (stage 2) (Figure 4a-c). The same morphologies are observed in human MS lesions. 

Longitudinal imaging in mice demonstrated that FAD is a sequential process, characterised 

by the development of focal axonal swellings which persist for several hours or days and can 

progress to rapid axon fragmentation with end bulb formation (Figure 4d, e). Importantly, 

some swellings recover spontaneously, allowing the axon to survive long-term (Figure 4e, f). 

Electron microscopy analysis of the lesioned tissue showed that axonal swelling precedes de-

myelination. Swollen yet myelinated axons were also found in human MS tissue. EAE lesion-

spanning axons exhibited dysmorphic mitochondria, even in axons with normal morphology. 

This mitochondrial pathology was strictly limited to the immune infiltrated area. In vivo 

imaging suggested a detrimental role for macrophages/microglia which spend long time in 

close apposition with axons. Scavenging of reactive oxygen and nitrogen species (ROS, RNS), 

which are mainly produced by activated macrophages/microglia, induced increased recovery 

of swollen axons, whereas incubation with hydrogen peroxide (H2O2) exacerbated FAD. 

A related study showed that ROS/RNS-induced an axonal transport deficit that preceded 

mitochondrial pathology and swelling (Sorbara et al., 2014). Taken together this indicates that 

acute, focal axonal degeneration in neuroinflammatory lesions is driven by macrophage- 

derived reactive species and independent of demyelination. The fact that initial damage is still 

reversible opens a window of opportunity for therapeutic intervention.  

A follow-up study by Tai et al. (2023) further examined the role of mitochondria and energy 

metabolism in focal axonal degeneration. The study revealed a significant axonal ATP 

(adenosine triphosphate) deficit that was already present in morphologically normal axons, 

i.e. preceded irreversible damage. The ATP deficit was not due to oxidative damage of mito-

chondria which was only observed in stage 2 axons. Instead, proteomic analysis of axonal 

mitochondria, corroborated by immunostaining, demonstrated a lesion-specific depletion of 

the tricarboxylic acid (TCA) cycle enzymes isocitrate dehydrogenase 3 (Idh3) and malate de-

hydrogenase 2 (Mdh2). Overexpression of either enzyme increased axonal ATP levels but was 

not sufficient to prevent FAD. 

Another crucial in vivo study by Witte et al. (2019) focussed on the role of calcium in FAD, 

as calcium plays a key role in injury-induced axonal degeneration (Yang et al., 2013; Williams 
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et al., 2014). Calcium was found to be elevated above physiological levels in a substantial 

fraction of lesion-spanning axons. This was already observed in some morphologically nor-

mal, stage 0 axons, yet more frequent at stage 1 and 2. Fate tracking of individual axons 

demonstrated, that swollen axons with high calcium were likely to degenerate, whereas those 

with low calcium recovered. Importantly, some of the observed axons spontaneously returned 

from high to low calcium, indicating that calcium rise, much like swelling, may represent a 

reversible, therapeutically targetable process. Extracellular calcium chelation protected axons 

from FAD. Although further studies confirmed the extracellular space as the calcium source, 

none of the probed plasma membrane calcium channels could be associated with the influx. 

Instead, exclusion assays with differently sized fluorescent dyes showed an increased, unspe-

cific permeability of the axonal membrane, indicating the existence of “nanoruptures” of 

approximately 10 nm diameter. The nature of these “nanoruptures” is currently unknown, 

however, the size is consistent with that of oligomeric protein pores which execute regulated 

cell death (Vandenabeele et al., 2023). Likewise, lipid peroxidation induced by reactive spe-

cies can alter axonal membrane permeability (Pedrera et al., 2021; Mauker, Beckmann et al., 

2024). Increased membrane permeability clearly correlated with intra-axonal calcium levels, 

confirming that calcium influx via membrane nanoruptures drives axonal degeneration in 

neuroinflammatory lesions. 

In summary, these studies give insights into the events that initiate, accompany and drive 

axonal degeneration in neuroinflammatory lesions. Many of the identified processes have 

been corroborated by findings in MS (see below) or other neurodegenerative diseases 

(Andreone et al., 2020; Jadiya et al., 2021). Understanding the molecular details of this 

initially reversible degenerative process is important, to identify promising targets and 

develop translatable treatment approaches. 

1.2.3.2. Axonal stressors in MS lesions 

The in vivo studies, summarised above, point to a role for reactive species, mitochondrial 

pathology, axonal transport deficit, membrane permeabilisation and calcium overload in in-

flammatory axonal degeneration. This chapter will briefly outline evidence for the relevance 

of these EAE findings to MS. 

Reactive oxygen and nitrogen species are actively produced within multiple sclerosis lesions, 

as indicated by the upregulation of associated genes (Bagasra et al., 1995; Fischer et al., 2012). 

Oxidative damage to DNA and lipids within lesions is well documented and specifically oxi-

dised phospholipids are believed to exacerbate neurodegeneration (Haider et al., 2011; Dong 

et al., 2021).A causative role for reactive species in axonal degeneration would explain the 

close correlation between the degree of immune infiltration and axonal damage in different 

MS lesion subtypes (Frischer et al., 2009). This association can also be extended to smoulder-

ing lesions with their iron rims, as iron can further amplify oxidative stress and these lesions 

are associated with increased axonal damage (Lassmann et al., 2012; Maggi et al., 2021). 
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Figure 5 – Proposed cascade leading to neuroaxonal dysfunction and degeneration in MS. 
The scheme illustrates a sequential yet interrelated process of how an inflammatory milieu and chronic 
demyelination may result in axonal energy crisis, calcium overload and eventually axon disassembly. 
Please note that this cascade represents the state of knowledge of 2014 and does not distinguish 
between neuronal (somatic) and axonal degeneration. 

Reprinted from Nature Reviews Neurology, „Mechanisms of neurodegeneration and axonal dysfunc-
tion in multiple sclerosis”, Friese et al., 2014. Copyright © 2014, with permission from Springer Nature, 
license number 5903681032924. 

Multiple pathways in MS converge on mitochondrial pathology and energy deficiency 

(Figure 5). Mitochondrial DNA, due to its lack of protective histones, is particularly vulner-

able to oxidative stress and mitochondrial deletions are frequently observed in MS (Campbell 

et al., 2011). Mitochondrial function is further impaired by the reduced expression of key 

components of the respiratory chain, which may be due to dysregulation of the so-called 

“master regulator of energy metabolism” PGC-1α (peroxisome proliferator-activated receptor 

γ coactivator 1α) (Mahad et al., 2008; Mahad et al., 2009; Witte et al., 2013). What is more, 

calcium overload (see below), when spreading to mitochondria, can reduce ATP-production 

and increase ROS production (Brookes et al., 2004; Pandya et al., 2013). The mechanisms 

impairing mitochondrial function are on the other side opposed by an increased energy de-

mand in demyelinated axons which have lost their metabolic support and redistribute sodium 

channel to re-establish less energy-efficient, non-saltatory conduction (Craner et al., 2004). 

This condition of mismatched energy supply and demand is also referred to as virtual hypoxia 

and may explain, why indeed, lesions in SPMS patients mostly form in the less perfused, 

watershed areas between major vessels (Holland et al., 2012). 

Of note, impairment of axonal transport, which is also apparent in MS lesions (Ferguson et 

al., 1997; Bitsch et al., 2000), may be both a symptom of and contributor to energy deficiency. 

It is dependent on ATP but also responsible for meeting energy requirements by distribution 

of mitochondria. Axonal transport may be further impaired by reactive species, TNFα and 

calcium overload, all of which are present within lesions and have been associated with 

microtubule destabilisation or detachment of cargo from motor proteins (van den Berg et al., 

2017; Kneussel and Friese, 2021).  

Unspecific membrane permeabilisation through “nanoruptures”, as suggested as a driver of 

focal axonal degeneration in EAE lesions, has not been described in MS. However, possible 

explanations for these “nanoruptures” are compatible with current knowledge of MS pathol-

ogy. If the nanoruptures are indeed a result of lipid peroxidation, this would provide a direct 

https://doi.org/10.1038/nrneurol.2014.37
https://doi.org/10.1038/nrneurol.2014.37
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link between reactive species and axonal degeneration. Lipid peroxidation is also a central 

element of ferroptosis, an iron- and oxidation-dependent form of regulated cell death (RCD) 

and the presence of both oxidised lipids and iron in MS lesions (van San et al., 2023), as well 

as downregulation of antioxidant genes (Hu et al., 2019), has sparked interest in its contribu-

tion to MS pathology. However to date, evidence for ferroptosis involvement in MS is mostly 

circumstantial and mechanistic studies in EAE have not specifically assessed axonal permea-

bilisation or degeneration (Rothammer et al., 2022; Luoqian et al., 2022; van San et al., 2023; 

Woo et al., 2024b). Other RCD pathways that terminate in membrane permeabilisation are 

necroptosis and pyroptosis. While there are reports of necroptosis in MS (Ofengeim et al., 

2015; Picon et al., 2021) and inflammasome assembly, a pre-requisite for pyroptosis, was 

observed in lesions (Barclay and Shinohara, 2017), none of these or other RCDs have been 

studied in axons. 

In contrast, calcium overload and ionic imbalance at large are considered important contribu-

tors to neuroaxonal degeneration in MS (Figure 5). Yet unlike reported by Witte et al. (2019), 

the hitherto proposed mechanisms of calcium overload in MS depend on dedicated calcium 

channels and pumps. Glutamate excitotoxicity and reverse action of the Na+/Ca2+ exchanger 

due to sodium overload are considered the main drivers of excessive calcium influx in MS 

(Craner et al., 2004; Friese et al., 2014). Sodium overload in turn results from demyelination, 

sodium channel redistribution and a disbalance between energy supply and demand at the 

Na+/K+ ATPase (Waxman, 2006). Multiple other ion channels permeable to Na+, K+ or Ca2+ 

have been implicated in MS and EAE pathology (Friese et al., 2014), yet the overall failure 

of specific channel blockers in clinical trials for progressive MS has discouraged the view of 

MS as an acquired channelopathy (Kapoor et al., 2010; Chataway et al., 2020). Regarding 

glutamate excitotoxicity, which was experimentally excluded to contribute to FAD in EAE, 

different mechanisms may exist between calcium overload of axons and somata (Witte et al., 

2019). 

1.2.3.3. Axonal fragmentation pathways 

Several stressors to axonal function and integrity have been described above for both EAE 

and MS. However, the question remains, how these culminate in axon fragmentation and loss. 

In EAE, intra-axonal calcium has been identified as the key driver tipping the scale from re-

versible damage to irreversible axon fragmentation. Similarly, the different stressors in the 

MS lesion environment and maladaptive compensation strategies have been suggested to cul-

minate in neuroaxonal calcium overload and subsequent demise (Friese et al., 2014). 

The sequential process of axonal swelling, followed by axon disassembly after a latent phase 

seen in FAD is reminiscent of Wallerian degeneration, a stereotypic process originally 

described after axonal transection (Waller, 1851). Wallerian degeneration leads to axonal frag-

mentation distal to the damage site while the proximal axon and the soma stay intact. Molec-

ular studies have shown that much like programmed cell death, Wallerian degeneration is an 

active, genetically encoded self-destruction process. It is initiated when NAD (nicotinamide 
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adenine dinucleotide) levels in the distal axon drop following a loss of supply of the NAD 

synthesising enzyme NMAT2 (nicotinamide mononucleotide adenylyltransferase 2) from the 

soma post transection. A subsequent activation of the NADase Sarm1 (sterile-α and Toll/in-

terleukin 1 receptor motif containing protein 1) further accelerates NAD depletion (Coleman 

and Höke, 2020). A Wallerian-like degeneration mechanism can also be triggered inde-

pendently of axonal transection for example, when an axonal transport deficit causes insuffi-

cient NMAT2 supply (Coleman and Höke, 2020). Wallerian degeneration post damage can 

be slowed – or in some Wallerian-like axonopathies even completely prevented – by axonal 

overexpression of NMAT (Wallerian degeneration slow (Wlds) mouse mutant) or by knock-

out of Sarm1 (Gilley et al., 2017). Small molecule Sarm1 inhibitors are currently undergoing 

preclinical testing for different axonopathies and have been advertised for the treatment of MS 

(Hughes et al., 2021; Bratkowski et al., 2022). The events downstream of Sarm1 are incom-

pletely understood but seem to involve calcium mobilisation and calpain activation (Ko et al., 

2021; Li et al., 2022; Ma et al., 2013; Yang et al., 2013). 

Despite the obvious parallels, a role for Wallerian degeneration in MS is questionable. Axonal 

transection clearly occurs (Trapp et al., 1998) and is followed by fragmentation of the distal 

stump, contributing to diffuse axonal loss in the NAWM (Dziedzic et al., 2010). The degen-

eration process morphologically resembles Wallerian degeneration and entails an axonal 

transport deficit (Ferguson et al., 1997; Nikić et al., 2011; Sorbara et al., 2014). However, 

EAE induction in Wlds and Sarm1 knockout (KO) mice have yielded conflicting results, over-

all with more negative (Singh et al., 2017; Wesolowski, 2018; Viar et al., 2020; Liu et al., 

2023b) than positive (Kaneko et al., 2006) reports. Other studies show immune-mediated ra-

ther than primary axoprotective effects (Chitnis et al., 2007; Zhang et al., 2023). In summary, 

axonal degeneration in MS is likely not regulated by the NMAT2-NAD-Sarm1-axis, meaning 

that Sarm1 inhibitors are unlikely to prevent axonal transection and loss in MS.  

In summary, this suggests that axonal fragmentation in MS and EAE is driven by a calcium-

dependent, Sarm1-independent process. Two mechanisms downstream of calcium overload 

have been suggested to mediate axonal degeneration: opening of the mitochondrial permea-

bility transition pore (mPTP) (Barrientos et al., 2011; Villegas et al., 2014) and calpain over-

activation (Ma et al., 2013; Yang et al., 2013; Williams et al., 2014). These will be briefly 

revisited at the end of chapter 1.3 Calcium in physiology and pathology. 

1.2.3.4. Axoprotective therapeutic approaches 

As outlined above, Sarm1 inhibitors will likely not halt axonal degeneration in MS. However, 

the factors leading to degeneration are increasingly well understood and several promising 

therapeutic targets can be inferred. This includes oxidative damage which impairs axonal 

functions and may lead to cell death by ferroptosis. Indeed, two antioxidants, N-acetyl cyste-

ine and lipoic acid are currently undergoing clinical trials for the treatment of progressive MS. 

For lipoic acid, phase 2 has already been completed and reported a 68 % reduction in brain 
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atrophy compared to placebo (Spain et al., 2017). Mitochondrial energy supply may be an-

other target for axoprotective intervention in MS. However, three drugs, high-dose biotin, 

idebenone and fluoxetine, which were proposed to have positive effects on mitochondria, 

failed in recent PMS clinical trials (Cree et al., 2020; Kosa et al., 2020; Chataway et al., 2020). 

Another drug with proposed mitochondrial mechanism of action, nicotinamide riboside, has 

entered phase 2. Of note, experiments by Tai et al. (2023) also failed to prevent axonal degen-

eration despite partially restored ATP levels. In contrast, a study of PGC-1α overexpression 

in EAE did report increased axonal preservation (Rosenkranz et al., 2021). Acute axonal de-

generation in EAE seems to be independent of demyelination. Nevertheless, remyelinating 

drugs may have beneficial effects on long-term axonal energy homeostasis and axonal func-

tion at large by re-establishing saltatory conduction and oligodendrocytic support. 

As calcium was found to be the key checkpoint of axonal degeneration in EAE, the aim of 

this thesis was to explore the suitability of calcium modulation as a therapeutic target (see also 

chapter 1.4 Aims of this thesis). This comes with unique challenges as calcium also has nu-

merous physiological functions, making it necessary to target “surplus” calcium specifically. 

1.3. Calcium in physiology and pathology 

Inorganic ions are essential for cell biology: Na+, K+ and Cl- establish the membrane potential 

while Mg2+, Zn2+, Cu2+ and more catalyse chemical reactions as cofactors for enzymes. The 

function of calcium, Ca2+, which acts as a messenger, is unique among inorganic ions. The 

ability to decode calcium signals, demands the existence of proteins that undergo conforma-

tional change upon Ca2+ binding as well as the maintenance of low intracellular free Ca2+ 

concentration at baseline (Schwaller, 2012). Most intracellular calcium is therefore complexed 

by protein. Evolutionarily, this system may have evolved due to calcium’s advantageous 

coordination chemistry and the necessity to prevent precipitation of poorly soluble calcium 

phosphates (Carafoli and Krebs, 2016). The set point of intracellular Ca2+ concentrations 

around 50 - 100 nM leads to a 10 000-fold calcium gradient across the plasma membrane 

(Schwaller, 2012). While the membrane prevents passive diffusion, the regulated opening of 

plasma membrane calcium channels forces calcium into the cell, along its gradient. On the 

flipside, this setup also entails that a loss of membrane barrier function e.g. due to mechanical 

injury will inundate the cell with calcium. This leads to the persistent activation of calcium-

dependent proteases and phospholipases and thus eventually to cell death (Carafoli and Krebs, 

2016). Membrane repair mechanisms, that are triggered by an increase in Ca2+, exist and may 

under some circumstances halt the calcium influx and enable a return to homeostatic levels 

(Zhen et al., 2021). 

The following chapters will provide further detail about physiological calcium signalling, 

homeostatic mechanisms that prevent calcium overload and the deleterious consequences of 

the latter. 
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1.3.1. Calcium signalling 

The calcium signalling toolkit consists of a set of receptors, second messengers and channels, 

which produce the signal, calcium-binding proteins, that further shape the signal, calcium sen-

sors that translate it into downstream effects and calcium transporters and pumps that remove 

calcium from the cytosol to terminate signalling. 

Calcium can enter the cell either through the plasma membrane via voltage- or ligand-gated 

channels or be released into the cytosol from the endoplasmic and sarcoplasmic reticulum 

(ER, SR) (Figure 6, “On” reactions). Voltage-gated calcium channels are expressed in excit-

able cells and couple excitation to neurotransmitter release or to muscle contraction (Catterall, 

2011). Ligand-gated ion channels, also called ionotropic receptors, are either anion- (Cl-) or 

cation- (Na+, K+, Ca2+) selective. Cation-selective receptors include the ionotropic glutamate 

receptors NMDAR and AMPAR, the nicotinic acetylcholine receptor and the serotonin recep-

tor 5-HT3. Their primary function is to induce depolarisation (Rao et al., 2022). The extent to 

which they also activate calcium-sensitive processes depends on their respective calcium-per-

meability. While NMDAR is predominantly a calcium channel and largely responsible for 

strengthening synaptic connections in the calcium-mediated process of long-term potentiation, 

most AMPAR subtypes are impermeable to calcium (Lüscher and Malenka, 2012; Dong et 

al., 2009). Thus, on the flipside, NMDAR is also the main channel responsible for glutamate 

excitotoxicity. Other cation-selective ligand-gated channels with calcium permeability are 

transient receptor potential (TRP) channels and acid-sensing ion channels (ASIC), which are 

involved in different sensory processes (Moran, 2018; Wemmie et al., 2013). 

Calcium signalling can also be initiated by calcium release from the ER or SR via the 

ryanodine receptor (RyR) or inositol-1,4,5-trisphosphate (IP3) receptor (IP3R). In non-muscle 

cells, the RyR can be activated by calcium (calcium-induced calcium release) or cADPR (cy-

clic adenosine diphosphate ribose) (Brini et al., 2014). The IP3R is activated by IP3, a second 

messenger generated through hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) in 

the plasma membrane by phospholipase C (PLC). PLC activation in turn is a common down-

stream signal of various membrane receptors, including metabotropic glutamate receptors, 

several growth factor receptors, Toll-like receptors and T cell receptors, to name just a few 

(Reiner and Levitz, 2018; Bill and Vines, 2020). While the extracellular calcium reservoir for 

signalling is virtually endless due to the 10.000-fold gradient, the ER/SR can become calcium 

depleted which induces refilling from the extracellular space by so-called store-operated cal-

cium entry (SOCE) (Courjaret et al., 2024). 

Once entering the cytosol, Ca2+ cannot freely diffuse due to the abundance of calcium-binding 

species. Particularly high Ca2+ concentrations are thus only present in direct proximity to the 

channel (Naraghi and Neher, 1997). Dedicated calcium-binding proteins (CaBPs) can shape 

the calcium signal due to their reversible binding kinetics that favour binding when and where 

calcium is high and favour calcium release once calcium levels decrease, either after time (due 

to calcium pumps removing Ca2+ from the cytosol, see below) or after diffusion of the CaBPs 

away from the release site. Fast-acting CaBPs thus lower the calcium amplitude but stretch 
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Figure 6 – Calcium signalling. 
Simplified depiction of the calcium signalling toolkit, divided 
into “On” reactions (left) and “Off” reactions (right). Signalling 
is switched “On” by calcium entry via the plasma membrane 
or release from ER/SR signalled by a second messenger. 
Calcium-binding proteins – cytosolic calcium buffers – bind 
calcium, as do the effectors that translate the calcium signal 
into action. This happens on a timescale from microseconds 
(exocytosis) to minutes and hours (transcription, prolifera-
tion). “Off” reactions involve subcellular storage into the 
ER/SR and mitochondria as well as extrusion via the plasma 
membrane. Calcium buffers become calcium unbound at 
rest. ER = endoplasmic reticulum, SR = sarcoplasmic retic-
ulum, Ins(1,4,5)P3R = inositol-1,4,5-trisphosphate receptor 
(also IP3R in the main text), NCX = sodium calcium ex-
changer (mitochondrial exchanger is referred to as NCLX in 
the main text), SERCA = sarco-/endoplasmic reticulum cal-
cium ATPase, PMCA = plasma membrane calcium ATPase. 

Reprinted from Nature Reviews Molecular Cell Biology, 
„Calcium signalling dynamics, homeostasis and remodel-
ling”, Berridge et al., 2003. Copyright © 2003, with permis-
sion from Springer Nature, license number 5905600126556. 

the signal in time and space. Slow-acting CaBPs miss the amplitude but increase the initial 

decay rate. This has differential effects on facilitation of subsequent calcium pulses (Sala and 

Hernández-Cruz, 1990; Schwaller, 2010). 

In contrast to “pure” calcium-binding proteins, calcium sensors undergo a conformational 

change that activates their function. Some calcium sensors have very narrow functions, such 

as synaptotagmin for exocytosis, while others act more broadly (Brini et al., 2013). This is 

particularly true for calmodulin, which upon calcium-binding can activate numerous down-

stream targets that cannot bind calcium directly. Both calcium and calmodulin act as allosteric 

modulators. Calmodulin’s targets include several kinases (most of them called calmodulin-

dependent kinases (CaMK)) as well as the phosphatase calcineurin (Brini et al., 2013). The 

protein kinase C (PKC) in contrast is activated directly by Ca2+. It goes without saying, that 

these kinases and phosphatase in turn have numerous downstream effects. Calcium signalling 

can affect mechanisms as central as transcription (e.g. via CaMK-mediated activation of the 

transcription factor CREB (cAMP response element-binding protein)) and energy metabolism 

(via calcium-regulated TCA cycle enzymes) (Hardingham et al., 2001; Denton, 2009) 

(Figure 6, Effector functions). Calcium also activates the protease family of calpains. The 

ubiquitously expressed calpains 1 and 2 are also called µ-calpain and m-calpain, in reference 

to their in vitro calcium affinities. These names are somewhat misleading, as both calpains 

have physiological functions, and must thus be activatable at physiologically reachable 

calcium levels. Indeed, membrane localisation has been suggested to significantly lower 

m-calpain’s calcium requirement (Leloup et al., 2010). Calpains do not degrade but rather 

modulate their targets, which include cytoskeletal proteins, the plasma membrane calcium 

pump and protein kinase C (Carafoli et al., 2001). Excessive calpain activation due to pro-

longed calcium overload has been implicated in the pathology of neurodegenerative diseases 

(Metwally et al., 2021).  

https://doi.org/10.1038/nrm1155
https://doi.org/10.1038/nrm1155
https://doi.org/10.1038/nrm1155
https://doi.org/10.1038/nrm1155
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A constant removal of calcium from the cytosol is necessary to terminate the individual 

calcium spikes and prevent long-term calcium overload. This task is performed by calcium 

exchangers and pumps in the plasma membrane (sodium calcium exchanger, NCX, and 

plasma membrane Ca2+ ATPase, PMCA), in the ER/SR membrane (sarco-/endoplasmic retic-

ulum Ca2+ ATPase, SERCA) and in the mitochondrial membrane (mitochondrial calcium uni-

porter, MCU) (Berridge et al., 2003) (Figure 6, “Off” reactions). 

1.3.2. Cellular calcium homeostasis 

While the above chapter has looked at calcium handling from a signalling standpoint, many 

of the same mechanisms are also involved in preventing calcium overload, which would cause 

uncontrolled activation of calcium-dependent mechanisms, followed by cellular dysfunction 

or cell death and is a common observation in several neurodegenerative diseases (Jadiya et 

al., 2021). The three main routes to clear cytosolic calcium are (1) buffering by calcium-bind-

ing proteins, (2) subcellular storage in ER and mitochondria and (3) extrusion via the plasma 

membrane. These mechanisms will be discussed below with an emphasis on the neuro- and 

axoprotective potential of their therapeutic enhancement. 

1.3.2.1. Calcium buffering by calcium-binding proteins 

Technically speaking, all macromolecules that bind calcium, including calcium-sensing pro-

teins, effectively act as buffers and lower the amount of free Ca2+. In practice however the 

term “cytosolic calcium buffer” is only applied to a small group of calcium-binding proteins 

whose primary function is to reversibly bind calcium. These cytosolic calcium buffers are 

parvalbumin α (PV) and β (oncomodulin), calbindin-D9K, calbindin-D28k (CB) and 

calretinin (CR) (Schwaller, 2010). Each of these proteins comprises two to six calcium- 

binding sites called EF hand domains. Importantly, the calcium dissociation constants of these 

buffers range from approximately 200 nM to 1.5 mM and thus lie above the baseline intracel-

lular calcium concentrations of 50 - 100 nM. This means that at rest, most CaBPs are in an 

unbound state and available to bind calcium upon influx (Schwaller, 2010). PV, CB and CR 

are expressed in neurons, yet different neuronal populations express different calcium-binding 

proteins, and KO studies suggest that they are not functionally redundant. This is best studied 

in cerebellum, where Purkinje cells express both PV and CB, granule cells express CR and 

stellate and basket cell express PV only (Schwaller et al., 2002). Each single CaBP KO has a 

cerebellar phenotype with no compensatory upregulation of the other CaBPs observed 

(Airaksinen et al., 1997; Schiffmann et al., 1999; Schwaller et al., 2004). The buffering effect 

of CaBPs is furthermore concentration-dependent (Schwaller et al., 2002; Airaksinen et al., 

1997; Hack et al., 2000) and expression levels – depending on the specific protein and cell 

type – often reach levels as high as 30 - 150 µM (Schwaller, 2010). 
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Due to their potential to act as transitory calcium sinks, the question has been raised whether 

CaBPs can confer protection against calcium overload and neurodegeneration. Numerous de-

scriptive studies have shown relative sparing of CaBP expressing neuronal populations in 

distinct neurodegenerative diseases, yet without providing evidence for causation. Indeed, 

studies on ischemia and excitotoxicity in the hippocampus have demonstrated that there is no 

clear correlation between endogenous CaBP expression patterns and vulnerability to neuronal 

cell death (Freund et al., 1990; Freund et al., 1992). What is more, CB knockout reduces 

neuronal cell death in a model of excitotoxicity, but exacerbates neuronal loss in an AD model, 

indicating that calcium regulation by CaBPs is more complex than simple removal of free 

calcium (Klapstein et al., 1998; Kook et al., 2014). 

While there seems to be no infallible neuroprotective effect of endogenous CaBPs, studies of 

CaBP overexpression suggest that increased CaBP levels can increase neuronal resilience at 

least in some settings. Two very similar comparative studies suggest, that overexpression of 

CB or CR but not PV can protect against excitotoxicity in vitro (D’Orlando et al., 2001; 

D'Orlando et al., 2002). A protective effect of PV overexpression on excitotoxicity has been 

examined in two further studies, one confirming, one challenging these findings (Hartley et 

al., 1996; van den Bosch et al., 2002). Only one further study on CR overexpression could be 

found, which showed no effect of CR overexpression in ionophore-induced calcium overload 

(Kuźnicki et al., 1996). CB overexpression has been studied more broadly and several studies 

have reported protective effects. This includes in vitro studies modelling excitotoxicity 

(Monje et al., 2001; D’Orlando et al., 2001; D'Orlando et al., 2002), Alzheimer’s (Guo et al., 

1998), Parkinson’s (Sun et al., 2011; Jung et al., 2019) and amyotrophic lateral sclerosis 

(Ho et al., 1996; Roy et al., 1998) and notably also some in vivo studies in models of exci-

totoxicity (Phillips et al., 1999), Parkinson’s (Inoue et al., 2019) and ischemia (Yenari et al., 

2001; Fan et al., 2007). A study of long-term CB overexpression however found no neuropro-

tective effect in ischemic stroke (Freimann et al., 2010) and other negative studies may have 

remained unreported. In summary, neuroprotective effects of CaBPs seem to be context- 

dependent and will have to be explored for each disease setting individually. 

1.3.2.2. Calcium uptake into the ER 

A second way that cells employ to lower cytosolic calcium levels is subcellular storage in the 

ER and in mitochondria. Uptake into the ER is mediated by the sarco-/endoplasmic reticulum 

Ca2+ ATPase (SERCA). As the calcium concentration of the ER is maintained between 

200 and 800 µM (Case et al., 2007), calcium has to be transported into the ER actively, against 

its concentration gradient. Large parts of ER calcium are bound to the ER-specific CaBP 

calreticulin, which increases the ER’s calcium storage capacity (Nakamura et al., 2001). 

SERCA activity is mostly regulated by cytosolic calcium levels. Due to its high calcium af-

finity, it becomes activated already by modest cytosolic elevations in Ca2+, thus contributing 

to restoration of baseline calcium levels (Berridge et al., 2003). At the same time, this mech-

anism serves to replenish ER calcium stores, which can become depleted by ER calcium re-

lease during signalling. SERCA dysfunction has been implicated in calcium dyshomeostasis 
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and ER stress, which can be alleviated by pharmacologic activation of SERCA (Kang et al., 

2016). Similarly, SERCA overexpression in models of ischemia-reperfusion injury was found 

to reduce cytosolic and mitochondrial calcium overload, thereby overall reducing damage 

(Li et al., 2020; Tan et al., 2020).  

1.3.2.3. Calcium uptake into mitochondria 

Uptake of calcium into mitochondria is mediated by the mitochondrial calcium uniporter, 

MCU (Baughman et al., 2011). At baseline, mitochondrial calcium levels are similar to those 

in the cytosol, at approximately 100 nM (Szabadkai and Duchen, 2008). However, mitochon-

dria take up calcium to levels of up to 500 nM to increase metabolism upon cytosolic calcium 

increase. Mitochondria also act as first responders in cases of pathological calcium overload 

and can temporarily store large amounts of calcium in the form of hydroxyapatite crystals 

(Zündorf and Reiser, 2011). Massive mitochondrial calcium uptake however impairs metab-

olism and can lead to opening of the mitochondrial permeability transition pore (mPTP) and 

cell death if calcium homeostasis is not swiftly restored (Pandya et al., 2013; Bernardi et al., 

2023).  

The outer mitochondrial membrane (OMM) is highly permeable to calcium and other ions via 

the voltage-dependent anion channels (VDACs). Mitochondrial matrix calcium levels are con-

trolled at the inner mitochondrial membrane (IMM) with MCU and NCLX (mitochondrial 

sodium calcium exchanger) being the main routes of calcium uptake and release respectively 

(Rossi et al., 2019). MCU’s calcium affinity of approximately 20 µM is very low. It is there-

fore only able to take up calcium at so-called mitochondria-ER contact sites (MERCs), which 

are established by the physical tethering of the ER calcium release channel IP3R to mitochon-

drial VDAC1 via the cytosolic chaperone Grp75 (glucose-related protein 75) (Szabadkai et 

al., 2006). Calcium flux from the ER into the mitochondrial inter-membrane space via this 

structure creates calcium microdomains, which enable MCU-mediated calcium uptake into 

the mitochondrial matrix (Csordás et al., 1999). The action of MCU is not ATP-dependent. 

Instead, the mitochondrial membrane potential drives the uptake of cations into the matrix. 

Inside mitochondria, calcium promotes ATP production by increasing the activity of three key 

TCA cycle enzymes, pyruvate dehydrogenase phosphatase, isocitrate dehydrogenase and ox-

oglutarate dehydrogenase (Denton, 2009). Particularly in neurons, the calcium link between 

neuronal activity (i.e. energy expenditure) and energy production is an important adaptive 

mechanism. This is further emphasised by the brain-specific expression of the MICU3 subunit 

of MCU, which enhances MCU-mediated calcium uptake (Patron et al., 2019). 

As mentioned above, mitochondria can act as calcium sinks in conditions of cytosolic calcium 

overload. However, mitochondrial calcium overload itself can also be detrimental to cells, as 

it leads to an impaired ATP production and increased ROS production (Brookes et al., 2004; 

Pandya et al., 2013). Calcium and ROS can furthermore activate the mitochondrial permea-

bility transition pore (mPTP), a complex spanning both IMM and OMM, whose opening 

dissipates the mitochondrial membrane potential and therefore leads to an efflux of calcium 
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along its concentration gradient (Bernardi et al., 2023). While transient mPTP opening can 

occur as part of physiological homeostatic processes, prolonged opening causes mitochondrial 

swelling and necrotic cell death. 

Subcellular calcium uptake into mitochondria under conditions of cytosolic calcium overload 

is thus a double-edged sword. It is therefore questionable whether an intervention that would 

increase mitochondrial calcium uptake would be beneficial for axonal survival, due to calcium 

relief in the cytosol or detrimental due to mitochondrial impairment and induction of necrosis. 

A recent comparative study in drosophila showed, that MCU deletion or NCLX overexpres-

sion rescued neurodegenerative phenotypes in models of Alzheimer’s, Parkinson’s, Hunting-

ton’s and frontotemporal dementia (Twyning et al., 2024), indicating that in these diseases (or 

at least their drosophila models) mitochondrial rather than cytosolic calcium overload causes 

degeneration. In contrast, unpublished data from the group of Philip Williams suggests, that 

MCU overexpression may be beneficial for retinal ganglion cell survival after optic nerve 

crush injury (presented at Neuroscience 2024). Studies in EAE have shown a beneficial effect 

of mPTP inhibition (Forte et al., 2007; Warne et al., 2016), yet, in vivo imaging of focal axonal 

degeneration indicates, that mitochondrial calcium overload only happens after irreversible 

axonal transection (Tai et al., 2023). Cytosolic calcium overload in contrast is an early event, 

that precedes and determines degeneration (Witte et al., 2019). Indeed, MCU deficiency in 

EAE exacerbates axonal degeneration (Holman et al., 2020), indicating that mitochondrial 

calcium uptake has a protective function. Whether this extends to manipulations of increased 

mitochondrial calcium uptake would have to be determined experimentally. On a different 

take, increased mitochondrial activity in consequence of PGC-1α overexpression has been 

suggested to improve mitochondrial calcium buffering capacity (Rosenkranz et al., 2021). 

1.3.2.4. Calcium extrusion via the plasma membrane 

Returning calcium to the extracellular space is the task of the calcium transporters PMCA and 

NCX. It is the most long-term solution to counter intracellular calcium accumulation, yet 

energy-intensive and easily saturated. 

The plasma membrane calcium ATPase (PMCA) actively extrudes calcium across the plasma 

membrane. Similarly to the SERCA pump, it has a high calcium affinity, i.e. is active at 

modest calcium elevation (Berridge et al., 2003). Its quantitative contribution to calcium clear-

ance is low compared to the more abundant transporters SERCA and NCX and it has been 

suggested that PMCA is not a global calcium regulator but instead modulates sub-membrane 

domain calcium signalling (Brini et al., 2017).  

The sodium calcium exchanger NCX in contrast has a lower calcium affinity but high 

transport capacity (Berridge et al., 2003). It uses the sodium gradient generated by the Na+/K+ 

ATPase to exchange one Ca2+ ion for three Na+ ions (Lytton, 2007). This transport is fully 

reversible, meaning that under conditions of sodium overload, as suggested in demyelination 

(Craner et al., 2004), the NCX can function in reverse-mode, exporting sodium and importing 
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calcium. Consequently, whether the NCX should be blocked or activated to counteract cal-

cium overload is context-dependent. Interestingly, pharmacological inhibition of NCX with 

bepridil during two-photon imaging of neuroinflammatory lesions in EAE significantly 

favoured axonal fragmentation over recovery, indicating that in this context, NCX action is 

protective, likely due to forward-mode calcium extrusion (Witte et al., 2019). Neurounina-1 

is a pharmacologic activator of NCX and has been shown to be neuroprotective in animal 

models of stroke and amyotrophic lateral sclerosis (Cerullo et al., 2018; Anzilotti et al., 2021). 

It has not yet been tested in EAE.  

1.3.3. Role of calcium in cell death and axonal degeneration 

Calcium is a ubiquitous messenger and one of the many signals it provides is the signal for 

cell death. Depending on the circumstances, calcium can act as a death switch in regulated 

cell death pathways or induce uncontrolled necrosis. The same is true for axonal degeneration, 

where calcium is an executioner in programmed Wallerian degeneration, but may also activate 

axonal degeneration independently of the NAD-depletion machinery in a yet unnamed de-

struction pathway characterised by calpain overactivation.  

1.3.3.1. Role of calcium in cell death 

The versatility of the calcium signal, even in cellular demise, is well exemplified by the 

finding that NMDA-induced excitotoxicity can lead to either apoptotic or necrotic cell death 

morphology, depending on the dosage (Bonfoco et al., 1995).  

The direct link between calcium overload and necrosis is well characterised and has been 

termed mitochondrial permeability transition (MPT)-driven necrosis by the Nomenclature 

Committee on Cell Death (Galluzzi et al., 2018). As described above, mitochondrial calcium 

and ROS overload can induce the opening of the mitochondrial permeability transition pore 

(mPTP) which dissipates the mitochondrial membrane potential. The precise mechanism of 

mPTP opening is unclear, but is known to require cyclophilin D (Galluzzi et al., 2018). Pro-

longed mPTP opening invariably leads to ATP depletion and necrosis. It has been debated 

whether mPTP opening can also release cytochrome c, mediator of intrinsic apoptosis, from 

the inter-membrane space into the cytosol and thus trigger apoptosis instead of necrosis under 

conditions of sustained energy levels (Bernardi et al., 2023). Indeed, the connection between 

calcium and apoptosis is complex, as they interact on different levels which can further be 

described by (1) regulation of apoptosis initiators and effectors by calcium-regulated enzymes 

like calcineurin and calpain (Wang et al., 1999; Liu et al., 2023a), (2) mobilisation of ER 

calcium by pro-apoptotic proteins BAK and BAX, a mechanism that seems to be essential for 

apoptosis induction by at least some apoptotic stimuli (Scorrano et al., 2003), and (3) indirect 

predisposition to apoptosis by overall cellular dyshomeostasis in calcium overload (Dhaouadi 

et al., 2023). Calcium influx is also a late event in RCDs that execute cell death via plasma 
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membrane rupture, i.e. necroptosis, pyroptosis and ferroptosis (Gong et al., 2017; Chen et al., 

2016; Pedrera et al., 2021). 

1.3.3.2. Role of calcium in axonal degeneration 

The neuronal soma and its projections represent distinct degenerative compartments. Interest-

ingly, calcium seems to be involved in all of these individual degenerative processes and even 

marks individual synapses for removal (Jafari et al., 2021).The role of calcium in axonal de-

generation is best defined following axonal transection, where the initial breach of the axonal 

membrane leads to a rise of calcium concentration into the millimolar range (Rishal and 

Fainzilber, 2014). This generates a calcium wave that is propagated to the soma to signal 

injury. At the injury site calcium elevation and calpain activation promote resealing (Howard 

et al., 1999). Yet the prolonged time of resealing and restoration of calcium homeostasis in 

CNS compared to the peripheral nervous system, has been suggested to contribute to regen-

eration failure of the proximal stump (Ahmed et al., 2001). The distal stump will fragment 

after a lag time, in a process called Wallerian degeneration which is signalled by NAD- 

metabolising enzymes (Coleman and Höke, 2020). Interestingly, a second phase of calcium 

influx is observed, directly preceding fragmentation (Vargas et al., 2015). However, no 

consensus has yet been reached on how this influx is regulated and whether it is causative for 

fragmentation. Sarm1-mediated breakdown of NAD generates cADPR and ADPR, NAD 

metabolites which are known to open RyR channels in the ER and TRPM2 channels in the 

plasma membrane respectively, both leading to calcium influx into the cytosol (Gerdts et al., 

2015; Nikiforov et al., 2015; Li et al., 2022). Other studies point to an extracellular source of 

calcium (Loreto et al., 2015) and involvement of voltage-gated calcium channels and NCX 

(George et al., 1995). Reports further differ in whether calcium chelation can delay fragmen-

tation (Vargas et al., 2015) or not (Ko et al., 2021) and whether mPTP opening is required 

(Barrientos et al., 2011; Villegas et al., 2014) or not (Loreto et al., 2015; Ko et al., 2021). 

A large body of evidence however implicates the calcium-dependent protease calpain in sub-

sequent axonal cytoskeleton disassembly (George et al., 1995; Ma et al., 2013; Yang et al., 

2013).  

As discussed in chapter 1.2.3.3 Axonal fragmentation pathways, axonal degeneration in the 

MS model EAE is likely not mediated by Sarm1, i.e. not Wallerian. However, even though 

the upstream effects leading to calcium influx in EAE vs. Wallerian degeneration are different, 

downstream effects such as mPTP opening and calpain activation may still be shared. As 

mentioned earlier, the role of the mPTP in EAE is debatable, with some studies showing a 

protective effect upon mPTP inhibition (Forte et al., 2007; Warne et al., 2016), while longi-

tudinal in vivo imaging suggests that axonal fragmentation precedes mitochondrial calcium 

overload (Tai et al., 2023). Indeed, our own unpublished data suggests that focal axonal 

degeneration in EAE lesions is unaffected by cyclophilin D knockout, which prevents mPTP 

formation. 
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Calpain is highly expressed in MS and EAE lesions, yet predominantly by immune cells and 

glia (Diaz-Sanchez et al., 2006; Shields et al., 1998). Studies of systemic calpain inhibition in 

EAE therefore show strong immunosuppressive phenotypes (Hassen et al., 2006; Guyton et 

al., 2010; Trager et al., 2014) which prohibit any conclusions on axon-autonomous effects. 

A study on mechanisms of axonal degeneration in EAE however showed increased calpain 

activity in lesion-spanning axons compared to control which was exacerbated by MCU KO 

(Holman et al., 2020). These findings are corroborated by our own findings in in vivo imaging 

in which short-term calpain inhibition reduced axonal fragmentation rates (Wesolowski, 

2018). However, our data also suggests that inhibition of calpain can only delay but do not 

prevent fragmentation (unpublished data). Axoprotective interventions should therefore target 

the degeneration process more upstream, for example at the level of calcium overload.  

1.4. Aims of this thesis 

Axonal degeneration is a critical determinant of progressive disability in MS patients, yet 

insufficiently prevented by the immunomodulatory drugs available for treatment. In vivo 

imaging in the EAE animal model of MS has shown that initial axonal damage is still reversi-

ble and that the likelihood of fragmentation of damaged axons is determined by intra-axonal 

calcium, which enters through “nanoruptures” in the plasma membrane. Importantly, we 

observed axons that spontaneously lowered their cytosolic calcium levels back to homeostatic 

baseline, indicating that calcium overload is reversible (Witte et al., 2019). Our hypothesis is 

therefore, that therapeutic interventions, which help axons to regain calcium homeostasis will 

shift the balance in favour of recovery and reduce axonal loss. 

The aim of this thesis was to explore the potential of calcium overload as a target of axopro-

tective therapy. To this end we aimed to answer the following questions: 

(1) Can endogenous calcium clearance pathways be therapeutically enhanced in EAE to 

a. lower axonal calcium levels and 

b. improve axonal recovery? 

(2) Can the characteristic membrane “nanoruptures” be exploited for a selective pharma-

cological targeting of the damaged axon subpopulation, e.g. with a prodrug calcium 

chelator? 

Regarding question (1), we specifically studied the rAAV-mediated neuron-specific overex-

pression of calcium-binding proteins (CaBPs). The CaBPs calbindin and calretinin were cho-

sen for overexpression due to their low calcium affinity (400 nM and 1.4 µM respectively, 

Schmidt, 2012; Schwaller, 2010) and therefore potentially low side-effects at physiological 

calcium levels, their fast calcium-binding kinetics, and the favourable literature review (see 

1.3.2 Cellular calcium homeostasis). The results of these experiments are described in 

3.2 Therapeutic enhancement of endogenous calcium clearance pathways. 

The long-term aim with question (2) was to use exogenous calcium chelators to normalise 

axonal calcium levels in EAE while preventing effects on physiological calcium functions. 
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We thus aimed to design a prodrug that uses the characteristic plasma membrane “nanorup-

tures” as entry routes and needs intracellular activation to turn on its calcium-binding ability. 

As a proof-of-principle, we first delivered a fluorogenic probe instead of a prodrug, which has 

the advantage of direct fluorescent feedback on the success of delivery and turn-on. Such a 

membrane damage-selective fluorogenic compound can also be useful in and of itself as a 

biosensor for membrane damage. The screening process for the biosensor and further appli-

cations of the resulting probe are described in 3.1 Development and application of a membrane 

damage-selective biosensor. The subsequent translation of this approach into a calcium che-

lator prodrug was in an early phase, with comprehensive data still lacking at the timepoint of 

thesis submission. Therefore, these experiments will only be addressed in the discussion, see 

4.2 Development of a membrane damage-selective calcium chelator.  
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2. Material and methods 

2.1. Material 

2.1.1. General laboratory equipment 

Consumables 

Pipette tips and 

serological 

pipettes 

ep Dualfilter T.I.P.S.® SealMax ®,  

10 / 200 / 1000 µl  

Eppendorf AG, 

Hamburg, Germany  

ep T.I.P.S.® Standard/Bulk, 

10 / 200 / 1000 µl  

Eppendorf AG, 

Hamburg, Germany  

Corning ® Costar ® Stripette ®, 

individually wrapped, 

5 / 10 / 25 / 50 ml 

Corning Inc., Corning, USA 

Reaction tubes PCR SingleCap 8er SoftStrips, 

0.2 ml 

Biozym Scientific GmbH, 

Hessisch Oldendorf, 

Germany  

Safe-Lock Tubes, 

0.5 / 1.5 / 2.0 / 5.0 ml 

Eppendorf AG, 

Hamburg, Germany  

Centrifugation tubes, 15 / 50 ml Corning Inc., Corning, USA 

Tools and devices 

Centrifuges Table-top centrifuge 5417 R  Eppendorf AG, 

Hamburg, Germany  

Heraeus Multifuge X3R Thermo Fisher Scientific Inc., 

Waltham, USA 

Pipettes and 

pipetting aids 

Research Plus pipette set 

 

Eppendorf AG, 

Hamburg, Germany  

Pipetus ® Hirschmann Laborgeräte 

GmbH & Co. KG, 

Eberstadt, Germany 

Vortex Vortex Mixer 7-2020 neoLab Migge GmbH,  

Heidelberg, Germany 
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2.1.2. Photo- and cell-free characterisation 

Consumables 

Cuvettes Single-use cuvettes UV Micro 

(z = 15 mm), standard,  

Cat. No. Y201.1 

Carl Roth GmbH & Co. KG, 

Karlsruhe, Germany 

Well plates Cellstar ® 96 well plate, black, 

Cat. No. 655087 

Greiner Bio-One GmbH, 

Kremsmünster, Austria  

Buffers and media 

DMEM Dulbecco’s Modified Eagle Medium, 

high glucose, Cat. No. D1145 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

HBSS Hanks’ Balanced Salt Solution, 

modified, with sodium bicarbonate, 

without phenol red, calcium chloride 

and magnesium sulfate, 

Cat. No. H6648 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

PBS Dulbecco’s Phosphate Buffered Sa-

line, modified, without calcium chlo-

ride and magnesium chloride, 

Cat. No. D8537 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Chemicals, enzymes and other reagents 

Chemicals DMSO (dimethyl sulfoxide) Carl Roth GmbH & Co. KG, 

Karlsruhe, Germany 

GSH (L-glutathione, reduced) Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Piperidine 

 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

TCEP 

(tris(2-carboxyethyl)phosphine) 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Enzymes Esterase from porcine liver, 

Cat. No. E3019 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Fluorescent 

and fluorogenic 

compounds 

Fluorescein 

H2-FS0 

H2-FS1 

 

H-PS-FS1 

H-Me-FS1 

H-EM-FS1 

H-PS-FS2 

 

FDP 

i2-FS0 

i2-FS1 

a2-FS0 

iPS-FS1 

iMe-FS1 

iEM-FS1 

iPS-FS2 (MDG1) 

MSS00-FS2 (MDG2) 

Philipp Mauker, 

LMU Munich, 

Department of Pharmacy 
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Devices 

Plate reader FluoStar Omega Plate Reader 

 

BMG Labtech GmbH, 

Ortenburg, Germany 

Spectrometer Cary 60 UV-Vis Spectrophotometer Agilent Technologies Inc., 

Santa Clara, USA 

Cary Eclipse 

Fluorescence Spectrometer 

Agilent Technologies Inc., 

Santa Clara, USA 

2.1.3. Cell culture and related methods 

The following list includes material used for live cell imaging, flow cytometry of cultured 

cells and rAAV production. 

Cell lines 

HeLa Henrietta Lacks, 

Human cervical carcinoma, 

Cat. No. ACC57 

German Collection of Micro-

organisms and Cell Cultures 

(DSMZ) GmbH,  

Braunschweig, Germany 

HEK 293T Human embryonic kidney, 

Cat. No. crl-3216 

American Type Culture Col-

lection (ATCC), 

Manassas, USA 

PC12 Rat pheochromocytoma, 

Cat. No. 88022401 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Consumables 

Cell culture 

dishes 

Cellstar ® 14.5 cm Greiner Bio-One GmbH, 

Kremsmünster, Austria 

Cell culture 

flasks 

Falcon ® Rectangular Canted Neck 

Cell Culture Flask with Vented Cap, 

25 cm² / 75 cm² 

Corning Inc., Corning, USA 

Chambered 

coverslips 

µ-Slide 8 Well Glass Bottom, 

Cat. No. 80827 

ibidi GmbH, 

Gräfelfing, Germany 

Filters Millex ® PVDF Filter, Luer Lock, 

0.45 µM, Cat. No. SLHV033RS  

Millipore/Merck KGaA, 

Darmstadt, Germany 

Amicon ® Ultra-15 Centrifugal Fil-

ter Unit, 100 kDa, 

Cat. No. UFC910024 

Millipore/Merck KGaA, 

Darmstadt, Germany 

Needles  

 

Sterican ® 30 G Needle B. Braun SE, 

Melsungen, Germany 
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Reaction tubes Protein LoBind ®, 0.5 ml Eppendorf AG, 

Hamburg, Germany  

Syringes BD PlastipakTM, 

20 ml Luer Lock Syringe 

Becton, Dickinson and Com-

pany, Franklin Lakes, USA 

BD PlastipakTM, 

1 ml Luer Slip Syringe 

Becton, Dickinson and Com-

pany, Franklin Lakes, USA 

Well plates Costar ® Cell Culture Plate, tissue 

culture treated, 12 well / 48 well 

Corning Inc., Corning, USA 

U-Bottom Plate, 96 well Corning Inc., Corning, USA 

Buffers and media 

Media Dulbecco’s Modified Eagle Medium 

(DMEM), low glucose, Gluta-

MAXTM supplement, pyruvate, 

Cat. No. 21885108 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Roswell Park Memorial Institute 

1640 Medium (RPMI 1640), Gluta-

MAXTM supplement, 

Cat. No. 61870010 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Opti-MEMTM Reduced Serum 

Medium, no phenol red, 

Cat. No. 11058021 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Media 

supplements 

Fetal bovine serum (FBS) superior, 

Cat. No. S0615 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Horse serum, heat inactivated, 

Cat. No. H1138 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Penicillin/Streptomycin, 

Cat. No. 15140122 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Buffers Dulbecco’s Phosphate Buffered Sa-

line (PBS), with calcium chloride 

and magnesium chloride, 

Cat. No. D8662 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Dulbecco’s Phosphate Buffered Sa-

line (PBS), modified, without cal-

cium chloride and magnesium chlo-

ride, Cat. No. D8537 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Hanks’ Balanced Salt Solution 

(HBSS), calcium, magnesium, no 

phenol red, Cat. No. 14025092 

Thermo Fisher Scientific Inc., 

Waltham, USA  
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Chemicals and other reagents 

Chemicals AAPH (2,2'-azobis (2-amidinopro-

pane) dihydrochloride) 

Cayman Chemical, 

Ann Arbor, USA 

DMSO (dimethyl sulfoxide) Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

PEI MAX ® 

(polyethylenimine hydrochloride) 

Polysciences Inc., 

Warrington, USA 

Fluorescent 

and fluorogenic 

compounds 

CellTrackerTM Red CMTPX, 

Cat. No. C34552 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Alexa FluorTM 594 Cadaverine, 

Cat. No. A30678 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Fluorescein 

H2-FS0 

H2-FS1 

 

H-PS-FS1 

H-Me-FS1 

H-EM-FS1 

H-PS-FS2 

 

FDP 

i2-FS0 

i2-FS1 

a2-FS0 

iPS-FS1 

iMe-FS1 

iEM-FS1 

iPS-FS2 (MDG1) 

MSS00-FS2 (MDG2) 

Philipp Mauker,  

LMU Munich, 

Department of Pharmacy 

Other reagents ß-NGF (nerve growth factor), 

Cat. No. 13257-019 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Collagen IV, 

Cat. No. H4417 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Lysteriolysin O (LLO), 

Cat. No. ab83345 

Abcam Ltd., Cambridge, UK  

 

Poly-D-lysine hydrobromide, 

Cat. No. P7280 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Trypsin-EDTA, 0.5 %, 

Cat. No. 15400054 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Plasmids and viruses 

AAV helper 

plasmid 

pAdDeltaF6 

(Plasmid #112867) 

Addgene, Watertown, USA  

AAV capsid 

plasmid 

pUCmini-iCAP-PHP.eB 

(Plasmid #103005) 

Addgene, Watertown, USA  

AAV transfer 

plasmids 

Used for rAAV production and HEK transfection for flow cytometry, 

see 2.1.5 Molecular cloning 
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Viruses rAAV-PHP.eB-hSyn-CB-T2A-

KOFP-WPRE-pA 

Produced as part of this thesis 

rAAV-PHP.eB-hSyn-CR-T2A-

KOFP-WPRE-pA 

Produced as part of this thesis 

rAAV-PHP.eB-hSyn-Cre-T2A-

KOFP-WPRE-pA 

Produced as part of this thesis 

rAAV-PHP.eB-hSyn-CB-T2A-

KOFP-WPRE-pA-VB 

VectorBuilder Inc., 

Chicago, USA 

rAAV-PHP.eB-hSyn-CR-T2A-

KOFP-WPRE-pA-VB 

VectorBuilder Inc., 

Chicago, USA 

rAAV-PHP.eB-hSyn-ShadowG-

T2A-KOFP-WPRE-pA-VB 

VectorBuilder Inc., 

Chicago, USA 

Tools and devices 

Cell counting 

chamber 

Neubauer improved bright-line Brand GmbH & Co. KG, 

Wertheim, Germany 

Flow cytometer Beckman Coulter Cytoflex S Beckman Coulter Inc., 

Brea, USA  

Incubator New Brunswick Galaxy 170 S Eppendorf AG, 

Hamburg, Germany  

Microscopes Leica DMi1 inverted microscope Leica Microsystem GmbH, 

Wetzlar, Germany  

Leica DM IL LED inverted micro-

scope with CoolLED pE-300 

 

Leica Microsystem GmbH, 

Wetzlar, Germany  

CoolLED Ltd., Andover, UK 

Leica SP8X inverted confocal micro-

scope, equipped with 

- heated chamber 

- WLL laser, Argon laser 

- acusto-optical beamsplitter 

- reflection-based adaptive 

focus control 

- HC PL APO 20x/0,75 CS2 

air objective 

Leica Microsystem GmbH, 

Wetzlar, Germany  

Live Imaging Services 

GmbH, Basel, Switzerland 

Sterile 

work bench 

Berner B-[MaxPro]²-130 Berner International GmbH, 

Elmshorn, Germany 

Water bath WB-4MS stirred water bath A. Hartenstein GmbH, 

Würzburg, Germany  
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2.1.4. Imaging of axonal membrane damage in microfluidic chambers 

Mice 

C57/BL6 Animal Facility, 

Max Planck Institute for Bio-

logical Intelligence 

Consumables  

6 well glass bottom plates, Cat. No. P06-1.5H-N Cellvis LLC, 

Mountain View, USA 

Microfluidic chambers, Cat. No. RD450 Xona Microfluidics Inc., 

Chapel Hill, USA 

Buffers and media 

Media NeurobasalTM Medium, 

Cat. No. 21103049 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Media 

supplements 

B-27TM, 

Cat. No. 17504044 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Penicillin-Streptomycin-Glutamine 

(PSG), Cat. No. 10378016 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Buffers Hanks’ Balanced Salt Solution 

(HBSS), calcium, magnesium, no 

phenol red, Cat. No. 14025092 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Chemicals and other reagents 

Chemicals AAPH (2,2'-azobis (2-amidinopro-

pane) dihydrochloride) 

Cayman Chemical, 

Ann Arbor, USA 

Ethanol Thermo Fisher Scientific Inc., 

Waltham, USA 

Fluorescent 

and fluorogenic 

compounds 

CellTrackerTM Red CMTPX, 

Cat. No. C34552 

Thermo Fisher Scientific Inc., 

Waltham, USA 

iPS-FS2 (MDG1) Philipp Mauker, 

LMU Munich, 

Department of Pharmacy 

Propidium iodide (PI), 

Cat. No. ab14083 

Abcam Ltd., Cambridge, UK  

 

Other reagents Laminin (natural, mouse), 

Cat. No. 23017015  

Thermo Fisher Scientific Inc., 

Waltham, USA 

Poly-L-lysine hydrobromide, 

Cat. No. P2636 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 
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Devices 

Microscope Nikon Ti2 spinning disk microscope 

with 20x/air objective 

Nikon Corp., Tokyo, Japan 

2.1.5. Molecular cloning 

Plasmids and cDNAs 

cDNAs cDNA of murine calbindin-D28k Prof. Dr. Michael Meyer, 

LMU Munich, Department of 

Cellular Physiology 

cDNA of human calretinin Prof. Dr. Michael Meyer, 

LMU Munich, Department of 

Cellular Physiology 

Plasmids, 

starting material 

pAAV-U6-sgRNAbackbone-hSyn-

Cre-T2A-KOFP-WPRE 

Adinda Wens, 

LMU Munich, Institute of 

Clinical Neuroimmunology 

pAAV-hSyn-CalpainSensorV#2-

WPRE-pA 

(derivative of Addgene #50457) 

Daniela Beckmann, 

LMU Munich, Institute of 

Clinical Neuroimmunology 

pAAV-hSyn-KOFP-WPRE-pA 

(derivative of Addgene #50457) 

Daniela Beckmann, 

LMU Munich, Institute of 

Clinical Neuroimmunology 

Plasmids, 

products 

in-house 

pAAV-hSyn-CB-T2A-KOFP- 

WPRE-pA (“CB-KOFP”) 

Cloned as part of this thesis 

pAAV-hSyn-CR-T2A-KOFP- 

WPRE-pA (“CR-KOFP”) 

Cloned as part of this thesis 

pAAV-hSyn-Cre-T2A-KOFP- 

WPRE-pA ("Cre-KOFP") 

Cloned as part of this thesis 

Plasmids, 

commercial 

pAAV-hSyn-CB-T2A-KOFP- 

WPRE-pA-VB (“CB-KOFP-VB”) 

VectorBuilder Inc., 

Chicago, USA 

pAAV-hSyn-CR-T2A-KOFP- 

WPRE-pA-VB (“CR-KOFP-VB”) 

VectorBuilder Inc., 

Chicago, USA 

pAAV-hSyn-ShadowG-T2A-KOFP-

WPRE-pA-VB ("SG-KOFP-VB") 

VectorBuilder Inc., 

Chicago, USA 
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Oligonucleotides 

All oligonucleotides were supplied by Metabion, Planegg, Germany 

Gibson 

primers 

 

DB027 5’- CGTGCCTGAGAGCGCAGTCGAGAAACCGGCTA-

GAGGCCACGCCACCATGGCAGAATCCCAC-

CTGCAGTCATCTCTGAT - 3’ 

DB028 5’- AGCAGACTTCCTCTGCCCTCGTTGTCTCCAG-

CAGAAAGAATAAGAGCA - 3’ 

DB029 5’- TCTTTCTGCTGGAGACAACGAGGGCAGAG-

GAAGTCTGCTAAC - 3’ 

DB030 5’- TCACAAATTTTGTAATCCAGAGGTTGAT-

TATCGATAATCATCAGCAATGAGCTACTGC - 3’ 

DB031 5’- CCGGCTAGAGGCCACCATGGCTGGCCCGCA - 3’ 

DB032 5’- CTGCCCTCCATGGGGGGCTCGCTG - 3’ 

DB033 5’- CCCCATGGAGGGCAGAGGAAGTCTGCT - 3’ 

DB034 5’- CAGAGGTTGATTATCGATAATCATCAG-

CAATGAGCTACTGCATCTTCTACCAGC - 3’ 

Sequencing 

primers 

hSyn-F 5’- GCAAGTGGGTTTTAGGACCA - 3’ 

WPRE-R 5’- CATAGCGTAAAAGGAGCAACA - 3’ 

DB020 5’- CGCGAAAGAAGGCTGGATT - 3’ 

DB024 5’- CTCTCAGGCACGACACGA - 3’ 

DB035 5’- CGACTCAGCGCTGCCT - 3’ 

DB038 5’- AAATAGTCTGGTATCTCTTCTGGA - 3’ 

Enzymes and commercial kits 

Restriction 

enzymes 

BglII New England Biolabs, 

Ipswich, USA  

NcoI-HF New England Biolabs, 

Ipswich, USA 

NdeI New England Biolabs, 

Ipswich, USA 

XbaI New England Biolabs, 

Ipswich, USA 

XmaI New England Biolabs, 

Ipswich, USA 

Restriction 

enzyme buffers 

CutSmartTM buffer New England Biolabs, 

Ipswich, USA 

NEBuffer 3.1 New England Biolabs, 

Ipswich, USA 
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Other 

enzymes 

Gibson Assembly ® Master Mix, 

Cat. No. E2611S  

New England Biolabs, 

Ipswich, USA 

T4 DNA Ligase and  

T4 DNA Ligase Reaction Buffer, 

Cat. No. M0202T, B0202S  

New England Biolabs, 

Ipswich, USA 

Q5 ® High-Fidelity DNA Polymerase 

and Q5 ® Reaction Buffer, 

Cat. No. M0491L  

New England Biolabs, 

Ipswich, USA 

Kits QIAquick Gel Extraction Kit, 

Cat. No. 28706  

Qiagen, Hilden, Germany  

QIAprep Spin Minprep Kit, 

Cat. No. 27106  

Qiagen, Hilden, Germany  

QIAGEN Plasmid Maxi Kit, 

Cat. No. 12162 

Qiagen, Hilden, Germany  

Chemicals and other reagents 

Chemicals Agarose Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Nuclease-free water Qiagen, Hilden, Germany  

TAE buffer Trizma ® base (40 mM) Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Acetic acid (20 mM) Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

EDTA (1 mM) Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Other reagents dNTP Mix, 10 mM New England Biolabs, 

Ipswich, USA 

GeneRuler 1 kb DNA ladder Thermo Fisher Scientific Inc., 

Waltham, USA 

peqGREEN DNA stain PEQLAB Biotechnologie 

GmbH, Erlangen, Germany 

Competent cells and bacterial media 

Competent cells Stellar ® Competent Cells, 

Cat. No. 636763 

Takara Bio Inc., 

Kusatsu, Japan 

S.O.C. medium Cat. No. 15544034 Thermo Fisher Scientific Inc., 

Waltham, USA 

LB medium and 

agar plates 

Tryptone Merck KGaA, 

Darmstadt, Germany 

Yeast extract Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 
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Sodium chloride Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Agar-agar Merck KGaA, 

Darmstadt, Germany 

 
Ampicillin sodium salt PanReac AppliChem GmbH, 

Darmstadt, Germany 

Tools and devices 

Tools Disposable scalpel FEATHER Safety Razor Co. 

Ltd., Osaka, Japan 

Sterile glass beads Zymo Research, Freiburg im 

Breisgau, Germany  

Gel electro- 

phoresis 

PerfectBlue Gel System  PEQLAB Biotechnologie 

GmbH, Erlangen, Germany 

Power PAC 200 Power Supply Bio Rad, Hercules, USA  

Quantum Vilber Lourmat, 

Gel Documentation Imaging System 

Vilber Lourmat, 

Collégien, France  

High Performance Ultraviolet 

Transilluminator  

UVP / Analytik Jena, 

Jena, Germany  

Other devices NanoDrop 2000 Spectrophotometer Thermo Fisher Scientific Inc., 

Waltham, USA 

PCR Thermocycler Biometra TRIO  Analytik Jena, Jena, Germany 

Thermomixer Comfort Thermo Fisher Scientific Inc., 

Waltham, USA 

Services 

Sequencing was performed by the LMU Biocenter Genomics Service Unit 

2.1.6. rAAV titration (qPCR) 

Consumables 

Hard-Shell ® 96 Well PCR Plates Bio Rad, Hercules, USA 

Microseal 'B' PCR Plate Sealing Film Bio Rad, Hercules, USA 

Enzymes and other reagents 

DNase I recombinant, RNase-free, Cat. No. 04716728001 Roche AG, Basel, Schweiz 

SsoAdvancedTM Universal SYBR® Green Supermix, 

Cat. No. 1725271 

Bio Rad, Hercules, USA  
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Oligonucleotides 

All oligonucleotides were supplied by Metabion, Planegg, Germany  

fwd primer 5’- GGAACCCCTAGTGATGGAGTT - 3’ 

rev primer 5’- CGGCCTCAGTGAGCGA - 3’ 

Devices 

CFX Real-Time PCR instrument Bio Rad, Hercules, USA  

2.1.7. Experimental animals and related procedures 

Mice 

Thy1-CerTN-L15, Heim et al., 2007 Core Facility Animal Models,  

Biomedical Center, 

LMU Munich 

Consumables 

Absorbent swabs Sugi ® Sponge Points Kettenbach GmbH & Co KG, 

Eschenburg, Germany  

Needles 

 

Sterican ® 23 G Needle B. Braun SE, 

Melsungen, Germany 

Sterican ® 30 G Needle B. Braun SE, 

Melsungen, Germany 

Syringes Inject ® 2 ml Luer Lock Syringe B. Braun SE, 

Melsungen, Germany 

BD PlastipakTM, 

1 ml Luer Slip Syringe 

Becton, Dickinson and Com-

pany, Franklin Lakes, USA 

Medication 

Anaesthesia Medetomidine hydrochloride 

(Dormilan) 

Alfavet Tierarzneimittel 

GmbH, Neumünster, 

Germany  

Midazolam  

(Dormicum) 

Cheplapharm Arzneimittel 

GmbH, Greifswald, Germany  

Fentanyl B. Braun SE, 

Melsungen, Germany 
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Antagonist Atipamezole hydrochloride Prodivet Pharmaceuticals 

S.A., Raeren, Belgium  

Flumazenil Hameln GmbH, 

Hameln, Germany  

Naloxone hydrochloride B. Braun SE, 

Melsungen, Germany 

Antiseptic cream Braunovidon Salbe 10 %  B. Braun SE, 

Melsungen, Germany 

Eye cream Bepanthen ® 

Augen- und Nasensalbe 

Bayer AG, 

Leverkusen, Germany 

Reagents 

Agarose Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Artificial 

cerebrospinal 

fluid (aCSF) 

Solution A (500 ml)  

Merck KGaA, 

Darmstadt, Germany 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

 

Merck KGaA, 

Darmstadt, Germany 

8.660 g  

0.224 g  

0.206 g  

0.163 g  

NaCl 

KCl 

CaCl2 ∙ 2 H2O  

MgCl2 ∙ 6 H2O 

+ Solution B (500 ml) 

0.214 g  

0.027 g  

Na2HPO4 ∙ 7 H2O 

NaH2PO4 ∙ H2O 

EAE 

immunisation 

Purified recombinant MOG 

(N1-125, from E.coli) 

in-house production 

Freund’s incomplete adjuvant, 

Cat. No. F5506 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Mycobacterium tuberculosis, 

H37 RA, Cat. No. 231141 

Becton, Dickinson and Com-

pany, Franklin Lakes, USA 

Pertussis toxin, inactivated, 

Cat. No. P7208 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Tools and devices 

i.v. injection Mouse restrainer Braintree Scientific Inc., 

Braintree, USA 

Immunisation Hamilton 1 ml syringe Hamilton, Reno, USA 

Surgery Mouse heating pad Ugo Basile, Gemonio, Italy 

Disposable scalpel FEATHER Safety Razor Co. 

Ltd., Osaka, Japan 

Noyes Spring Scissors, straight Fine Science Tools GmbH, 

Heidelberg, Germany  
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Noyes Spring Scissors, angled up Fine Science Tools GmbH, 

Heidelberg, Germany 

Vannas-Tübingen Spring Scissors, 

straight 

Fine Science Tools GmbH, 

Heidelberg, Germany 

Dumont Mini Forceps – Style 5 Fine Science Tools GmbH, 

Heidelberg, Germany 

Potts-Smith Forceps,  

straight, serrated 

Fine Science Tools GmbH, 

Heidelberg, Germany 

FST 250 Hot Bead Sterilizer,  

surgical instrument sterilizer 

Fine Science Tools GmbH, 

Heidelberg, Germany 

Spinal clamping device Narishige Inc., NY, USA  

Microscopes SZ51 Stereomicroscope with 

KL 1500 LCD cold light source 

Olympus, Tokio, Japan 

FV1200 MPE multiphoton micro-

scope, equipped with 

- MaiTai ® HP-DeepSeeTM 

Titanium:sapphire laser 

- 25x/1.25 NA 

water immersion objective 

- FVMPE-RS filter cubes: 

o SDM560 

o cyan/yellow  

472/30 |505| 520/35 

o orange 580/40 

Olympus, Tokio, Japan 

 

Newport / Spectra-Physics, 

Irvine, USA  

 

 

2.1.8. Tissue harvest, staining and microscopy 

Consumables 

Butterfly needle Safety-Multifly ® 21 G Sarstedt AG & Co, Nüm-

brecht, Germany  

Cryomolds Tissue-Tek ® 

Cryomold ® Biopsy 

Sakura Finetek Ltd., 

Tokyo, Japan 

Tissue-Tek ® 

Cryomold ® Intermediate 

Sakura Finetek Ltd., 

Tokyo, Japan 

Slides and 

cover slips 

SuperFrost ® Plus 

Microscope Slides 

Gerhard Menzel Glasbearbei-

tungswerk GmbH, 

Braunschweig, Germany  

EprediaTM SuperFrost Ultra PlusTM 

GOLD Microscope Slides 

Epredia Ltd., 

Portsmouth, USA 

 



2.1 Material | 67 

 

 Coverslips 24 x 60 mm Gerhard Menzel Glasbearbei-

tungswerk GmbH, 

Braunschweig, Germany  

Well plates Costar ® Multi-well plate, untreated, 

48 well 

Corning Inc., Corning, USA 

Buffers and media 

PBS, non-sterile Sodium chloride (137 mM) Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Potassium chloride (27 mM) Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Sodium phosphate dibasic (10 mM) Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Potassium phosphate monobasic 

(1.8 mM) 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Antibodies and fluorescent dyes 

Primary 

antibodies 

anti-calbindin, rabbit recombinant 

monoclonal antibody, 

Cat. No. ab108404 

Abcam Ltd., Cambridge, UK  

 

anti-calretinin, rabbit polyclonal anti-

serum, Cat. No. SYSY214102 

Synaptic Systems GmbH, 

Göttingen, Germany 

Secondary 

antibodies 

donkey anti-rabbit IgG (H+L), 

Highly Cross-Adsorbed Secondary 

Antibody, Alexa FluorTM Plus 647 

Cat. No. A32795 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Fluorescent dyes NeuroTraceTM 640/660 Deep-Red 

Fluorescent Nissl Stain, 

Cat. No. N21483 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Chemicals and other reagents 

Chemicals Paraformaldehyde Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Sodium azide Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Sucrose Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Triton-X Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Embedding media Tissue-Tek ® O.C.T. Compound, 

Cat. No. 12351753 

Sakura Finetek Ltd., 

Tokyo, Japan 

EprediaTM M-1 Embedding Matrix, 

Cat. No. 1310 

Epredia Ltd., 

Portsmouth, USA 
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Mounting media VECTASHIELD ® 

Antifade Mounting Medium, 

Cat. No. H-1000-10 

Vector Laboratories Inc., 

Burlingame, USA  

Fluoromount-GTM Mounting 

Medium, Cat. No. 00-4958-02 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Other reagents Heparin-Natrium 25.000 IE Ratiopharm GmbH, 

Ulm, Germany  

Bovine Serum Albumin (BSA), 

Cat. No. A7030 

Sigma-Aldrich/Merck KGaA, 

Darmstadt, Germany 

Tools and devices 

Tools Mouse precision brain slicer Braintree Scientific Inc., 

Braintree, USA 

Dumont Mini Forceps – Style 5 Fine Science Tools GmbH, 

Heidelberg, Germany 

Noyes Spring Scissors, straight Fine Science Tools GmbH, 

Heidelberg, Germany  

StainTrayTM Simport Scientific Inc., 

Beloeil, Canada 

ImmEdge ® Hydrophobic 

Barrier (PAP) Pen 

Vector Laboratories Inc., 

Burlingame, USA  

Microscope Leica TCS SP8 upright DMI6000 

confocal microscope, equipped with 

- Diode, Argon, DPSS 

and HeNe lasers 

- HC PL Apo 40x/1.30 

oil immersion objective  

Leica Microsystem GmbH, 

Wetzlar, Germany 

Other 

devices 

Cryostat Leica CM1950  

 

Leica Microsystem GmbH, 

Wetzlar, Germany  

Ismatec IP High Precision 

Multichannel Pump  

ISMATEC SA, 

Labortechnik-Analytik, 

Glattbrugg, Switzerland  

Orbital Shaker neoLab Migge GmbH,  

Heidelberg, Germany 

Tilting Shaker A. Hartenstein GmbH, 

Würzburg, Germany  
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2.1.9. Software 

Software 

Image processing Fiji/ImageJ, 

version 2.3.0/1.53q 

Open Source,  

General Public License  

Flow cytometry  FlowJo, 

version 10.10.0 

Becton, Dickinson and Com-

pany, Franklin Lakes, USA 

Plasmid maps 

and cloning 

SnapGene, 

version 4.3.11 

GSL Biotech LLC, 

Boston, USA 

General data 

processing 

and plotting 

Excel, Microsoft Office Professional 

Plus 2016 

Microsoft Corporation, 

Redmond, USA 

Python, 

version 3.9.7 

Open Source,  

General Public License 

GraphPad Prism, 

version 7.05 

GraphPad Software, 

La Jolla, USA  

Figure design ChemDraw, 

version 22.2.0 

Revvity Signals Software 

Inc., Waltham, USA 

Affinity Designer, 

version 2.3.1 

Serif (Europe) Ltd., 

Nottingham, UK 

Inkscape, 

version 1.3 

Open Source,  

General Public License 

Browser tools 

Protein BLAST https://blast.ncbi.nlm.nih.gov/Blast.cgi National Institutes of Health, 

Bethesda, USA 

NEB Tm 

calculator 

https://tmcalculator.neb.com/#!/main New England Biolabs, 

Ipswich, USA 

Promega 

Biomath 

Calculators 

https://www.promega.de/re-

sources/tools/biomath/ 

Promega Corp., 

Madison, USA 
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2.2. Methods 

2.2.1. Photocharacterisation of novel fluorophores 

Absorption spectra of the newly synthesised fluorophores were acquired with a Cary 60 UV-

Vis Spectrophotometer with a scan rate of to 600 nm/min and slit width of 2.5 nm. Emission 

spectra were acquired with a Cary Eclipse Fluorescence Spectrometer with a scan rate of 

120 nm/min and slit width of 5 nm. The excitation wavelength was 480 nm and emission 

spectra were recorded from 490 to 620 nm. For both applications, fluorophores were dissolved 

in PBS (pH 7.4, 1 % DMSO) at a concentration of 10 µM. Quantum yields of the novel fluor-

ophores were calculated with an equation by Würth et al. (2013), using fluorescein 

(Φf,st = 0.85) as a reference fluorophore: 

Φ𝑓,𝑥 =  Φ𝑓,𝑠𝑡 ∙  
𝐹𝑥

𝐹𝑠𝑡
 ∙  

1 − 10−𝐴𝑠𝑡(𝜆𝑒𝑥)

1 − 10−𝐴𝑥(𝜆𝑒𝑥)
 ∙  

𝑛𝑥(𝜆𝑒𝑚)2

𝑛𝑠𝑡(𝜆𝑒𝑚)2
 

Fluorescence readout of fluorophore photostability was performed in black 96 well plates on 

a FluoStar Omega Plate Reader heated to 37°C with excitation set to 485 nm (bandpass 

10 nm) and a 520 nm long-pass emission filter. Fluorophores were excited and emission rec-

orded ten times over a total duration of 6 h. 

2.2.2. Cell-free characterisation of probe stability and activation 

Fluorescence readout of probe stability and activation was performed in black 96 well plates 

on a FluoStar Omega Plate Reader heated to 37°C with excitation set to 485 nm (bandpass 

10 nm) and a 520 nm long-pass emission filter. 

For stability testing, 10 µl of water was placed in the wells and 1 µl of probes from a 1 mM 

stock in DMSO (or 1 mM stock in water for H-PS-FS2 and iPS-FS2 = MDG1) added on top. 

Finally, 89 µl of the different media (PBS, HBSS or DMEM without FBS supplementation) 

were added to all probes simultaneously using a multipipette. The final probe concentration 

was 10 µM. All samples were tested in technical duplicates. Fluorescence intensity per well 

was measured at 0, 15, 30, 60, 120, 180, 240, 300 and 360 min. To determine maximum 

intensity, 100 µl of a 50 mM piperidine solution were added to each well at the end of the 

experiment. For maximum activation of MSS00-FS2 (= MDG2), tris(2-carboxyethyl)phos-

phine (TCEP, 200 µM, 100 µl) was used instead of piperidine. To obtain stability curves over 

time, all measured values were corrected for background by subtracting fluorescence at 0 min 

and normalised to maximum fluorescence after 2 h piperidine or TCEP incubation.  

For cell-free activation of probes, 49 µl of PBS were placed in wells and 1 µl of probe from a 

1 mM stock in DMSO (or 1 mM stock in water for H-PS-FS2 and iPS-FS2 = MDG1) added 

on top. Finally, 50 µl of porcine liver esterase in PBS (500 ng/ml, > 15 units/mg) were added 



2.2 Methods | 71 

 

to all wells simultaneously using a multipipette. The final probe concentration was 10 µM and 

final esterase concentration 250 ng/ml. For activation of MDG2, a PBS solution containing 

glutathione (GSH) instead of esterase was used, with final GSH concentrations being 0.1 mM, 

0.3 mM, 1 mM or 3 mM. All samples were tested in technical duplicates. Fluorescence inten-

sity per well was measured every two minutes for a total duration of 90 min. To determine 

maximum intensity, 100 µl of a 50 mM piperidine solution were added to each well at the end 

of the experiment. For maximum activation of MDG2, TCEP (200 µM, 100 µl) was used 

instead of piperidine. To obtain activation curves over time, all measured values were cor-

rected for background by subtracting fluorescence at 0 min and normalised to maximum flu-

orescence after 2 h piperidine or TCEP incubation.  

To assess stability of the stocks, the non-fluorescent probes were also succumbed to absorp-

tion spectroscopy as outlined above for fluorophores. 

2.2.3. Cell culture 

HEK 293T cells and HeLa cells were grown in DMEM, supplemented with 10 % fetal bovine 

serum (FBS) and 1 % Penicillin/Streptomycin. HEK cells were split at a 1:5 ratio and HeLa 

cells at 1:20 two times per week. PC12 cells were grown in RPMI, supplemented with 

10 % horse serum, 5 % FBS and 1 % Penicillin/Streptomycin. PC12 cells were split weekly 

at a ratio of 1:20 with two additional media changes in between. All cells were grown at 37°C 

and 5 % CO2. A Leica DMi1 inverted microscope was used to monitor cell growth. 

2.2.4. Live cell imaging for fluorogenic probe characterisation 

2.2.4.1. Sample preparation 

8 well glass bottom chambered coverslips were used to grow cells for live cell imaging. For 

HEK cell assays, wells were coated with 0.1 mg/mL poly-D-lysine for 2 h at 37°C, cells 

seeded at a density of 30.000 cells per cm2 and live cell imaging performed the next day. For 

PC12 cell assays, coating with 0.1 mg/ml poly-D-lysine solution for 2 h at 37°C, followed by 

0.1 μg / cm2 collagen IV overnight at 37°C was started six days before live cell imaging ex-

periments, to allow for PC12 cell differentiation. PC12 cells were seeded at a density of 10.000 

cells per cm2. Proper separation of PC12 cell clumps was assured by drawing the cells through 

a 30 G needle ten times. Cells were seeded in standard PC12 growth medium (RPMI, 

10 % horse serum, 5 % FBS, 1 % Penicillin/Streptomycin) which was changed to PC12 

differentiation medium (RPMI, 1 % horse serum, 1 % Penicillin/Streptomycin, 100 ng/ml 

β-NGF) after 2 h, once cells had attached. Another medium change to fresh differentiation 

medium was performed 48 - 72 h after seeding. 
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2.2.4.2. LLO and AAPH damage assay procedures 

All steps of the damage assays and subsequent imaging were performed in Hanks’ Balanced 

Salt Solution (HBSS) and without CO2 incubation (pH buffering ensured by HBSS). 

The following timeline applies for HEK-LLO live cell assays: HEK cells were incubated with 

0.5 μM CellTrackerTM Red CMTPX for 15 min to stain all cells irrespective of damage. Af-

terwards, medium was changed to ice cold HBSS with 0.2 μg/ml lysteriolysin O (LLO) or to 

ice cold HBSS only for negative control wells. After a 5 min incubation on ice, the medium 

was removed and cells subsequently incubated with 5 µM compound solutions prepared in 

37°C warm HBSS. Chambered coverslips were transferred onto the microscope stage 

(37°C) and imaging started after 10 min of compound incubation without prior washing (see 

below). 

The following timeline applies for PC12-AAPH live cell assays: PC12 cells were incubated 

with 0.5 μM CellTrackerTM Red CMTPX for 15 min to stain all cells irrespective of damage. 

Afterwards, medium was changed to 37°C warm HBSS with 300 mM 2,2'-azobis(2-amidi-

nopropane) dihydrochloride (AAPH) and 100 ng/ml β-NGF or to HBSS with β-NGF only for 

control wells. Cells were incubated for 90 min on the microscope stage (37°C), followed by 

one HBSS wash and subsequent medium change to 5 µM compound solutions. Imaging was 

started after 10 min of compound incubation without prior washing (see below). 

For post-wash retention assays, an HBSS wash step was performed after image acquisition of 

the 10 min compound incubation (“pre-wash”) timepoint. The complete medium was removed 

and replaced by fresh 37°C HBSS twice. The timeline was also altered for resealing assays: 

Here, after LLO-/AAPH incubation (and additional HBSS wash for AAPH as described 

above), medium was not directly changed to compound solutions but instead first to HBSS. 

The medium change to 5 µM compound solutions was then performed individually for each 

well after the indicated recovery times (0, 10, 20, 40, 60, 90, 120 min) relative to the end of 

damage treatment.  

2.2.4.3. Instrumentation and image acquisition 

All live cell imaging experiments were performed at the Core Facility Bioimaging of the LMU 

Biomedical Center using an inverted Leica SP8X confocal microscope equipped with a heated 

chamber, Argon laser, WLL2 laser (470 - 670 nm) and acusto-optical beam splitter. 

A 20x/0.75 NA air objective and additional optical zoom of 2x were used to acquire images 

with a pixel size of 284 x 284 nm. Light path settings were as follows: compound excitation 

488 nm (Argon), emission 500 - 540 nm (unless stated otherwise); CellTracker excitation 

594 nm (WLL2), emission 605 - 645 nm. Both channels were recorded with hybrid photo 

detectors and acquired sequentially to avoid crosstalk. Transmitted light images were gener-

ated with a conventional photomultiplier tube. Three different fields of view (FOVs) were 

recorded per well. These were selected based on cell density before the start of the experiment. 
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During the experiment, navigation to the FOVs and focus were automated using a program-

mable stage and reflection-based adaptive focus control. 

Due to massive differences in the brightness of different compounds which exceeded the dy-

namic range of the detectors, brighter compounds were detected with narrower, red-shifted 

detection windows and resulting fluorescence intensities normalised afterwards. The exact 

dimensions of the detection windows are listed in Table 1. A sequential scan of both the orig-

inal 500 - 540 nm window and the red-shifted window was taken at low 488 nm Argon laser 

power at the end of each experiment to determine the normalisation factor. 

Table 1 – Red-shifted, narrowed detection windows for bright compounds. 

Compounds Detection window HEK-LLO Detection window PC12-AAPH 

H2-FS1 

i2-FS1 

a2-FS1 

580 - 585 nm 560 - 565 nm 

H2-FS0 

i2-FS0 

fluorescein 

FDP 

545 - 570 nm 550 - 565 nm 

all other compounds 500 - 540 nm 500 - 540 nm 

For compound screening, the scan was started after 10 min of compound incubation. To pre-

vent bias introduced by time delays between compounds imaged in different wells, we per-

mutated the positioning of compounds between replicates. There was a constant time delay of 

2.5 min between imaging of the LLO- or AAPH-treated cells and their respective sham-treated 

controls, ensured by the setup of the plate. For long-term wash-free imaging, additional scans 

of the same FOVs were started after 15, 25, 35, 55, 75, 105 and 135 min of compound incu-

bation. 

In post-wash retention experiments, the pre-wash scan was likewise started after 10 min of 

compound incubation. Washing was performed as described above and scans of the same 

FOVs started 0, 10, 20, 40, 60, 90 and 120 min post-wash. For resealing assays, images of 

each individual well were taken after 10 min of compound incubation in the respective well. 

2.2.4.4. Image analysis 

Fiji/ImageJ was used for image analysis. All images were segmented into two regions of in-

terest (ROIs), cells and background, based on the CellTracker channel (staining all cells irre-

spective of damage) using the “Trainable Weka Segmentation” plugin. For reasons further 

outlined below, the segmentation for the resealing assay was performed on the compound 

channel. The classifier was trained individually for every image. The generated intracellular 

ROI was then eroded by 10 pixels. This served to exclude the thin periphery of cells from the 

analysis, since both CellTracker and compound signal are very low there. The eroded mask 



74 | 2.2 Methods 

 

was then applied to the compound channel to obtain mean fluorescence intensity values for 

cells and background, which were exported to Excel. If these values resulted from detection 

with red-shifted emission windows, they were subsequently multiplied with a normalisation 

factor, obtained by measuring and averaging mean fluorescence intensity of ten cells in the 

original divided by the red-shifted detection window. 

All values were normalised to a reference: for compound screening, values were normalised 

to mean intracellular value of undamaged DMSO-treated cells. For long-term wash-free im-

aging, values were normalised to mean at 10 min incubation time. For post-wash retention, 

values were normalised to mean pre-wash. For resealing experiments, values were normalised 

to mean at 0 min recovery time. 

Images that were out of focus, showed less than three cells or overgrown cells (> 2/3 of area 

covered by cells) as well as images with an intolerable amount of dead cells or debris were 

excluded from analysis. The complete replicate (damaged and undamaged condition) was re-

peated for the affected compound, if more than one of three FOVs had to be excluded. 

GraphPad Prism was used for plotting. Each data point represents one replicate (mean over 

three fields of view). 

Note on the altered segmentation for the resealing assay: Unlike in other experiments, seg-

mentation for the resealing assay was performed not on the CellTracker channel but on the 

compound channel. This was necessary to exclude cells from analysis that had never been 

damaged (in the following referred to as “undamaged cells”). While in all HEK-LLO assays 

a small fraction of cells remains undamaged, as seen by lack of compound uptake, this is no 

problem as long as this fraction is constant. In the resealing assay however, the delayed me-

dium change increasingly favours detachment of damaged cells towards later timepoints, 

while undamaged cells remain attached. This introduces bias, as later analysis timepoints will 

have increased proportions of undamaged cells as compared to earlier timepoints. The bias 

can be circumvented by segmenting on the compound channel, which only encompasses dam-

aged cells. This approach will however also exclude completely resealed cells from analysis, 

which despite being initially damaged do not appear in the compound channel once probed. 

Yet, our data show that this factor is negligible. Using a two-dye approach in which we incu-

bated cells at 0 min recovery time with Alexa FluorTM 594 Cadaverine and additionally, after 

up to 2 h recovery time, with MDG1, we could estimate, that less than 3 % of damaged cells 

completely reseal (data not shown). Although damaged cell detachment mainly happens in 

the HEK-LLO assay, images from PC12-AAPH resealing experiments were segmented in the 

same way for reasons of comparability. 

2.2.5. Imaging of axonal membrane damage in microfluidic chambers 

Preparation of microfluidic chambers and isolation of primary neurons have been described 

previously (Ashrafi et al., 2014; Harbauer et al., 2022). In brief, 6 well glass bottom plates 

were washed 3x with distilled water, dried, then coated with 20 mg/ml poly-L-lysine and 
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3.5 mg/ml laminin overnight. Microfluidic chambers were sterilised with 70 % ethanol, dried 

and then assembled into the prepared 6 well plates. Hippocampal neurons were dissected at 

E16.5, pelleted at 4000 g for 4 min and resuspended in primary neuron medium (NeurobasalTM 

Medium supplemented with Penicillin-Streptomycin-Glutamine (PSG) and B-27TM) at a final 

concentration of 400.000 cells/ml. 10 µl of cell solution were applied to the somal compart-

ments of the microfluidic chambers and incubated at 37°C and 5 % CO2. After 15 min, wells 

were completely filled up with medium. Every 2 - 3 days, 50 % of the medium was replaced 

with fresh primary neuron medium and experiments were performed at 8 or 9 DIV (days in 

vitro). Initial steps were performed in primary neuron medium at 37°C and 5 % CO2; only the 

compound incubation was performed in HBSS at 37°C and without CO2 incubation (pH buff-

ering ensured by HBSS). For MDG1 experiments, 5 µM CellTrackerTM Red CMTPX solu-

tions were prepared in medium, added to the top somal and axonal well of the chambers and 

incubated for 15 min, then rinsed off 2x with medium. This step was skipped for propidium 

iodide (PI) experiments due to spectral overlap. Next, 300 mM AAPH was prepared in me-

dium, 150 µl added to the top axonal well only and incubated for 90 min. Negative controls 

received 150 µl of medium only. To ensure proper osmotic pressure, 120 µl of medium (with-

out AAPH) were applied to both somal wells. Microfluidic chambers were then transferred to 

the microscope, all four wells washed 3x with HBSS and pre-dye images of multiple FOVs 

acquired using a Nikon Ti2 spinning disk microscope with a 20x air objective. This was di-

rectly followed by incubation with either 25 µM MDG1 or 3.3 µg/ml PI. Images of the same 

FOVs were taken at 15 min incubation time without prior washing. 

Fiji/ImageJ was used for images analysis. Mander’s co-localisation coefficient between 

CellTracker and MDG1 was calculated using the JACoP plugin. Five FOVs were chosen for 

analysis in each condition. Values were exported to Excel; plotting and statistical analysis 

were performed with GraphPad Prism. Each data point represents one independent experiment 

(mean of all 5 ROIs). Statistical significance was assessed with ANOVA (analysis of vari-

ance). 

2.2.6. Experimental animals 

All animal experiments were performed in accordance with regulations of the relevant animal 

welfare acts and protocols approved by the local animal ethics committee of the state of Ba-

varia (Regierung von Oberbayern) in accordance with European guidelines. Mice were housed 

at the Core Facility Animal Models of the LMU Biomedical Center under standardised con-

ditions, including 12 hour light / 12 hour dark cycle, individually ventilated cages, social hous-

ing with up to 5 mice per cage, standardised cage enrichment and ad libitum access to water 

and food pellets. All experiments were performed in 8- to 16-week-old transgenic Thy1-

CerTN-L15 mice with sparse neuronal expression of a Förster resonance energy transfer 

(FRET)-based calcium sensor on C57/BL6 background, first described by Heim et al. (2007). 

Male and female mice were equally distributed across the different experimental and control 

groups. 
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2.2.7. rAAV-mediated overexpression 

2.2.7.1. Molecular cloning of AAV plasmids 

Cloning for experimental cohorts 1 and 2 was performed in-house, whereas plasmids for 

cohort 3 were ordered from a commercial supplier. 

For in-house cloning, cDNAs of murine calbindin-D28k (CB) and human calretinin (CR) were 

kindly provided by Professor Michael Meyer. A plasmid encoding Cre-T2A-KOFP (KOFP = 

Kusabira Orange fluorescent protein, full plasmid name pAAV-U6-sgRNAbackbone-hSyn-

Cre-T2A-KOFP-WPRE) was kindly provided by Adinda Wens. The pAAV backbone for viral 

packaging of the DNA, also including human synapsin 1 (hSyn) promoter and the mRNA 

regulatory elements WPRE (woodchuck hepatitis virus posttranscriptional regulatory ele-

ment) and hGH poly(A) (= pA, poly-adenylation sequence from human growth hormone) 

were taken from derivatives of the Addgene plasmid #50457, pAAV-hSyn-DIO-EGFP. 

The plasmids pAAV-hSyn-CB-T2A-KOFP-WPRE-pA (“CB-KOFP”) and pAAV-hSyn-CR-

T2A-KOFP-WPRE-pA (“CR-KOFP”) were generated by three-fragment Gibson assembly. 

The first fragment was obtained by digestion of an AAV plasmid (pAAV-hSyn-CalpainSen-

sorV#2-WPRE-pA) with NcoI-HF, cutting directly downstream of the hSyn promoter and 

NdeI, cutting directly upstream of WPRE. For restriction digest, 4 µg of AAV plasmid were 

mixed with 2 µl per restriction enzyme and 6 µl of CutSmartTM buffer, filled up with nuclease-

free water to 50 µl and incubated at 37°C for 1 h. The other two fragments were obtained by 

PCR (polymerase chain reaction). Calbindin or calretinin were amplified from the correspond-

ing cDNAs without including the stop codon. T2A-KOFP was amplified from plasmid pAAV-

U6-sgRNAbackbone-hSyn-Cre-T2A-KOFP-WPRE. Overlaps between the fragments were 

generated by adding them to the primer sequence, which was designed using the Gibson as-

sembly tool of the SnapGene software. Table 2 lists the primers used for each amplification 

with 5’ overlaps highlighted in blue, including Kozak sequence in bold print. PCRs were per-

formed as follows: 0.5 µl of plasmid DNA (25 ng/µl) was mixed with 2.5 µl per primer 

(10 µM) and 44.5 µl of master mix containing 10 µl Q5 ® High-Fidelity DNA Polymerase 

Buffer, 1 µl dNTPs (10 mM), 33 µl nuclease-free water and 0.5 µl Q5 ® High-Fidelity 

DNA Polymerase per sample. The PCR was run in a thermocycler using the following pro-

gramme: Initial denaturation at 98°C for 30 sec, 30 cycles of denaturation, annealing and 

elongation (98°C – 5 sec, 70°C – 10 sec, 72°C – 30 sec), final elongation at 72°C for 2 min; 

except for amplification of KOFP for pAAV-hSyn-CB-T2A-KOFP-WPRE-pA assembly, 

where annealing temperature was 63°C, as calculated with the NEB Tm calculator browser 

tool. Restriction digest and PCR products were then loaded onto a 1.2 % agarose gel with 

peqGREEN DNA stain in TAE buffer and gel electrophoresis run for 45 - 60 min at 110 V. 

Correct band size was verified using GeneRuler 1 kb DNA ladder as size reference and visu-

alisation under UV. Bands were excised from the gel with a scalpel and DNA purified using 

the QIAquick Gel Extraction Kit, following manufacturer’s instructions. Elution volume was 

reduced to 15 µl to maximise eluate concentration, which was measured with NanoDrop. For 
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Table 2 – Gibson assembly primers.  

Assembly and 

amplification of 

Primer 

name 
Primer sequence 

pAAV-

hSyn- 

CB-T2A-

KOFP-

WPRE-pA 

CB 

DB027 

5’- CGTGCCTGAGAGCGCAGTCGAGAAACCGGCTA-

GAGGCCACGCCACCATGGCAGAATCCCAC-

CTGCAGTCATCTCTGAT - 3’ 

DB028 
5’- AGCAGACTTCCTCTGCCCTCGTTGTCTCCAGCAGAAA-

GAATAAGAGCA - 3’ 

KOFP 

DB029 
5’- TTCTTTCTGCTGGAGACAACGAGGGCAGAG-

GAAGTCTGCTAAC - 3’ 

DB030 
5’- TCACAAATTTTGTAATCCAGAGGTTGATTATCGA-

TAATCATCAGCAATGAGCTACTGC - 3’ 

pAAV-

hSyn- 

CR-T2A-

KOFP-

WPRE-pA 

CR 

DB031 5’- CCGGCTAGAGGCCACCATGGCTGGCCCGCA - 3’ 

DB032 5’- CTGCCCTCCATGGGGGGCTCGCTG - 3’ 

KOFP 

DB033 5’- CCCCATGGAGGGCAGAGGAAGTCTGCT - 3’ 

DB034 
5’- CAGAGGTTGATTATCGATAATCATCAGCAATGAGC-

TACTGCATCTTCTACCAGC - 3’ 

Gibson assembly, digest and PCR products were combined at a molar ratio of 1:3:3 (threefold 

excess of PCR products), using 100 ng of digested backbone. All three fragments were mixed 

with 10 µl of Gibson Assembly ® Master Mix, filled to 20 µl with nuclease-free water and 

incubated at 50°C for 15 min for the three-enzymatic reaction to take place. 

The plasmid pAAV-hSyn-Cre-T2A-KOFP-WPRE-pA (“Cre-KOFP”) was not obtained by 

Gibson assembly but by restriction cloning. An AAV plasmid (pAAV-hSyn-KOFP-WPRE-

pA) was digested with XbaI, cutting directly upstream of the hSyn promoter and BglII cutting 

directly downstream of WPRE. The same restriction enzymes were used to excise hSyn-Cre-

T2A-KOFP-WPRE from pAAV-U6-sgRNAbackbone-hSyn-Cre-T2A-KOFP-WPRE. Re-

striction digests were performed as described above, except for use of NEBuffer 3.1 instead 

of CutSmartTM. Gel electrophoresis and band purification from gel were performed as de-

scribed above. The digestion products were then combined at a molar backbone to insert ratio 

of 1:3, using 50 ng of backbone. The DNA fragments were mixed with 2 µl T4 DNA Ligase 

Buffer and 1 µl T4 DNA Ligase, filled to 20 µl with nuclease-free water and incubated at 

room temperature for 10 min. 

For transformation, 1 µl of Gibson assembly or ligation product was added to 20 µl of 

Stellar ® Competent Cells. The mixture was incubated on ice for 30 min, heat shocked at 

42°C for 45 seconds, then put on ice for additional 2 min before 200 µl of S.O.C. medium 

were added and cultures incubated for 1 h on a thermoshaker set to 37°C and 600 rpm. Agar 
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plates (10 g tryptone, 5 g yeast extract, 10 g NaCl, 15 g Agar, 1 l H2O) containing 100 mg/ml 

ampicillin for antibiotic selection of transformed clones, were pre-heated to 37°C, the bacterial 

culture added on top and distributed evenly using sterile glass beads. Agar plates were incu-

bated at 37°C overnight and single colonies picked for miniprep into 3 ml LB-Ampicillin 

(10 g tryptone, 5 g yeast, 10 g NaCl, 1 l H2O, 100 mg/ml ampicillin) the following day. 

Minipreps were performed on overnight cultures using the QIAprep Spin Minprep Kit, 

following the manufacturer’s instructions. The isolated DNA was thoroughly sequenced and 

the integrity of the ITRs (inverted terminal repeats) confirmed by digestion with XmaI. 

Maxipreps were performed on overnight cultures (500 ml LB-Ampicillin, inoculated with the 

mini cultures), using the QIAGEN Plasmid Maxi Kit in accordance with the manufacturer’s 

instructions. Sequencing and ITR digests were repeated for the maxi DNA. 

Cloning for cohort 3 was outsourced to the commercial contractor VectorBuilder. Plasmids 

were designed with the “Design My Vector” tool on the company website, using the following 

building blocks: Vector Type: Mammalian Gene Expression AAV Vector; Promoter: SYN1 

(human synapsin 1 promoter); ORF: [“Calbindin” (mCalb1[NM_009788.4]) OR “Calretinin” 

(mCalb2[NM_007586.2]) OR “ShadowG” (sequence copied from Addgene plasmid 

#104620)] AND “Kusabira Orange” (sequence copied from plasmid maps of cohorts 1/2); 

Linker: T2A; Regulatory Elements: WPRE, BGH pA; Antibiotic Resistance: Ampicillin. 

2.2.7.2. rAAV production 

rAAVs for experimental cohorts 1 and 2 were produced in-house, whereas virus for cohort 3 

was ordered from a commercial supplier. 

For in-house virus production, eight 14.5 cm cell culture dishes per virus were coated with 

poly-D-lysine (0.01 mg/ml, 2 h at 37°C), washed with PBS twice and approximately 10 x 106 

HEK cells seeded per plate to achieve ~ 80 % confluence for transfection on the next day. Per 

plate, a transfection mix of 16 μg AAV transfer plasmid, 10 μg of PHP.eB AAV capsid plas-

mid, 20 μg pAdDeltaF6 AAV helper plasmid and 100 μg polyethylenimine (PEI) in 4 ml Opti-

MEMTM Reduced Serum Medium was prepared, allowed to rest for 20 - 30 minutes at room 

temperature, then added to the cells dropwise and evenly distributed across the complete plate 

area. A medium change to fresh DMEM with Penicillin-Streptomycin but without FBS was 

performed 24 h later. Expression of the fluorescent reporter became visible under the micro-

scope (Leica DM IL LED) 1 - 2 days post transfection. rAAV-containing supernatant was 

harvested on day 3 and cells replenished with fresh medium without FBS to allow for another 

harvest on day 6. Directly after each harvest, the supernatant was centrifuged at 1500 rpm, 

5 min, 4°C, filtered through a 0.45 µm filter, then stored at 4°C. After completing the second 

harvest, the combined filtered supernatant was concentrated using 100 kDa Amicon ® Ultra-

15 Centrifugal Filter Units. These were equilibrated by adding 15 ml PBS and centrifugation 

at 4200 rpm, 2 min, 4°C and then repeatedly loaded and centrifuged (4200 rpm, 30 min, 4°C) 

with viral supernatant, until the complete volume had been reduced to 300 µl per virus. The 

concentrated supernatant was used for i.v. injection (see below) without further purification.  



2.2 Methods | 79 

 

2.2.7.3. rAAV titration (qPCR) 

The titer of the viral concentrates was assessed by qPCR (quantitative polymerase chain reac-

tion), using Addgene’s “AAV Titration by qPCR Using SYBR Green Technology” protocol 

(https://www.addgene.org/protocols/aav-titration-qpcr-using-sybr-green-technology/). In 

brief, 5 µl per rAAV were treated with DNase (1 µl DNase, 5 µl DNase buffer, total volume 

50 µl) for 30 min at 37°C to remove DNA outside viral capsids. For titering, 10-, 200-, 1000-, 

5000-, 25 000-, 125 000-, 625 000- and 3 135 000-fold dilutions of the digested rAAV were pre-

pared by serial dilution. In parallel, a 10x dilution series of the AAV plasmid ranging from 2 x 108 

to 2 x 104 molecules per µl was prepared as well. Per well, 5 µl of DNA (AAV dilutions and 

plasmid standards) were combined with 15 µl of master mix (10 µl Universal SYBR mix, 

0.15 µl fwd primer (100 µM), 0.15 µl rev primer (100 µM), 4.7 µl nuclease-free water). The 

same fwd and rev primers, recognising the viral ITR region up- and downstream of the re-

combinant viral genome, were used for all viruses. All samples were prepared in technical 

duplicates. The 96 well qPCR plate was closed with film, briefly centrifuged at 1000 g to 

collect liquid at the bottom and then ran on a Bio-Rad CFX Real-Time PCR instrument. The 

following programme was run: 39 cycles, 98°C – 3 min, 98°C – 5 sec, 58°C – 30 sec. Acquired 

cycle threshold (ct) values and log10 of known plasmid concentrations were plotted against 

each other to generate a standard curve. This allowed the deduction of viral copy numbers 

(viral genomes (vg) / ml) from respective ct values. Vg/ml values were normalised to dilution 

and then averaged across all measurements to calculate the vg/ml concentration of the initial 

concentrate. For cohort 1, virus was aliquoted into Protein LoBind ® tubes and stored at 

- 80°C. For cohort 2, virus was not aliquoted and stored at 4°C until use. 

Virus production for cohort 3 was outsourced to the commercial contractor VectorBuilder. 

Viruses were ordered ultra-purified (by caesium chloride density gradient) and qPCR-titered. 

Cohort 3 viruses were shipped on dry ice and upon arrival stored at - 80°C. 

2.2.7.4. i.v. injections and experimental timeline 

For i.v. injection, viruses were diluted in sterile PBS to a final concentration of 1 x 1013 vg/ml 

(cohort 1), 2 x 1013 vg/ml (cohort 2) or 1 x 1012 vg/ml (cohort 3), assuring the necessary final 

dosage within 100 µl injection volume. 8- to16-week-old Thy1-CerTN-L15 mice were ran-

domly assigned to the different viruses, ensuring that males and females were evenly distrib-

uted across groups. Mice were then placed in a restrainer and tail vein dilation induced by 

dipping the tail into hand-warm water. The injection site was disinfected with ethanol and 

100 µl of the viral dilution injected intravenously, using a 30 G needle. The mice were checked 

for adverse effects of i.v. injection on the day after. Their weight was recorded and mice were 

monitored for behavioural changes, motor symptoms, incontinence and dermatitis. In the ab-

sence of symptoms, check-up frequency was reduced to twice weekly. The experiment was 

timed to allow for approximately 5 weeks between virus injection and imaging readout. To 

this end, EAE (see below) was induced 21 days after virus injection. 
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2.2.8. Induction of acute experimental autoimmune encephalitis (EAE) 

Mice were anaesthetised with medetomidine (0.5 mg/kg), midazolam (5.0 mg/kg), and fenta-

nyl (0.05 mg/kg), which were applied intraperitoneally (i.p.) using a 30 G needle. They were 

then immunised with 250 μl of an emulsion containing 200 μg of purified recombinant MOG 

(N1-125) in complete Freund’s adjuvant with 650 μg mycobacterium tuberculosis. The mix-

ture was emulsified by passing it between two connected syringes, then transferred to a Ham-

ilton syringe for subcutaneous injection with a 23 G needle. The injection volume was split 

between three injection sites: 100 µl were injected per flank and 50 µl at the tail base. The 

mice also received an i.p. injection of 200 ng pertussis toxin and subsequently, on the contrala-

teral site, an anaesthesia antagonising cocktail (atipamezole: 2.5 mg/kg; flumazenil: 0.5 mg/kg; 

naloxone: 1.2 mg/kg). The pertussis toxin injection was repeated on day 2 post immunisation. 

The scoring described above (weight, behavioural changes, motor symptoms, incontinence 

and dermatitis at the injection site) was performed daily after immunisation. Motor symptoms 

(= EAE score) were recorded on a 5 point scale as follows: 0, no clinical signs; 0.5, partial tail 

weakness; 1, tail paralysis; 1.5, gait instability or impaired righting ability; 2, hind limb pare-

sis; 2.5, hind limb paresis with dragging of one foot; 3, total hind limb paralysis; 3.5, hind 

limb paralysis and forelimb paresis; 4, hind limb and forelimb paralysis; 5, death. Onset of 

EAE was defined as the first day of EAE score ≥ 0.5. 

2.2.9. in vivo two-photon imaging of spinal cord 

2.2.9.1. Surgery and imaging procedure 

Mice were prepared for in vivo imaging when reaching peak of disease, which was defined as 

day 2 - 3 post EAE symptom onset and an EAE score of ≥ 2.5. Mice that had only reached 

score 2.0 by day 3 post onset were also included. 

Mice were anaesthetised with i.p. medetomidine (0.5 mg/kg), midazolam (5.0 mg/kg), and 

fentanyl (0.05 mg/kg) and placed on a heating pad. Eyes were covered with Bepanthen cream 

to prevent drying. The dorsal surface of the lumbar spinal cord was surgically exposed by 

laminectomy as described previously (Nikić et al., 2011). In brief, the back of the mouse was 

shaved, the skin disinfected with ethanol and a longitudinal skin incision made with a scalpel. 

Surgery was aided by magnification with a stereomicroscope. The lumbar spinal column was 

exposed by severing muscle tissue laterally of the spinal column followed by removal of mus-

cle tissue dorsal of vertebrae. To expose the spinal cord, scissors were carefully inserted into 

the spinal canal to cut the bone and lift off the dorsal roof of the spinal canal. This procedure 

was performed for vertebrae L3 and L4. The exposed spinal cord was constantly superfused 

with artificial cerebrospinal fluid (aCSF) to avoid drying. A clamping device was used to 

position-fix the spinal column and fix it onto the microscope stage to control x, y, z movement 

during imaging. To allow objective immersion, a 3.5 % agarose well was built up around the 

surgical opening and filled with aCSF. Breathing and reflexes were checked every 30 min 
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throughout the surgery and imaging procedures and anaesthesia deepened by re-injection if 

necessary. 

Mice were imaged with an Olympus FV1200 MPE multiphoton microscope equipped with a 

motorised stage, a 25x/1.25 NA water immersion objective and a spectrally tuneable tita-

nium:sapphire laser emitting femtosecond pulses with a maximum power of 30 mW at the 

back focal plane. For detection of CerTN-L15 (Cerulean, variant of cyan fluorescent protein 

(CFP) / Citrine, variant of yellow fluorescent protein (YFP)) and KOFP, the following light 

path settings were used: Emission light was split by a 560 nm beamsplitter. Shorter wave-

lengths were reflected onto a cyan-yellow filter cube (cyan 472/30 |505| yellow 520/35) with 

a shortened yellow bandpass to prevent concomitant detection of KOFP. The cyan-yellow 

filter cube was positioned in front of two gallium arsenide phosphide detectors. The long-pass 

of the 560 nm beamsplitter was forwarded to a 580/40 nm bandpass filter for the detection of 

KOFP on a non-descanned detector photomultiplier tube. The CFP donor of the CerTN-L15 

FRET-based sensor was excited at 840 nm and both CFP (donor) and YFP (acceptor) emission 

recorded simultaneously. Reproducibility of the YFP/CFP ratio between experiments was en-

sured by running both detectors at the same amplification voltage. KOFP was excited at a 

wavelength of 1100 nm. Since the setup only possesses one tuneable laser, CerTN-L15 and 

KOFP images of the same field of view had to be acquired one after another, with a time delay 

of 2 - 3 min in between. Starting from cohort 3, KOFP images were acquired with 5x averaging 

to improve image quality. Regions of interest for imaging (usually 5 - 10 per mouse) were 

selected based on the presence of stage 1 (swollen) and stage 2 (fragmented) axons. Pixel size 

was 281 x 281 nm with a z-step size of 1 µm. After in vivo microscopy and out of deep an-

aesthesia, mice were transcardially perfused with 4 % paraformaldehyde (PFA) for tissue 

preservation (see below). 

2.2.9.2. Image analysis 

In vivo two-photon images of the spinal cord were analysed with Fiji/ImageJ. The evaluator 

was blinded to the group identity of analysed images. Individual axons were traced in z-stacks 

and morphological stages (stage 0 “normal”, stage 1 “swollen, stage 2 “fragmented”) assigned 

as described previously (Nikić et al., 2011). An overlay of the CerTN-L15 and KOFP images 

was used to identify individual axons as CerTN-L15+/KOFP–, CerTN-L15+/KOFP+ or 

CerTN-L15–/KOFP+. For CerTN-L15+ axons, three intra-axonal and three adjacent back-

ground ROIs were defined and CFP- and YFP intensities measured within to calculate a mean 

background-subtracted YFP/CFP ratio. The same ROIs were used to estimate axon diameter 

(= minor axis of elliptic ROI). Staging and fluorescent measurement data of all analysed 

images was imported into Python and unblinded. Very dim axons (YFP value < 285 on a 

12-bit scale), were removed from the analysis as they are prone to tracing and staging errors 

and can yield inaccurate calcium measurements. The filtered dataset was used to calculate the 

ratio of KOFP+ per CerTN-L15+ axons per lesion as a proxy for virus efficacy, to plot axon 

diameter histograms for the different axon subpopulations and to summarise morphological 

and calcium (YFP/CFP ratio) data. GraphPad Prism was used for plotting and statistics, with 
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the exception of the diameter histograms which were made with Python’s Matplotlib library. 

For statistical analysis in GraphPad Prism, a Shapiro-Wilk test for normality was first per-

formed for all data sets. Where normality was confirmed, this was followed by parametric 

analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test. Where normality 

could not be confirmed, a non-parametric test, Kruskal-Wallis test with Dunn’s multiple com-

parisons test, was performed instead. Each data points represents an axon, a lesion or a mouse, 

as indicated in the figure legend. 

2.2.10. Stainings and confocal microscopy of cortex and spinal cord 

2.2.10.1. Tissue harvest procedure 

Mice were transcardially perfused first with PBS-Heparin (10 U/ml), then with 4 % paraform-

aldehyde (PFA) for tissue preservation, using a Ismatec IP High Precision Multichannel Pump 

and a butterfly needle. Skull and vertebral column were isolated and postfixed in 4 % PFA 

overnight, then transferred to PBS with 0.1 % sodium azide for storage. For staining, brains 

were carefully removed from the skull and for each mouse a 1 mm thick slice containing motor 

cortex was prepared with a mouse precision brain slicer. The spinal cord was carefully re-

moved from the vertebral column and a 3 mm long piece of lower thoracic spinal cord isolated 

from each mouse. Tissue was dehydrated by incubation in 30 % sucrose for 2 - 4 days. 

2.2.10.2.  NeuroTrace staining of cortex 

Brain slices were placed into cryomolds and frozen in Tissue-Tek ® O.C.T. Compound. Fro-

zen blocks were cut into 40 µm thick coronal sections on a cryostat and sections placed into 

PBS-filled wells of a 48 well plate for free-floating staining. Three sections were cut per brain, 

spaced by 120 µm. Sections were washed three times with PBS on a tilting shaker before 

incubation with NeuroTraceTM 640/660 Deep-Red Fluorescent Nissl Stain, diluted 1:1000 in 

PBS with 0.5 % Triton-X at 7°C overnight. Sections were washed three times with PBS, then 

transferred onto SuperFrost ® Plus Microscope Slides with a brush. Sections were dried, cov-

ered with VECTASHIELD ® Antifade Mounting Medium, coverslipped and sealed with nail 

polish. 

2.2.10.3. Calbindin and calretinin immunostainings of spinal cord 

Spinal cord pieces were placed into cryomolds and frozen in EprediaTM M-1 Embedding Ma-

trix. Frozen blocks were cut into 20 µm thick transverse sections, which were directly picked 

up onto EprediaTM SuperFrost Ultra PlusTM GOLD Microscope Slides for on-slide staining. 

Slides were dried at room temperature for 40 min, outlined with a ImmEdge ® Hydrophobic 
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Barrier (PAP) Pen, then rinsed with PBS twice. All incubation and washing steps were per-

formed at room temperature and under slight agitation on an orbital shaker. For blocking, 

slides were incubated for 1 h with 5 % bovine serum albumin (BSA) in PBS with 0.2 % Triton-

X. All subsequent incubations and washes were performed using PBS with 0.2 % Triton-X 

and 2.5 % BSA unless specified otherwise. Primary antibodies against calbindin (Cat. No. 

ab108404) or calretinin (Cat. No. SYSY214102) were diluted 1:500 and incubated on-slide 

overnight. The next day slides were washed three times for 10 min then incubated for 2 h with 

a donkey anti-rabbit-Alexa FluorTM Plus 647 secondary antibody, diluted 1:500. Slides were 

again washed three times for 10 min and a final 1 min wash step was performed with deionised 

water to remove residual salt. Liquid was shaken off, 80 µl Fluoromount-GTM Mounting Me-

dium added, slides coverslipped and the medium allowed to harden overnight. 

2.2.10.4. Confocal microscopy of stained tissue sections 

Stained tissue sections were recorded with a Leica SP8 confocal microscope using a 40x/1.30 

NA oil immersion objective. For imaging of cortex, light path settings were as follows: KOFP 

excitation 561 nm (DPSS), emission 575 - 615 nm; NeuroTrace excitation 633 nm (HeNe), 

emission 645 - 685 nm. Both channels were recorded with hybrid photo detectors and acquired 

sequentially to avoid crosstalk. Pixel size was 1.1 x 1.1 µm with a z-step size of 3 µm. For 

imaging of spinal cord, light path settings were as follows: CerTN-L15 excitation 488 nm 

(Argon), emission 498 - 538 nm; KOFP excitation 561 nm (DPSS), emission 571 - 611 nm; 

Alexa FluorTM Plus 647 excitation 633 nm (HeNe), emission 643 - 683 nm (for CR) or 

643 - 703 nm (for CB). All three channels were recorded with hybrid photo detectors and 

acquired sequentially to avoid crosstalk. Pixel size was 284 x 284 nm with a z-step size of 

3 µm. 

2.2.10.5. Image analysis 

Confocal images were analysed with Fiji/ImageJ. All plotting and statistical analysis was per-

formed using GraphPad Prism. 

For analysis of viral transduction in cortex, in each image a small area with the same anatom-

ical location, 280 µm wide and encompassing all cortical layers was defined. Within one 

z-slice of this area, all NeuroTrace positive cells were manually outlined. This ROI set was 

then overlaid onto the KOFP channel and mean grey value measurements made for each iden-

tified cell. ROIs with an area below 20 µm2 were excluded from analysis as they likely do not 

represent neurons. A KOFP fluorescence background measurement was made for each image 

by defining, measuring and averaging over three areas without KOFP+ cells. Cells were de-

fined as KOFP+ when the cellular KOFP measurement was at least 1.5-fold brighter than the 

background measurement of the same image. Based on this data, number of KOFP+ cells per 

NeuroTrace+ cells and mean fluorescence intensity of KOFP+ cells were calculated for each 

image. A Shapiro-Wilk test for normality was performed for both data sets. Where normality 
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was confirmed, this was followed by ANOVA with Bonferroni’s multiple comparisons test. 

Where normality could not be confirmed, a non-parametric test, Kruskal-Wallis test with 

Dunn’s multiple comparisons test, was performed instead.  

For analysis of calbindin and calretinin overexpression, one representative image per mouse 

and staining was selected for analysis. For these images, CerTN-L15+ or KOFP+ cells in the 

grey matter were manually outlined throughout the complete z-stack (each cell defined in the 

z-slice where it was best in focus). To prevent bias, both CerTN-L15 and KOFP were indis-

tinguishably displayed in greyscale and the calbindin/calretinin channel completely removed 

for cell definition. Subsequently, an adjacent background ROI was defined for each cell, dis-

playing all channels to ensure that the ROIs actually represent tissue background. Measure-

ments of mean grey values were made for all cells and channels and corresponding back-

ground subtracted for each. For correlation, KOFP measurements were plotted against cal-

bindin or calretinin staining intensity. A linear regression curve was added, and Spearman r 

calculated as a rank-based measure of correlation, as normality, assessed with Shapiro-Wilk 

test, could not be confirmed. To visualise the degree of overexpression, calbindin or calretinin 

staining intensity was compared between KOFP– and KOFP+ cells. A cell was defined as 

KOFP+, when the KOFP measurement of the cell was at least 1.5-fold brighter than for the 

corresponding background ROI. Since Shapiro-Wilk test did not confirm normality, groups 

were compared by non-parametric Kruskal-Wallis with Dunn’s multiple comparisons test.  

2.2.11. Flow cytometry-based analysis of viral expression efficacy in vitro 

2.2.11.1. Flow cytometry of transfected HEK cells 

HEK cells were seeded into cell culture treated 12 well plates at a density of 100.000 cells per 

well and transfected 3 h later. For transfection, 320 ng of plasmid per well were combined 

with 2 µl PEI and 80 µl Opti-MEMTM Reduced Serum Medium, left to rest at room tempera-

ture for 30 min, then added dropwise to the well. Four days later, cells were detached with 

trypsin, pelleted, then resuspended in PBS and transferred to U-bottom 96 well plates. KOFP 

fluorescence in transfected cells was analysed with a Beckman Coulter Cytoflex S and 

with FlowJo.  

2.2.11.2. Flow cytometry of infected HeLa cells 

HeLa cells were seeded into cell culture treated 48 well plates at a density of 8.000 cells per 

well and infected one day later. For infection, 1013 viral particles were added per well. Three 

days later, cells were detached with trypsin, pelleted, then resuspended in PBS and transferred 

to U-bottom 96 well plates. KOFP fluorescence in infected cells was analysed with a Beck-

man Coulter Cytoflex S and with FlowJo.  
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2.2.12. Statistical analysis 

GraphPad Prism was used for all statistical analyses. Descriptions of statistical approaches 

can be found in the figure legends and are described above for each image analysis individu-

ally. In brief, error bars represent standard deviation (SD) unless noted otherwise. Shapiro-

Wilk test was used to test samples for normal distribution. ANOVA with Bonferroni multiple 

comparison test was used for variance testing in normally distributed samples. Kruskal-Vallis 

test with Dunn’s multiple comparison test was used instead, where normality could not be 

confirmed. Spearman rank correlation test was used to test for correlation in non-normally 

distributed samples.  
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3. Results 

 

Figure 7 – Selective fluorescent labelling of membrane-damaged cells using polar, ester-
capped dichlorofluorescein derivatives. 
Membranes can be damaged by various mechanisms including ferroptosis, necrosis, pore-forming 
toxins and lipid peroxidation. Damage to the membrane impairs its barrier function so that it can 
become permeable to compounds that would otherwise be excluded. We have exploited this system 
to develop a fluorogenic probe termed MDG1 (membrane damage green 1, see top left), which by 
origin is non-fluorescent due to chemical capping and membrane-impermeable due to two permanently 
charged sulfonate groups (-SO3H, shaded in blue). Upon membrane damage MDG1 can enter cells, 
and its fluorescence is released by uncapping. The necessary ester cleavage is performed by ester-
ases (red scissors), which are only present inside but not outside the cell. This results in bright cytosolic 
fluorescent labelling of membrane-damaged cells with no fluorescent background extracellularly. Re-
printed with permission from J. Am. Chem. Soc. 2024, 146, 11072−11082. Copyright © 2024 American 
Chemical Society. Probe design and figure design by Philipp Mauker. 

3.1. Development and application of a membrane damage-selective biosensor 

As outlined in the aims of this thesis, the long-term purpose of this project was to establish a 

selective targeting approach to deliver potential axoprotective drugs, such as calcium chela-

tors, directly to damaged axons using their characteristic membrane nanoruptures as an entry 

path. As a proof-of-principle study, we first delivered fluorogenic compounds (“turn-on fluor-

ophores”) to membrane-damaged cells in vitro. Beyond its purpose to guide prodrug develop-

ment, the selective fluorogenic compound can also act in and of itself as a biosensor for mem-

brane damage and aid the study of compromised cells or axons that find themselves at the 

crossroads between degeneration and repair/survival. This project was carried out in collabo-

ration with Philipp Mauker and Oliver Thorn-Seshold, Department of Pharmacy, LMU 

Munich. 

We based our compounds on dichlorofluorescein, a small, bright organic fluorophore, which 

can be trapped in a non-fluorescent state, disabling π-conjugation, by chemical capping. When 

https://doi.org/10.1021/jacs.3c07662
https://doi.org/10.1021/jacs.3c07662
https://doi.org/10.1021/jacs.3c07662
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using esters for capping, the fluorophore can be rapidly released by intracellular esterases 

 (Rotman and Papermaster, 1966). This approach to fluorogenicity has been widely used for 

dichlorofluorescein and other compounds and prevents background fluorescence in the extra-

cellular space. In the following chapters, capped non-fluorescent compounds will be referred 

to as “probes” and the uncapped fluorescent compounds as “fluorophores”. 

Due to the lipophilic nature of the plasma membrane, small apolar molecules can freely cross 

it, while larger or more polar molecules cannot. One way to impermeabilise molecules is 

therefore, to attach permanently charged groups, such as sulfonates (Guthrie, 1978). In order 

to find a compound that selectively labels membrane-damaged cells, i.e. a compound that is 

excluded from healthy cells but taken up by and activated in damaged cells, we synthesised a 

range of polar dichlorofluorescein derivatives. These were then screened for their performance 

in in vitro assays of plasma membrane damage. A graphic summary of the chemical approach 

can be found in Figure 7. 

3.1.1. Compound screening identifies membrane damage green 1 (MDG1), a disul-

fonated probe reliably acting as membrane damage sensor 

As described previously, we based our biosensor approach on dichlorofluorescein (new 

nomenclature: H2-FS0), to which we attached different impermeabilising and capping groups 

to obtain a range of differently polar candidates (see Figure 8 for structures and nomencla-

ture). With the exception of i2-FS0 and FDP, which were included as reference to existing 

work in the field (Chyan et al., 2017; Rotman et al., 1963), these are novel probes and have 

first been described by us. A more thorough explanation of the rationale for single candidate 

design and of the synthesis routes can be found elsewhere (Mauker, Beckmann et al., 2024). 

Candidate design and chemical synthesis were performed by Philipp Mauker at LMU Munich, 

Department of Pharmacy. 

We measured absorption and emission spectra of the novel fluorophores (Supplementary 

Figure 1a, b) and used these to calculate quantum yields (Supplementary Table 1). Com-

pared to dichlorofluorescein (H2-FS0), peak absorption of H2-FS1 was slightly red-shifted 

(from 502 to 507 nm) whereas the asymmetric mono-capped fluorophores (H-Me-FS1, 

H-EM-FS1, H-PS-FS1 and H-PS-FS2) showed two absorption maxima at around 460 and 

485 nm. Their absorbance at 485 nm is 4-fold lower than for H2-FS0 and H2-FS1 leading also 

to a 4-fold lower quantum yield. Emission spectra were not notably different between fluoro-

phores (emission maximum ~ 525 nm). All fluorophores were photostable (Supplementary 

Figure 1c) and stocks of the capped non-fluorescent probes were sufficiently stable in 

handling (< 5 % ester cleavage into active fluorophores), as concluded from their low absorp-

tion and emission (Supplementary Figure 1d, e). To enable wash-free imaging without back-

ground, a probe must fulfil two additional criteria: (1) It has to remain non-fluorescent outside 

cells, i.e. spontaneous non-enzymatic hydrolysis has to be avoided, and (2) enzymatic pro-

cessing inside the cell has to be rapid to generate detectable fluorescence. We tested probe 
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Figure 8 – Structure overview of all probes and fluorophores and their naming rationale. 
Non-fluorescent probes (capped structure before cleavage) are shaded in grey. The corresponding 
fluorophores they release upon cleavage are placed directly below (centred, if two probes release the 
same fluorophore) and shaded in yellow. Capping groups are shaded in pink and impermeabilising 
groups in blue. Capping groups of FDP are shaded in purple as they are at the same time impermea-
bilising. FDP = fluorescein-diphosphate. For all other compounds nomenclature was defined as 
follows: Groups attached to the xanthene (three-ring system with central oxygen) are listed before the 
hyphen. H, a hydrogen atom, indicates absence (past cleavage) of other chemical groups. “F” denotes 
the dichlorofluorescein core. Sn indicates the total number of sulfonates. Accordingly, dichlorofluores-
cein itself becomes H2-FS0 using this nomenclature. For ease of name use, our star compound 
iPS-FS2 is also referred to as MDG1 (membrane damage green 1) and its derivative MSS00-PS-FS2 
as MDG2. Adapted and reprinted with permission from J. Am. Chem. Soc. 2024, 146, 11072−11082. 
Copyright © 2024 American Chemical Society. Chemical synthesis and figure by Philipp Mauker. 

stability in three different media, PBS, HBSS and DMEM. As expected from the media com-

position, spontaneous hydrolysis was lowest in PBS, somewhat higher in HBSS and very pro-

nounced in DMEM (Supplementary Figure 1g, h). Likewise expected (Chyan et al., 2017), 

isobutyrates (i) were more hydrolytically stable than acetates (a). As a compromise between 

probe stability and cell viability, we decided to perform live cell imaging experiments in 

HBSS. Probe activation by esterases was measured cell-free by incubation with porcine liver 

esterase, which clearly activated probes above spontaneous hydrolysis (Supplementary Fig-

ure 1f). Activation of single-capped probes (i) was considerably quicker than activation of 

double-capped probes (i2, a2). Photocharacterisation, cell-free stability measurements, and es-

terase activation assays were performed by Philipp Mauker. 

To act as a membrane damage biosensor, a probe must be excluded from healthy cells while 

crossing damaged plasma membranes. To find out which of our probes fulfils these criteria, 

we modelled plasma membrane damage in vitro and performed confocal live cell imaging 

(Figure 9a). Different stressors can induce different types of membrane damage. We decided 

to first induce a very simple and well-defined form of damage, using the bacterial 
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Figure 9 – Uptake of probes into LLO-damaged HEK cells. 
(a) Schematic representation of membrane damage assays: membranes are damaged by incubating 
cells with either lysteriolysin O (LLO, bacterial pore-forming toxin) or 2,2'-azobis(2-amidinopropane) 
dihydrochloride (AAPH, free radical donor), while control cells remain untreated. The damaging agent 
is then washed off and cells are subsequently incubated with the fluorogenic probes. A successful 
probe will label cells in the damaged condition only. (b) Confocal microscopy images of live HEK cells 
incubated with LLO (or sham) for 5 min followed by 5 µM probe treatment. Images taken after 10 min 
of probe incubation without prior washing. (c) Quantification of intracellular fluorescence, normalised 
to DMSO, for damaged vs. undamaged cells. n = 3, each data point represents an independent ex-
periment, horizontal lines indicate means. The factor below each dataset denotes the ratio between 
damaged and undamaged cell fluorescence. Scale bars 50 µm. To enable visualisation across the 
vast range of fluorescence intensities, dim compounds are displayed with enhanced brightness (5x); 
1x in this figure equals 1x in Figure 10 and Figure 15c. Dotted vertical line in (c) denotes intracellular 
fluorescence of DMSO-treated undamaged HEK cells, DMSO = dimethyl sulfoxide. Adapted and re-
printed with permission from J. Am. Chem. Soc. 2024, 146, 11072−11082. Copyright © 2024 American 
Chemical Society.  

pore-forming toxin lysteriolysin O (LLO). This toxic protein oligomerises in the plasma mem-

brane, thereby forming a non-selective channel that is permeable to ions and small molecules. 

Due to these characteristics, LLO has been exploited previously to deliver otherwise imper-

meable small molecules into cells (Murakami et al., 2018). We treated HEK cells with 

0.2 µg/ml LLO for 5 min, washed off LLO and incubated LLO-damaged and undamaged 

control cells with 5 µM of the different probes for 10 min until image acquisition (Figure 9b). 

All probes showed turn-on from zero extracellular background, indicating that spontaneous 

hydrolysis in HBSS was indeed minimal and washing off probes is not required. Due to the 

intensity differences between the released fluorophores, which result from their different 
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Figure 10 – Uptake of fluorophores into LLO-damaged HEK cells. 
(a) Confocal microscopy images of live HEK cells incubated with LLO (or sham) for 5 min followed by 
5 µM fluorophore treatment. Images taken after 10 min of fluorophore incubation without prior washing. 
(b) Quantification of intracellular fluorescence, normalised to DMSO, for damaged vs. undamaged 
cells. n = 3, each data point represents an independent experiment, horizontal lines indicate means. 
The factor below each dataset denotes the ratio between damaged and undamaged cell fluorescence. 
Scale bars 50 µm. To enable visualisation across the vast range of fluorescence intensities, dim com-
pounds are displayed with enhanced brightness (5x) while very bright compounds are dimmed down 
(0.3x); 1x in this figure equals 1x in Figure 9 and Figure 15c. Dotted vertical line in (b) denotes intra-
cellular fluorescence of DMSO-treated undamaged HEK cells. DMSO = dimethyl sulfoxide. Adapted 
and reprinted with permission from J. Am. Chem. Soc. 2024, 146, 11072−11082. Copyright © 2024 
American Chemical Society. 

quantum yields, microscopy images are displayed at different brightness levels to keep the 

focus on compound localisation rather than intensity. As reported previously, i2-FS0, which 

bears no impermeabilising groups, can enter and label undamaged cells (Chyan et al., 2017). 

It is the only probe that generates less signal in permeabilised compared to healthy cells, which 

might be explained by severe leak-out from damaged cells after activation. Interestingly, 

addition of just one sulfonate group was not enough to exclude probes from healthy cells: 

i2-FS1, a2-FS1 and iPS-FS1 show a stronger signal in LLO-damaged compared to undamaged 

cells, yet the fluorescent signal in undamaged cells remains considerably high, which is unde-

sirable for a membrane damage sensor (Figure 9b, c). We did observe an exclusion from 
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healthy cells for iMe-FS1 and iEM-FS1, which are modifications of i2-FS1, in which one 

capping group is replaced by a more polar moiety, as well as for the disulfonated probe 

iPS-FS2 (Figure 9b, c). All three show around 30-fold signal increase in damaged over healthy 

cells, thereby outcompeting the commercially available compound FDP, which shows poorer 

cell exclusion and only 7-fold increase upon damage. Of note, FDP was originally developed 

as a fluorogenic phosphatase substrate and not intended as a membrane damage sensor 

(Rotman et al., 1963), explaining the mediocre performance in this setting. Overall, iPS-FS2 

achieves the best performance as it has the lowest fluorescence in undamaged cells and can 

thus detect damage with the highest specificity. For ease of name use, lead compound 

iPS-FS2 will also be referred to as MDG1 (membrane damage green 1).  

We also incubated LLO-damaged and healthy HEK cells with the permanently fluorescent 

fluorophores (Figure 10a, b). In contrast to the turn-on probes, these show high extracellular 

fluorescence and can only enter permeabilised cells, while healthy cells appear as “shadow 

images”. This experiment emphasises the elegance of the turn-on approach, which greatly 

increases the contrast between cells and extracellular background. The intracellular fluores-

cence measurements for fluorophore-excluding healthy cells are likely overestimated due to 

inclusion of a few very bright background pixels in the intracellular measurements, empha-

sising again the advantages of zero background when using turn-on mechanisms. 

We next turned our attention to a different type of membrane damage: lipid peroxidation. 

Radical damage to the plasma membrane occurs at ROS- and RNS-laden sites of inflammation 

or in ferroptosis and can alter membrane lipids, resulting in increased membrane permeability 

(Haider et al., 2011; Stockwell, 2022; Pedrera et al., 2021). Since our main interest lies in 

targeting membrane-damaged axons, we decided to use a neuronal cell line, PC12, for these 

experiments. Although the cause of membrane damage in axons in inflammatory lesions is 

currently unknown, such lesions have high loads of ROS and RNS, making permeabilisation 

due to lipid peroxidation a plausible hypothesis. To induce lipid peroxidation in vitro, we 

incubated PC12 cells with the radical-generating initiator 2,2’-azobis(2-amidinopropane) 

(AAPH) (Miki et al., 1987) (Figure 11). In this membrane damage assay, only MDG1 turned 

out as a reliable damage sensor: it is excluded by healthy PC12 cells but enters upon AAPH 

damage (Figure 11a,b). The difference between the two conditions is 8-fold, i.e. lower than 

the 31-fold change seen in the simpler membrane damage assay. iMe-FS1 and iEM-FS1, which 

had reported well on LLO damage in HEK cells did show residual uptake into healthy PC12 

cells and small to no signal increase in AAPH damage. They were therefore not further pur-

sued. FDP was at the limit of detection in this setup and although excluded from healthy PC12 

cells, its signal did increase only very slightly (3-fold) in AAPH damage. We think that the 

fold change between the damaged and undamaged condition may be overall lower with AAPH 

compared to LLO (Figure 9c and Figure 11b) because lipid peroxidation unlike LLO does 

not create large organised voids to permeate through but much smaller “creases” that com-

pounds need to “wriggle” through. 
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Figure 11 – Uptake into AAPH-damaged PC12 cells. 
(Figure legend on next page) 
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(Legend for Figure 11) (a, c) Confocal microscopy images of live PC12 cells incubated with AAPH (or 
sham) for 90 min followed by 5 µM probe (a) or fluorophore (c) treatment. Images taken after 10 min 
of probe/fluorophore incubation without prior washing. (b, d) Quantification of intracellular fluores-
cence, normalised to DMSO, for damaged vs. undamaged cells. n = 3, each data point represents an 
independent experiment, horizontal lines indicate means. The factor below each dataset denotes the 
ratio between damaged and undamaged cell fluorescence. Scale bars 50 µm. To enable visualisation 
across the vast range of fluorescence intensities, dim compounds are displayed with enhanced bright-
ness (5x) while very bright compounds are dimmed down (0.3x); 1x in this figure equals 1x in Figure 
15e. Dotted vertical line in (b, d) denotes intracellular fluorescence of DMSO-treated undamaged PC12 
cells. DMSO = dimethyl sulfoxide. Adapted and reprinted with permission from J. Am. Chem. Soc. 
2024, 146, 11072−11082. Copyright © 2024 American Chemical Society. 

We also tested the permanently fluorescent fluorophores on AAPH-damaged PC12 cells and 

found that analogous to findings with LLO, they could only penetrate AAPH-damaged PC12 

cells (Figure 11c, d). 

In summary, the disulfonate MDG1 resulted to be our best probe for charge-based discrimi-

nation of membrane damage, as it was the only probe that was excluded by healthy HEK and 

PC12 cells and taken up after LLO- and AAPH-induced membrane damage. Its broad applica-

bility across different cell types and membrane stressors was confirmed by two additional 

experiments: MDG1 successfully reported on ferroptosis induced by inhibition of glutathione 

peroxidase 4 (GPX4) and on the extent of a laser-induced necrotic lesion. These experiments 

were performed in T cells isolated from murine lung and drosophila embryo epithelium re-

spectively (data not shown, experiments performed by Chantal Wientjens and Andrew J. Da-

vidson, see Mauker, Beckmann et al., 2024). 

3.1.2. MDG1-labelling is stable long-term in non-washed cells but poorly retained 

post-wash 

After confirming that MDG1 reliably acts as membrane damage sensor across different cell 

types and membrane stressors, we next addressed practical aspects of MDG1 application. 

Only 10 minutes are necessary for effective loading of MDG1 into membrane-damaged cells 

(Figure 9b, c, Figure 11a, b), however some research questions may require longer tracking 

of MDG1-labelled cells. We therefore followed up on MDG1-treated cells and found that they 

remain clearly labelled for at least 2 h if MDG1 is not removed from the medium (Figure 12a, 

b). This comes however at the cost of diminished contrast, as the extracellular signal slowly 

increases. Importantly though, the background remains much lower than the cellular signal, 

which for LLO-damaged HEK cells plateaus at 75% of the initial signal and for AAPH-treated 

PC12 cells even continues to rise over the complete 2 h time window studied. The results are 

markedly different, when MDG1 is washed off after 10 min of loading time and cells observed 

afterwards (Figure 13a, b). Since H-PS-FS2, the fluorophore released by uncapping of 

MDG1, is not designed to interact with any cellular components, it can freely diffuse out into 

the medium. Indeed, LLO-damaged HEK cells lose more than 90 % of their initial signal 

within 40 minutes, when there is no extracellular MDG1 to compensate for the loss. 
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Figure 12 – Long-term incubation with MDG1. 
(a) left: Confocal microscopy images of live HEK cells damaged with LLO, then incubated with 
5 µM MDG1. Images were taken longitudinally at the indicated timepoints post addition of MDG1, 
which was not washed off at any time. right: Quantification of intra- and extracellular MDG1 fluorescent 
signal over the time course of the experiment, normalised to intracellular signal at 10 min. n = 3 inde-
pendent experiments, mean ± standard deviation. (b) left: Confocal microscopy images of live PC12 
cells damaged with AAPH, then incubated with 5 µM MDG1. Images were taken longitudinally at the 
indicated timepoints post addition of MDG1, which was not washed off at any time. right: Quantification 
of intra- and extracellular MDG1 fluorescent signal over the time course of the experiment, normalised 
to intracellular signal at 10 min. n = 3 independent experiments, mean ± standard deviation. Scale 
bars 50 µm. Adapted and reprinted with permission from J. Am. Chem. Soc. 2024, 146, 11072−11082. 
Copyright © 2024 American Chemical Society.  

AAPH-damaged PC12 cells retain the signal much better, they quickly reach a plateau of one 

third of the pre-wash fluorescence intensity, which is significantly higher than autofluores-

cence of non-labelled cells. Although this indicates that these cells can be distinguished from 

undamaged cells even post-wash, we generally advise to use MDG1 in wash-free setups. The 

difference in long-term retention between the HEK-LLO and PC12-AAPH assays caught our 

attention, and we speculated, that it might be due to more efficient membrane repair in the 

AAPH condition, which prevents further leak-out. We therefore set out to test this hypothesis 

by repurposing our membrane damage sensor MDG1 as a resealing sensor. More precisely, 
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Figure 13 – Post-wash signal retention of MDG1. 
(a) left: Confocal microscopy images of live HEK cells damaged with LLO, then incubated with 
5 µM MDG1 for 10 min, afterwards washed and incubated in fresh HBSS. Images were acquired lon-
gitudinally, once pre-wash and at the indicated timepoints post-wash. right: Quantification of intra-
cellular MDG1 fluorescent signal over the time course of the experiment, normalised to signal pre-
wash. n = 3 independent experiments, mean ± standard deviation. (b) left: Confocal microscopy 
images of live PC12 cells damaged with AAPH, then incubated with 5 µM MDG1 for 10 min, afterwards 
washed and incubated in fresh HBSS. Images were acquired longitudinally, once pre-wash and at the 
indicated timepoints post-wash. right: Quantification of intracellular MDG1 fluorescent signal over the 
time course of the experiment, normalised to signal pre-wash. n = 3 independent experiments, mean 
± standard deviation. Scale bars 50 µm. Dashed lines in (a, b) indicate level of autofluorescence in 
damaged cells without MDG1. Adapted and reprinted with permission from J. Am. Chem. Soc. 2024, 
146, 11072−11082. Copyright © 2024 American Chemical Society 

we added MDG1 to cells after different post-stress recovery times of up to 2 h. Indeed, in the 

PC12-AAPH assay we did observe a linear decline in MDG1 uptake when the probe was 

added after increasing recovery times, indicating that PC12 cells do repair the AAPH-induced 

damage to their plasma membrane and slowly reseal (Figure 14b). LLO-damaged HEK cells 

also showed an initial signal decrease, indicative of resealing but then plateaued at around 

40 % of the original non-recovery signal (Figure 14a). While this is in itself an interesting 

finding that exemplifies the types of studies our membrane damage sensor facilitates, it does 

not fully explain the long-term difference in dye retention between the two assay types, since 
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Figure 14 – Resealing of plasma membrane after LLO- or AAPH-mediated damage. 
(a) left: Confocal microscopy images of live HEK cells damaged with LLO. Cells were allowed to re-
cover for the indicated amount of time, then incubated with 5 µM MDG1 and the image acquired after 
10 min of loading. right: Quantification of intracellular MDG1 fluorescent signal when probing after 
x min of recovery from damage. Normalised to signal at 0 min recovery time. n = 3 independent 
experiments, mean ± standard deviation. (b) left: Confocal microscopy images of live PC12 cells 
damaged with AAPH. Cells were allowed to recover for the indicated amount of time, then incubated 
with 5 µM MDG1 and the image acquired after 10 min of loading. right: Quantification of intracellular 
MDG1 fluorescent signal when probing after x min of recovery from damage. Normalised to signal at 
0 min recovery time. n = 3 independent experiments, mean ± standard deviation. Scale bars 50 µm. 
Dashed lines in (a, b) indicate level of autofluorescence in damaged cells without MDG1. Adapted and 
reprinted with permission from J. Am. Chem. Soc. 2024, 146, 11072−11082. Copyright © 2024 
American Chemical Society. 

AAPH-damaged cells reach the 40 % signal mark noticeably later than LLO-damaged HEK 

cells. In addition to resealing, the differences between the assays may also be influenced by 

different baseline rates of probe entry and dye exit in the different cell- and damage types. 

In summary, MDG1 can be used to track damaged cells for at least 2 h in wash-free imaging 

and can also function to detect recovery from membrane damage. Its applicability is somewhat 
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Figure 15 – Hydrolytic stability and membrane damage selectivity of MDG2 (MSS00-PS-FS2). 
(a) Structural formulas of MDG1 (iPS-FS2) and MDG2 (MSS00-PS-FS2) which share the disulfonated 
fluorophore scaffold (sulfonates shaded in blue) but differ in the turn-on trigger (isobutyrate shaded in 
pink, disulphide group shaded in brown). (b) Spontaneous hydrolysis in DMEM of the ester probe 
MDG1 compared to redox probe MDG2. (c) Confocal microscopy images of live HEK cells incubated 
with LLO (or sham) for 5 min followed by 5 µM MSS00-PS-FS2 treatment. Images taken after 10 min 
of probe incubation without prior washing. (e) Confocal microscopy images of live PC12 cells incubated 
with AAPH (or sham) for 90 min followed by 5 µM MSS00-PS-FS2 treatment. Images taken after 
10 min of probe incubation without prior washing. (d, f) Quantification of intracellular fluorescence, 
normalised to DMSO, for damaged vs. undamaged cells. Data for FDP and MDG1 re-plotted from 
Figure 9 and Figure 11. n = 3, each data point represents an independent experiment, horizontal lines 
indicate means. The factor below each dataset denotes the ratio between damaged and undamaged 
cell fluorescence. Scale bars 50 µm. To enable visualisation across the vast range of fluorescence 
intensities, dim compounds are displayed with enhanced brightness (20x / 50x); 1x in (c) equals 1x in 
Figure 9 and Figure 10; 1x in (e) equals 1x in Figure 11. Dotted vertical line in (d, f) denotes intracellular 
fluorescence of DMSO-treated undamaged HEK or PC12 cells respectively. DMSO = dimethyl 
sulfoxide. Adapted and reprinted with permission from J. Am. Chem. Soc. 2024, 146, 11072−11082. 
Copyright © 2024 American Chemical Society. Data in (b) collected by Philipp Mauker. 

limited by its propensity to hydrolyse and by the lack of active retention inside a damaged 

cell. While introducing an active retention mechanism into our probes is beyond the scope of 

this work, we did take steps to improve the hydrolytic stability. The probe design is inherently 

modular: different chemical groups mediate either capping or impermeabilisation. This 

means, that the turn-on trigger can be exchanged without a major influence on probe 

(im-)permeability. We thus replaced the hydrolysis-prone esterified isobutyrate capping group 

of MDG1 with a redox labile disulphide trigger (MSS00), yielding the probe MSS00-PS-FS2 

or MDG2 for short (Figure 15a). This probe can be activated by thiols, such as glutathione 

(GSH), which just like esterases will only be available inside the cell. In a cell-free setting, no 

undesired MDG2 activation was found across media, even in DMEM, which in contrast 
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quickly hydrolyses MDG1 (Figure 15b and Supplementary Figure 1i). In turn, MDG2 was 

readily activated by GSH concentrations as low as 0.1 mM (Supplementary Figure 1j, ex-

periment performed by Philipp Mauker), i.e. markedly below the usual intracellular concen-

tration pf GSH of 1 - 5 mM (Hwang et al., 1992). In direct comparison to MDG1, MDG2 

showed equally good exclusion from healthy cells (even better exclusion from PC12) but a 

lower fold change in damaged cells (LLO: 8-fold; AAPH: 3-fold; Figure 15c-f). Since MDG1 

and MDG2 release the same fluorophore, this must be due to probe characteristics such as 

slower uptake or activation. Since extracellular hydrolysis is not an issue with MDG2, it 

should be possible to overcome these shortcomings by increasing MDG2 concentration or 

incubation time.  

To sum up, the “MDG” platform of mono-capped, disulfonated fluorogens is a biochemically 

flexible tool, which allows modifications of the turn-on mechanism without compromising 

membrane damage selectivity. 

3.1.3. MDG1 visualises membrane damage in the axonal compartment 

The previous chapters have outlined how the membrane damage sensor MDG1 was developed 

and characterised. Since MDG1 is not the first compound to make use of permeabilised mem-

branes for the detection of dead cells or such at risk of dying, we next sought to demonstrate 

a use case in which MDG1 is clearly superior to existing “live-dead stains” or “cell viability 

assays”. Broadly, the commercially available products can be classified into two groups: 

(1) dyes that forgo any activation mechanism (e.g. Trypan Blue or amine-reactive viability 

dyes) (Strober, 2001; Perfetto et al., 2006). These either require washing, which is ineffective 

in vivo and detaches damaged cells in vitro, or have poor contrast when utilised wash-free (see 

damaged cell labelling with permanently fluorescent fluorophores, Figure 10a and Figure 

11c). Product group (2) subsumes compounds that turn on fluorescence by intercalation with 

DNA (e.g. propidium iodide (PI) and Sytox) (Arndt-Jovin and Jovin, 1989; Molecular Probes, 

Thermo Fisher Scientific). These nuclear stains, however, can only uncover membrane dam-

age close to the nucleus (i.e. in the soma) but not in remote subcellular compartments such as 

neuronal axons or dendrites. Since we aim to use the MDG1 biosensor and eventually MDG1-

inspired prodrugs to investigate and treat axonal pathology, we tested the performance of 

MDG1 in comparison to PI in detecting axonal membrane damage. To this end, we isolated 

primary mouse neurons from hippocampus and cultured them in microfluidic chambers, 

which model the physical separation of neuronal cell bodies and their axons and allow for 

manipulation of one compartment independently of the other (Figure 16). These experiments 

were performed by Simone Wanderoy at the Max Planck Institute for Biological Intelligence. 

Axons were damaged with the radical donor AAPH and the membrane damage indicators 

MDG1 or PI were applied thereafter. For PI, we observed labelled nuclei in the somatic com-

partment but no labelling in the axonal compartment, which is devoid of DNA (Figure 16a). 

After MDG1-treatment in contrast, the cytosol of damaged axons lit up, while undamaged 

control axons showed little to no fluorescence (Figure 16b, c).  
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Figure 16 – Cytosolic MDG1 visualises membrane damage in the axonal compartment while PI 
stains nuclei only.  
a) right: Schematic representation of neuronal culture growing in a microfluidic chamber that models 
physiologic separation of soma and axon terminals. The device allows manipulation of one compart-
ment independently of the other. left: Microscopy images of neuronal culture growing in microfluidic 
chambers. Neurons were damaged by AAPH treatment of the axonal compartment only. This was 
followed by incubation with PI (3.3 µg/ml) in both somatic and axonal chamber. Images were acquired 
before addition of PI and 15 min after. The top and bottom panel show the somatic and axonal com-
partment respectively to emphasise the nuclear location of PI. Within both panels, the lower row 
images have been zoomed in from the row above. (Figure legend continues on next page)  
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(Continued legend for Figure 16) (b) Microscopy images of neuronal culture growing in microfluidic 
chambers. Neurons were damaged by AAPH (or sham) treatment of the axonal compartment only. 
This was followed by incubation with MDG1 (25 µM). Images were acquired before addition of MDG1 
and 15 min after. The top and bottom panel both show the axonal compartment, but for the damaged 
and undamaged condition respectively. Within both panels, the lower row images have been zoomed 
in from the row above. (c) Co-localisation of CellTracker (all axons) and MDG1 (membrane damage 
sensor) quantified using Mander’s coefficient. n = 2, each data point represents an independent ex-
periment, horizontal lines indicate means, ANOVA. Scale bar 50 µm. ns = not significant (p > 0.05), 
**** p > 0.0001. Adapted and reprinted with permission from J. Am. Chem. Soc. 2024, 146, 
11072−11082. Copyright © 2024 American Chemical Society. Data collected by Simone Wanderoy. 

We conclude that MDG1 is a reliable membrane damage sensor and the first compound to 

combine healthy cell impermeabilisation with enzymatic turn-on to provide cytosolic label-

ling. It is therefore the first tool, to enable wash-free fluorogenic imaging of damaged distal 

cellular processes such as neuronal axons making it a valuable tool in the study of neuropa-

thology. 

3.2. Therapeutic enhancement of endogenous calcium clearance pathways 

Focal axonal degeneration in neuroinflammatory lesions is an initially reversible process: 

damaged axons first develop swellings, which can proceed to fragmentation or be resolved, 

enabling the axon to survive long-term. When investigating checkpoints that control whether 

a swollen axon will fragment or recover, it was found that degeneration is driven by calcium 

influx via a permeabilised plasma membrane (Witte et al., 2019). Axons with low calcium 

recovered and some high-calcium axons were able to spontaneously return to homeostatic low 

calcium levels. In the previous chapter, the development of a selective targeting mechanism 

for membrane-damaged axons, which may in the future be used to deliver calcium chelator 

prodrugs into the axons at need, was outlined. An alternative therapeutic approach to tip the 

balance in favour of calcium homeostasis and thus axonal survival is to boost endogenous 

calcium clearance pathways. 

In essence, cells employ three mechanisms to lower free cytosolic calcium: sequestration by 

calcium-binding proteins, uptake of calcium into membrane-bounded organelles or extrusion 

by plasma membrane calcium pumps and exchangers. We reasoned that overexpression of 

low affinity calcium-binding proteins, which due to this low affinity will only bind substantial 

amounts of calcium at times of calcium overload, should have lower side effects on physio-

logical calcium handling than the manipulation of calcium transport across membranes and 

also provides the most extensive literature. We therefore decided to explore the axoprotective 

potential of neuron-specific overexpression of the calcium-binding proteins calbindin and 

calretinin. 
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Figure 17 – Schematic representation and timeline of rAAV-mediated calcium-binding protein 
overexpression in transgenic calcium sensor mouse line CerTN-L15. 
Three different recombinant adeno-associated viruses (rAAVs) were produced with the PHP.eB capsid 
variant and injected intravenously into three groups of mice with transgenic expression of the calcium 
sensor “CerTN-L15”. The three viruses encoded either calbindin, calretinin or a control gene of same 
size, which were coupled to the expression of Kusabira Orange fluorescent protein (KOFP) with a T2A 
self-cleaving peptide. The gene construct was under control of the human synapsin promotor (hSyn) 
to limit expression to neurons. A timeline of the experiment is depicted below. Virus was injected three 
weeks prior to EAE induction which comprises immunisation with myelin oligodendrocyte glycoprotein 
(MOG) and pertussis toxin (PTX) on day 21 and a second injection of PTX on day 23. Mice were 
scored daily for motor symptoms, which were assessed on a 5-point scale. First motor symptoms 
usually occur on day 10 - 14 relative to EAE induction which equals day 31 - 35 relative to virus injec-
tion. The motor symptoms peak after 2 - 3 days, which was chosen as the timepoint for in vivo 
two-photon imaging. EAE = experimental autoimmune encephalomyelitis 

3.2.1. Rationale and approach for overexpression of calcium-binding proteins 

Calbindin (CB) and calretinin (CR) are two calcium-binding proteins (CaBPs) which are 

endogenously expressed in the central nervous system and have low calcium affinity 

(calbindin: KD = 400 nM, calretinin: KD = 1.4 µM) (Schmidt, 2012; Schwaller, 2010). These 

low affinity buffers flatten calcium transients by efficiently binding calcium at high concen-

trations while calcium release from the protein is favoured once cytosolic calcium levels 

return to low baseline levels (Sala and Hernández-Cruz, 1990; Schwaller, 2010). Such buff-

ering may therefore buy axons time to recover from damage before irreversible destruction 

pathways are activated. 

In order to test this hypothesis, we produced recombinant adeno-associated viruses (rAAVs) 

for the neuron-specific overexpression of calbindin, calretinin or a negative control gene (Fig-

ure 17). We initially used Cre recombinase as a control gene, which we expected to be without 

its DNA-cutting function in the absence of any loxP sites. Since the Cre-expressing virus 

showed unexpected toxicity, we switched to ShadowG, a mutated non-fluorescent variant of 

GFP (green fluorescent protein) as the control gene. Mice receiving the Cre-virus developed 

weight loss, but no neurological symptoms, indicating a systemic rather than neuron-specific 

toxicity of the virus. The expression of calbindin, calretinin or the control gene was linked to 

expression of a fluorescent reporter, Kusabira Orange fluorescent protein (KOFP), by the self-
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cleaving peptide T2A, meaning that both genes are transcribed as a single mRNA and cleaved 

into two proteins during translation (Liu et al., 2017). The genes were placed downstream of 

a human synapsin promoter to limit expression to neurons. We used the PHP.eB capsid variant 

of AAV9, which efficiently infects neurons, and which can be injected intravenously due to 

its ability to cross the blood-brain-barrier (Chan et al., 2017). The rAAVs were injected into 

the transgenic mouse line CerTN-L15 that expresses a FRET-based calcium sensor in the 

Thy1 locus, yielding a sparse neuronal labelling. The rAAVs were injected three weeks before 

EAE induction (Figure 17). In vivo calcium imaging of EAE lesions in spinal cord white 

matter tracts was performed at peak of disease which is reached 2 - 3 days after first onset of 

EAE motor symptoms. This experimental setup enables a readout of axon morphology (nor-

mal/swollen/fragmented) in all fluorescently labelled axons as well as a measurement of ax-

onal calcium levels in the CerTN-L15+ axons and controls for differences in disease severity 

between mice since virus-transduced (i.e. KOFP+) and non-transduced control axons are 

sampled from the same lesion. 

3.2.2. Characterisation of rAAV-PHP.eB-mediated transduction 

To enable identification of virus-transduced axons, all three viruses carry the same reporter 

gene encoding Kusabira Orange fluorescent protein (KOFP). The number and fluorescence 

intensity of KOFP-labelled axons therefore also provides feedback on the efficacy of viral 

transduction and viral overexpression. To our regret, the number of KOFP+ axons and the 

intensity of the KOFP signal in in vivo two-photon imaging were not as good as seen previ-

ously in our laboratory (Tai et al., 2023). Since the KOFP recording is only used to identify 

transduced axons, not for quantitative measurements, the imaging settings were optimised for 

each individual mouse and lesion. The images in Figure 18a therefore cannot be used to com-

pare absolute KOFP intensities. However, the contrast between axons and background and the 

number of identifiable axons in the KOFP channel compared to CerTN-L15 channel can pro-

vide an estimate of virus efficacy. 

We performed this experiment in three independent cohorts and made various adjustments to 

the protocol in between, which aimed to improve the axonal labelling. These changes included 

using freshly produced virus, i.e. avoiding - 80°C storage, increasing the number of injected 

particles and switching from in-house to commercial virus production. We also exchanged the 

control gene from Cre recombinase to ShadowG as mentioned above. The in-house produced 

CR-KOFP and CB-KOFP viruses were based on cDNAs of murine calbindin and human 

calretinin respectively, which were kindly provided by Professor Michael Meyer. Since the 

AAV plasmids were newly constructed for the commercial virus production, we decided to 

request the murine orthologues for both CB and CR for these. This is a minor change, since 

the human and mouse orthologue of calretinin are 98 % identical on protein level (result ob-

tained using NCBI protein BLAST, accession numbers NP_031612 and CAA39991.1). The 

details of all changes between cohorts are comprehensively listed in Table 3. 
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Table 3 – Differences between experimental cohorts of rAAV-mediated calcium-binding protein 
over-expression. 

 Cohort 1 Cohort 2 Cohort 3 

Group size (n 

mice per virus) 
2 6 5 

AAV plasmid 

production  
in-house in-house commercial 

rAAV 

production 
in-house in-house commercial 

Expressed 

genes 

CB = mCalbindin 

CR = hCalretinin 

CTR = Cre recombinase 

CB = mCalbindin 

CR = hCalretinin 

CTR = Cre recombinase 

CB = mCalbindin 

CR = mCalretinin 

CTR = ShadowG 

Number 

of injected 

particles 

1 x 1012 2 x 1012 1 x 1011 

Virus storage 

(production 

to injection) 

2-5 months at - 80°C 1-3 weeks at 4°C 
2 months at - 80°C 

(shipped on dry ice) 

As mentioned before, the number of KOFP+ axons and the intensity of the KOFP signal in in 

vivo two-photon imaging were not as good as we had seen in previous rAAV-mediated over-

expression experiments in our laboratory. What is more, there were noticeable differences in 

the efficacies of the three different viruses that persisted across cohorts, despite our optimisa-

tion efforts (Figure 18a, b). CB-KOFP consistently showed poor contrast between axons and 

background (Figure 18a), and significantly less KOFP+ axons were identified for the 

CB-KOFP group compared to the control virus (Figure 18b, pooled cohorts). These observa-

tions could not be explained by differences in virus production since viruses yielded compa-

rable titers. Also, the gene size, which is known to negatively influence viral packaging 

(Ibreljic et al., 2024) was similar for all genes (murine calbindin 783 bp, human calretinin 

813 bp, murine calretinin 813 bp, Cre recombinase 1026 bp, ShadowG 717 bp); if anything, 

calbindin should be better expressed than calretinin and Cre due to smaller size. This indicates 

that the degree of success of the viral overexpression approach is highly dependent on the 

gene to be overexpressed, including factors other than gene size. 

We next sought to untangle, whether the reduced number of KOFP+ axons for CB-KOFP 

compared to CTR-KOFP was due to less cells being infected by the virus or due to infected 

cells having lower expression levels of the delivered genes. This would result in false nega-

tives: axons that express KOFP, but so lowly that they are below the detection limit. As out-

lined before, the two-photon images of spinal cord axons are not useful to answer this question 

because the way they were taken forbids quantitative comparison. We instead used fixed tissue 

from the same mice for confocal imaging of cortex cryosections. NeuroTraceTM 640/660 

Deep-Red Fluorescent Nissl Stain was used to label all neurons, allowing for the quantifica-

tion of the KOFP+ neuron fraction. This experiment revealed, that indeed, CTR-KOFP 
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Figure 18 – Analysis of viral transduction and overexpression efficacies. 
(a) Maximum projection images from in vivo two-photon imaging of spinal cord white matter EAE 
lesions for all three viruses (CB-KOFP / CR-KOFP / CTR-KOFP) and the three different experimental 
cohorts. CTR-KOFP cohort 2 image missing due to virus toxicity. All images were taken with 
individually optimised settings and absolute intensities are not comparable between images. (Figure 
legend continues on next page) 
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(Continued legend for Figure 18) . (b) Quantification of the fraction of CerTN-L15+ axons that are also 

KOFP+. Each data point represents one lesion. Data pooled from all cohorts. CB-KOFP n = 8, 

CR-KOFP n = 16, CTR-KOFP n = 8; mean ± standard deviation; ANOVA with Bonferroni’s multiple 

comparisons test. (c) Single plane images of cortex of virus-injected mice counterstained with Neuro-

Trace. Narrow regions of interest (ROIs) like these, spanning all cortical layers, are the basis of the 

quantification in (d, e). (d) Number of KOFP+ cells normalised to the number of NeuroTrace+ cells in 

cortex. Each data point represents one ROI. All data stems from cohort 1. CB-KOFP n = 6 

(from 2 mice), CR-KOFP n = 6 (from 2 mice), CTR-KOFP n = 3 (from 1 mouse); mean ± standard 

deviation; ANOVA with Bonferroni’s multiple comparisons test. (e) Mean fluorescence intensity of 

KOFP+ cortical cells. Each data point represents one ROI. All data stems from cohort 1. CB-KOFP 

n = 6 (from 2 mice), CR-KOFP n = 6 (from 2 mice), CTR-KOFP n = 3 (from 1 mouse); mean ± standard 

deviation; Kruskal-Wallis with Dunn’s multiple comparisons test. (f) Flow cytometry histogram of KOFP 

intensity in AAV plasmid transfected HEK cells. Vertical line indicates the cut-off used to define KOFP+ 

cells. % indicates percentage of KOFP+ cells. MFI refers to KOFP+ cells only. (g) Flow cytometry 

histogram of KOFP intensity in rAAV-infected HeLa cells. Vertical line indicates the cut-off used to 

define KOFP+ cells. % indicates percentage of KOFP+ cells. MFI refers to KOFP+ cells only. (h) His-

togram of axon diameters in in vivo two-photon imaging. Double positive axons are plotted individually 

at the bottom but are also included in both the CerTN-L15+ and KOFP+ plots. Data pooled from all 

cohorts. Panels top to bottom CB-KOFP n = 565 / 261 / 106, CR-KOFP n = 856 / 619 / 256, 

CTR-KOFP n = 463 / 424 / 160. CB = calbindin, CR = calretinin, CTR = negative control gene, 

KOFP = Kusabira Orange fluorescent protein, CerTN-L15 = name of the transgenic calcium sensor, 

MFI = mean fluorescence intensity. Scale bar 50 µm in (a), 100 µm in (c). ns = not significant 

(p > 0.05), * p < 0.05, ** p < 0.01. Flow cytometry acquisition in (f, g) by Clara de la Rosa del Val. 

achieved significantly brighter cellular labelling than CB-KOFP, while the result for 

CR-KOFP was intermediate between the two (Figure 18c, e). However, when adjusting the 

cut-off for defining KOFP+ cells to these vast brightness differences, the number of KOFP+ 

cells was not significantly different between the three viruses tested (Figure 18c, d). This 

indicates that the observed inter-virus disparities are not based on differences in transduction 

but on differences in expression of the virally delivered genes. This may explain, why an 

increased viral dose had limited effects on the labelling quality (Figure 18a, Table 3) since 

this approach can increase the number of transduced neurons but will not influence transcrip-

tion or translation within these (unless in case of multiple infection, which is however statis-

tically rare at low multiplicity of infection). 

Collectively, the analysis of viral overexpression efficacy suggests that the success of the ap-

proach depends on the gene to be overexpressed and is mediated by the efficacy of its 

expression, which is independent of gene size. Since mouse experiments of this kind are 

challenging and time-consuming, we aimed to find out whether it is possible to predict viral 

overexpression performance using in vitro experiments. We first tested whether the observed 

differences in KOFP intensity would be reproduced when transfecting HEK cells with the 

transfer plasmids used for rAAV production. We assessed the number and mean fluorescence 

intensity (MFI) of KOFP expressing cells for each of the three transfected plasmids using flow 

cytometry four days after transfection. Surprisingly, transfected HEK cells showed the oppo-

site trend compared to transduced neurons in vivo: in HEK cells, both percentage of KOFP+ 

cells and their MFI was highest for CB-KOFP, intermediate for CR-KOFP and lowest for 

CTR-KOFP (= Cre-KOFP) (Figure 18f). We thus reasoned that viral delivery of the genes 
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may be necessary to replicate the effect seen in vivo. PHP.eB-AAVs did not infect HEK cells 

(data not shown) but did infect HeLa cells. We therefore assessed the number and MFI of 

KOFP expressing HeLa cells incubated with the single viruses. The results mirrored those 

seen with transfected HEK cells, again contradicting the in vivo findings (Figure 18g). These 

experiments were aided by Clara de la Rosa del Val who performed the flow cytometry. In 

conclusion, we were not able to replicate the viral overexpression differences observed in vivo 

by using simple in vitro systems. It is possible that transfection or infection of neuronal cell 

lines or primary neuron cultures would bridge this gap, however this was not tested as part of 

this thesis. 

Another relevant observation that we made when imaging CerTN-L15– and KOFP-labelled 

axons was a difference in axon diameters: while CerTN-L15+ axons can have a wide range of 

different calibres, KOFP+ axons were mostly of small calibre, below 2 µm diameter (Figure 

18a, h). This means that the comparison between KOFP+ and KOFP– axons within the same 

lesion is biased because two inherently different axon populations are being compared. The 

calibre effect was however consistent for all three viruses, meaning that KOFP+ axons in 

CB- or CR-KOFP-injected mice are comparable to KOFP+ axons in CTR-KOFP-injected 

mice. 

3.2.3. Analysis of overexpression of calcium-binding proteins and their effects on 

axonal calcium levels and degeneration 

In the previous chapter, efficacy of the viral overexpression approach was assessed by looking 

at signals from the fluorescent reporter KOFP. Although the T2A system should link KOFP 

expression to that of CB, CR or control respectively, we wanted to confirm this experimentally 

in the injected mice. We therefore performed immunostaining for calbindin and calretinin on 

spinal cord sections and measured the KOFP and calbindin/calretinin signals of individual 

cells. As expected for successful implementation of the T2A system, calbindin staining was 

highly correlated to KOFP intensity in CB-KOFP-injected mice, whereas there was no corre-

lation between calbindin staining and KOFP intensity in control mice (Figure 19a, c). Like-

wise, calretinin signal correlated with KOFP in CR-KOFP-injected mice but not in controls 

(Figure 19b, d). Notably, we also detected endogenous expression of calbindin and calretinin 

in KOFP– cells. To better understand how much compared to endogenous levels CB and CR 

are overexpressed in transduced cells, we defined a binary cut-off to separate KOFP+ from 

KOFP– cells and compared these groups to each other Figure 19e, f). This way of analysis 

replicated the results of the correlation: the calbindin and calretinin signals were significantly 

higher in KOFP+ compared to KOFP– cells of CB-KOFP– and CR-KOFP-injected mice 

respectively whereas no such difference between KOFP+ and KOFP– was observed in cells 

from CTR-KOFP-injected control mice. The mean calbindin signal in calbindin overexpress-

ing mice was 2.2 times higher in KOFP+ compared to KOFP– cells. For calretinin, the in-

crease was 2.7-fold. Figure 19e and f also illustrate that the complete cell population shifts  
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Figure 19 – Confirmation of calbindin and calretinin overexpression. 
(a, b) Maximum projection images of spinal cord immunostained for calbindin (a) or calretinin (b). Panel 
below is zoomed into the window outlined in white. Filled arrowheads indicate KOFP+ cells with CB/CR 
expression; empty arrowheads indicate KOFP+ cells without CB/CR expression. Arrows indicate 
KOFP- cells with endogenous calretinin expression (c, d) Correlation between KOFP signal and 
CB (c) or CR (d) staining intensity in virus-injected mice. (Figure legend continues on next page)  



108 | 3.2 Therapeutic enhancement of endogenous calcium clearance pathways 

 

(Continued legend for Figure 19) Colours represent individual mice which were pooled from all cohorts, 
with warm colours representing CB-KOFP (c) or CR-KOFP (d) injected mice and blue shades repre-
senting CTR-KOFP-injected control mice. Each data point represents one cell. Lines are linear regres-
sions of the corresponding dataset. Values on the right are Spearman’s rank correlation coefficients 
for the corresponding dataset. n ≥ 475 for each single mouse. Note that x- and y-axis do not intersect 
at 0/0, instead horizontal and vertical dashed lines mark the zero position on both axes. (e, f) Compar-
ison of calbindin (e) or calretinin (f) staining intensity between KOFP+ (yellow) and KOFP- (grey) cells. 
Each data point represents one cell. CB-KOFP: 4 mice pooled from all cohorts, n = 1591 / 873 
KOFP-/+ cells. CTR-KOFP in (e): 3 mice pooled from all cohorts, n = 960 / 881 KOFP-/+ cells. 
CR-KOFP: 7 mice pooled from all cohorts, n = 1509 / 2802 KOFP-/+ cells. CTR-KOFP in (f): 3 mice 
pooled from all cohorts, n = 465 / 1116 KOFP-/+ cells. Mean ± standard deviation; Kruskal-Wallis with 
Dunn’s multiple comparisons test. Note that the y-axis does not start at zero, instead a horizontal 
dashed line marks staining intensity of zero. Scale bar 200 µm in upper panels of (a, b), 50 µm in lower 
panels of (a, b). CB = calbindin, CR = calretinin, CTR = negative control gene, KOFP = Kusabira 
Orange fluorescent protein, AU = arbitrary units, ns = not significant (p > 0.05), * p < 0.05, **** p < 
0.0001. Staining intensities were background-subtracted and can therefore be negative. 

towards higher calbindin/calretinin expression upon overexpression. However, for both of 

these proteins, the shift is relatively small compared to the range of endogenously occurring 

calbindin and calretinin levels (as seen in KOFP– cells). This means that overexpressing CB 

and CR in cells without endogenous expression yields low expression compared to endoge-

nously expressing cells and overexpression in cells with endogenous expression only gives a 

small expression boost. 

To investigate whether the degree of calbindin- or calretinin overexpression achieved in this 

AAV-based experiment was axoprotective, we assessed the morphology of axons within EAE 

lesions. We decided to analyse a subset of mice spanning all three experimental cohorts. For 

this analysis subset, mice with the most severe lesions and highest density of KOFP+ axons 

were selected. In total, we analysed 8 lesions from 4 CB-KOFP mice, 16 lesions from 

7 CR-KOFP mice and 8 lesions from 3 CTR-KOFP mice. The same mice were used to confirm 

overexpression (see Figure 19). We have previously established the classification of axonal 

morphologies as stage 0, “normal”; stage 1, ”swollen” and stage 2, “fragmented” to describe 

axonal degeneration processes in EAE lesions (Nikić et al., 2011). Examples for this classifi-

cation can be found in Figure 20a. We counted the number of axons per stage, subdivided 

into KOFP+ and KOFP– axons, for each of the three experimental groups and represented 

them as percentage of total axons (Figure 20b-d). An axoprotective intervention should 

prevent irreversible axon loss, i.e. reduce the frequency of stage 2 axons. In the present dataset 

however, both stage 1 and 2 are more frequent in virus-transduced (KOFP+) compared to non-

transduced axons. Concluding from the fact that this is seen for all three viruses 

(Figure 20b-d), including the negative control virus, this pattern can be attributed not to the 

intervention but to the axonal subpopulation that is transduced by the rAAVs. Indeed, we had 

already described that KOFP+ axons across all three viruses are of small calibre (Figure 18h) 

and in our experience with axonal degeneration in EAE, small calibre axons are more prone 

to fragmentation (Nikić et al., 2011). To untangle, whether there are differences between 

CB/CR overexpression and control that may be masked by the population effect, we calculated 

for each axon stage the ratio between its frequency in the KOFP+ and KOFP– axon subsets  
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Figure 20 – Calcium-binding protein overexpression is not axoprotective. 
(a) Example images for the different morphological stages of axonal degeneration: stage 0 “normal”, 
stage 1 “swollen” (indicated by empty arrowhead), stage 2 “fragmented” (indicated by filled arrow-
heads). (b, c, d) Relative frequency of axon stages 0/1/2 within the KOFP+ or KOFP- axon population 
of CB-KOFP (b), CR-KOFP (c) and CTR-KOFP (d) mice. Data pooled from all cohorts. Each data point 
represents one mouse. Data points from the same mouse are connected by a line. Bar height repre-
sents the mean. CB-KOFP n = 4, CR-KOFP n = 7, CTR-KOFP n = 3. (e, f, g) Number of KOFP+ axons 
normalised to KOFP- axons of stage 0 (e) stage 1 (f) and stage 2 (g). Dashed lines mark a ratio of 1 
(same number of KOFP+ and KOFP- axons). Data pooled from all cohorts. Each data point represents 
one mouse. CB-KOFP n = 4, CR-KOFP n = 7, CTR-KOFP n = 3; mean ± standard deviation; Kruskal-
Wallis with Dunn’s multiple comparisons test. (h) YFP/CFP ratios of transgenic CerTN-L15 calcium 
sensor. Higher ratio indicates higher calcium. Each data point represents one axon. Data pooled from 
all cohorts. Left half (grey): KOFP- axons, sorted by stage and within stage subplotted for all three viral 
groups. Right half (yellow): KOFP+ axons, sorted by stage and within stage subplotted for all three 
viral groups. KOFP- stage 0 n ≥ 210, stage 1 n ≥ 56, stage 2 n ≥ 37 per group; KOFP+ stage 0 n ≥ 39, 
stage 1 n ≥ 35, stage 2 n ≥ 32 per group. Mean ± standard deviation; Kruskal-Wallis with Dunn’s 
multiple comparisons test performed once for complete dataset and separately to compare 
KOFP- axons pooled by stage. (Figure legend continues on next page)  
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(Continued legend for Figure 20) The dashed line indicates a YFP/CFP ratio of mean + 1 standard 
deviation of pooled KOFP- stage 0 axons, which was used as a threshold between low and high 
calcium. Percentages in blue indicate the fraction of axons above threshold. Scale bar 10 µm. 
CB = calbindin, CR = calretinin, CTR = negative control gene, KOFP = Kusabira Orange fluorescent 
protein, YFP/CFP = yellow/cyan fluorescent protein, ns = not significant (p > 0.05), **** p < 0.0001. 

(Figure 20e-g). These ratios were not different between overexpressing mice and those in-

jected with the control virus. The data was checked for systematic bias introduced by sex, 

final EAE score or cohort and no such distortions were detected (data not shown). In summary, 

we conclude that calbindin- and calretinin overexpression, at least at the moderate levels 

achieved with this experimental setup, cannot improve axonal recovery in EAE lesions. 

To corroborate this finding, we also looked at the calcium levels of KOFP+ compared to 

KOFP– axons. The ratio between YFP- and CFP emission of the FRET-based calcium sensor 

CerTN-L15 serves as a proxy for relative cytosolic calcium levels. Within our dataset of 

KOFP– axons, we could replicate the results of Witte et al. (2019), who observed elevated 

calcium in a fraction of stage 0 axons, in an even larger fraction of stage 1 axons and in a 

majority of stage 2 axons (Figure 20h). KOFP+ axons generally had higher YFP/CFP ratios 

than KOFP– axons, even at stage 0 and also in negative control mice. This may again be an 

axonal subpopulation effect or, more likely, is the result of crosstalk between the calcium 

sensor and KOFP fluorescence. For an unbiased comparison, it is therefore again necessary to 

compare KOFP+ axons between the experimental groups rather than comparing KOFP+ to 

KOFP– axons within the same experimental group. The calcium levels of KOFP+ axons at 

any stage were not different between overexpressing and control mice (Figure 20h).  

Taken together we have achieved a mild overexpression of the calcium-binding proteins 

calbindin and calretinin in neurons. This mild overexpression did not have any effect on 

morphological readouts of axonal degeneration nor on axonal calcium levels. More studies 

are needed to assess the axoprotective potential of substantial calcium-binding protein over-

expression.  

  



4.1 Development of a fluorogenic membrane damage sensor | 111 

 

4. Discussion 

Progression of irreversible disability in multiple sclerosis is driven by neuroaxonal degenera-

tion, which can progress partially independent of immune cell infiltration. Despite recent 

advances in the treatment of MS, all currently approved drugs target acute inflammation and 

are mainly effective in reducing MS relapses. These drugs can thus dampen but not halt 

neurodegeneration (Scalfari et al., 2024) and the development of drugs that are primarily 

neuroprotective is an important unmet clinical need. Recent clinical trials for neuroprotective 

agents in MS have not met their endpoints (Cree et al., 2020; Kosa et al., 2020; Chataway et 

al., 2020), highlighting our insufficient understanding of the degeneration process and neuro-

protective targets. 

To identify novel neuroprotective targets, we study axonal degeneration in the MS mouse 

model EAE. In this model, degeneration is driven by calcium influx via nanopores that arise 

in the axolemma at sites of inflammation. Interestingly, in previous studies we observed, that 

some axons survive initial damage by spontaneously recovering calcium homeostasis. We 

also showed that chelation of extracellular calcium is beneficial, allowing more damaged 

axons to recover. The aim of this thesis was therefore to further explore calcium modulation 

as a therapeutic target in EAE. In a two-winged approach we exploited endogenous mecha-

nisms of lowering cytosolic calcium by overexpressing calcium-binding proteins and, in 

parallel, developed an exogenous delivery mechanism selectively targeting damaged axons. 

As a proof-of-principle, we developed a fluorogenic membrane damage sensor that selectively 

labels the cytosol of damaged cells or axons. The same design principle may in the future be 

used to deliver prodrug calcium chelators to axons in need while preventing side effects on 

physiological functions of calcium in healthy, non-permeabilised axons. This and other 

aspects of the two approaches will be discussed below. 

4.1. Development of a fluorogenic membrane damage sensor 

Axons in inflammatory lesions, which are damaged and at risk of degeneration, are character-

ised by increased plasma membrane permeability. As a proof-of-principle approach for selec-

tive delivery to this metastable, therapeutically interesting axon population via their damaged 

plasma membranes, we developed fluorogenic membrane damage biosensors. These require 

intracellular turn-on of fluorescence while being permeable to damaged cells and axons only. 

They therefore provide direct fluorescent feedback on the success of delivery. 

Chemically, this was achieved by – for the first time – combining two otherwise well-estab-

lished mechanisms: charge-based impermeabilisation and intracellular turn-on by removal of 

capping groups (Figure 7). Since we did not know how much charge would be necessary to 

reach the sweet spot of exclusion by healthy cells but uptake into plasma membrane-damaged 

cells, we synthesised a range of differently polar dichlorofluorescein-based compounds and 

screened them in in vitro assays of membrane damage. All probes were ester-capped for 

intracellular activation by esterases. A subset of probes that had asymmetric modifications on 
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the xanthene ring system had a decreased quantum yield; however, we found them sufficiently 

bright to be imaged at reasonable probe concentrations and laser power. 

We modelled two different membrane permeabilisation scenarios. First, we performed appli-

cation of a bacterial pore-forming toxin, LLO, to the widely used HEK cell line. The second 

scenario was chosen to be more relevant to MS. We differentiated PC12 cells into neurons 

and induced oxidative damage by challenging them with the radical initiator AAPH. The two 

screens resulted in the identification of the probe iPS-FS2, which we also termed MDG1 

(membrane damage green 1) for short, as a reliable membrane damage sensor. MDG1 per-

formed well in both settings, meaning that unlike other probes it was efficiently excluded by 

both healthy HEK and healthy PC12 cells but taken up by their damaged counterparts. LLO-

damaged HEK cells showed a 31-fold increase in MDG1 signal compared to healthy HEK 

cells. The difference between AAPH-damaged and healthy PC12 cells was somewhat lower 

at 7-fold. MDG1 clearly outperformed the commercially available probe FDP, by being both 

better excluded from healthy cells and having a higher signal fold change in damaged cells 

(Figure 9b, c, Figure 11a, b). 

The lower fold change in AAPH- compared to LLO damage may result from the different 

kinds of membrane damage. The bacterial toxin LLO oligomerises into a tunnel-like structure 

in the membrane that allows free diffusion of ions and small molecules. Peroxidation of mem-

brane lipids in contrast causes more subtle changes to the lipid bilayer: less efficient packing 

of altered lipids creates some wriggle room, which small molecules may permeate through. 

A lower fold change in the AAPH- compared to the LLO assay was also observed for all other 

probes, strengthening this interpretation. Interestingly, we also noticed a correlation between 

MDG1 and BODIPY-11 signal in T cells undergoing lipid peroxidation / ferroptosis (data not 

shown, see Mauker, Beckmann et al., 2024). This is interesting because the two probes report 

on two different aspects: MDG1 signal depends on membrane permeability, whereas 

BODIPY-11 reports on oxidation status of membrane lipids. The observation, that more lipid 

peroxidation goes hand in hand with increased permeability is not a trivial one, as there is an 

ongoing debate in the field, whether lipid alteration alone leads to membrane permeabilisation 

in ferroptosis or whether this requires secondary protein pore formation (Ramos et al., 2024). 

Although our findings do not exclude an additional role for protein pore formation mediating 

the complete plasma membrane rupture, they do support the view that peroxidative lipid al-

terations are sufficient to initiate barrier loss. This is further backed by our findings in reseal-

ing experiments, in which MDG1 signal linearly declined when the probe was added after 

increasing recovery times post oxidative stress (Figure 14b). This is consistent with a linear 

enzymatic detoxification process for oxidised membrane lipids. 

The broad applicability of MDG1 as a universal membrane damage sensor has been shown 

by testing it on different cell types (HEK, PC12, ex vivo T cells) and in different damage 

scenarios (pore-forming toxins, lipid peroxidation/ferroptosis induced by external membrane 

stressors or by GPX4 inhibition). These experiments were completed by an experiment in 

drosophila embryos, where MDG1 revealed the full volume of a laser-induced necrotic lesion, 
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whereas the commercial live-dead stain Sytox-labelled nuclei of necrotic cells only (data not 

shown, see Mauker, Beckmann et al., 2024). 

Although we here use the term “membrane damage sensor”, the concept is similar to that of 

commercially available live-dead stains or cell viability assays, as both make use of increased 

membrane permeability to label their target cells. However, there are some major differences 

between the two approaches: First of all, live-dead stains assume that labelled cells are dead, 

therefore there is no concern for toxicity. In fact, many live-dead stains, including Sytox and 

propidium iodide (PI) turn on fluorescence by DNA intercalation which is potentially muta-

genic. Fixable live-dead stains are amine-reactive, i.e. attach to proteins, which if used in live 

cells could impair function. MDG1 in contrast is not designed to interact with any cellular 

components. Our interest in membrane compromised axons is based on the fact, that they are 

not unequivocally destined to degenerate, but can survive long-term if the membrane is re-

sealed and physiologically low calcium levels are restored. The fact that membrane resealing 

mechanisms exist, also in non-neuronal cells (Zhen et al., 2021), indicates that there may be 

other contexts in which a non-toxic biosensor can provide added benefit for following 

transiently permeabilised cells for longer time frames. 

We infer low toxicity of MDG1 from its assumed lack of interactions, yet we were not able to 

show this experimentally. We performed long-term observation experiments on LLO- or 

AAPH-damaged HEK cells and on AAPH-damaged PC12 cells (PC12 cells are not suscepti-

ble to LLO damage), however these were not conclusive. Our initial plan was to assess 

proliferative capacity in MDG1 vs. PI loaded HEK cells, but damaged cells mostly died, and 

the few survivors stopped dividing irrespective of MDG1 or PI treatment (data not shown). 

AAPH-treated PC12 cells mostly survived (> 90 %) but are post-mitotic, forcing us to choose 

a different readout. We thus performed bulk RNA sequencing 6 and 24 h post damage to detect 

potential effects of MDG1 and PI. Although we did see changes in transcription in damaged 

compared to control PC12 cells, these transcriptional changes did not follow a consistent pat-

tern between replicates. It was therefore not possible to derive any PI- or MDG1-induced 

signature from these samples (data not shown). The observed variability of the transcriptional 

changes may be explained by the fact, that peroxidation cannot only impact membrane lipids 

but also DNA and protein and as such the complete transcriptional machinery. To experimen-

tally assess the toxicity of MDG1 compared to commercial live-dead stains, it will therefore 

be necessary to use a milder model of membrane damage than the ones used for biosensor 

screening for example replicating experiments of Murakami et al. (2018), who permeabilised 

cells with LLO to deliver membrane-impermeable drugs and then resealed cells after delivery, 

by applying an ATP-regenerating system, GTP (guanosine triphosphate) and glucose. Another 

alternative for toxicity testing would be not to damage cells at all but instead deliver intracel-

lular MDG1 or PI by microinjection. 

A second unique feature of MDG1 that sets it apart from live-dead stains, beside its assumed 

low toxicity, is the combination of membrane impermeabilisation with cytosolic enzymatic 

turn-on. Commercial products either turn on fluorescence by DNA intercalation i.e. have a 
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nuclear localisation or they are cytosolic but permanently on (e.g. Trypan blue or amine-reac-

tive live-dead stains). The latter group requires washing to achieve good contrast between 

cells and the extracellular space. This was also seen in our set of experiments in which we 

directly applied the permanently fluorescent fluorophores rather than the capped probes to 

damaged cells (Figure 10, Figure 11c, d). This resulted in intracellular labelling, but it was 

difficult to distinguish cells from likewise fluorescent background. The ester-capped probes 

in contrast provide turn-on from zero background, which enables wash-free imaging. This is 

particularly advantageous when considering in vivo settings, where washing may be less 

effective. The turn-on mechanism will also be of importance for the translation of findings to 

a calcium chelator prodrug, whose very purpose is to remain in an “off”, non-calcium-binding 

state until reaching its destination: the damaged axon’s cytosol.  

While for applications like flow cytometry it does not matter whether a dye is located in the 

nucleus or in the cytosol, there can be various microscopy approaches in which cytosolic 

labelling by MDG1 is preferred. As mentioned above, MDG1 revealed the full volume of a 

laser-induced necrotic lesion, rather than just the damaged cell’s nuclei like Sytox. The case 

is even stronger for cells with long processes, where it is impossible to detect damage to a 

process by staining the faraway nucleus. Indeed, we compared performance of MDG1 versus 

PI in revealing damage to the axonal compartment of neurons growing in microfluidic cham-

bers. Whereas MDG1 clearly labelled the cytosol of damaged axons, but not control axons, 

PI signal was only visible in nuclei (Figure 16). This finding holds promise for the translation 

of the approach for prodrug delivery into membrane-damaged axons. 

Despite its promises, MDG1 also has various shortcomings and limitations. The fact that it is 

not designed to interact with any components inside cells prevents toxicity, but this also means 

that the activated fluorophore can leave the cell the same way it entered. Indeed, when we 

washed off MDG1 after 10 min of loading and followed up on cells afterwards, we observed 

a quick decline in intracellular MDG1 levels (Figure 13). We therefore strongly advise to 

only use MDG1 in a wash-free setup. When not washed off, damaged cells remain clearly 

MDG1-labelled for at least 2 h (Figure 12). This prolonged incubation comes at the cost of 

some increase in background fluorescence, resulting from spontaneous probe hydrolysis in 

the medium. It is important to note though, that fluorophores that were activated inside cells 

and then leaked back to the extracellular medium or fluorophores that were released by spon-

taneous hydrolysis do stain the extracellular space but are still excluded from healthy cells. 

This means that with prolonged incubation and imaging one loses contrast but not specificity. 

Nevertheless, improved retention remains one of the top priorities in advancing our membrane 

damage probes and potential designs of next generation MD probes with active retention 

mechanisms will be discussed below.  

A strength of the MDG1 designs is that is inherently modular. Other than in the commercially 

available probe FDP, where the phosphonate esters provide both impermeabilisation and 

capping, these functions are completely independent from each other in MDG1 where the 

sulfonate groups ensure impermeabilisation and the isobutyrate ester serves as cap. This also 

means that the capping group and thus the activation trigger can be exchanged without a major 
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impact on probe permeability. We confirmed this by exchanging the isobutyrate ester of 

MDG1 with a redox-labile MSS00 group, yielding the probe MDG2. In cell-free settings, this 

probe was readily activated even below physiologic GSH levels, yet showed no spontaneous 

hydrolysis in PBS, HBBS or DMEM (Figure 15a, b, Supplementary Figure 1). It selectively 

labelled damaged cells but appeared to be less bright than MDG1 in cellular experiments 

(Figure 15c-f). Since both compounds eventually release the same fluorophore, the difference 

in brightness must result from less fluorophore being generated, either because plasma mem-

brane crossing or uncapping is less efficient. We are therefore currently working on the 

development of brighter redox-activated MD probes (design discussed in more detail below), 

that would combine MDG1’s good labelling characteristics with MDG2’s hydrolytic stability. 

While MDG1 performs very well in short-term imaging of cells kept in HBSS buffer, an 

equally bright, but more hydrolytically stable probe will be useful for prolonged imaging, 

preventing the rise of fluorescent background, as well as in in vivo settings where the probe 

encounters a more hydrolytically active extracellular environment. 

In summary, intracellular retention and probe stability have been identified as the main limi-

tations of the MDG1 membrane damage sensor for application beyond simplified in vitro 

experiments. While hydrolytic stability was improved by changing the trigger from esterase- 

to redox activation, the applicability of our redox probe MDG2 was in turn limited by its 

reduced brightness. In the future, the fluorescent signal generation of MDG2 may be 

improved, by replacing the linear disulfide redox trigger with a bicyclic system. This cyclic 

pre-organisation should enable a faster reaction with GSH and thus more fluorophore release 

per unit of time (Zeisel et al., 2024). Another option is to change the core of the biosensor 

from fluorescein to rhodol, a structural hybrid between fluorescein and rhodamine. As 

mentioned above, asymmetric mono-capped fluoresceins like the fluorophore released by 

MDG1 and MDG2 suffer from a reduced brightness. Rhodols are inherently asymmetric and 

their quantum yield is less affected by further asymmetric functionalisation (Peng and Yang, 

2010; Liu et al., 2011). We estimate that a rhodol-based variant of MDG2 could be 6- to 8-

fold brighter compared to the fluorescein-based variant. The second limitation, poor intracel-

lular retention of biosensor signal, can be addressed in parallel, for example by making a 

SPiDER- (spiro-based immobilisable diethylrhodol) probe. Upon trigger cleavage, these 

probes simultaneously activate fluorescence and produce a quinone methide intermediate 

(Doura et al., 2016). This intermediate can covalently react with protein, thus immobilising 

the probe. Instead of arbitrarily targeting all protein, which in long-term experiments may 

cause unwanted side effects, it is also conceivable to make a membrane damage sensor that is 

a HaloTag ligand. The HaloTag method is a modular protein tagging system, which relies on 

the covalent linkage between a modified haloalkane dehalogenase (HaloTag) and a chloroal-

kane linker on a synthetic HaloTag ligand (Los et al., 2008). Although this system requires 

extra preparation, since transgenic expression of HaloTag is required, its advantages lie not 

only in probe retention. The HaloTag system also offers increased specificity of the biosensor 

signal as HaloTag can be expressed in a cell type-specific manner and, when fused to different 

proteins, can further guide subcellular probe localisation. A fluorogenic silicon rhodamine dye 

with chloroalkane linker, which is activated by HaloTag binding, already exists (Lukinavičius 
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et al., 2013) and it will be interesting to see whether a disulfonated derivative would act as a 

fluorogenic membrane damage sensor HaloTag ligand. 

4.2. Development of a membrane damage-selective calcium chelator 

The initial motivation behind the development of a membrane damage biosensor was to trans-

late these findings to a calcium chelator prodrug. Just like the MDG1 biosensor, this prodrug 

would be permeable to damaged cells or axons only and require intracellular esterase activa-

tion of its calcium-binding ability. This translation effort, synthesis and testing of the prodrug, 

is in an early phase and comprehensive data still lacking. Therefore, this was not included in 

the results part of this thesis but shall briefly be discussed here. 

An intracellular-only, cell-permeable calcium chelator, BAPTA-AM, is widely used and com-

mercially available. In this molecule, the four organic acid groups of BAPTA (1,2-bis(o-ami-

nophenoxy)ethane-N,N,N′,N′-tetraacetic acid), that are responsible for calcium coordination, 

are capped with acetoxymethylesters (AM), which can be cleaved off by intracellular ester-

ases. Analogous to the disulfonated probe MDG1, my collaborator Philipp Mauker therefore 

synthesised a disulfonated version of BAPTA-AM, which will be referred to as 

BAPTA-S2-AM. One limitation in this project was the complicated, low yield synthesis route 

for BAPTA-S2-AM, which meant that only very limited amounts of the prodrug were availa-

ble for testing. 

In contrast to the fluorogenic compound screening, prodrug testing requires indirect assess-

ment of its action, using calcium imaging. Although this is a commonly used method and 

many small molecule and protein-based calcium indicators exist, most applications such as 

detection of neuronal firing, require high affinity calcium indictors that detect minute altera-

tions of calcium to levels slightly above baseline. Membrane permeabilisation in contrast can 

potentially lead to a massive elevation of intracellular calcium due to the 10 000-fold calcium 

concentration gradient across the membrane (1 - 2 mM extracellular, 50 - 100 nM intracellular, 

Schwaller, 2010). As a reference, intracellular calcium can reach 5 - 10 µM in excitotoxicity 

and even millimolar levels after axonal transection (Hyrc et al., 1997; Stout and Reynolds, 

1999; Rishal and Fainzilber, 2014). To assess pathological calcium overload in axons in in-

flammatory lesions, we are using a mouse line expressing the medium affinity calcium sensor 

CerTN-L15, that has a calcium dissociation constant (KD) of 1.2 µM and a detection range of 

roughly 0.2 to 10 µM (Witte et al., 2019; Heim et al., 2007). Even though this is a good sensor 

to distinguish normal from elevated calcium in a binary way, the sensor is potentially saturated 

in high-calcium axons and thus does not allow us to approximate absolute calcium concentra-

tions. We have therefore recently started a series of experiments of rAAV-mediated overex-

pression of low affinity protein-based calcium sensors (Twitch-4, KD = 2.8 µM; Twitch-5, 

KD = 9.3 µM; Twitch-2B-54S+, KD = 174 µM and GreenT-EC.b, KD = 800 µM, Thestrup et 

al., 2014; Valiente-Gabioud et al., 2023), followed by EAE induction and two-photon imaging 

at peak of disease. Knowing the detection ranges of theses sensors and seeing which of them 

still show a reaction to axonal calcium influx in EAE lesions will enable us to eventually 

estimate the axonal calcium concentration of degenerating axons. 
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This approach exemplifies well, how each calcium indicator only provides a narrow window 

on a limited range of calcium concentrations around its dissociation constant and how it is 

blind to calcium levels below or above. This also means that effects of calcium buffering, as 

we wish to see with the prodrug, first in in vitro testing and later in EAE, can only be detected 

when using an appropriate calcium indicator, as buffering effects outside a sensor’s detection 

limits cannot be seen. 

To prove that our prodrug chelator lowers cytosolic calcium, but only in membrane-damaged 

cells, we are aiming to compare BAPTA-S2-AM to the healthy cell-permeable version 

BAPTA-AM in two different settings: calcium influx due to generalised plasma membrane 

permeabilisation (using LLO) and calcium influx without further membrane permeabilisation 

(using the calcium ionophore ionomycin). If our assumptions hold true, then BAPTA-AM that 

can cross any membrane, should be able to buffer calcium in both scenarios. BAPTA-S2-AM 

in contrast should require the LLO pore for cellular entry and should not buffer ionomycin-

mediated calcium influx. For simplicity, we perform these experiments in HEK cells, which 

are easy to transfect with the calcium indicator plasmids. 

As mentioned above, these experiments are in an early phase, and we have not yet tested every 

calcium chelator with all experimental conditions. What can be said already, is that Twitch-5 

provides a good detection range to detect a buffering effect of BAPTA-AM on LLO-mediated 

calcium influx, whereas ionomycin-mediated influx is more severe and will require titration 

of the ionomycin concentration or use of a lower affinity indicator. What troubles us at the 

moment, is the fact that we were not able to replicate the effect of BAPTA-AM on LLO-

mediated influx using equimolar amounts of BAPTA-S2-AM. Future experiments will have 

to show whether BAPTA-S2, post cleavage, is able to bind calcium with similar affinity as 

BAPTA or whether the observation is due to slower membrane crossing or slower activation 

of BAPTA-S2-AM compared to BAPTA-AM. Depending on the outcome, modifications to 

the prodrug may be necessary before in vivo testing is a sensible next step. 

Regarding in vivo testing it remains to be said, that the most important readout for axonal 

degeneration is not lower calcium, but improved recovery, as assessed by axon morphology. 

In our experimental setup, we will be able to apply the pro-chelator directly to the spinal cord 

exposed for in vivo imaging. However, as a long-term therapy in mice or as a human therapy 

this is no available delivery route. Instead, we may have to experiment with intrathecal 

delivery. 

To sum up, important foundations for the development of prodrug calcium chelators have 

been laid by the development of the fluorogenic probe MDG1 and by experimenting with 

different calcium indicators. Yet, a lot of work still lies ahead, most importantly the confir-

mation of prodrug function and its use in EAE.  
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4.3. rAAV-mediated overexpression in the axonal compartment 

The second branch of my thesis was dependent on rAAV-mediated overexpression of 

calcium-binding proteins in axons. rAAVs have recently gained momentum in the field of 

neuroscience, due to the development of AAV9 capsid variants that can cross the blood-brain-

barrier (Chan et al., 2017). Before, AAVs had to be injected locally, which causes local injury 

and only achieves a limited spread around the injection site. With the new serotypes, including 

PHP.eB which is used in this thesis, AAVs can be injected intravenously and achieve wide-

spread CNS transduction. We therefore produced and injected three different viruses, carrying 

either calbindin, calretinin or a control gene, whose expression was linked to that of the fluo-

rescent reporter Kusabira Orange fluorescent protein (KOFP) (Figure 17). 

Despite the promises of the method, we encountered several problems using this approach. 

First of all, we utilised Cre recombinase as a length-matched negative control gene for 

calbindin and calretinin overexpression. Due to the absence of loxP sites, which guide Cre’s 

recombinant action, we believed the enzyme to be without any function and were surprised to 

see that the Cre virus was toxic to mice. Indeed, Cre toxicity has previously been described in 

the literature, including toxicity to neurons (Forni et al., 2006) and may be mediated by DNA 

damage due to recombination at naturally occurring pseudo loxP sites (Schmidt-Supprian and 

Rajewsky, 2007). Several of our mice which had received the Cre-KOFP virus developed 

progressive weight loss; we did however not observe any neurological symptoms. Likewise, 

no overt neuronal damage or death was seen in Cre-KOFP receiver mice that had undergone 

in vivo imaging (Figure 18a) or NeuroTrace staining of the cortex (Figure 18c), although it 

has to be noted that we did not proactively search for these signs at the time. Cumulatively, 

these observations indicate a systemic rather than neuron-specific toxicity of the virus, which 

may have been mediated for example by AAV-PHP.eB infection of liver cells (Deverman et 

al., 2016)  and ensuing dysfunction. We did not investigate this further but instead replaced 

the control gene for the third cohort with ShadowG, a mutated, non-fluorescent GFP variant. 

The reason why we need a control gene and cannot use a control virus that only expresses the 

reporter Kusabira Orange fluorescent protein (KOFP), is that transcript size is relevant to 

transcription efficiency, and we want our control to be as similar as possible to the therapeutic 

viruses. 

A second problem that we encountered, was that viral overexpression efficacy varied depend-

ing on the transgene expressed and especially calbindin had a poor performance with many 

images having too low quality to be analysed (Figure 18a-e). In contrast, for calretinin and 

control mice, the majority of images was analysable. This means that the data shown 

underrepresents the full extent of the problem. In in vivo imaging, poor performance of the 

calbindin virus was mostly visible as less axons labelled, however more in-depth analysis in 

fixed tissue revealed that all viruses transduced a comparable number of cells, yet the expres-

sion levels of the reporter, which is directly linked to expression of the overexpressed gene, 

were very different between viruses. Thus, low axon count in two-photon imaging was most 

probably due to low-expressing axons falling below the detection threshold. 
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We conclude that this effect is linked to the transgene itself and not to mere transgene size, 

viral preparation or viral injection for numerous reasons: First, transgene size could be ruled 

out, because calbindin, which had the poorest performance, is encoded by a shorter gene than 

calretinin and Cre recombinase. Second, all viral productions yielded similar titers and differ-

ences between calbindin virus and other viruses persisted even when all viruses were produced 

freshly again (cohort 1 vs. cohort 2). This argues against viral assembly problems, which 

would result in a lower titer and against other problems in the production process since it was 

seen in two independent productions. Indeed, the differences even persisted when we had the 

same genes expressed from new plasmids and virus made by a commercial manufacturer 

(cohort 3). Although intravenous injection quality may differ between mice it is unlikely with 

the large group sizes that by chance all mice in the calbindin group received less injection 

volume. 

We then tested in vitro whether we could predict in vivo expression, thereby allowing a better 

matching of expression level of the gene of interest to control genes. However, we found that 

cells transfected with the viral plasmid as well as cells infected with the virus expressed cal-

bindin very well, better even than calretinin and Cre recombinase (Figure 18f, g). Other than 

in vivo, expression levels in vitro as assessed by KOFP fluorescence intensity were propor-

tional to gene size. It is theoretically conceivable that the differences between viruses result 

from a step not encompassed by the in vitro setups, such as viral stability in blood or blood-

brain-barrier crossing. However, it is difficult to rationalise how the viral transgene should 

influence these steps. Another explanation for different expression levels is different neuron-

specific regulation of the transgenes, which we would miss by testing on non-neuronal cell 

lines. Such regulation would have to be at the level of transcription, post-transcriptional 

mRNA stability or at the level of mRNA trafficking. Post-translational regulation such as 

proteasome degradation can be ruled out since we detect the differences by looking at the 

fluorescent reporter. Due to the T2A system, reporter and gene of interest are transcribed on 

the same mRNA (i.e. likely co-regulated) but then cleaved off during translation, yielding two 

independent proteins. Indeed, there is tentative evidence for different regulation of calbindin 

and calretinin: according to a database of neuronal compartment-specific transcriptomes and 

translatomes (https://public.brain.mpg.de/dashapps/localseq/) accompanying a publication by 

Glock et al. (2021), which is based on hippocampus, calbindin is preferentially found in the 

soma compared to neuropil. Calretinin in contrast was enriched in neuropil compared to soma, 

although the filtering options of the database suggest that in case of calretinin this may also 

be a glial contamination. In summary, our data suggests, that viruses carrying different 

transgenes infect similar numbers of cells when produced in parallel and injected at the same 

titer. The expression level in infected cells however depends on the transgene and is likely 

due to neuron-specific transcriptional or post-transcriptional regulation. This means that 

qPCR-based titering is helpful in calibrating the number of infected cells yet neither qPCR-

based nor infectious titering can predict transgene expression levels at least if performed in 

non-neuronal cells. 

The unexpected finding, that calbindin expression may repressed in neurons raises the 

question of why this circumstance was not described in earlier studies of neuroprotective 

calbindin overexpression. A closer inspection of the studies summarised in 1.3.2.1 Calcium 
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buffering by calcium-binding proteins reveals two main differences in comparison to the work 

in this thesis: first, with the exception of one study, which however did not report a neuropro-

tective effect (Freimann et al., 2010), strong ubiquitous promoters instead of weaker neuron-

specific promoters were used. It is conceivable that these promoters yielded sufficient expres-

sion to outcompete negative regulation, yielding satisfactory expression levels. Second, the 

conclusion that calbindin is negatively regulated by neurons in the in vivo setup presented in 

this thesis, was drawn from an experiment in which the expression of an invariable reporter 

was quantified while T2A-coupled to variable transgenes (Figure 18c). This experiment 

showed transgene-dependent changes in reporter expression. The studies cited above, in con-

trast, confirmed successful overexpression either by comparing overexpressing to untreated 

cells or to cells treated with vectors containing reporter only. No size-matched control 

transgenes were used, meaning that transgene-dependent regulatory mechanisms, if present, 

could not be detected. It is also possible that the presence of negative regulation of calbindin 

is dependent on the specific neuronal subtype being studied. 

Another observation that we made, is that all of our viruses labelled preferentially small 

calibre axons (Figure 18h). This may be due to the tropism of the virus, having a predilection 

for the corresponding neuronal subtypes. However, keeping in mind that we observe relatively 

low expression of the virally delivered transgenes, this may also be a dilution effect: a small 

calibre axon needs less copy numbers of KOFP to be detected in microscopy, because they 

are confined to a smaller space. A doubling in axon diameter will quadruple the axonal volume 

and the required copy number for fluorescent detection. Since axons of different calibres have 

different degeneration characteristics, the fact that virus-labelled axons are mainly small 

calibre has implications for the interpretation of our experiments and we cannot exclude that 

the intervention would have had protective effects on larger calibre axons. 

The problems that we encountered and discussed here do not necessarily put the overall 

method of intravenous rAAV-mediated overexpression into question. Rather it seems that the 

employment of the method for overexpression in axons uncovers some of its limitations. Over-

expression in the axon means, that either the mRNA or the protein has to travel large distances 

from the soma throughout the axon. Also, the axon can make up 95 % of a neurons volume, 

exemplifying well how heavily diluted a low-expressed protein will become. Here, longer 

time frames for expression may be helpful, although in the case of calcium-binding proteins, 

this may lead to adaptation of the calcium regulatory network (Freimann et al., 2010). It has 

to be noted, that we have successfully achieved good axonal expression in our lab previously 

(Tai et al., 2023) and also the Cre control used in my experiments provided satisfactory label-

ling. However, as long as we do not understand why some other transgenes, most notably 

calbindin, are not well expressed, this method has its limitations. 

Several steps can be taken to help overcome these limitations. First of all, the in vitro trans-

duction experiments that were aimed to characterise transgene expression should be repeated 

in cultured neurons. If these replicate the expression differences observed in neurons in vivo, 

this can be used as a pre-screening tool to predict successful overexpression before starting 

laborious mouse experiments. Second, it should be rigorously ruled out, that differences in 

viral overexpression are after all dependent on viral plasmids or virus production. To do this, 
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CB-KOFP, CR-KOFP and CTR-KOFP should be re-cloned to resemble the viral plasmids 

employed by Tai et al. (2023) as closely as possible. This would imply using the same fluo-

rescent reporter (switch from KOFP to TdTomato) and the same self-cleaving peptide (P2A 

instead of T2A). The backbone, promoter and regulatory elements (WPRE and poly-adenyla-

tion sequence) are already identical between the viruses. The viruses should then be repro-

duced in parallel, also using the same purification protocol, and parallelly injected into mice. 

This would tell whether expression differences between the different transgenes persist. Third, 

if calbindin is indeed the target of transcriptional or post-transcriptional repression in neurons, 

this must be encoded in its base sequence. It would therefore be interesting to see whether a 

codon-optimised version of calbindin, where different codons are used to encode the same 

amino acid sequence, would be better expressed. If it is in contrast trafficking of calbindin 

mRNA to axons that is the bottleneck, addition of an axonal mRNA localisation motif may 

improve axonal expression. 

Another possibility to increase expression more generally, is the use of stronger promoters. 

When using PHP.eB, it is advisable to use neuron-specific promoters, since the capsid also 

has a strong tropism for astrocytes (Chan et al., 2017). In this thesis, I have been using the 

hSyn promoter. However, another study using PHP.eB has shown, that neuron-specific eno-

lase promoter (NSE) achieves higher expression levels than hSyn (Radhiyanti et al., 2021). 

Furthermore, a derivative of the PHP.eB capsid, CAP-B10, has been published recently, 

which has improved neuron-specific tropism with roughly 75 % of infected cells being 

neuronal, compared to only 40 % in PHP.eB (Brown et al., 2021; Chan et al., 2017). Due to 

its higher specificity, this capsid variant could potentially be used with a ubiquitous promoter 

such as CMV or CAG promoter which can achieve much stronger expression than hSyn or 

NSE. Other studies have also made use of a transposon system to achieve better expression 

upon AAV integration into host DNA (Zheng et al., 2024). As a last resort it would also be 

conceivable to forgo intravenous delivery and instead employ either local injection or neonatal 

intraventricular injection of rAAVs. 

In summary, low expression of some transgenes is a limitation for rAAV-mediated overex-

pression in axons. This may be overcome by interfering with mRNA regulation or more gen-

erally by employing stronger promoters. 

4.4. Axoprotective potential of calcium-binding proteins 

Calcium-binding proteins, especially those with low calcium affinity such as calbindin and 

calretinin, bind calcium when concentrations are high and gradually release it as concentra-

tions return to baseline. Hypothesising that such a buffering effect may buy axons time to 

recover from damage without activation of irrevocable degeneration mechanisms, we per-

formed experiments of rAAV-mediated overexpression of calbindin and calretinin in neurons 

and their axons. However, our data suggests no axoprotective effect: the morphology, repre-

senting different stages of degeneration, was unaltered between axons overexpressing cal-

bindin, calretinin or a control gene. Likewise, intra-axonal calcium levels were unaltered 

between these groups (Figure 20).  
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Our study has however three main limitations: Firstly, the calcium sensor employed, 

CerTN-L15, has a KD of 1.2 µM, which, as already discussed above, makes it suitable to 

distinguish calcium overload from physiological calcium but unsuitable to detect smaller 

changes within calcium overloaded axons. It is therefore possible that calbindin or calretinin 

exert an effect on calcium levels but that this effect is too small to desaturate the sensor. 

Secondly, all virus-positive axons were of small calibre, meaning that we lack data on poten-

tial protective effects in large calibre axons. Thirdly and most importantly, although we did 

confirm that calbindin and calretinin were indeed overexpressed, as shown by correlation 

between calbindin/calretinin IHC with KOFP fluorescence, the extent of the overexpression 

was relatively small (Figure 19). When looking at mean expression, we see around 2.5-fold 

increase of both calbindin and calretinin levels compared to control virus. However, the 

control mean is very low, because it encompasses many cells with no detectable calbindin and 

calretinin expression and a 2.5-fold increase may therefore, though statistically significant, 

not necessarily be meaningful. In particular, the increase in expression is very small when 

compared to the range of endogenous expression levels which can be much higher than mean 

plus standard deviation in overexpressing cells. Given that the intra-axonal calcium increase 

post membrane barrier permeabilisation must be massive, following the 1000-fold concentra-

tion gradient across the membrane, the overexpression achieved here may well be just a drop 

in the ocean. 

It is therefore possible, that the absence of an axoprotective effect in our study of calcium-

binding overexpression is not due to the unsuitability of the therapeutic approach but due to 

underdosing. Indeed, the effects of CaBPs are known to be highly dose-dependent (Schwaller 

et al., 2002; Airaksinen et al., 1997; Hack et al., 2000). The experiments should therefore be 

repeated in an experimental setting that allows for more pronounced axonal overexpression. 

For troubleshooting, it might also be helpful to employ less sensitive calcium indicators to 

detect smaller calcium buffering effects. 

4.5. Future perspectives of calcium targeting in axons 

The aim of this thesis was to explore the potential of calcium as a therapeutic target to rescue 

axonal degeneration in neuroinflammatory lesions. In two different approaches, we therefore 

aimed to make use of exogenous and endogenous calcium buffers respectively. 

Neurons and other cell types endogenously express calcium-binding proteins that can flatten 

calcium spikes. With the aim of increasing neuronal resilience to calcium influx after mem-

brane barrier loss, we performed experiments of rAAV-mediated overexpression of the 

calcium-binding proteins calbindin and calretinin. Unfortunately, the levels of overexpression 

that we achieved with this delivery method were low and we could not observe any effect on 

the frequency of axonal degeneration or on intracellular calcium levels. I therefore propose 

that the method is refined to achieve higher overexpression and these experiments then 

repeated. The following steps can be taken to increase our understanding of the rAAV delivery 

method and increase overexpression levels: (1) Standardising cloning and virus production 

procedures. This will limit all variation between viruses to the transgene expressed and thus 
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simplify troubleshooting. (2) Establishing in vitro testing of viruses in neuronal cultures. This 

may serve to discover low expression early and start the troubleshooting process before going 

in vivo. (3) Testing stronger neuronal promoters in PHP.eB or utilising more neuron-specific 

capsids like CAP-B10 with ubiquitous promoters. (4) Experimenting with codon optimisation 

or addition of axonal mRNA targeting sequences to prevent repression and support mRNA 

trafficking to the axon. (5) If these measures are not enough to achieve satisfactory overex-

pression, I propose to fall back on other rAAV delivery mechanisms such as local injection or 

neonatal intrathecal injection. 

There are also other ways, beyond calcium-binding protein overexpression, to modulate 

endogenous calcium handling to improve axonal resilience. Apart from buffering, cells also 

employ mechanisms of calcium storage in ER and mitochondria and calcium extrusion via the 

plasma membrane to lower cytosolic calcium levels. Pharmacologic activators exist for many 

of the involved membrane channels and pumps, such as CDN1163, activator of SERCA, 

neurounina, activator of NCX and methylene blue, activator of PMCA. Evidence for their 

protective potential in other disease models exists (Kang et al., 2016; Cerullo et al., 2018; 

Anzilotti et al., 2021; Berrocal et al., 2018) and they are blood-brain-barrier-permeable, thus 

allowing for simple experiments with daily i.p. or i.v. dosing in EAE mice. Indeed, I have 

already started pharmacological experiments with the NCX-activator neurounina, yet analysis 

of axonal morphology and calcium levels in treated vs. vehicle mice is still outstanding.  

The disadvantage of these pharmacologic experiments is that potential protective effects 

observed are not necessarily genuinely neuroprotective but may also be mediated by drug 

action on infiltrating immune cells. This means, that findings need to be corroborated by 

genetic studies, ensuring neuron-specificity. Also, to my knowledge, there is to this date no 

pharmacologic activator of the mitochondrial calcium uniporter (MCU), meaning that only 

genetic options are available to study increased calcium storage in mitochondria. Neuron-

specific overexpression of the calcium pumps outlined here would make for very relevant 

experiments. However, this puts us back at the bottleneck of unreliable axonal expression 

achieved with intravenous rAAV-PHP.eB. This emphasises again, that this crucial method has 

to be better understood and optimised for axonal overexpression before it can aid our explo-

ration of calcium as a neuroprotective target. 

Regarding exogenous calcium buffering, our long-term aim was to develop a prodrug calcium 

chelator that would only be able to enter and then be activated within membrane-damaged 

axons to prevent side effects on physiological calcium functions. In this thesis, we took an 

important first step towards this goal by performing a proof-of-principle study of selective 

delivery to membrane-damaged cells and axons, which resulted in the development and sci-

entific publication of the membrane damage sensor MDG1(Mauker, Beckmann et al., 2024). 

Several important steps have to be taken to get from here to prodrug treatment in EAE mice. 

First of all, we want to make some improvements on the biosensor regarding its retention 

inside cells and its resistance to hydrolysis. Especially the latter will be relevant for taking the 

biosensor from cells and axons growing in vitro to the white matter tracts within the murine 

spinal cord. In parallel we have synthesised a first prototype of the prodrug chelator and have 

started establishment of an in vitro testing setup by employing different calcium sensors and 
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different calcium insults that are dependent on or independent of membrane permeabilisation. 

Our latest findings suggest however, that the prodrug prototype is not efficiently entering into 

and/or activated within damaged cells. It is therefore likely, that much like for the biosensor, 

we will have to test several variations of the prodrug chelator to find one that has the desired 

function. 

4.6. Concluding remarks 

This thesis has laid foundational work to address the suitability of calcium as a neuroprotective 

target for the prevention of axonal degeneration in neuroinflammatory lesions. 

The contribution of this thesis lies mainly in the development of a selective targeting approach 

to membrane-damaged axons, in the development of an experimental pipeline for the overex-

pression of potentially neuroprotective proteins in axons and in the extensive troubleshooting 

performed to map out the limitations of the rAAV delivery approach. Future studies are 

needed to translate biosensor findings into a workable prodrug calcium chelator and to test its 

benefits in vivo. Successful manipulation of endogenous calcium-handling pathways will 

require an optimisation of the rAAV delivery approach, for which I have made various 

suggestions. In the meantime, pharmacologic experiments of calcium pump activation can 

provide a way to map out which of these pumps are worth performing more rigorous genetic 

experiments.  
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Supplementary data 

 
Supplementary Figure 1 – Photocharacterisation, stability towards hydrolysis and activation 
by esterase and GSH.  
(a, d) Absorption spectra of fluorophores (a) and probes (d) at 10 µM in PBS. (b, e) Fluorescence 
emission spectra of the fluorophores (b) and probes (e) at 485 nm excitation, 10 µM in PBS. (c) Pho-
tostability of the fluorophores when excited 10 times over a timeframe of 6 h (f) Time course of probe 
activation by porcine liver esterase (probe 10 µM, esterase 250 ng/ml in PBS). (g) Time course of 
spontaneous probe hydrolysis in different media (probe 10 µM). (h) Summarised spontaneous hydrol-
ysis data for 15 minute timepoint (= timescale of live cell imaging experiments, probe 10 µM). (i) Spon-
taneous hydrolysis of MSS00-PS-FS2 (10 µM) in different media. (j) Time course of MSS00-PS-FS2 
activation by different concentrations of glutathione (GSH). Vertical dashed line in (a, b, d, e) indicates 
5 % level of H-Me-FS1 extinction coefficient or fluorescence respectively. TCEP =(tris(2-carboxy-
ethyl)phosphine (reducing agent). Data collected by Philipp Mauker. 
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Supplementary Table 1 – Quantum yields of novel fluorophores. 

Fluorophore Quantum yield 

H2-FS0 0.78 

H2-FS1 0.75 

H-Me-FS1 0.24 

H-EM-FS1 0.18 

H-PS-FS1 0.23 

H-PS-FS2 0.22 
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Biosensor development / Publication Mauker, Beckmann et al., 2024 

“Fluorogenic Chemical Probes for Wash-Free Imaging of Cell Membrane Damage in Ferrop-

tosis, Necrosis, and Axon Injury”, Journal of the American Chemical Society 

• Oliver Thorn-Seshold, Martin Kerschensteiner and Thomas Misgeld conceived the study. 

Experiments were designed by them, Philipp Mauker and me. 

• Candidate design, chemical synthesis, photocharacterisation, cell-free stability measure-

ments, esterase and GSH activation assays (Figure 7, Figure 8, Supplementary Figure 

1, Supplementary Table 1, Figure 15a, b) were performed by Philipp Mauker. 

• The AAPH-mediated membrane damage assay was first established by Paula Sanchez for 

post-hoc analysis of fixed cells. The LLO-mediated membrane damage assay was first 

established by Ioanna Emmanouilidis for flow cytometry. Adaptation of these approaches 

into a live cell imaging-based compound screen was performed by me with microscopy 

advice from Andreas Thomae. 

• All live cell imaging and quantification of live cell imaging data (Figure 9, Figure 10, 

Figure 11, Figure 12, Figure 13, Figure 14, Figure 15c-f ) was performed by me  

• Some preliminary quantification of live cell imaging data (determination of ideal loading 

time, data not shown) was performed by Katharina Langen. 

• Use of MDG1 in detecting ferroptosis in ex vivo murine lung T cells (data not shown) 

was performed by Chantal Wientjens. 

• Use of MDG1 in detecting necrotic damage to drosophila embryo epithelium (data not 

shown) was performed by Andrew J. Davidson. 

• Use of MDG1 in detecting damage to axons growing in microfluidic chambers 

(Figure 16) was performed by Simone Wanderoy. 

Calcium-binding protein overexpression 

• Plasmids for rAAV production (cohorts 1 & 2) were cloned by me. cDNAs of murine 

calbindin and human calretinin were kindly provided by Professor Michael Meyer. A 

plasmid encoding Cre-T2A-KOFP was kindly provided by Adinda Wens. Likewise, 

rAAVs for cohorts 1 and 2 were produced by me. Plasmids and rAAVs of cohort 3 were 

ordered from VectorBuilder. (Figure 17, Tabe 3). 

• Intravenous rAAV injections were performed by Clara de la Rosa del Val and me, EAE 

induction, in vivo two-photon imaging and subsequent perfusions were performed by me 

(Figure 17, Figure 18a) 

• In vivo two-photon images were analysed by me (Figure 18b, h, Figure 20). 

• Staining and confocal imaging of cortex and corresponding image analysis 

(Figure 18c-e) were performed by me. The tissue was dissected by Katharina Langen. 

• For transfection of HEK cells and infection of HeLa cells (Figure 18f, g), samples were 

prepared by me and flow cytometry performed by Clara de la Rosa del Val. 
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• Overexpression analysis (staining, confocal imaging and image analysis) as presented in 

Figure 19 was performed by me. Tissue was dissected by Katharina Langen and me. The 

antibodies used for staining were established by Jonas Huber. Spinal cord cal-

bindin/calretinin stainings in general (decision for transverse cutting plane, testing of the 

analysis pipeline) were established by Johanna Mathiszik and Katharina Langen under 

my supervision. 


