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Summary 

 

Neuronal cultures from dorsal root ganglia of adult dogs represent a promising in vitro model to 

investigate infectious and non-infectious influences 

by Sarah Schwarz 

 

The present thesis contains two studies both investigating neuronal cultures from the dorsal root 

ganglia (DRG) of adult dogs. Those cultures provide several advantages as an in vitro model in addition 

to rodent DRG neuronal cultures. For instance, neuronal cultures from rodents show limitations 

regarding the investigation of neurotropic viruses with a non-rodent host spectrum, such as canine 

distemper virus (CDV). Moreover, previous studies indicate that there are similarities between various 

spontaneously occurring diseases of humans and dogs, making them a promising translational animal 

model. In addition, mature DRG neuronal cultures of dogs can be obtained from tissue samples during 

routine necropsy or from control animals of unrelated studies. As those animals do not have to be 

killed explicitly for the isolation and cultivation of their DRG neurons, their use is in line with the 3R 

principle. On the downside, this entails the limited and sometimes unpredictable availability of fresh 

tissue samples for the isolation of canine DRG neurons.  

To make the large-scale routine use of mature canine DRG neurons more practicable and improve the 

planning and management of studies, the first study aimed to establish cryopreservation as a means 

of long-term storage for canine DRG neurons. Moreover, canine DRG neurons were established as an 

in vitro model for neuronal canine distemper virus (CDV) infection and the influence of 

cryopreservation upon susceptibility to CDV infection was investigated. The second study aimed to 

characterize canine DRG neurons regarding their response to neurotrophic substances including nerve 

growth factor (NGF), fibroblast growth factor 2 (FGF-2) and monosialotetrahexosylganglioside 1 (GM1). 

Marker expression profile, neurite outgrowth, electrophysiological parameters as well as 

ultrastructure of canine DRG neurons were investigated.  

Cryopreservation of canine DRG neurons represents a practicable alternative to the use of non-

cryopreserved neurons. Morphologically intact neurons showing neurite outgrowth could be 

recovered from cryopreserved cultures and remained in culture for at least 12 days. Both non-

cryopreserved and cryopreserved neurons were susceptible to CDV infection. However, susceptibility 

to CDV infection was significantly reduced following cryopreservation. Furthermore, cryopreserved 

DRG neurons showed a reduced neuronal cell yield, a lower percentage of neurons with neurite 

outgrowth, reduced neurite branching and a smaller soma size than non-cryopreserved neurons. The 

second study revealed that supplementation with GM1 resulted in increased neurite outgrowth and 
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neuronal survival of canine DRG neurons both under standard and hypoxic culture conditions. 

Furthermore, GM1 possibly instigated changes in axonal transport and synaptogenesis and resulted in 

enhanced neuronal excitability. Ultrastructural analysis revealed an increased number of 

multivesicular bodies following GM1 treatment, suggesting metabolic changes.  

In conclusion, mature canine DRG neuronal cultures represent a promising in vitro model for the 

further investigation of neurotropic virus infections, such as CDV, especially regarding the elucidation 

of the hitherto unknown receptor for CDV neuronal infection. Despite certain limitations, their 

cryopreservation represents a useful tool for the better planning and management of future studies. 

Moreover, GM1, which has not been investigated in studies using primary canine neurons before, 

showed neurotrophic and neuroprotective effects on canine DRG neurons under standard and hypoxic 

culture conditions. Therefore, mature canine DRG neurons represent a promising translational in vitro 

model, for example to investigate the effect of GM1 on neurodegenerative conditions due to disruption 

of energy homeostasis, such as acute spinal cord injury.
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Zusammenfassung 

 

Neuronale Kulturen aus den Dorsalwurzelganglien adulter Hunde stellen ein vielversprechendes in 

vitro Modell zur Untersuchung infektiöser und nicht-infektiöser Einflüsse dar 

von Sarah Schwarz 

 

Die vorliegende Arbeit beinhaltet 2 Studien, welche sich mit der Untersuchung neuronaler Kulturen 

aus den Dorsalwurzelganglien (DRG) adulter Hunde befassen. Diese Kulturen bieten einige Vorteile, 

welche sie für die Nutzung als in vitro Modell in Ergänzung zu neuronalen Kulturen von Nagern 

qualifizieren. Zum Beispiel können neuronale Kulturen von Nagern nur eingeschränkt für die 

Untersuchung neurotroper Virusinfektionen verwendet werden, deren natürliches Wirtsspektrum 

keine Nager beinhaltet, wie zum Beispiel das Hundestaupevirus (CDV). Weiterhin gibt es 

Gemeinsamkeiten zwischen vielen spontanen Erkrankungen von Hunden und Menschen, was den 

Hund zu einem interessanten translationalen Modell macht. Darüber hinaus können Gewebeproben 

für die Isolierung der DRG-Neurone von Hunden aus der Routine-Sektionsdiagnostik sowie von 

Kontrolltieren anderer Studien gewonnen werden. Dadurch müssen die Hunde nicht explizit für die 

Isolierung und Kultur ihrer DRG Neurone getötet werden, was dem 3R Prinzip entspricht. Daraus ergibt 

sich jedoch der Nachteil, dass die Verfügbarkeit frischen Gewebes für die Isolation kaniner DRG-

Neurone limitiert und oftmals schlecht vorhersehbar ist.  

Um die Nutzung kaniner DRG-Neurone in einem größeren Maßstab und mit besserer Planbarkeit und 

Praktikabilität zu ermöglichen, war das Ziel der ersten Studie die Kryokonservierung kaniner DRG-

Neurone als eine Möglichkeit der Langzeit-Aufbewahrung zu etablieren. Darüber hinaus wurden 

kanine DRG-Neurone als in vitro Modell für die neuronale Infektion mit dem Hundestaupevirus 

getestet. In der zweiten Studie wurde die Reaktion kaniner DRG-Neurone auf die Behandlung mit 

neurotrophen Substanzen wie dem Nervenwachstumsfaktor (NGF), dem Fibroblasten-

Wachstumsfaktor 2 (FGF-2) und Monosialotetrahexosylgangliosid 1 (GM1) untersucht. Dabei wurden 

die Expression unterschiedlicher Marker mittels Immunfluoreszenz, das Neuritenwachstum, 

elektrophysiologische Parameter und die Ultrastruktur kaniner DRG-Neurone analysiert. 

Die Kryokonservierung kaniner DRG-Neurone stellte sich als praktikable Alternative zur Nutzung 

frischer DRG-Neurone heraus, da morphologisch intakte Neurone mit Neuriten-Wachstum aus 

kryokonservierten Kulturen gewonnen werden konnten, welche für mindestens 12 Tage in Kultur 

verblieben. Sowohl kryokonservierte als auch frische Neurone konnten mit dem Hundestaupevirus 

infiziert werden. Die Empfänglichkeit für die Infektion mit CDV war jedoch in kryokonservierten 



 Zusammenfassung  
 

4 
 

Kulturen reduziert. Darüber hinaus zeigten kryokonservierte Neurone eine reduzierte Zellausbeute, 

einen geringeren Prozentsatz von Neuronen mit Neuriten-Wachstum, eine reduzierte Neuriten-

Verzweigung und eine geringere Größe der Zellkörper im Vergleich zu nicht-kryokonservierten 

Neuronen. In der zweiten Studie wurde ein verstärktes Neuriten-Wachstum und ein verbessertes 

Überleben der Neurone als Folge der Supplementierung mit GM1 beobachtet. Dieser Effekt wurde 

sowohl unter Standard- als auch unter hypoxischen Kulturbedingungen festgestellt. Zusätzlich 

resultierte die GM1-Behandlung möglicherweise in Veränderungen des axonalen Transports und der 

Synaptogenese sowie in verstärkter neuronaler Erregbarkeit. Die ultrastrukturelle Analyse zeigte ein 

vermehrtes Vorkommen multivesikulärer Körperchen als Folge der GM1-Behandlung, welches 

metabolische Veränderungen nahelegt.  

Schlussfolgernd stellen Kulturen von DRG-Neuronen adulter Hunde ein vielversprechendes in vitro 

Modell für die Untersuchung neurotroper Virusinfektionen, wie zum Beispiel mit dem 

Hundestaupevirus, dar. Dies betrifft vor Allem die Erforschung des bisher unbekannten Rezeptors, 

welchen CDV für die Infektion von Neuronen benutzt. Trotz bestimmter Einschränkungen stellt die 

Kryokonservierung ein nützliches Werkzeug dar, um die bessere Planbarkeit und Praktikabilität von 

Studien mit kaninen DRG-Neuronen zu ermöglichen. Die Supplementierung mit GM1, dessen Einfluss 

auf primäre kanine Neuronenkulturen bisher noch nicht untersucht wurde, hatte neurotrophe und 

neuroprotektive Effekte auf kanine DRG-Neurone, sowohl unter Standard- als auch unter hypoxischen 

Kulturbedingungen. Kanine DRG-Neurone stellen daher ein vielversprechendes translationales in vitro 

Modell zur Untersuchung des Einflusses von GM1 auf neurodegenerative Erkrankungen dar, welche 

durch eine Störung der Energieversorgung hervorgerufen werden, wie zum Beispiel akute 

Rückenmarksverletzungen.
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1. Introduction 
 

Cultured dorsal root ganglion (DRG) neurons of rodents have manifold applications in research, being 

used in toxicity and neurophysiology studies, to investigate neuropathic pain, nociception and many 

more (Amir et al., 1999; An et al., 2016; Gold et al., 1996; Murali et al., 2015; Scroggs and Fox, 1992). 

Moreover, primary neuronal cultures from rodents, including DRG neurons, are an important tool for 

the investigation of cellular and molecular mechanisms of neurotropic virus infections (Buch et al., 

2017; Fornaro et al., 2018; Gaburro et al., 2018; Swartwout et al., 2017; Yu et al., 2011a).  

Especially considering the investigation of neurotropic virus infections, rodent cultures show 

limitations regarding viruses with a non-rodent host tropism. Beyond that, there is mounting evidence 

in favor of the companion dog as an additional translational animal model in order to understand 

certain spontaneous diseases of the nervous system, like neurodegenerative processes, inflammatory 

conditions of the central nervous system (CNS) as well as spinal cord injury (SCI) (Creevy et al., 2016; 

Gilmore and Greer, 2015; Hoffman et al., 2018; Mazzatenta et al., 2017; Spitzbarth et al., 2012; 

Spitzbarth et al., 2011). The human genome shows stronger similarities regarding its structure and 

sequence to the canine as opposed to the rodent one (Lindblad-Toh et al., 2005; Nasir et al., 1997). 

Furthermore, some in vitro studies revealed that, regarding certain properties, canine glial cell 

preparations more closely mirror the human system than rodent ones (Omar et al., 2011; 

Techangamsuwan et al., 2008). Regarding their response to neurotrophic substances, like gangliosides, 

the investigation of canine DRG neuronal cultures as opposed to rodent ones is intriguing, because 

humans and dogs appear to have a similar GM1 metabolism (Kreutzer et al., 2008; Kreutzer et al., 2009; 

Kreutzer et al., 2005).  

In addition, canine DRG neurons provide advantages with respect to the principle of reducing, 

replacing and refining animal experiments (3R principle) (Russell, W. M. S. and Burch, R. L., 1959), since 

they can be isolated from adult animals, which is in contrast to primary neurons from the canine brain. 

Therefore, fresh post mortem tissue from dogs sporadically available during routine necropsy as well 

as control animals from unrelated studies can be used. 

Despite all those advantages, the cultivation of canine DRG neurons has only been established very 

recently (Gerhauser et al., 2012). Studies regarding the possibilities of long-term storage of canine DRG 

neurons, a prerequisite for their large-scale routine use in cell culture, are currently lacking. Detailed 

investigations on the response of canine DRG neurons to neurotrophic substances under standard and 

adverse culture conditions are sparse. Furthermore, there is a need for feasible in vitro 

neuroinfectiology models in canines, which do not rely on the use of embryonal or neonatal animals. 
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Therefore, the aims of the present study were to i) assess the feasibility of cryopreservation as an 

option for the long-term storage of canine DRG neurons, facilitating their routine use in tissue culture, 

ii) establish canine DRG neurons as a model for canine paramyxovirus infection, and iii) elucidate the 

influence of different neurotrophic factors on phenotypical and functional properties of canine DRG 

neurons under standard and adverse culture conditions.  

 

1.1. Dorsal root ganglia: structure and function 
 

The DRG are bilaterally symmetrical, paired ganglia located on both sides of the spinal cord in each of 

its segments. They are located within or close to the intervertebral foramina (Figure 1) and their size 

depends on the species and intervertebral level (Haberberger et al., 2019). DRG belong to the 

peripheral nervous system (PNS) and contain the cell bodies of afferent, sensory neurons, which 

transmit information about intrinsic and extrinsic signals like nociceptive stimuli, temperature, touch, 

muscle length, and organ volume. They have a pseudounipolar process, which branches into a central 

and a peripheral segment. The central part ends within the dorsal horn of the spinal cord, where it 

forms synapses with second order neurons, while the peripheral part, which can be longer than one 

meter depending on the species, innervates the target tissue (Andres, 1961; Haberberger et al., 2019; 

Li et al., 2011). Besides sensory neurons, DRG contain many other cell types. Figure 2 schematically 

illustrates the organization of cell types and tissues within the DRG. A thin sheath of satellite glial cells 

(SGC) surrounds each neuronal soma and occasionally SGC sheaths surrounding 2 or rarely 3 somata 

can be observed (Andres, 1961). The SGC are in in close association to the neurons and are able to 

modulate their microenvironment. They are separated from the neurons by a basement membrane 

(Haberberger et al., 2019). SGCs covering one neuronal cell body are linked to each other by gap and 

tight junctions and are thus functionally coupled (Hanani et al., 2002; Huang et al., 2005; Huang et al., 

2006; Pannese et al., 2003). Adjacent units of nerve cell bodies and their SGC sheaths are separated 

by the ganglions interstitial connective tissue. Synaptic contacts between axons and cell bodies of 

sensory neurons within DRG have only rarely been observed in vivo or in organotypic cultures but have 

been demonstrated in dissociated cultures (Kayahara et al., 1981; Miller et al., 1970; Shinder and 

Devor, 1994). Therefore, crosstalk between the somata of sensory neurons in DRG is suspected to 

occur mostly nonsynaptically (Shinder and Devor, 1994). Besides neurons and SGC, DRG also contain 

macrophages and lymphocytes in close vicinity to the DRG neurons as well as small capillaries. Each 

DRG is surrounded by a connective tissue capsule (Andres, 1961; Haberberger et al., 2019; Tongtako 

et al., 2017).  
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Figure 1: 

Localization of dorsal root ganglia (DRG): cross-section of the spinal column. Asterisk shows localization of dorsal 

root ganglion within intervertebral foramen. 1: vertebra; 2: facet joint; 3: spinal canal; 4: spinal cord, white 

matter; 5: spinal cord, grey matter; 6: spinal nerve (sensory and motor axons).  

 

 

Figure 2: 

Schematic drawing displaying different cellular elements from a dorsal root ganglion. 1: fibrous capsule; 2: 

fibroblasts; 3: capillaries; 4: basement membrane; 5: neuronal cell body; 6: satellite glial cell; 7: lymphocyte; 8: 

pseudounipolar process; 9: macrophage. Adapted from Haberberger et al., 2019. 
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Neurons within DRG were originally classified into two main types of neurons: Type A neurons with a 

soma diameter of over 40 µm, a bright cytoplasm with prominent Nissl substance and myelinated 

neurites (large, bright neurons), and type B neurons measuring under 40 µm in diameter with a darker, 

contrast-rich cytoplasm, non-myelinated or poorly-myelinated neurites and less prominent 

neurofilaments (small, dark neurons) (Andres, 1961).  

Over the years, more detailed classification systems evolved considering not only morphological 

aspects but also conduction velocity, marker expression profile and physiological properties of the 

neurons. According to their conduction velocity and size of the cell body DRG neurons were subdivided 

into small diameter DRG neurons giving rise to unmyelinated axons called C-fibers, small diameter DRG 

neurons with thinly myelinated axons named Aδ-fibers, and large DRG neurons with thickly myelinated 

axons called Aαβ-fibers (Li et al., 2016; Li et al., 2011; Maxwell and Réthelyi, 1987). Small diameter 

DRG neurons were attributed to respond to nociceptive, thermal and mechanoreceptive signals, while 

the large, thickly myelinated neurons respond to mechanoreceptive and proprioceptive signals (Li et 

al., 2016; Maxwell and Réthelyi, 1987).  

According to their physiological properties, DRG neurons can be subdivided into mechanoheat 

nociceptors (MHNs), mechanical nociceptors (MNs), mechanically insensitive (MI) or sensitive 

afferents, mechanoheat-cold nociceptors, and low-threshold mechanoreceptors (LTMRs) (Li et al., 

2016; Li et al., 2011). 

Furthermore, DRG neurons can be subdivided according to the expression of certain marker-

molecules. A popular classification system for small DRG neurons is the division into isolectin B4 (IB4)-

positive, non-peptidergic neurons, substance P and calcitonin gene-related peptide (CGRP)-expressing 

peptidergic neurons and the tyrosine hydroxylase (TH)-expressing subset of neurons. Large DRG 

neurons, on the other hand, express neurofilament 200 (Li et al., 2016).  

The development of advanced molecular methods like large-scale single cell RNA sequencing has 

opened the possibility for an even more detailed classification of DRG neurons. Therefore, recent 

publications suggest that DRG neurons should be classified according to their transcriptome as well as 

morphological and functional characteristics (Li et al., 2016; Usoskin et al., 2015). One publication 

questions the simple division into peptidergic and non-peptidergic neurons because transcriptome 

analysis showed that IB4-positive (non peptidergic) neurons also express neuropeptides, and 

expression of neuropeptides such as substance P and CGRP is not only limited to peptidergic neurons. 

Moreover, most types of nociceptors were found to respond to not only one but multiple stimuli. 

Therefore, a classification into 6 types and 10 subtypes of small DRG neurons and 4 types and 4 

subtypes of large neurons was proposed (Li et al., 2016). Another group revealed 11 types of sensory 
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neurons: low-threshold mechanoreceptive neurons (3 subtypes), two subtypes of proprioceptive 

neurons, 6 types of thermosensitive, itch sensitive, type C low-threshold mechanosensitive and 

nociceptive neurons (Usoskin et al., 2015). They could be partly associated with previously identified 

subsets of DRG neurons like myelinated DRG neurons, peptidergic nociceptors, and non-peptidergic 

nociceptors, while other clusters described distinct subclasses of unmyelinated neurons not previously 

identified. The neuron types identified by single-cell RNA sequencing were consistent with distinct and 

characteristic soma sizes and could be distinguished by the corresponding protein markers using 

immunohistochemistry (Usoskin et al., 2015). 

 

1.2. Interactions of neurons with selected trophic substances 
 

In order to further characterize cultured adult canine DRG neurons and to assess whether their neurite 

outgrowth in culture can be improved, the impact of certain neurotrophic substances alone and in 

combination was investigated. Those substances will be presented in the following section. 

Neurotrophic factors are defined as proteins which allow neuronal survival in culture. Generally, they 

also stimulate neurite outgrowth (Sensenbrenner, 1993). 

1.2.1. Nerve growth factor (NGF) 

Neurotrophins are defined as promotors of neuronal survival (Reichardt, 2006). The nerve growth 

factor (NGF) was the first neurotrophin to be discovered (Levi-Montalcini, 1964; Levi-Montalcini and 

Angeletti, 1963; Levi-Montalcini and Booker, 1960). At that time, researchers first realized that the 

elimination of target tissues had deleterious effects on the survival of their innervating motor and 

sensory neurons. They concluded that, depending on their size, target tissues of neuronal innervation 

secrete small amounts of survival factors, which are limiting for the number of neurons innervating 

them. Later, three additional neurotrophins were discovered: brain-derived neurotrophic factor 

(BDNF), neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4).  

Nearly twice as many neurons as are eventually found in the developed PNS are initially produced 

(Oppenheim, 1991). For survival, it is essential for those developing neurons to reach their respective 

target cells, which supply them with NGF for trophic support. If they do not manage this, they will 

undergo apoptosis (Buss et al., 2006; Davies, 2003). Most of the present knowledge on the 

phenomenon of neuronal apoptosis mediated by NGF-withdrawal is derived from the study of 

sympathetic neurons, because here, the apoptosis pathway is well characterized (Kole et al., 2013). 

Nevertheless, also DRG neurons are dependent upon NGF during development and most of the same 

mechanisms also hold true for them. When cultured in vitro, sympathetic neurons isolated from early 
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postnatal rodents deprived of NGF die within 48-72 hours by apoptosis. The neurons show atrophy 

and fragmentation of neurites as well as pyknotic nuclei (Deckwerth and Johnson, 1993; Edwards and 

Tolkovsky, 1994; Martin et al., 1988). The apoptosis of sympathetic neurons due to NGF-withdrawal in 

vitro is mediated by activation of caspase-3 through the mitochondrial (intrinsic) pathway and can be 

prevented by caspase-inhibitors (Deshmukh et al., 1996; Martinou et al., 1999; Martinou et al., 1995; 

McCarthy et al., 1997). At later stages of development, sympathetic neurons are reported to become 

independent of NGF (Kole et al., 2013). 

Since neurons in the mature nervous system are post-mitotic cells with a limited regenerative 

potential, most of them will have to survive for a lifetime of the organism, which is why they can no 

longer afford to be susceptible to apoptosis in a way that immature neurons are. Therefore, they 

develop multiple mechanisms that help them avoid the pathway of apoptosis and make them more 

resistant to cell death (Kole et al., 2013). The changing sensitivity for NGF-deprivation upon maturation 

has also been shown to be true for DRG sensory neurons of rodents in vitro (Kimpinski et al., 1997; 

Lindsay, 1988; Vogelbaum et al., 1998). Nevertheless, many of the mechanisms initiating apoptosis in 

developing neurons due to NGF-withdrawal still occur in mature neurons. For example during 

neurodegenerative states, like in amyotrophic lateral sclerosis (ALS) or Huntington’s disease (HD), or 

due to traumatic brain injury or deoxyribonucleic acid (DNA)-damage, their susceptibility to apoptosis 

can increase again (Guegan et al., 2001; Kiechle et al., 2002; Wright et al., 2007; Yakovlev et al., 2001). 

Moreover, the application of NGF-antiserum in adult mice still leads to changes in neuronal 

morphology, even though their survival is largely maintained (Levi-Montalcini and Booker, 1960). 

Furthermore, NGF has neurite-promoting effects on adult rat DRG neurons in vitro (Lindsay, 1988). 

Treatment of human DRG neurons from male, adult patients with neurotrophic factors, including NGF, 

leads to an increase in neuronal size, increased expression of the vanilloid receptor-1 (TRPV-1) and 

enhanced response to capsaicin (Anand et al., 2006). These findings indicate that not only developing, 

but also mature neurons, can be influenced by NGF.  

NGF is synthesized by the target tissues and is taken up by nerve terminals of innervating neurons 

(Kristiansen and Ham, 2014). It acts locally on the axon terminals as well as distantly in the cell body of 

the respective neuron. Locally, in the axon, it affects growth cone motility and regulates target 

innervation (Campenot, 1977), while it controls cell survival and gene expression in the cell body of 

the neuron (Kuruvilla et al., 2004; Reichardt, 2006; Thoenen and Barde, 1980). 

Mature neurotrophins occur in the shape of non-covalently associated homodimers (Reichardt, 2006). 

NGF interacts with two distinct classes of receptors. The first one to be discovered was its low-affinity 

receptor p75 neurotrophin receptor (p75NTR), which also binds the other neurotrophins to a similar 

extent (Rodriguez-Tebar et al., 1990). p75NTR belongs to the tumor necrosis receptor superfamily 
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(Liepinsh et al., 1997). It consists of a surface glycoprotein with an extracellular NGF-binding region, a 

transmembrane domain, and a short cytoplasmic domain (Chao et al., 1986; Radeke et al., 1987). 

The high-affinity receptor for NGF, tropomyosin receptor kinase A (TrkA), belongs to the Trk subfamily 

of receptor tyrosine kinases. When NGF binds to TrkA, the receptor dimerizes and a tyrosine residue 

of its cytoplasmic tail is phosphorylated by adjacent Trk receptors (Kaplan et al., 1991). 

Phosphorylation of TrkA leads to the activation of signaling cascades and the subsequent transport of 

NGF-TrkA-complexes retrogradely along the axon to the neuronal cell body, where they promote 

survival (Cui et al., 2007; Kaplan and Miller, 2000; Snider, 1994). p75NTR can modulate the function of 

Trk receptors by potentiating their activation (Davies et al., 1993), forming high-affinity binding sites 

for NGF (Esposito et al., 2001), and promoting endocytosis and retrograde transport of TrkA (Curtis et 

al., 1995; Geetha et al., 2005).  

NGF seems to play an important role after peripheral nerve injury, since it is synthesized by Schwann 

cells and fibroblasts within the injured nerve and released from mast cells following activation during 

inflammation (Heumann et al., 1987; Reichardt, 2006). NGF and p75NTR are upregulated in injured 

peripheral nerves, where they support neuronal survival and axonal regeneration (Johnson et al., 

1988). Likewise, expression of p75NTR is upregulated in the brain after mechanical injury (Gibbs et al., 

1991; Martinez-Murillo et al., 1993). On the other hand, neither NGF nor TrkA mRNA are expressed to 

higher levels in the injured spinal cord, nor is there an increased expression of TrkA in motorneurons 

following spinal cord injury (SCI) (Frisen et al., 1993).  

 

1.2.2. Fibroblast growth factor 2/ basic fibroblast growth factor (FGF-2/ bFGF) 

The family of fibroblast growth factors (FGFs) comprises 22 members in mammals (Förthmann et al., 

2015). The first identified FGFs were acidic FGF (aFGF), later termed FGF-1 and basic FGF (bFGF), later 

termed FGF-2 (Sensenbrenner, 1993). They were isolated from bovine brain and pituitary gland 

(Gospodarowicz, 1974; Thomas et al., 1984). FGFs can be subdivided into secreted (= signaling) and 

intracellular (= non-signaling) FGFs (Ornitz and Itoh, 2015). Secreted FGFs bind to receptor tyrosine 

kinases and intracellular FGFs act as cofactors for voltage gated sodium channels and other molecules 

(Ornitz and Itoh, 2015). Secreted FGFs can be further distinguished into canonical (paracrine) FGFs, 

which control cell proliferation, survival, and differentiation, and endocrine FGFs, which play a role in 

the regulation of carbohydrate, phosphate, bile acid, and lipid metabolism (Ornitz and Itoh, 2015). 

During embryonic development, FGFs are important for organogenesis (Kelly, 2005; Zaffran and Kelly, 

2012), while in the adult, amongst other things, they are necessary for tissue repair in response to 

injury (Müller et al., 2012).  
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FGF-2 belongs to the FGF-1 subfamily, which comprises FGF-1 and FGF-2, both part of the group of 

canonical FGFs (Ornitz and Itoh, 2015). It is found in a wide variety of developing and adult tissues, but 

most abundantly in nervous tissue (Mocchetti and Wrathall, 1995; Sensenbrenner, 1993). FGF-2 is 

suspected to be synthesized by astrocytes within the CNS (Hatten et al., 1988; Mocchetti and Wrathall, 

1995). There are different isoforms with low (LMW-FGF-2) and high molecular weight (HMW-FGF-2). 

They are all derived from one mRNA-species and all contain the same 18 kDa core sequence, only 

varying due to the length of their N-terminal extension (Förthmann et al., 2015). 

FGFs bind to high affinity tyrosine kinase receptors termed FGF receptors (FGFRs) (Dionne et al., 1990). 

Binding of FGF to FGFRs leads to receptor dimerization and transautophosphorylation of their kinase 

domain, thereby inducing signaling cascades (Goetz and Mohammadi, 2013; Mocchetti and Wrathall, 

1995; Ornitz and Itoh, 2015). In addition, canonical FGFs have a high affinity for heparin/heparan 

sulfate proteoglycans (HSPGs), which serve as cofactors for their binding of FGFRs (Matsuo and Kimura-

Yoshida, 2013; Ornitz, 2000; Ornitz and Itoh, 2015). Similar to NGF, binding of FGF-2 to its high-affinity 

receptor leads to internalization and retrograde transport of the ligand-receptor complex to the 

nucleus (Ferguson and Johnson, 1991; Grothe and Unsicker, 1992; Rabin et al., 1993; Renko et al., 

1990; Walicke and Baird, 1991). FGF-2 can be internalized by both neurons and glial cells (Walicke and 

Baird, 1991). When intracellularly, FGF-2 interacts with nuclear proteins in different ways depending 

on its isoform (Förthmann et al., 2015). While HMW-FGF-2 is suspected to directly regulate gene-

expression (Claus et al., 2003; Ma et al., 2007), LMW-FGF-2 is presumed to exert its regulating effects 

in different ways (Dunham-Ems et al., 2009). 

FGF-2 is considered a neurotrophic factor, because it favors survival and differentiation of central and 

peripheral neurons in the developing and adult brain (Anderson et al., 1988; Barde, 1989; Otto et al., 

1989; Sensenbrenner, 1993; Walicke, 1988). On the other hand, depending on the cell type and 

isoform, FGF-2 can also have deleterious effects on cells of the central and peripheral nervous system 

(Förthmann et al., 2015).  

FGF-2 stimulates the proliferation of neuronal precursor cells from the cerebrum and spinal cord of rat 

embryos as well as human neuroblastoma cells (Deloulme et al., 1991; Gensburger et al., 1987; 

Lüdecke and Unsicker, 1990). Furthermore, it has been shown to support the survival of postnatal 

neurons from the brain of rats as well as purified granule neurons from postnatal mice in culture 

(Hatten et al., 1988; Matsuda et al., 1990), even though, similar to NGF, fetal neurons are more 

dependent on FGF for their survival than postnatal neurons (Sensenbrenner, 1993). Moreover, FGF-2 

seems to have a protective effect against certain neurotoxins (Freese et al., 1992; Frim et al., 1993; 

Mattson and Rychlik, 1990b; Otto and Unsicker, 1990).  
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Another effect of FGF-2 is the induction of neuronal differentiation and the promotion of neurite 

outgrowth. This has been observed in pheochromocytoma cells (PC12) (Grothe et al., 1998; Neufeld et 

al., 1987; Rydel and Greene, 1987) and cultured rat adrenal chromaffin cells (Claude et al., 1988; 

Stemple et al., 1988). The neurite outgrowth-promoting effect of FGF-2 was shown in hippocampal 

neurons from embryonic rats and newborn rat cortical neurons, cerebellar granule neurons of 

postnatal mice, and spinal cord neurons from rat embryos (Hatten et al., 1988; Morrison et al., 1986; 

Sweetnam et al., 1991; Walicke et al., 1986). 

In vivo, FGF-2 proved to have beneficial effects after nerve injury. For example, it reduced neuronal 

loss in DRG of adult rats and stimulated nerve regeneration after sciatic and saphenous nerve 

transection (Aebischer et al., 1989; Danielsen et al., 1988; Fujimoto et al., 1997; Otto et al., 1987). FGF-

2 mRNA is upregulated in sensory ganglia of rats after peripheral nerve injury (Ji et al., 1995; Li et al., 

2002), and after axotomy of the superior cervical ganglion (Klimaschewski et al., 1999). Transplantation 

of Schwann cells over-expressing HMW-FGF-2 favors myelination and recovery of injured sensory 

nerves (Timmer et al., 2003). 

On the other hand, FGF-2 has also been shown to induce the degeneration of postganglionic neurons 

(Nindl et al., 2004). Detrimental effects of FGF-2 have also been noted in oligodendrocytes, where it 

severely reduces their terminal differentiation in vitro (Bansal and Pfeiffer, 1997) as well as their 

myelin-production in vivo (Goddard et al., 2001). Apparently, myelination can be regulated by FGFs 

expressed in neurons, which signal to FGFR1 and FGFR2 expressed in oligodendrocytes (Furusho et al., 

2012). 

 

1.2.3. Monosialotetrahexosylganglioside (GM1) 

Glycolipids are molecules consisting of one or more carbohydrate residues and a hydrophobic lipid 

moiety. If this hydrophobic lipid moiety is either a sphingoid or a ceramide, they are called 

glycosphingolipids (Yu et al., 2011b). Gangliosides are glycosphingolipids, which consist of a ceramide 

base as their lipid moiety and an oligosaccharide chain with one or more sialic acids bound to it 

(Magistretti et al., 2019). They are amphiphilic compounds, which, in solution, are in an equilibrium 

between micelles and monomers (Sonnino et al., 1994). The hydrophobic ceramide portion of 

gangliosides is inserted into the outer layer of the cellular plasma membrane, while the hydrophilic 

oligosaccharide portion protrudes into the extracellular space, allowing it to interact with neighboring 

cells, molecules, or water (Chiricozzi et al., 2020). Gangliosides can be found within all tissues and body 

fluids but are most abundant in the nervous system (Yu et al., 2009; Yu et al., 2011b). Though mostly 

localized within lipid rafts in the outer layer of the cellular plasma membrane, they have also been 
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shown to be present within nuclear membranes (Ledeen and Wu, 2008). Gangliosides are synthesized 

in the endoplasmic reticulum, before they are further modified in the Golgi apparatus, where 

carbohydrate moieties are added to an acceptor lipid molecule (Maccioni, 2007). This reaction is 

catalyzed by specific enzymes called glycosyltransferases (ganglioside synthases) (Yu et al., 2011b). 

One can discriminate between simple gangliosides, like GM3, GD3 and GT3, and complex gangliosides, 

like GM1, which are synthesized from simple gangliosides (Yu et al., 2011b). In the course of brain 

development, gangliosides show different expression patterns (Ledeen, 1984; Ngamukote et al., 2007; 

Yu et al., 1988). While simple gangliosides predominate in human and rodent embryonic brains, the 

expression of complex gangliosides, like GM1, is upregulated during development. This developmental 

change in ganglioside expression pattern can be explained by a change in expression patterns of 

ganglioside synthases (Ishii et al., 2007; Yu et al., 2011b). In aging humans, the ganglioside content of 

the brain gradually decreases (Chiricozzi et al., 2020; Svennerholm et al., 1994). Gangliosides are 

involved in numerous processes like cell-recognition, and -adhesion, signal transduction, and 

modulation of calcium homeostasis (Ledeen and Wu, 2008; Yu et al., 2011b).  

Monosialotetrahexosylganglioside 1 (GM1) belongs to the so-called ganglio-series gangliosides, which 

are characterized by the presence of at least one sialic acid residue linked to different galactose and/or 

sialic acid residues. Ganglio-series gangliosides are further classified into a-, b-, and c-series 

gangliosides, GM1 belonging to the a-series (Yu et al., 2012). In the mammalian brain, GM1 comprises 

10-20% of the total ganglioside content (Svennerholm, 1964; Wiegandt, 1968).  

GM1 is considered to have neuroprotective and neurotrophic properties (Chiricozzi et al., 2020; 

Hadjiconstantinou and Neff, 1998; Ledeen, 1984; Yu et al., 2011b). The neuritogenesis-enhancing 

properties of GM1 were first suspected when researchers investigated mature neurons in the storage 

diseases GM1- and GM2-gangliosidosis electron microscopically. They discovered that those neurons 

formed new processes laden with stored gangliosides (meganeurites) (Purpura and Suzuki, 1976; 

Walkley et al., 1981).  

GM1 can induce neurotrophin synthesis and release (Rabin et al., 2002) and enhance the action of 

neurotrophic factors, like NGF, by modulating the interaction with their receptors (Hadjiconstantinou 

and Neff, 1998; Liberini et al., 1993).  

It can reduce acute nerve cell damage due to excitatory amino acid-related neurotoxicity as well as 

toxin-induced oxidative stress (Chiricozzi et al., 2019b; Huang et al., 2009; Lipartiti et al., 1991), and 

induce neurite sprouting and neuronal differentiation in various cell culture systems (Facci et al., 1984; 

Ledeen, 1984; Skaper et al., 1985). More precisely, GM1 promotes neuritogenesis and neuronal 

differentiation in mouse neuroblastoma cells (N-2a) (Facci et al., 1984; Ledeen, 1984; Roisen et al., 
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1981), and enhances neurite outgrowth and neurofilament expression in dissociated primary neurons 

from the central and peripheral nervous system of chick embryos, including DRG neurons, as well as 

PC12 cells (Doherty et al., 1985; Skaper et al., 1985). Interestingly, PC12 cells respond to gangliosides 

only in combination with NGF, indicating a synergistic effect of NGF and gangliosides (Ferrari et al., 

1983; Katoh-Semba et al., 1984; Mutoh et al., 1995). 

Knockout mice lacking complex gangliosides show neuronal degeneration and decreased myelination 

in dorsal root ganglia, dorsal horns of the spinal cord, sciatic nerves, and optic nerves, decreased nerve 

conduction velocity, and impaired motor coordination (Chiavegatto et al., 2000; Sheikh et al., 1999; 

Sugiura et al., 2005; Takamiya et al., 1996). 

GM1 protects dopaminergic neurons in the midbrain (substantia nigra) of rats from degeneration after 

axotomy and promotes their recovery in monkeys (Herrero et al., 1993a; Herrero et al., 1993b; Toffano 

et al., 1984a; Toffano et al., 1984b). It also has neurotrophic and protective effects on lesioned and 

aging cholinergic neurons as well as noradrenergic and serotonergic neurons of the injured brain and 

spinal cord (Hadjiconstantinou and Neff, 1998). 

GM1 is suspected to play a role in various neurodegenerative diseases: 

Patients with Parkinson’s disease (PD) show a reduced expression of genes involved in ganglioside 

synthesis as well as a GM1 deficiency in different brain regions and peripheral tissues (Hadaczek et al., 

2015; Ledeen and Wu, 2018; Schneider, 2018; Wu et al., 2012). It was proposed that a decline in GM1 

in aged individuals might compromise GM1 neurotrophic and neuroprotective functions, thus possibly 

initiating PD (Chiricozzi et al., 2020). Furthermore, GM1 might be able to reduce the pathological 

aggregation of α-synuclein in PD (Bartels et al., 2014; Martinez et al., 2007). 

There is some evidence from clinical studies that GM1 treatment might be beneficial in Alzheimer’s 

Disease (AD), but the role of GM1 in AD remains controversial (Augustinsson et al., 1997; Chiricozzi et 

al., 2020; Magistretti et al., 2019; Svennerholm et al., 2002). Imbalances in ganglioside concentrations 

in the brain might also be involved in the pathogenesis of Huntington’s disease (Denny et al., 2010; 

Desplats et al., 2007; Higatsberger et al., 1981).  

Moreover, beneficial effects of GM1 treatment in situations of disrupted energy homeostasis, like in 

hypoxic and ischemic conditions, have been reported: In patients with acute SCI, GM1 treatment results 

in a significantly faster recovery (Barros et al., 2016; Geisler et al., 2001; Magistretti et al., 2019; Papo 

et al., 1991; Walker and Harris, 1993). Its application also proved to be beneficial in treating hypoxia-

induced white matter damage in premature infants (Wang et al., 2019), and hypoxic-ischemic 

encephalopathy in perinatal infants (Zhu et al., 2015). In primate and rat models of acute ischemic 

stroke and neocortical infarction, GM1 application protected cholinergic neurons from retrograde 
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degeneration and improved spatial memory retention and acquisition (Choucry et al., 2019; Liberini et 

al., 1993). Intravenous or intramuscular application of GM1 in patients with acute ischemic stroke 

resulted in improved neurological recovery (Argentino et al., 1989; Lenzi et al., 1994).  

In summary, numerous in vitro as well as in vivo studies show that GM1 has neuroprotective and 

neurotrophic effects on several neuronal populations from the central and peripheral nervous system, 

which often mimic or are in synergy with the effects of neurotrophins, like NGF (Ferrari et al., 1983; 

Hadjiconstantinou and Neff, 1998; Katoh-Semba et al., 1984; Mutoh et al., 1995). 

 

1.3. Cryopreservation of primary neuronal tissues 
 

Fresh post-mortem tissue for DRG neuron isolation from adult dogs can be obtained during routine 

necropsy and in the shape of control animals from unrelated studies. Therefore, use of DRG neurons 

from adult dogs is highly beneficial with regard to the 3R principle (Russell, W. M. S. and Burch, R. L., 

1959). On the other hand, one must consider the limited and sometimes unpredictable availability of 

such tissues as well as the laborious and time-consuming procedures involved in DRG neuron isolation 

and culture. In order to make studies with canine DRG neurons more plannable and facilitate their 

large-scale routine use in cell culture, the establishment of a long-term storage protocol would be 

highly beneficial. Thereby, it would be possible to generate a cell pool allowing for repeated 

experiments with cells from the same tissue source as well as better management of experiments. 

Cryopreservation represents such a means of long-term storage and is already used on a regular basis 

for many different established cell lines in cell culture as well as blood, bone marrow cells and 

spermatozoa (Paynter, 2008). Even though the first successful attempt to freeze and thaw nervous 

tissue has already been reported in 1953 (Luyet and Gonzales, 1953), such a protocol has not yet been 

established for canine DRG neurons. The majority of the studies dealing with cryopreservation of 

primary neuronal tissues have focused on tissues of embryonal or fetal mice or rats (Kawamoto and 

Barrett, 1986; Mattson and Kater, 1988; Negishi et al., 2002b; Pischedda et al., 2018; Schock et al., 

2012; Swett et al., 1994), stable cell-lines (Borlongan et al., 1998; Uemura and Ishiguro, 2015), or 

embryonic stem cells differentiated towards a neuronal phenotype in vitro (Ladewig et al., 2008; 

Taupin, 2009). Only few studies have been conducted with tissues from postnatal animals (Ichikawa et 

al., 2007; Robert et al., 2016), which is probably due to the fact that obtaining neuronal cultures from 

more mature nervous tissue is known to be more challenging (Mattson and Kater, 1989). Next to 

rodent neurons, cryopreservation protocols have also been published for neurons isolated from 

embryonal/fetal bovines (Hashimoto et al., 2000), sheep (Kay et al., 2006), cynomolgus monkeys 

(Negishi et al., 2002a) and humans (Cai et al., 1993; Mattson and Rychlik, 1990a; Silani et al., 1988). 



 1. Introduction  
 

17 
 

Table 1 summarizes the species and tissues used, cryopreservation protocols and other methods 

applied, parameters assessed and results of a variety of studies dealing with the cryopreservation of 

primary neuronal tissue (excluding stable cell lines and embryonal stem cells).
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Table 1: Literature overview on the cryopreservation of primary neuronal tissue from different species. DMSO: dimethyl sulfoxide; DMEM: Dulbecco's Modified Eagle's Medium; 

FBS: fetal bovine serum; FCS: fetal calf serum; FGF: fibroblast growth factor; GABA: gamma-aminobutyric acid; GFAP: glial fibrillary acidic protein; GFP: green fluorescent protein; 

HBSS: Hanks' Balanced Salt Solution; MAP-2: microtubule associated protein-2; MBP: myelin basic protein; NF: neurofilament; NGF: nerve growth factor; NSE: neuron-specific 

enolase; Prox1: prospero homeobox 1; PSD 95: postsynaptic density protein 95; ROS: reactive oxygen species; RPMI-1640: Roswell Park Memorial Institute-1640. 

publication cells/tissues 
used 

species 
(prenatal/ 
postnatal) 

cryopreservation method methods used/ parameters 
investigated 

results 

Pischedda et 
al., 2018 

cortical 
neurons 

mouse 
(embryonal) 

Dissociated cells 
 
cooled to -80 °C in -1°C/ minute 
 
comparison of freezing media 
containing 10% DMSO and 90% FBS 
and Neurostore (commercial 
medium) 
 
thawed after 1 week 

3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide (MTT) 
reduction assay: viability 
 
whole cell patch clamp for functional 
testing 
 
immunofluorescence (MAP 2, 
synapsin 1-3, PSD 95) 
 
infection with GFP-expressing 
Lentiviruses 
 
network formation (processes) 
 
Western Blot: autophagic flux and 
response to pharmacological 
stimulation 
 
ROS production (MitoSOX Red) 

comparable viability of non-cryopreserved 
and cryopreserved neurons at 14 days post 
seeding 
 
similar infection efficiency between fresh 
and cryopreserved neurons 
 
no significant difference in neurite number, 
total length and average length, synapse 
density 
 
no significant differences in 
electrophysiological parameters (whole cell 
patch clamp) 

Mattson and 
Kater, 1988 

hippocampal 
neurons 

rat (fetal) dissociated cells 

-1°C/minute until -70°C 

freezing medium containing 4-12% 
DMSO or glycerol and FBS 

phase contrast microscopy: viability 
(phase-dark, vacuolated somas and 
fragmented neurites = dead 
neurons), outgrowth 
sensitivity to glutamate-
neurotoxicity 

best cryoprotection with 8% DMSO: 50-60% 
survival compared to non-cryopreserved 
cultures 
 
cell population appeared similar in 
cryopreserved and non-cryopreserved 
cultures 
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thawing in water bath at 37°C  
outgrowth rates of axons and dendrites 
similar to those previously reported from 
non-cryopreserved cultures 
 
similar survival after glutamate-
neurotoxicity in cryopreserved and non-
cryopreserved neurons 

Negishi et al., 
2002b 

cerebral 
neurons 

rat (fetal) cells cryopreserved in 3 different 
states: whole cerebral 
hemispheres, small pieces (cubes 
of max. 1mm), single dissociated 
cells 
 
freezing to -80°C in freezing 
container, storage in liquid 
nitrogen for at least 1 week 
 
freezing medium with 10% DMSO 
 
Rapid thawing in water bath at 
32°C 

viability (trypan blue dye exclusion) 
 
immunocytochemistry: NF, GFAP, 
MBP 
 
Western blot: MAP-2 and 
synaptophysin 
 

recovery of viable cells significantly higher 
when cryopreserved in small pieces as 
opposed to whole hemispheres or 
dissociated cells 
 
10% DMSO gave the highest yield of viable 
cells (90,2%) 
 
no morphological differences between 
cryopreserved and fresh cells 

Kawamoto and 
Barrett, 1986 

cerebral and 
spinal cord 
neurons 

rat (fetal) neurons dissociated without 
enzymes 

freezing to -20°C or -90°C in open 
box 

freezing medium with 5-10% DMSO 

survival (by counting in phase 
contrast microscopy) 
 
variables: storage temperature, ionic 
composition of freezing medium, size 
of tissue pieces 

frozen neurons more sensitive to 
mechanical damage and chemical 
alterations 
 
freezing at -90°C preserved more than 3 
times the amount of cells than did storage 
at -20°C 
 
neurons can also be “hibernated” at 3-8°C 
for up to 1 week 

Swett et al., 
1994 

hippocampal 
neurons 

rat (fetal) chunks of tissue were frozen short-term-viability (first 24 hours in 
vitro): trypan blue exclusion 
 

decreased cell yield, viability and 24 hours-
tissue culture survival in cryopreserved cells 
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1,5 hours at 4°C; afterwards at 
cooling rate of 1°C/minute to -
35°C; then liquid nitrogen 

thawing in 37°C water bath 

freezing medium: 10% DMSO in 
HBSS 

survival, cell yield: phase contrast 
microscopy 
one hippocampus: fresh culture; 
contralateral hippocampus: 
cryopreservation 
 
phase-bright cells with thin 
processes identified as neurons 

total estimated viable cell yield of 
cryopreserved cells at 24 hours in culture: 
12% compared to non-cryopreserved cells 
amount of necrotic cellular debris increased 
in thawed cells 
 
cell morphology of viable cells unchanged 
after thawing 
 
percentage of neurons with neurites after 
24 hours not significantly reduced 

Ichikawa et al., 
2007 

granule cells 
from 
hippocampus 

rat 
(postnatal) 

dissociated cells 

cooling to -80°C at a rate of -
1°C/minute 

serum-containing, commercial 
freezing medium (“Cell banker”) 

thawing in water bath (37°C) 

immunofluorescence (MAP-2, Prox1, 
tau-1, rhodamine-conjugated 
phalloidin) 
 
cell density 

no differences in purity, survival, and 
maturation 
 
similar axonal and dendritic morphology 
(no quantification) 

Seggio et al., 
2008 

DRG neurons rat 
(postnatal) 

dissociated cells 
first in styrofoam at -80°C, then 
long-term storage in liquid nitrogen 
(2-3 weeks) 
 
Freezing medium: serum-
containing growth medium and 
10% DMSO 

immunofluorescence (beta-III-
tubulin): morphology of neurons, 
neurite outgrowth, average neurite-
length, mean number of branching 
points 
 
cryopreservation of neurons 
transfected with eGFP for better 
visualization 

no significant differences between fresh 
and cryopreserved neurons 
 
significant decrease in neurite outgrowth, 
branching points in transfected compared 
to non-transfected neurons 

Robert et al., 
2016 

cerebellar 
granule cells 

rat 
(postnatal) 

dissociated cells 
 
cooling rate, plunge temperature 
and concentration of 
cryoprotective agent (DMSO) were 
altered 

viability: trypan blue dye exclusion  
 
cell yield and capacity to remain in 
culture: inverted microscope 
attachment of cells to culture plate 
as parameter of viability 

better viability and cell yield if cells are 
cooled at a controlled rate to a lower 
temperature and then immersed in liquid 
nitrogen 
higher viability for lower plunge 
temperatures (temperature when 
transferred to liquid nitrogen) 
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best observed cooling rate: 3,1°C/minute 
 
10 % DMSO = best concentration 
viability of cryopreserved neurons: 82,7 +/- 
2,7%  

Kay et al., 2006 cerebral and 
cerebellar 
neurons 

sheep (fetal) 
 

dissociated neurons 

vials buried in powdered dry ice 
until deep frozen and stored at -
130°C 

freezing medium: FCS with 8 % 
DMSO 

phase contrast microscopy 
 
immunofluorescence (beta-III-
tubulin, GABA, glutamate, calretinin, 
calbindin) 
 
mean neurite length 
 
time-lapse photography 

different neuronal morphologies were 
observed (3 groups, 12 types) and 
comparable in fresh and cryopreserved 
neurons 
 
beading of neuronal processes common in 
fresh and cryopreserved neurons 
 
initial neurite growth slightly slower in 
cryopreserved neurons 
 
comparable proportions of calretinin-
expressing neurons (interneurons) in non-
cryopreserved and cryopreserved cultures 

Hashimoto et 
al., 2000 

cerebellar 
neurons 

bovine 
(fetal) 

tissue fragments  

slowly cooled to -80°C, next day 
liquid nitrogen 

freezing medium containing 
different concentrations of DMSO 
and FCS 

immunocytochemistry 
 
viability: hemocytometer and trypan 
blue dye exclusion 
 
growth assay 

cryopreserved cultures showed slightly 
reduced growth profiles and varying cell 
proportions 
 
some loss in cell yield, little loss in viability 
of cryopreserved cultures 

Negishi et al., 
2002a 

cerebral 
neurons 

cynomolgus 
monkey 
(fetal) 

Tissue pieces 
 
freezing to -80°C at a rate of -
1°C/minute, then storage in liquid 
nitrogen for at least 3 months 
 
freezing medium: DMEM + 10% 
FCS 

immunofluorescence (MAP-2, GFAP) 
 
observation of intracellular Ca2+ in 
single neurons using fluorescent 
Ca2+-indicator 
 
Western Blot: detection of 
synaptophysin-expression 

observation of synchronous Ca2+-
oscillations (intracellular in neurons) in 
cryopreserved cultures were attributed to 
formation of synapse-networks 
 
no morphological differences between 
cryopreserved and non-cryopreserved 
neurons 
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Cai et al., 1993 cerebral 
neurons 

human 
(fetal) 

tissue pieces and dissociated cells 

storage at: 4 °C, -70 °C, and -196 °C 

7% DMSO, 20% FCS, 73% RPMI-
1640 (Gibco) 

thawing in water bath (37-40 °C) 

viability: trypan blue dye exclusion 
 
morphology: inverted microscope 

freezing rate of -1°C/minute applicable to 
human fetal brain cells 
survival rate is primarily influenced by 
freezing between 0 and -30°C 
 
time frozen does not influence survival rate 
 
thawed cells were not significantly different 
in morphology and neurite growth from 
fresh cells (no quantification of neurite 
outgrowth) 

Mattson and 
Rychlik, 1990a 

cerebral and 
hippocampal 
neurons 

human 
(fetal) 

-1°C/minute until -70°C, afterwards 
liquid nitrogen for long term 
storage 

freezing medium containing 8% 
DMSO 

thawing in 37°C water bath 

Immunocytochemistry (GFAP, MAP2, 
NF, tau, FGF, glutamate, NGF) 
 
viability: trypan blue dye exclusion 
 
morphology: phase contrast 
microscopy 

cryopreserved neurons: 85% viability 
compared to non-cryopreserved 
 
average cell yield in culture of 
cryopreserved compared to non-
cryopreserved cultures: 62% 
 
cryopreserved neurons: reduction of all cell 
types (neurons and glia) 

Silani et al., 
1988 

cortical 
neurons 

human 
(fetal) 

dissociated cells 

at -1°C/minute to -196°C, storage 
for 370 days 

freezing medium containing DMSO 
or glycerol at different 
concentrations 

thawing in water bath (37°C) 

morphology: inverted microscope 
 
immunocytochemistry (NSE, GFAP) 
 
electron microscopy 
viability: counting of morphologically 
intact cells starting at 24h in culture 

great cellular loss in first 24 h in culture in 
both cryopreserved and non-cryopreserved 
cultures 
cryopreserved neurons: 62% of viability of 
non-cryopreserved neurons 
 
unchanged cell morphology 
 
same percentage of neurons with immune 
reactivity to GABA in cryopreserved and 
non-cryopreserved cultures (10% of 
neurons) 
 
ultrastructurally thawed cells showed 
preservation of major organelles 
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1.4. Canine Distemper Virus 
 

Canine distemper virus (CDV) is an enveloped, negative-sensed, single-stranded ribonucleic acid (RNA)-

virus belonging to the genus Morbillivirus of the family Paramyxoviridae. It is closely related to the 

human Measles virus (Griot et al., 2003). The host species infected by CDV predominantly belong to 

the order carnivora. Dogs, as a commonly affected species, display a wide range of clinical signs 

depending on the age at infection, immune status and virus strain involved. CNS involvement is 

common and most frequently leads to a demyelinating leukoencephalomyelitis (Vandevelde and 

Zurbriggen, 2005). Grey matter affection frequently occurs during the early phase of CNS infection 

(Beineke et al., 2009), and in specific distemper associated polioencephalitic syndromes including post-

vaccinal encephalitis (PVE), old dog encephalitis (ODE) and inclusion body polioencephalitis (IBP) 

(Nesseler et al., 1999), or due to the infection with certain, more neurotropic virus strains like CDV 

Snyder Hill (Summers et al., 1984). 

CDV can lead to a persistent infection of the central nervous system with restrictive infection of 

neurons and oligodendrocytes characterized by a disproportionally low expression of the viral matrix 

(M)- and nucleo (N)-proteins compared to the corresponding mRNA (Müller et al., 1995; Nesseler et 

al., 1997; Nesseler et al., 1999; Vandevelde and Zurbriggen, 2005; Zurbriggen et al., 1993). Some 

aspects of this mode of infection resemble subacute sclerosing panencephalitis (SSPE), a detrimental 

neurological disease which is rarely occurring as a late-onset complication of human Measles virus 

infection (Beineke et al., 2009; Isaacson et al., 1996; Liebert et al., 1986). 

The viral envelope of CDV contains two surface-glycoproteins: the hemagglutinin (H)-protein and the 

fusion (F)-protein. The H-protein is responsible for the attachment of the virus to the receptor on the 

host cell, while the F-protein mediates the fusion of the lipid envelope of the virus with the cell 

membrane and thus the entry of the viral genome into the host cell (Lamb, 1993). The signaling 

lymphocytic activation molecule (SLAM) acts as a receptor for CDV on lymphocytes (Wenzlow et al., 

2007), while nectin-4 is the receptor for CDV on epithelial cells (Noyce et al., 2013). In addition, the 

tetraspan transmembrane protein CD9 was found to be required for CDV induced cell-cell fusion, but 

not virus-cell fusion. Direct binding of the CDV H-protein to CD9 does not occur. Therefore, rather than 

acting as a cellular receptor, CD9 is thought to be a cofactor for CDV infection (Löffler et al., 1997; 

Schmid et al., 2000; Singethan et al., 2008; Singethan et al., 2006). The type 1 integral membrane 

glycoprotein CD46 (membrane cofactor protein), which is expressed on all human nucleated cells, 

serves as a receptor for human measles virus (Nussbaum et al., 1995), but does not bind to the CDV H-

protein, nor is it downregulated upon infection with CDV. Therefore, CD46 does not seem to act as a 

cellular receptor for CDV (Galbraith et al., 1998; Nussbaum et al., 1995). In vitro CDV infection of glial 
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cells independent of SLAM as well as nectin-4 has been shown, indicating the existence of at least a 

third, so far unknown, CDV receptor (Alves et al., 2015). There is evidence of the expression of nectin-

4 within certain neuronal subpopulations of the CNS, which is why a role of this molecule in neuronal 

CDV infection has been proposed by some authors (Pratakpiriya et al., 2017; Pratakpiriya et al., 2012). 

Nevertheless, the receptor used by the virus to enter neurons has not yet been elucidated. Therefore, 

the establishment of an in vitro infection system for CDV neuronal infection using DRG neuronal 

cultures from adult dogs would be highly advantageous, especially considering the fact that the 

obtained results might be extrapolated to the infection of neurons with the human Measles virus.
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2. Publications 
 

2.1. Cryopreservation of canine primary dorsal root ganglion neurons and its impact upon 

susceptibility to paramyxovirus infection 

 

S. Schwarz, I. Spitzbarth, W. Baumgärtner, A. Lehmbecker (2019) 

 

Schwarz, S. et al. (2019). "Cryopreservation of canine primary dorsal root ganglion neurons 

and its impact upon susceptibility to paramyxovirus infection” Int J Mol Sci 20(5).  

DOI: 10.3390/ijms20051058 

 

 

Abstract: 

Canine dorsal root ganglion (DRG) neurons, isolated post mortem from adult dogs, could provide a 

promising tool to study neuropathogenesis of neurotropic virus infections with a non-rodent host 

spectrum. However, access to canine DRG is limited due to lack of donor tissue and the 

cryopreservation of DRG neurons would greatly facilitate experiments. The present study aimed (i) to 

establish canine DRG neurons as an in vitro model for canine distemper virus (CDV) infection; and (ii) 

to determine whether DRG neurons are cryopreservable and remain infectable with CDV. Neurons 

were characterized morphologically and phenotypically by light microscopy, immunofluorescence, and 

functionally, by studying their neurite outgrowth and infectability with CDV. Cryopreserved canine DRG 

neurons remained in culture for at least 12 days. Furthermore, both non-cryopreserved and 

cryopreserved DRG neurons were susceptible to infection with two different strains of CDV, albeit only 

one of the two strains (CDV R252) provided sufficient absolute numbers of infected neurons. However, 

cryopreserved DRG neurons showed reduced cell yield, neurite outgrowth, neurite branching, and 

soma size and reduced susceptibility to CDV infection. In conclusion, canine primary DRG neurons 

represent a suitable tool for investigations upon the pathogenesis of neuronal CDV infection. 

Moreover, despite certain limitations, cryopreserved canine DRG neurons generally provide a useful 

and practicable alternative to address questions regarding virus tropism and neuropathogenesis. 
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S.S., I.S.: data analysis, interpretation of results.  

S.S., A.L.: preparation of figures.  

S.S.: preparation of the manuscript.  

I.S., A.L., W.B.: review and editing of the manuscript. 
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2.2. Neurotrophic effects of GM1 ganglioside, NGF, and FGF2 on canine dorsal root ganglia 

neurons in vitro 

 

S. Schwarz, A. Lehmbecker, W. Tongtako, K. Hahn, Y. Wang, F. Felmy, I. Zdora, G. Brogden, K. 

Branitzki-Heinemann, M. von Köckritz-Blickwede, W. Baumgärtner, I. Gerhauser (2020) 

 

Schwarz, S. et al (2020). „Neurotrophic effects of GM1 ganglioside, NGF, and FGF2 on canine dorsal 

root ganglia neurons in vitro” Sci Rep 10(5380).  

DOI: 10.1038/s41598-020-61852-z 

 

Abstract: 

Dogs share many chronic morbidities with humans and thus represent a powerful model for 

translational research. In comparison to rodents, the canine ganglioside metabolism more closely 

resembles the human one. Gangliosides are components of the cell plasma membrane playing a role 

in neuronal development, intercellular communication and cellular differentiation. The present in vitro 

study aimed to characterize structural and functional changes induced by GM1 ganglioside (GM1) in 

canine dorsal root ganglia (DRG) neurons and interactions of GM1 with nerve growth factor (NGF) and 

fibroblast growth factor (FGF2) using immunofluorescence for several cellular proteins including 

neurofilaments, synaptophysin, and cleaved caspase 3, transmission electron microscopy, and 

electrophysiology. GM1 supplementation resulted in increased neurite outgrowth and neuronal 

survival. This was also observed in DRG neurons challenged with hypoxia mimicking neurodegenerative 

conditions due to disruptions of energy homeostasis. Immunofluorescence indicated an impact of GM1 

on neurofilament phosphorylation, axonal transport, and synaptogenesis. An increased number of 

multivesicular bodies in GM1 treated neurons suggested metabolic changes. Electrophysiological 

changes induced by GM1 indicated an increased neuronal excitability. Summarized, GM1 has 

neurotrophic and neuroprotective effects on canine DRG neurons and induces functional changes. 

However, further studies are needed to clarify the therapeutic value of gangliosides in 

neurodegenerative diseases. 
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I.G., S.S.: preparation of figures.  

I.G., S.S., A.L., K.H., G.B.: preparation of the manuscript.  

I.G., W.B.: review and editing of the manuscript.
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3. General discussion 
 

The present work comprises two studies, both investigating dissociated cultures of canine DRG 

neurons from adult dogs as an in vitro model system.  

The first study focused on investigating the feasibility of cryopreservation as an option for the long-

term storage of canine DRG neurons. Such storing options are needed in order to improve the 

practicability of using canine DRG neurons in tissue culture on a regular basis in large-scale studies. 

Moreover, canine DRG neuronal cultures were established as a model for infection with the 

paramyxovirus CDV. Such a model will be highly advantageous for future studies investigating the 

pathomechanisms and receptors of CDV neuronal infection. Since CDV is closely related to the human 

Measles virus, useful conclusions from neuronal infection with CDV might be drawn for the 

mechanisms of neuronal Measles virus infection.  

The second study investigated the influence of different neurotrophic substances, including GM1, upon 

phenotypical and functional parameters of cultured canine DRG neurons. This is needed in order to 

further characterize cultured dissociated canine DRG neurons, since most of the existing studies have 

been performed on rodent neurons. Additionally, the effect of GM1 treatment on canine DRG neurons 

was tested under hypoxic culture conditions, mimicking neurodegenerative conditions due to 

disruption of energy homeostasis, as they would occur in case of ischemia or traumatic spinal cord 

injury.  

 

3.1. Cryopreservation of canine DRG neurons 
 

Culture of cryopreserved dissociated DRG neurons yielded morphologically intact neurons showing 

neurite outgrowth. Regarding the percentage of neuronal and non-neuronal cells within the cultures, 

there was no difference between non-cryopreserved and cryopreserved neurons. Moreover, 

cryopreserved neurons were able to remain in culture until 12 days after seeding. Both non-

cryopreserved and cryopreserved cultures revealed some neurite-bearing neurons as soon as 24 hours 

post seeding.  

On the other hand, cell yield, viability, the percentage of neurite-bearing neurons, the number of 

primary neurites per neuron, and the number of branching points were significantly lower in the 

cryopreserved group. Those observations indicate that, while presenting a more practicable 

alternative to the use of fresh neurons, cryopreserved DRG neurons are not completely representative 

of their non-cryopreserved counterpart. Part of those observations might seem surprising, since they 
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are in contrast to studies on the cryopreservation of fetal and neonatal neurons of rodents (Ichikawa 

et al., 2007; Negishi et al., 2002b; Pischedda et al., 2018; Seggio et al., 2008). A loss in cell yield and 

viability was an expected observation of the current study, since cryopreservation of cells generally 

leads to a reduction of those parameters (Paynter, 2008). Nevertheless, the viability observed in 

cryopreserved neurons at 6 days post seeding in the current study (12.03%) was lower than in studies 

investigating the cryopreservation of neonatal (28.6%) or fetal rat neurons (90.2%) (Negishi et al., 

2002b; Robert et al., 2016). The fact that neurons derived from mature animals show a higher 

vulnerability towards experimental processing than fetal or embryonal neurons (Ladewig et al., 2008) 

might provide an explanation for this issue. In addition, most of the reviewed studies assessed the 

viability of neurons in dissociated cell suspensions directly after isolation or thawing (Ladewig et al., 

2008; Negishi et al., 2002b). This does not take into account the great neuronal loss which might take 

place during the first 24 hours in culture (Silani et al., 1988). In the present study, however, neuronal 

viability was determined based on the ability of the neurons to remain in culture until 6 days post 

seeding. 

As similarly observed by others (Mattson and Rychlik, 1990a; Negishi et al., 2002b), there was not only 

neuronal loss but also loss of glial cells in cryopreserved cultures. Altogether, the percentage of 

neurons in the present case was low both in non-cryopreserved and cryopreserved cultures, as was 

also shown for cerebral neurons of rat fetuses (Negishi et al., 2002b). This is mostly due to the fact that 

glial cells continue to proliferate after seeding, while neurons are in a post-mitotic state.  

As a functional readout, neurite outgrowth was evaluated by morphometric analysis, revealing a 

significant decline in the percentage of neurite-bearing neurons, neurite number per neuron, and 

branching points per neuron in cryopreserved cultures. This, again, is in contrast to various studies 

claiming that non-cryopreserved and cryopreserved neurons from diverse species are morphologically 

indifferent (Borlongan et al., 1998; Cai et al., 1993; Hancock et al., 2000; Ichikawa et al., 2007; Negishi 

et al., 2002a; Negishi et al., 2002b; Silani et al., 1988). Yet, when taking a closer look, the majority of 

those studies did not objectively quantify neurite outgrowth and branching. Therefore, they might 

have failed to notice changes in those parameters.  

As stated before, cryopreserved cultures revealed a decline in absolute numbers of glial cells. Since 

canine satellite glial cells within DRG neuronal cultures have been shown to be an extraordinary cell 

population with neurite outgrowth-promoting effects (Roloff et al., 2013; Tongtako et al., 2017), their 

reduced density within the wells of cryopreserved cultures might be one reason for the decreased 

neurite outgrowth and branching.  

Since the average length of the longest neurite was not significantly altered in cryopreserved compared 

to non-cryopreserved neurons in the present study, general neurite growth capacity does not seem to 

be impaired as a result of cryopreservation.  
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Soma size, on the other hand, was impacted by the cryopreservation of canine DRG neurons. The 

percentage of large neurons, measuring more than 40 μm in diameter, was reduced following 

cryopreservation. This might indicate a more prominent effect of cryopreservation upon DRG neurons 

larger than 40 μm, which, according to older literature, are myelinated neurons referred to as type A 

neurons (Andres, 1961). Nonetheless, whether conclusions on the types of affected neurons can be 

drawn from soma size alone is controversial. According to recent studies employing large scale single 

cell RNA sequencing (Li et al., 2016; Usoskin et al., 2015), DRG neurons should be classified according 

to transcriptomic, functional, and morphological parameters. Therefore, more detailed investigations 

are needed in the future in order to interpret this interesting result. 

Cell death due to cryopreservation is mainly mediated by apoptosis, as opposed to necrosis (Heng et 

al., 2006). Therefore, the expression of cleaved caspase 3, an executioner caspase in the final phase of 

apoptosis, was investigated in the present study. Surprisingly, expression of the apoptotic marker was 

not increased in cryopreserved neurons. On the contrary, there was a significantly greater expression 

of cleaved caspase 3 in non-cryopreserved neurons at 6 days post seeding. Therefore, at 6 days post 

seeding, apoptosis does not seem to play a major role in cryopreserved canine DRG neurons. Since 

caspase 3 expression was investigated at 6 days post seeding, one explanation for this might be that 

neurons that died by apoptosis due to cryopreservation did not attach to the culture plate to start with 

(Mattson et al., 1988; Mattson and Kater, 1988) and are therefore not detectable anymore at 6 days 

in culture. 

 

3.1.1. CDV-infection of non-cryopreserved and cryopreserved canine DRG neurons 

Both non-cryopreserved and cryopreserved canine DRG neurons were susceptible to CDV infection. 

The neurotropic CDV strain R252 infected a higher percentage of neurons than the mustelid strain CDV 

5804P-eGFP, irrespective of cryopreservation. Similarly, strain-specific susceptibility has been 

observed for CDV infection of canine Schwann cells, Schwann cell-like brain glia, fibroblasts, and 

olfactory ensheathing cells in vitro (Techangamsuwan et al., 2009; Techangamsuwan et al., 2011). The 

fact that CDV R252 is more prone to infect canine neurons than CDV 5804P-eGFP is not surprising, 

since CDV 5804P-eGFP is a virus strain originally isolated from ferrets (von Messling et al., 2004), while 

the neurotropic strain CDV R252 has been isolated from an infected dog (Confer et al., 1975). 

When comparing non-cryopreserved to cryopreserved neurons, the results indicated a reduced 

susceptibility of frozen and thawed neurons to CDV infection. In contrast, a similar infection efficiency 

of cryopreserved and non-cryopreserved neurons was observed in a study investigating the infection 

of cortical neurons from mouse embryos with GFP-expressing lentiviruses (Pischedda et al., 2018). 

Reasons for the reduced susceptibility to CDV infection of cryopreserved canine DRG neurons remain 
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to be investigated. It might be due to the alteration or down-regulation of membrane-bound 

molecules, which represent putative receptors for viral entry. Moreover, metabolic or functional 

alterations of cryopreserved DRG neurons might play a role in this phenomenon.  

Low absolute numbers of infected neurons in CDV 5804P-eGFP-infected cultures indicate that CDV 

R252 might be a more suitable virus strain for future investigations upon the pathomechanisms of 

neuronal CDV-infection. On the other hand, CDV 5804P-eGFP provides the advantage of being directly 

traceable in living cultures, due to its eGFP-expression. Therefore, employing this virus at a higher 

multiplicity of infection (MOI) might also represent a suitable approach. The fact that not only 

mustelid, but also canine neurons can generally be infected by CDV 5804P-eGFP is an interesting, albeit 

not surprising, observation, since different canine glial cells have been shown to be infectable with this 

virus strain as well (Techangamsuwan et al., 2009; Techangamsuwan et al., 2011).  

 

3.2. Influence of neurotrophic substances 
 

3.2.1. Promotion of neurite-outgrowth and anti-apoptotic properties 

The results of the present study indicate that GM1 has neurotrophic effects on mature canine DRG 

neurons in culture, since it leads to enhanced neurite outgrowth and suppresses apoptosis. Those 

results correspond to numerous studies discovering a beneficial effect of GM1 on neurite-sprouting in 

rodent neuronal cell lines (Facci et al., 1984; Ledeen, 1984; Roisen et al., 1981; Schengrund and Prouty, 

1988) as well as cultured primary neurons of rodents and chicken, including DRG neurons (Bachis et 

al., 2002; Chiricozzi et al., 2019a; Skaper et al., 1985). Pro-survival effects of GM1 were also described 

in PC12 cells (Ferrari et al., 1995) and the developing rat hippocampus (Chen et al., 2019).  

Several studies indicate that the oligosaccharide portion of GM1, rather than its ceramide portion, is 

responsible for its neurotrophic and neuroprotective properties (Chiricozzi et al., 2019b; Chiricozzi et 

al., 2017; Schengrund and Prouty, 1988). The mechanism of action of GM1 is far from being fully 

elucidated. Nonetheless, there is mounting evidence that it acts by enhancing the phosphorylation of 

high affinity neurotrophin receptors (Trks) (Mutoh et al., 1995; Pitto et al., 1998; Rabin et al., 2002), 

thereby mimicking or enhancing the effects of their respective ligands. This seems to be achieved by 

GM1 not by acting as a ligand for Trk receptors, but by different mechanisms. Possibly, GM1 stimulates 

the release of neurotrophins (Rabin et al., 2002). Other studies indicate that it stabilizes the complex 

between TrkA and its ligand NGF, resulting in a more efficient autophosphorylation of the cytosolic 

portion of the receptor (Chiricozzi et al., 2017). Autophosphorylation of a tyrosine residue of TrkA leads 

to activation of the MAPK signaling pathway. By activation of further complex signaling pathways, the 
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overexpression of proteins involved in neuroprotection and neurorestoration is induced (Chiricozzi et 

al., 2019b). A synergistic effect of NGF and GM1 on neurite-outgrowth was also observed in the present 

study, which would be in favor of this hypothesis. On the other hand, in canine DRG neurons, a neurite 

outgrowth-promoting and anti-apoptotic effect of GM1 was also observed independent of NGF. Since 

no anti-NGF antibodies were applied in the present study, a GM1-mediated potentiation of an effect 

induced by NGF endogenous to the cultures cannot be completely excluded. On the other hand, the 

endogenous production of NGF by non-neuronal cells within adult rat DRG neuronal cultures was 

largely ruled out by a different previous study (Lindsay, 1988). Figure 3 schematically illustrates the 

mechanism of action of GM1 proposed by the studies mentioned above.  

The anti-apoptotic role of GM1 also seems to depend upon Trk-activation. A study on cultured rat 

cerebellar granule cells indicated that GM1, similar to BDNF, indirectly inhibits pathways leading to the 

activation of cleaved caspase 3. This anti-apoptotic effect depended on the activation of the BDNF-

receptor TrkB (Bachis et al., 2002). 

The present study observed a significant increase in neurite outgrowth and a decrease in cleaved 

caspase 3 expression following supplementation of the cultures with NGF. This is interesting, since the 

dependence upon NGF-supplementation is mostly reported for embryonal neurons in rodents 

(Deshmukh and Johnson, 1997; Levi-Montalcini, 1964; Levi-Montalcini and Angeletti, 1963; Rudhard 

et al., 2015). The present results indicate that NGF-withdrawal continues to have a negative effect on 

canine DRG neurons in vitro, even during later stages of development. Even though the majority of 

studies indicate that only immature neurons respond to NGF-supplementation, there are a number of 

studies supporting the observation that adult neurons have the potential to respond to NGF (Levi-

Montalcini and Booker, 1960; Lindsay, 1988). As recently reviewed, many of the mechanisms 

responsible for initiating apoptosis due to NGF-withdrawal can still occur in mature neurons and are 

especially activated during neurodegenerative states (Kole et al., 2013). As the isolation and 

dissociation of DRG neurons for culture always represents a kind of traumatic insult to the axons, a 

reactivation of those mechanisms might occur, leading to an enhanced ability of adult canine DRG 

neurons to react to NGF-supplementation. 

Supplementation with the neurotrophic factor FGF-2 only caused minor changes in cultured canine 

DRG neurons. Nevertheless, it resulted in a decreased expression of cleaved caspase 3. This is in line 

with numerous studies reporting neuroprotective effects of FGF-2 on different neuronal populations 

(Anderson et al., 1988; Freese et al., 1992; Frim et al., 1993; Mattson and Rychlik, 1990a; Otto et al., 

1989; Otto and Unsicker, 1990; Walicke, 1988), whereas one study observed FGF-2-mediated induction 

of apoptosis in DRG neurons of rats after sciatic nerve injury (Jungnickel et al., 2004). A synergistic 

effect of FGF-2 and GM1 was not observed in the present study, which is in accordance to an 
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investigation on the survival of retinal ganglion cells of rats after traumatic injury of the optic nerve 

(Bähr et al., 1989).  

An intriguing observation of the present work was the fact that viability and neurite outgrowth of 

canine DRG neurons subjected to hypoxia were also enhanced by GM1-supplementation. Culturing of 

the neurons under hypoxia (1% O2) mimics conditions due to disruption of energy homeostasis, like 

ischemic stroke or traumatic spinal cord injury. Those results nicely reflect in vivo observations, where 

GM1 treatment had a positive effect on the outcome of patients with acute spinal cord injury, 

premature infants suffering from white matter damage (Barros et al., 2016; Wang et al., 2019), and in 

primate and rat models of neocortical infarction (Choucry et al., 2019; Liberini et al., 1993). 
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Figure 3: 

Neurotrophic effects of GM1: schematic drawing illustrating GM1 mechanisms of action mediated by TrkA and 

p75NTR. GM1 leads to enhanced dimerization and phosphorylation of TrkA and stabilizes the complex between 

TrkA and its ligand NGF. Thereby, TrkA-mediated signaling via the MAPK pathway is enhanced, which leads to 

the overexpression of proteins important for neuroprotection and neurorestoration through further complex 

signaling cascades. Furthermore, GM1 might act by enhancing the production of neurotrophins, like NGF, as well 

as reducing the amount of proNGF. Thereby, it promotes NF-κB mediated survival signaling by p75NTR and reduces 

its signaling via the JNK pathway, which would normally induce apoptosis. NGF binding to p75NTR additionally 

leads to the inhibition of RhoA, which would normally inhibit neurite outgrowth. Moreover, it promotes the 

activation, endocytosis, and retrograde transport of TrkA. Binding of NGF to TrkA, on the other hand, inhibits 

p75NTR mediated apoptosis via the JNK pathway, while not influencing NF-κB mediated survival. GM1 might also 

directly interact with p75NTR. GM1: monosialotetrahexosylganglioside 1; TrkA: tropomyosin receptor kinase A; 

p75NTR: p75 neurotrophin receptor; MAPK: mitogen-activated protein kinase pathway; NGF: nerve growth factor; 

NF-κB: nuclear factor-κB pathway; JNK: jun-kinase pathway; RhoA: Ras homolog gene family member A. 
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3.2.2. Downregulation of p75NTR 

Expression of the low-affinity neurotrophin receptor p75NTR was downregulated in cultured canine DRG 

neurons following combined treatment with GM1/NGF or GM1/FGF, but not following treatment with 

either of the substances alone.  

Depending on its ligand and subsequent activation of distinct pathways, p75NTR can mediate survival 

or apoptosis of neurons (Reichardt, 2006). For instance, binding of proNGF to p75NTR mediates 

apoptosis via the jun-kinase (JNK) pathway. On the other hand, p75NTR can also mediate neuronal 

survival by activating the nuclear factor (NF)-κB pathway.  Engagement of TrkA by mature NGF inhibits 

p75NTR mediated apoptosis by the JNK-pathway, but does not inhibit the NF-κB pathway, thereby 

leading to enhanced neuronal survival (Figure 3) (Choucry et al., 2019). Binding of neurotrophins, like 

NGF, to p75NTR can also directly promote NF-κB dependent neuronal survival (Reichardt, 2006). 

Moreover, the engagement of p75NTR by neurotrophins inhibits the activation of the GTPase RhoA, 

which would normally inhibit neurite outgrowth. This leads to enhanced neurite-outgrowth, as 

observed in the present study (Figure 3) (Reichardt, 2006).  

After binding of NGF, p75NTR is internalized (Bronfman et al., 2003; Deinhardt et al., 2007). A recent 

study showed that the neuroprotective effect of GM1 might depend on interactions with p75NTR, since 

p75NTR signaling was elevated after GM1 treatment (Figure 3) (Choucry et al., 2019). Enhanced p75NTR 

signaling, and thereby internalization, by both GM1 and NGF might explain the additive effect of 

NGF/GM1 treatment, resulting in downregulation of p75NTR in the cell membrane of canine DRG 

neurons, while on the other hand, NGF or GM1 treatment alone did not induce a significant 

downregulation of p75NTR. 

Interestingly, p75NTR was also downregulated in canine DRG neurons after simultaneous treatment 

with FGF-2 and GM1, even though p75NTR is not reported to be a receptor for FGF-2. In contrast to that, 

FGF-2 treatment has been reported to induce upregulation of p75NTR in a human neuroblastoma cell 

line (Taiji et al., 1992), a sympathoadrenal precursor cell line representing developing sympathetic 

neurons (Birren and Anderson, 1990), a myogenic cell line (Erck et al., 1998), and certain tumor cells 

(Williamson et al., 2004). However, those examples represent either developing cells or tumor cells, 

and as responses to neurotrophic factors often change during development, different mechanisms 

might account for mature neurons. For instance, one publication investigating dissociated DRG 

neurons from adult rats found a response to FGF-2 treatment, which might explain the present 

observation of p75NTR downregulation in mature canine DRG neurons (Ahmed et al., 2006): Cleavage 

of the extracellular domain of transmembrane receptors by tumor necrosis factor-α converting 

enzyme (TACE) is a post-translational mechanism for the regulation of receptor function, which also 

accounts for p75NTR. FGF-2 treatment of dissociated DRG neurons from adult rats leads to a limited 

cleavage of p75NTR, which is probably mediated by activation of endogenous TACE. It was suspected 
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that synergistic action of FGF-2 with other neurotrophic factors is needed to sufficiently activate 

endogenous TACE, leading to robust cleavage of p75NTR. Therefore, a concomitant treatment with FGF-

2 and GM1, but not FGF-2 alone, might induce such a robust cleavage, and therefore downregulation, 

of membranous p75NTR detectable by immunofluorescence. 

 

3.2.3. Cytoskeleton and axonal transport 

Microtubules are involved in intracellular trafficking by serving as tracks for the transport of organelles, 

which is mediated by motor proteins (Trinczek et al., 1999). Dynein is an adenosine triphosphate (ATP)-

dependent motor protein transporting cargoes from the plus-end towards the minus-end of 

microtubules and therefore, in neurons, from the periphery (axons and dendrites) to the cell body. 

Endosomes containing signaling receptors (signaling endosomes) represent possible cargoes of this 

transport machinery (Reck-Peterson et al., 2018). When compared to FGF-2 treatment alone, there 

was an increase in dynein accumulations in canine DRG neurons when GM1 was added to the treatment. 

This can be interpreted as increased retrograde transport within axons induced by GM1 treatment. A 

likely explanation for this is an increased retrograde transport of internalized complexes of 

neurotrophins and their receptors (Reichardt, 2006) due to GM1-induced enhanced neurotrophin 

signaling (Chiricozzi et al., 2020; Hadjiconstantinou and Neff, 1998; Liberini et al., 1993).  

Expression of the motor protein kinesin, which is mainly responsible for anterograde microtubule-

associated transport in axons (Hirokawa et al., 2009), was not altered by any of the treatment 

combinations.  

Microtubule associated protein 2 (MAP2) and Tau belong to the same family of structural MAPs and 

are, amongst other things, responsible for the stabilization of microtubules (Dehmelt and Halpain, 

2005). In the present study, GM1 treatment lead to the enhanced expression of MAP2 in processes of 

canine DRG neurons. This increase in MAP2 expression might be linked to the initiation of neurite 

outgrowth, as MAP2 was shown to instigate neurite formation in N2a cells (Dehmelt and Halpain, 

2005).  

No significant effect of GM1 treatment could be observed on the expression of Tau. Supplementation 

with FGF-2 and NGF, on the other hand, induced the expression of Tau in canine DRG neurons. Tau is 

involved in the assembly of microtubules, which is important for the extension of neuronal processes. 

Therefore, it might be important during the early phase of NGF-stimulated neurite outgrowth (Drubin 

et al., 1985). Indeed, PC12 cells treated with NGF and neural progenitor cells as well as astrocytes from 

adult rats treated with FGF-2 respond with enhanced expression of Tau, which might be due to the 

regulation of neurite formation by the neurotrophic factors (Drubin et al., 1985; Tatebayashi et al., 

1999). Furthermore, Tau is able to interact with the motor proteins dynein and kinesin (Toral-Rios et 
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al., 2020). It inhibits the activity of kinesin in vitro and in vivo, while retrograde axonal transport by 

dynein is not hampered in the same way. Therefore, Tau regulates transport mechanisms in favor of 

dynein-driven retrograde axonal transport (Dixit et al., 2008; Ebneth et al., 1998; Trinczek et al., 1999). 

Since FGF-2 and NGF signaling is mediated by retrograde axonal transport of ligand-receptor 

complexes, treatment with those neurotrophic factors could explain the enhanced expression of Tau. 

Regarding the expression of neurofilaments (NFs), an overall increase in the percentage of neurons 

with NF-positive processes was noted in cultures treated with GM1, NGF, FGF-2 and the combination of 

GM1 with FGF-2 or NGF. Interestingly, this increase was accompanied by a decreased ratio of 

phosphorylated NF (pNF) to non-phosphorylated NF (nNF). This suggests a change in phosphorylation 

status of the NFs. While normal axons usually contain highly phosphorylated NFs, axons damaged due 

to inflammatory, degenerative, or traumatic CNS diseases or with disturbed axonal transport are 

reported to contain more non-phosphorylated NFs (Bock et al., 2013; Kreutzer et al., 2012; Nadeem et 

al., 2016; Seehusen and Baumgärtner, 2010; Tsunoda and Fujinami, 2002). Changes in the 

phosphorylation status of the NFs in cultures treated with GM1, FGF-2 and NGF might be due to altered 

axonal transport mechanisms.  

 

3.2.4. Increased formation of multivesicular bodies 

Ultrastructural analysis revealed that canine DRG neurons supplemented with GM1 contained a higher 

number of cytoplasmic multivesicular bodies (MVBs) within their cell bodies compared to untreated 

neurons. MVBs are organelles defined at the ultrastructural level by a single outer membrane 

containing a variable number of small vesicular structures within a matrix. They can be transported 

within the cell along microtubules. Their volume and number underlie dynamic regulations. MVBs have 

an important carrier function for macromolecules that are retrogradely transported along axons. 

Possible cargo molecules are internalized transmembrane receptors and their ligands, like growth and 

trophic factors, but also other proteins and macromolecules, either endogenous or exogenous to the 

neurons (Valdez et al., 2007; Von Bartheld and Altick, 2011). Internalized ligand-receptor complexes 

within MVBs can either provide signaling functions, be recycled back to the plasma membrane, or are 

degraded in lysosomes (Rind et al., 2005; Von Bartheld and Altick, 2011). When ligand-receptor 

complexes are incorporated into the outer (limiting) membrane of MVBs, they retain their signaling 

activity, while incorporation into the internal vesicles of MVBs terminates signaling (Katzmann et al., 

2002; Von Bartheld and Altick, 2011). It seems that neurotrophic factors and their receptors within 

MVBs are targeted to the neuronal soma for degradation, since MVBs containing glial cell-derived 

neurotrophic factor (GNDF) and BDNF within their internal vesicles are mostly located within the soma 

of rat hypoglossal motoneurons (Rind et al., 2005). MVBs may also play a role in the downregulation 

of activated growth factor receptors (Katzmann et al., 2002).  
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The increased formation of MVBs in response to GM1 treatment in the present study may therefore be 

a result of enhanced neurotrophin signaling, resulting in increased retrograde transport of internalized 

ligand-receptor complexes to the neuronal cell body for degradation. Moreover, the enhanced 

formation of MVBs might be linked to the observed downregulation of p75NTR. Nevertheless, as 

increased formation of MVBs can also be observed in dystrophic conditions and under stress (Von 

Bartheld and Altick, 2011), neuronal stress as a result of GM1 treatment cannot be excluded as an 

additional reason for their accumulation.  

 

3.2.5. Increase of synaptic connections 

Synaptophysin accumulations in neuronal processes of canine DRG neurons were amplified by NGF 

and GM1 treatment. Combined treatment with both substances lead to an even stronger effect. Anti-

synaptophysin antibodies can be used for the quantification of synaptic connections (Calhoun et al., 

1996). The present results indicate an increased endocytosis of synaptic vesicles and/or anterograde 

transport of synaptophysin molecules following single or combined treatment with NGF and GM1. 

Likewise, NGF was shown to enhance trafficking of synaptic vesicles in cultured rat trigeminal neurons, 

which is why NGF was suggested to be a key player in the formation of synaptic connections (Tarsa 

and Balkowiec, 2009). Similarly, GM1 was demonstrated to influence synaptic plasticity in rat 

hippocampal neurons (Ando, 2012). The synaptophysin accumulations observed in the present study 

may thus indicate increased synapse formation, possibly partly due to the increased number of 

neuronal processes and branching and therefore enlarged contact are of the DRG neurons.  

 

3.2.6. Enhanced neuronal excitability 

Regarding the functional properties of canine DRG neurons, GM1 treatment resulted in an elevated 

resting potential, a reduced action potential current threshold, and a slowing down of the 

depolarization speed. The reduction of the current threshold and the slower depolarization speed 

might in part be caused by the elevated membrane potential. If the membrane potential is elevated, 

it approximates the action potential threshold. Therefore, stimulation of the neuron might be 

accomplished by less current. Moreover, depolarization results in an increased activation of sodium 

channels in DRG neurons (Baker and Bostock, 1998; Caffrey et al., 1992), reducing the availability of 

sodium channels, which might result in slowing down of the action potential during the depolarization 

phase. The results might be intriguing regarding the age-dependent decrease in GM1 content in the 

human brain. The effect of enhanced neuronal excitability after GM1 supplementation might be 

exploited to improve functional capacities of brains that are impaired as a result of aging. 

 



3. General discussion 

 

40 
 

3.2.7. Localization of exogenously administered GM1 in neuroblastoma cells 

Exogenously administered GM1 was detected in the non-raft membrane fraction and in the medium of 

GM1-treated neuroblastoma cells, while no GM1 was detected in the lipid raft faction. Similarly, in 

cultured cerebellar granule cells from rats, most of the exogenously administered ganglioside was not 

incorporated within plasma membrane lipid rafts (Botto et al., 2014), where GM1 should be primarily 

localized under normal conditions (Nichols, 2003). However, this localization does not necessarily 

prevent GM1 from exerting its actions. Indeed, it has been shown that even though situated in different 

membrane domains, the extracellular portion of TrkA and GM1 oligosaccharide might interact by 

approaching each other in the extracellular space (Chiricozzi et al., 2019a). Furthermore, several 

studies have demonstrated that the oligosaccharide portion of GM1 is responsible for its neurotrophic 

actions, and that internalization into the cell and incorporation into the plasma membrane is not a 

prerequisite for GM1-mediated actions (Chiricozzi et al., 2019a; Chiricozzi et al., 2017; Farooqui et al., 

1997; Ledeen, 1984). 

 

3.3. Conclusion 
 

Considering the better planning and management of experiments with mature canine DRG neurons, 

the use of cryopreserved neurons represents a practicable alternative to the use of freshly dissociated 

cells. It opens the possibility to conduct multiple experiments with neurons from one animal and 

overcomes the issue of irregular availability of fresh post-mortem tissue from adult dogs. Therefore, it 

fulfills the aim of reducing animal experiments. Nevertheless, canine DRG neurons from cryopreserved 

cultures are morphologically different from non-cryopreserved cultures regarding neurite outgrowth 

and branching. Consequently, they should be thoroughly investigated beforehand and only 

morphologically intact neurons with neurites should be used for further analysis.  

The present study revealed for the first time that mature canine DRG neurons can be infected by CDV 

in vitro, therefore highlighting their potential as an in vitro model for CDV neuronal infection. This is 

essential for future studies on the pathogenesis of neuronal CDV infection, including possible receptor 

usage.  

Although cryopreserved canine DRG neurons could be infected with CDV in general, they showed a 

lower susceptibility to virus infection than non-cryopreserved neurons. Therefore, results on the 

percentage of infected neurons by different virus strains cannot be extrapolated from cryopreserved 

to fresh neurons. 

Moreover, the present study revealed neurotrophic and neuroprotective effects of GM1 ganglioside on 

mature canine DRG neurons, including enhanced neuronal survival and neurite outgrowth, and 
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possibly increased synaptic density and neuronal excitability. A simultaneous treatment with both NGF 

and GM1 resulted in the most pronounced beneficial effects. Nevertheless, even GM1 treatment without 

the supplementation with NGF resulted in positive effects on neurite outgrowth and survival, as well 

as increased synaptophysin accumulations. Moreover, GM1 instigated changes in the neuronal 

cytoskeleton and ultrastructure, possibly indicating enhanced retrograde axonal transport of 

neurotrophin-receptor complexes. 

In neurons cultured under hypoxic conditions, representing a model of neurodegeneration due to 

disruption of energy homeostasis, GM1 treatment likewise increased neuronal viability and neurite 

outgrowth. 

Altogether, the findings of the present study motivate the further use of mature canine DRG neurons 

as an additional translational in vitro model to investigate infectious, traumatic, and degenerative 

diseases of the nervous system. 



3. General discussion 

 

42 
 



References 

 

43 
 

References  
 

Aebischer, P., Salessiotis, A. N. and Winn, S. R. (1989). Basic fibroblast growth factor released from synthetic 

guidance channels facilitates peripheral nerve regeneration across long nerve gaps. J Neurosci Res, 23, 282-289. 

Ahmed, Z., Mazibrada, G., Seabright, R. J., Dent, R. G., Berry, M. and Logan, A. (2006). TACE-induced cleavage of 

NgR and p75NTR in dorsal root ganglion cultures disinhibits outgrowth and promotes branching of neurites in 

the presence of inhibitory CNS myelin. Faseb J, 20, 1939-1941. 

Alves, L., Khosravi, M., Avila, M., Ader-Ebert, N., Bringolf, F., Zurbriggen, A., Vandevelde, M. and Plattet, P. (2015). 

SLAM- and nectin-4-independent noncytolytic spread of canine distemper virus in astrocytes. J Virol, 89, 5724-

5733. 

Amir, R., Michaelis, M. and Devor, M. (1999). Membrane potential oscillations in dorsal root ganglion neurons: 

role in normal electrogenesis and neuropathic pain. J Neurosci, 19, 8589-8596. 

An, L., Li, G., Si, J., Zhang, C., Han, X., Wang, S., Jiang, L. and Xie, K. (2016). Acrylamide retards the slow axonal 

transport of neurofilaments in rat cultured dorsal root ganglia neurons and the corresponding mechanisms. 

Neurochem Res, 41, 1000-1009. 

Anand, U., Otto, W. R., Casula, M. A., Day, N. C., Davis, J. B., Bountra, C., Birch, R. and Anand, P. (2006). The effect 

of neurotrophic factors on morphology, TRPV1 expression and capsaicin responses of cultured human DRG 

sensory neurons. Neurosci Lett, 399, 51-56. 

Anderson, K. J., Dam, D., Lee, S. and Cotman, C. W. (1988). Basic fibroblast growth factor prevents death of 

lesioned cholinergic neurons in vivo. Nature, 332, 360-361. 

Ando, S. (2012). Neuronal dysfunction with aging and its amelioration. Proc Jpn Acad Ser B Phys Biol Sci, 88, 266-

282. 

Andres, K. H. (1961). Untersuchungen über den Feinbau von Spinalganglien. Z Zellforch Microsk Anat, 55, 1-48. 

Argentino, C., Sacchetti, M. L., Toni, D., Savoini, G., D'Arcangelo, E., Erminio, F., Federico, F., Ferro Milone, F., 

Gallai, V., Gambi, D., Mamoli, A., Ottonello, G.A., Ponari, O., Rebucci, G., Senin, U. and Fieschi, C. (1989). GM1 

ganglioside therapy in acute ischemic stroke. Stroke, 20, 1143-1149. 

Augustinsson, L. E., Blennow, K., Blomstrand, C., Brane, G., Ekman, R., Fredman, P., Karlsson, I., Kihlgren, M., 

Lehmann, W., Lekman, A., Mansson, J. E., Ramstrom, I., Wallin, A., Wikkelso, C., Gottfries, C. G. and Svennerholm, 

L. (1997). Intracerebroventricular administration of GM1 ganglioside to presenile Alzheimer patients. Dement 

Geriatr Cogn Disord, 8, 26-33. 

Bachis, A., Rabin, S. J., Del Fiacco, M. and Mocchetti, I. (2002). Gangliosides prevent excitotoxicity through 

activation of TrkB receptor. Neurotox Res, 4, 225-234. 

Bähr, M., Vanselow, J. and Thanos, S. (1989). Ability of adult rat ganglion cells to regrow axons in vitro can be 

influenced by fibroblast growth factor and gangliosides. Neurosci Lett, 96, 197-201. 

Baker, M. D. and Bostock, H. (1998). Inactivation of macroscopic late Na+ current and characteristics of unitary 

late Na+ currents in sensory neurons. J Neurophysiol, 80, 2538-2549. 

Bansal, R. and Pfeiffer, S. E. (1997). FGF-2 converts mature oligodendrocytes to a novel phenotype. J Neurosci 

Res, 50, 215-228. 

Barde, Y. A. (1989). Trophic factors and neuronal survival. Neuron, 2, 1525-1534. 



References 

 

44 
 

Barros, T. E., Jr., Araujo, F. F., Higino Lda, P., Marcon, R. M. and Cristante, A. F. (2016). The effect of 

monosialoganglioside (GM-1) administration in spinal cord injury. Acta Ortop Bras, 24, 123-126. 

Bartels, T., Kim, N. C., Luth, E. S. and Selkoe, D. J. (2014). N-alpha-acetylation of alpha-synuclein increases its 

helical folding propensity, GM1 binding specificity and resistance to aggregation. PLoS One, 9, e103727. 

Beineke, A., Puff, C., Seehusen, F. and Baumgärtner, W. (2009). Pathogenesis and immunopathology of systemic 

and nervous canine distemper. Vet Immunol Immunopathol, 127, 1-18. 

Birren, S. J. and Anderson, D. J. (1990). A v-myc-immortalized sympathoadrenal progenitor cell line in which 

neuronal differentiation is initiated by FGF but not NGF. Neuron, 4, 189-201. 

Bock, P., Spitzbarth, I., Haist, V., Stein, V. M., Tipold, A., Puff, C., Beineke, A. and Baumgärtner, W. (2013). Spatio-

temporal development of axonopathy in canine intervertebral disc disease as a translational large animal model 

for nonexperimental spinal cord injury. Brain Pathol, 23, 82-99. 

Borlongan, C. V., Tajima, Y., Trojanowski, J. Q., Lee, V. M. and Sanberg, P. R. (1998). Transplantation of 

cryopreserved human embryonal carcinoma-derived neurons (NT2N cells) promotes functional recovery in 

ischemic rats. Exp Neurol, 149, 310-321. 

Botto, L., Cunati, D., Coco, S., Sesana, S., Bulbarelli, A., Biasini, E., Colombo, L., Negro, A., Chiesa, R., Masserini, 

M. and Palestini, P. (2014). Role of lipid rafts and GM1 in the segregation and processing of prion protein. PLoS 

One, 9, e98344. 

Bronfman, F. C., Tcherpakov, M., Jovin, T. M. and Fainzilber, M. (2003). Ligand-induced internalization of the p75 

neurotrophin receptor: a slow route to the signaling endosome. J Neurosci, 23, 3209-3220. 

Buch, A., Muller, O., Ivanova, L., Dohner, K., Bialy, D., Bosse, J. B., Pohlmann, A., Binz, A., Hegemann, M., Nagel, 

C. H., Koltzenburg, M., Viejo-Borbolla, A., Rosenhahn, B., Bauerfeind, R. and Sodeik, B. (2017). Inner tegument 

proteins of Herpes Simplex Virus are sufficient for intracellular capsid motility in neurons but not for axonal 

targeting. PLoS Pathog, 13, e1006813. 

Buss, R. R., Sun, W. and Oppenheim, R. W. (2006). Adaptive roles of programmed cell death during nervous 

system development. Annu Rev Neurosci, 29, 1-35. 

Caffrey, J. M., Eng, D. L., Black, J. A., Waxman, S. G. and Kocsis, J. D. (1992). Three types of sodium channels in 

adult rat dorsal root ganglion neurons. Brain Res, 592, 283-297. 

Cai, R. S., Xue, D. L. and Jiang, X. H. (1993). Cryopreservation and culture of the human fetal brain tissues. J Tongji 

Med Univ, 13, 138-142. 

Calhoun, M. E., Jucker, M., Martin, L. J., Thinakaran, G., Price, D. L. and Mouton, P. R. (1996). Comparative 

evaluation of synaptophysin-based methods for quantification of synapses. J Neurocytol, 25, 821-828. 

Campenot, R. B. (1977). Local control of neurite development by nerve growth factor. Proc Natl Acad Sci U S A, 

74, 4516-4519. 

Chao, M. V., Bothwell, M. A., Ross, A. H., Koprowski, H., Lanahan, A. A., Buck, C. R. and Sehgal, A. (1986). Gene 

transfer and molecular cloning of the human NGF receptor. Science, 232, 518-521. 

Chen, F., Zhou, C. C., Yang, Y., Liu, J. W. and Yan, C. H. (2019). GM1 Ameliorates Lead-Induced Cognitive Deficits 

and Brain Damage Through Activating the SIRT1/CREB/BDNF Pathway in the Developing Male Rat Hippocampus. 

Biol Trace Elem Res, 190, 425-436. 

Chiavegatto, S., Sun, J., Nelson, R. J. and Schnaar, R. L. (2000). A functional role for complex gangliosides: motor 

deficits in GM2/GD2 synthase knockout mice. Exp Neurol, 166, 227-234. 



References 

 

45 
 

Chiricozzi, E., Biase, E. D., Maggioni, M., Lunghi, G., Fazzari, M., Pome, D. Y., Casellato, R., Loberto, N., Mauri, L. 

and Sonnino, S. (2019a). GM1 promotes TrkA-mediated neuroblastoma cell differentiation by occupying a plasma 

membrane domain different from TrkA. J Neurochem, 149, 231-241. 

Chiricozzi, E., Lunghi, G., Di Biase, E., Fazzari, M., Sonnino, S. and Mauri, L. (2020). GM1 ganglioside is a key factor 

in maintaining the mammalian neuronal functions avoiding neurodegeneration. Int J Mol Sci, 21. 

Chiricozzi, E., Maggioni, M., di Biase, E., Lunghi, G., Fazzari, M., Loberto, N., Elisa, M., Scalvini, F. G., Tedeschi, G. 

and Sonnino, S. (2019b). The neuroprotective role of the GM1 oligosaccharide, II(3)Neu5Ac-Gg4, in 

neuroblastoma cells. Mol Neurobiol, 56, 6673-6702. 

Chiricozzi, E., Pome, D. Y., Maggioni, M., Di Biase, E., Parravicini, C., Palazzolo, L., Loberto, N., Eberini, I. and 

Sonnino, S. (2017). Role of the GM1 ganglioside oligosaccharide portion in the TrkA-dependent neurite sprouting 

in neuroblastoma cells. J Neurochem, 143, 645-659. 

Choucry, A. M., Al-Shorbagy, M. Y., Attia, A. S. and El-Abhar, H. S. (2019). Pharmacological manipulation of Trk, 

p75NTR, and NGF balance restores memory deficit in global ischemia/reperfusion model in rats. J Mol Neurosci, 

68, 78-90. 

Claude, P., Parada, I. M., Gordon, K. A., D'Amore, P. A. and Wagner, J. A. (1988). Acidic fibroblast growth factor 

stimulates adrenal chromaffin cells to proliferate and to extend neurites, but is not a long-term survival factor. 

Neuron, 1, 783-790. 

Claus, P., Doring, F., Gringel, S., Müller-Ostermeyer, F., Fuhlrott, J., Kraft, T. and Grothe, C. (2003). Differential 

intranuclear localization of fibroblast growth factor-2 isoforms and specific interaction with the survival of 

motoneuron protein. J Biol Chem, 278, 479-485. 

Confer, A. W., Kahn, D. E., Koestner, A. and Krakowka, S. (1975). Biological properties of a canine distemper virus 

isolate associated with demyelinating encephalomyelitis. Infect Immun, 11, 835-844. 

Creevy, K. E., Austad, S. N., Hoffman, J. M., O'Neill, D. G. and Promislow, D. E. (2016). The companion dog as a 

model for the longevity dividend. Cold Spring Harb Perspect Med, 6, a026633. 

Cui, B., Wu, C., Chen, L., Ramirez, A., Bearer, E. L., Li, W. P., Mobley, W. C. and Chu, S. (2007). One at a time, live 

tracking of NGF axonal transport using quantum dots. Proc Natl Acad Sci U S A, 104, 13666-13671. 

Curtis, R., Adryan, K. M., Stark, J. L., Park, J. S., Compton, D. L., Weskamp, G., Huber, L. J., Chao, M. V., Jaenisch, 

R., Lee, K. F. and et al. (1995). Differential role of the low affinity neurotrophin receptor (p75) in retrograde axonal 

transport of the neurotrophins. Neuron, 14, 1201-1211. 

Danielsen, N., Pettmann, B., Vahlsing, H. L., Manthorpe, M. and Varon, S. (1988). Fibroblast growth factor effects 

on peripheral nerve regeneration in a silicone chamber model. J Neurosci Res, 20, 320-330. 

Davies, A. M. (2003). Regulation of neuronal survival and death by extracellular signals during development. 

Embo J, 22, 2537-2545. 

Davies, A. M., Lee, K. F. and Jaenisch, R. (1993). p75-deficient trigeminal sensory neurons have an altered 

response to NGF but not to other neurotrophins. Neuron, 11, 565-574. 

Deckwerth, T. L. and Johnson, E. M., Jr. (1993). Temporal analysis of events associated with programmed cell 

death (apoptosis) of sympathetic neurons deprived of nerve growth factor. J Cell Biol, 123, 1207-1222. 

Dehmelt, L. and Halpain, S. (2005). The MAP2/Tau family of microtubule-associated proteins. Genome Biol, 6, 

204. 



References 

 

46 
 

Deinhardt, K., Reversi, A., Berninghausen, O., Hopkins, C. R. and Schiavo, G. (2007). Neurotrophins redirect p75NTR 

from a clathrin-independent to a clathrin-dependent endocytic pathway coupled to axonal transport. Traffic, 8, 

1736-1749. 

Deloulme, J. C., Baudier, J. and Sensenbrenner, M. (1991). Establishment of pure neuronal cultures from fetal rat 

spinal cord and proliferation of the neuronal precursor cells in the presence of fibroblast growth factor. J Neurosci 

Res, 29, 499-509. 

Denny, C. A., Desplats, P. A., Thomas, E. A. and Seyfried, T. N. (2010). Cerebellar lipid differences between R6/1 

transgenic mice and humans with Huntington's disease. J Neurochem, 115, 748-758. 

Deshmukh, M. and Johnson, E. M., Jr. (1997). Programmed cell death in neurons: focus on the pathway of nerve 

growth factor deprivation-induced death of sympathetic neurons. Mol Pharmacol, 51, 897-906. 

Deshmukh, M., Vasilakos, J., Deckwerth, T. L., Lampe, P. A., Shivers, B. D. and Johnson, E. M., Jr. (1996). Genetic 

and metabolic status of NGF-deprived sympathetic neurons saved by an inhibitor of ICE family proteases. J Cell 

Biol, 135, 1341-1354. 

Desplats, P. A., Denny, C. A., Kass, K. E., Gilmartin, T., Head, S. R., Sutcliffe, J. G., Seyfried, T. N. and Thomas, E. A. 

(2007). Glycolipid and ganglioside metabolism imbalances in Huntington's disease. Neurobiol Dis, 27, 265-277. 

Dionne, C. A., Crumley, G., Bellot, F., Kaplow, J. M., Searfoss, G., Ruta, M., Burgess, W. H., Jaye, M. and 

Schlessinger, J. (1990). Cloning and expression of two distinct high-affinity receptors cross-reacting with acidic 

and basic fibroblast growth factors. Embo J, 9, 2685-2692. 

Dixit, R., Ross, J. L., Goldman, Y. E. and Holzbaur, E. L. (2008). Differential regulation of dynein and kinesin motor 

proteins by tau. Science, 319, 1086-1089. 

Doherty, P., Dickson, J. G., Flanigan, T. P., Leon, A., Toffano, G. and Walsh, F. S. (1985). Molecular specificity of 

ganglioside effects on neurite regeneration of sensory neurons in vitro. Neurosci Lett, 62, 193-198. 

Drubin, D. G., Feinstein, S. C., Shooter, E. M. and Kirschner, M. W. (1985). Nerve growth factor-induced neurite 

outgrowth in PC12 cells involves the coordinate induction of microtubule assembly and assembly-promoting 

factors. J Cell Biol, 101, 1799-1807. 

Dunham-Ems, S. M., Lee, Y. W., Stachowiak, E. K., Pudavar, H., Claus, P., Prasad, P. N. and Stachowiak, M. K. 

(2009). Fibroblast growth factor receptor-1 (FGFR1) nuclear dynamics reveal a novel mechanism in transcription 

control. Mol Biol Cell, 20, 2401-2412. 

Ebneth, A., Godemann, R., Stamer, K., Illenberger, S., Trinczek, B. and Mandelkow, E. (1998). Overexpression of 

tau protein inhibits kinesin-dependent trafficking of vesicles, mitochondria, and endoplasmic reticulum: 

implications for Alzheimer's disease. J Cell Biol, 143, 777-794. 

Edwards, S. N. and Tolkovsky, A. M. (1994). Characterization of apoptosis in cultured rat sympathetic neurons 

after nerve growth factor withdrawal. J Cell Biol, 124, 537-546. 

Erck, C., Meisinger, C., Grothe, C. and Seidl, K. (1998). Regulation of nerve growth factor and its low-affinity 

receptor (p75NTR) during myogenic differentiation. J Cell Physiol, 176, 22-31. 

Esposito, D., Patel, P., Stephens, R. M., Perez, P., Chao, M. V., Kaplan, D. R. and Hempstead, B. L. (2001). The 

cytoplasmic and transmembrane domains of the p75 and Trk A receptors regulate high affinity binding to nerve 

growth factor. J Biol Chem, 276, 32687-32695. 

Facci, L., Leon, A., Toffano, G., Sonnino, S., Ghidoni, R. and Tettamanti, G. (1984). Promotion of neuritogenesis in 

mouse neuroblastoma cells by exogenous gangliosides. Relationship between the effect and the cell association 

of ganglioside GM1. J Neurochem, 42, 299-305. 



References 

 

47 
 

Farooqui, T., Franklin, T., Pearl, D. K. and Yates, A. J. (1997). Ganglioside GM1 enhances induction by nerve growth 

factor of a putative dimer of TrkA. J Neurochem, 68, 2348-2355. 

Ferguson, I. A. and Johnson, E. M., Jr. (1991). Fibroblast growth factor receptor-bearing neurons in the CNS: 

identification by receptor-mediated retrograde transport. J Comp Neurol, 313, 693-706. 

Ferrari, G., Anderson, B. L., Stephens, R. M., Kaplan, D. R. and Greene, L. A. (1995). Prevention of apoptotic 

neuronal death by GM1 ganglioside. Involvement of Trk neurotrophin receptors. J Biol Chem, 270, 3074-3080. 

Ferrari, G., Fabris, M. and Gorio, A. (1983). Gangliosides enhance neurite outgrowth in PC12 cells. Brain Res, 284, 

215-221. 

Fornaro, M., Sharthiya, H. and Tiwari, V. (2018). Adult mouse DRG explant and dissociated cell models to 

investigate neuroplasticity and responses to environmental insults including viral infection. J Vis Exp, 133, 

e56757. 

Förthmann, B., Grothe, C. and Claus, P. (2015). A nuclear odyssey: fibroblast growth factor-2 (FGF-2) as a 

regulator of nuclear homeostasis in the nervous system. Cell Mol Life Sci, 72, 1651-1662. 

Freese, A., Finklestein, S. P. and DiFiglia, M. (1992). Basic fibroblast growth factor protects striatal neurons in 

vitro from NMDA-receptor mediated excitotoxicity. Brain Res, 575, 351-355. 

Frim, D. M., Uhler, T. A., Short, M. P., Ezzedine, Z. D., Klagsbrun, M., Breakefield, X. O. and Isacson, O. (1993). 

Effects of biologically delivered NGF, BDNF and bFGF on striatal excitotoxic lesions. Neuroreport, 4, 367-370. 

Frisen, J., Verge, V. M., Fried, K., Risling, M., Persson, H., Trotter, J., Hokfelt, T. and Lindholm, D. (1993). 

Characterization of glial trkB receptors: differential response to injury in the central and peripheral nervous 

systems. Proc Natl Acad Sci U S A, 90, 4971-4975. 

Fujimoto, E., Mizoguchi, A., Hanada, K., Yajima, M. and Ide, C. (1997). Basic fibroblast growth factor promotes 

extension of regenerating axons of peripheral nerve. In vivo experiments using a Schwann cell basal lamina tube 

model. J Neurocytol, 26, 511-528. 

Furusho, M., Dupree, J. L., Nave, K. A. and Bansal, R. (2012). Fibroblast growth factor receptor signaling in 

oligodendrocytes regulates myelin sheath thickness. J Neurosci, 32, 6631-6641. 

Gaburro, J., Bhatti, A., Sundaramoorthy, V., Dearnley, M., Green, D., Nahavandi, S., Paradkar, P. N. and Duchemin, 

J. B. (2018). Zika virus-induced hyper excitation precedes death of mouse primary neuron. Virol J, 15, 79. 

Galbraith, S. E., Tiwari, A., Baron, M. D., Lund, B. T., Barrett, T. and Cosby, S. L. (1998). Morbillivirus 

downregulation of CD46. J Virol, 72, 10292-10297. 

Geetha, T., Jiang, J. and Wooten, M. W. (2005). Lysine 63 polyubiquitination of the nerve growth factor receptor 

TrkA directs internalization and signaling. Mol Cell, 20, 301-312. 

Geisler, F. H., Coleman, W. P., Grieco, G. and Poonian, D. (2001). The Sygen multicenter acute spinal cord injury 

study. Spine (Phila Pa 1976), 26, 87-98. 

Gensburger, C., Labourdette, G. and Sensenbrenner, M. (1987). Brain basic fibroblast growth factor stimulates 

the proliferation of rat neuronal precursor cells in vitro. FEBS Lett, 217, 1-5. 

Gerhauser, I., Hahn, K., Baumgärtner, W. and Wewetzer, K. (2012). Culturing adult canine sensory neurons to 

optimise neural repair. Vet Rec, 170, 102. 

Gibbs, R. B., Chao, M. V. and Pfaff, D. W. (1991). Effects of fimbria-fornix and angular bundle transection on 

expression of the p75NGFR mRNA by cells in the medial septum and diagonal band of Broca: correlations with 

cell survival, synaptic reorganization and sprouting. Brain Res Mol Brain Res, 11, 207-219. 



References 

 

48 
 

Gilmore, K. M. and Greer, K. A. (2015). Why is the dog an ideal model for aging research? Exp Gerontol, 71, 14-

20. 

Goddard, D. R., Berry, M., Kirvell, S. L. and Butt, A. M. (2001). Fibroblast growth factor-2 inhibits myelin 

production by oligodendrocytes in vivo. Mol Cell Neurosci, 18, 557-569. 

Goetz, R. and Mohammadi, M. (2013). Exploring mechanisms of FGF signalling through the lens of structural 

biology. Nat Rev Mol Cell Biol, 14, 166-180. 

Gold, M. S., Dastmalchi, S. and Levine, J. D. (1996). Co-expression of nociceptor properties in dorsal root ganglion 

neurons from the adult rat in vitro. Neuroscience, 71, 265-275. 

Gospodarowicz, D. (1974). Localisation of a fibroblast growth factor and its effect alone and with hydrocortisone 

on 3T3 cell growth. Nature, 249, 123-127. 

Griot, C., Vandevelde, M., Schobesberger, M. and Zurbriggen, A. (2003). Canine distemper, a re-emerging 

morbillivirus with complex neuropathogenic mechanisms. Anim Health Res Rev, 4, 1-10. 

Grothe, C., Meisinger, C., Holzschuh, J., Wewetzer, K. and Cattini, P. (1998). Over-expression of the 18 kD and 

21/23 kD fibroblast growth factor-2 isoforms in PC12 cells and Schwann cells results in altered cell morphology 

and growth. Brain Res Mol Brain Res, 57, 97-105. 

Grothe, C. and Unsicker, K. (1992). Basic fibroblast growth factor in the hypoglossal system: specific retrograde 

transport, trophic, and lesion-related responses. J Neurosci Res, 32, 317-328. 

Guegan, C., Vila, M., Rosoklija, G., Hays, A. P. and Przedborski, S. (2001). Recruitment of the mitochondrial-

dependent apoptotic pathway in amyotrophic lateral sclerosis. J Neurosci, 21, 6569-6576. 

Haberberger, R. V., Barry, C., Dominguez, N. and Matusica, D. (2019). Human dorsal root ganglia. Front Cell 

Neurosci, 13, 271. 

Hadaczek, P., Wu, G., Sharma, N., Ciesielska, A., Bankiewicz, K., Davidow, A. L., Lu, Z. H., Forsayeth, J. and Ledeen, 

R. W. (2015). GDNF signaling implemented by GM1 ganglioside; failure in Parkinson's disease and GM1-deficient 

murine model. Exp Neurol, 263, 177-189. 

Hadjiconstantinou, M. and Neff, N. H. (1998). GM1 Ganglioside: In vivo and in vitro trophic actions on central 

neurotransmitter systems. J Neurochem, 70, 1335-1345. 

Hanani, M., Huang, T. Y., Cherkas, P. S., Ledda, M. and Pannese, E. (2002). Glial cell plasticity in sensory ganglia 

induced by nerve damage. Neuroscience, 114, 279-283. 

Hancock, C. R., Wetherington, J. P., Lambert, N. A. and Condie, B. G. (2000). Neuronal differentiation of 

cryopreserved neural progenitor cells derived from mouse embryonic stem cells. Biochem Biophys Res Commun, 

271, 418-421. 

Hashimoto, A., Onodera, T., Ikeda, H. and Kitani, H. (2000). Isolation and characterisation of fetal bovine brain 

cells in primary culture. Res Vet Sci, 69, 39-46. 

Hatten, M. E., Lynch, M., Rydel, R. E., Sanchez, J., Joseph-Silverstein, J., Moscatelli, D. and Rifkin, D. B. (1988). In 

vitro neurite extension by granule neurons is dependent upon astroglial-derived fibroblast growth factor. Dev 

Biol, 125, 280-289. 

Heng, B. C., Ye, C. P., Liu, H., Toh, W. S., Rufaihah, A. J., Yang, Z., Bay, B. H., Ge, Z., Ouyang, H. W., Lee, E. H. and 

Cao, T. (2006). Loss of viability during freeze-thaw of intact and adherent human embryonic stem cells with 

conventional slow-cooling protocols is predominantly due to apoptosis rather than cellular necrosis. J Biomed 

Sci, 13, 433-445. 



References 

 

49 
 

Herrero, M. T., Kastner, A., Perez-Otano, I., Hirsch, E. C., Luquin, M. R., Javoy-Agid, F., Del Rio, J., Obeso, J. A. and 

Agid, Y. (1993a). Gangliosides and parkinsonism. Neurology, 43, 2132-2134. 

Herrero, M. T., Perez-Otano, I., Oset, C., Kastner, A., Hirsch, E. C., Agid, Y., Luquin, M. R., Obeso, J. A. and Del Rio, 

J. (1993b). GM-1 ganglioside promotes the recovery of surviving midbrain dopaminergic neurons in MPTP-

treated monkeys. Neuroscience, 56, 965-972. 

Heumann, R., Korsching, S., Bandtlow, C. and Thoenen, H. (1987). Changes of nerve growth factor synthesis in 

nonneuronal cells in response to sciatic nerve transection. J Cell Biol, 104, 1623-1631. 

Higatsberger, M. R., Sperk, G., Bernheimer, H., Shannak, K. S. and Hornykiewicz, O. (1981). Striatal ganglioside 

levels in the rat following kainic acid lesions: comparison with Huntington's disease. Exp Brain Res, 44, 93-96. 

Hirokawa, N., Noda, Y., Tanaka, Y. and Niwa, S. (2009). Kinesin superfamily motor proteins and intracellular 

transport. Nat Rev Mol Cell Biol, 10, 682-696. 

Hoffman, J. M., Creevy, K. E., Franks, A., O'Neill, D. G. and Promislow, D. E. L. (2018). The companion dog as a 

model for human aging and mortality. Aging Cell, 17, e12737. 

Huang, F., Dong, X., Zhang, L., Zhang, X., Zhao, D., Bai, X. and Li, Z. (2009). The neuroprotective effects of NGF 

combined with GM1 on injured spinal cord neurons in vitro. Brain Res Bull, 79, 85-88. 

Huang, T. Y., Cherkas, P. S., Rosenthal, D. W. and Hanani, M. (2005). Dye coupling among satellite glial cells in 

mammalian dorsal root ganglia. Brain Res, 1036, 42-49. 

Huang, T. Y., Hanani, M., Ledda, M., De Palo, S. and Pannese, E. (2006). Aging is associated with an increase in 

dye coupling and in gap junction number in satellite glial cells of murine dorsal root ganglia. Neuroscience, 137, 

1185-1192. 

Ichikawa, J., Yamada, R. X., Muramatsu, R., Ikegaya, Y., Matsuki, N. and Koyama, R. (2007). Cryopreservation of 

granule cells from the postnatal rat hippocampus. J Pharmacol Sci, 104, 387-391. 

Isaacson, S. H., Asher, D. M., Godec, M. S., Gibbs, C. J., Jr. and Gajdusek, D. C. (1996). Widespread, restricted low-

level measles virus infection of brain in a case of subacute sclerosing panencephalitis. Acta Neuropathol, 91, 135-

139. 

Ishii, A., Ikeda, T., Hitoshi, S., Fujimoto, I., Torii, T., Sakuma, K., Nakakita, S., Hase, S. and Ikenaka, K. (2007). 

Developmental changes in the expression of glycogenes and the content of N-glycans in the mouse cerebral 

cortex. Glycobiology, 17, 261-276. 

Ji, R. R., Zhang, Q., Zhang, X., Piehl, F., Reilly, T., Pettersson, R. F. and Hokfelt, T. (1995). Prominent expression of 

bFGF in dorsal root ganglia after axotomy. Eur J Neurosci, 7, 2458-2468. 

Johnson, E. M., Jr., Taniuchi, M. and DiStefano, P. S. (1988). Expression and possible function of nerve growth 

factor receptors on Schwann cells. Trends Neurosci, 11, 299-304. 

Jungnickel, J., Claus, P., Gransalke, K., Timmer, M. and Grothe, C. (2004). Targeted disruption of the FGF-2 gene 

affects the response to peripheral nerve injury. Mol Cell Neurosci, 25, 444-452. 

Kaplan, D. R., Martin-Zanca, D. and Parada, L. F. (1991). Tyrosine phosphorylation and tyrosine kinase activity of 

the trk proto-oncogene product induced by NGF. Nature, 350, 158-160. 

Kaplan, D. R. and Miller, F. D. (2000). Neurotrophin signal transduction in the nervous system. Curr Opin 

Neurobiol, 10, 381-391. 



References 

 

50 
 

Katoh-Semba, R., Skaper, S. D. and Varon, S. (1984). Interaction of GM1 ganglioside with PC12 

pheochromocytoma cells: serum- and NGF-dependent effects on neuritic growth (and proliferation). J Neurosci 

Res, 12, 299-310. 

Katzmann, D. J., Odorizzi, G. and Emr, S. D. (2002). Receptor downregulation and multivesicular-body sorting. 

Nat Rev Mol Cell Biol, 3, 893-905. 

Kawamoto, J. C. and Barrett, J. N. (1986). Cryopreservation of primary neurons for tissue culture. Brain Res, 384, 

84-93. 

Kay, G. W., Oswald, M. J. and Palmer, D. N. (2006). The development and characterisation of complex ovine 

neuron cultures from fresh and frozen foetal neurons. J Neurosci Methods, 155, 98-108. 

Kayahara, T., Takimoto, T. and Sakashita, S. (1981). Synaptic junctions in the cat spinal ganglion. Brain Res, 216, 

277-290. 

Kelly, R. G. (2005). Molecular inroads into the anterior heart field. Trends Cardiovasc Med, 15, 51-56. 

Kiechle, T., Dedeoglu, A., Kubilus, J., Kowall, N. W., Beal, M. F., Friedlander, R. M., Hersch, S. M. and Ferrante, R. 

J. (2002). Cytochrome C and caspase-9 expression in Huntington's disease. Neuromolecular Med, 1, 183-195. 

Kimpinski, K., Campenot, R. B. and Mearow, K. (1997). Effects of the neurotrophins nerve growth factor, 

neurotrophin-3, and brain-derived neurotrophic factor (BDNF) on neurite growth from adult sensory neurons in 

compartmented cultures. J Neurobiol, 33, 395-410. 

Klimaschewski, L., Meisinger, C. and Grothe, C. (1999). Localization and regulation of basic fibroblast growth 

factor (FGF-2) and FGF receptor-1 in rat superior cervical ganglion after axotomy. J Neurobiol, 38, 499-506. 

Kole, A. J., Annis, R. P. and Deshmukh, M. (2013). Mature neurons: equipped for survival. Cell Death Dis, 4, e689. 

Kreutzer, M., Seehusen, F., Kreutzer, R., Pringproa, K., Kummerfeld, M., Claus, P., Deschl, U., Kalkul, A., Beineke, 

A., Baumgärtner, W. and Ulrich, R. (2012). Axonopathy is associated with complex axonal transport defects in a 

model of multiple sclerosis. Brain Pathol, 22, 454-471. 

Kreutzer, R., Kreutzer, M., Propsting, M. J., Sewell, A. C., Leeb, T., Naim, H. Y. and Baumgärtner, W. (2008). Insights 

into post-translational processing of beta-galactosidase in an animal model resembling late infantile human GM1-

gangliosidosis. J Cell Mol Med, 12, 1661-1671. 

Kreutzer, R., Kreutzer, M., Sewell, A. C., Techangamsuwan, S., Leeb, T. and Baumgärtner, W. (2009). Impact of 

beta-galactosidase mutations on the expression of the canine lysosomal multienzyme complex. Biochim Biophys 

Acta, 1792, 982-987. 

Kreutzer, R., Leeb, T., Müller, G., Moritz, A. and Baumgärtner, W. (2005). A duplication in the canine beta-

galactosidase gene GLB1 causes exon skipping and GM1-gangliosidosis in Alaskan huskies. Genetics, 170, 1857-

1861. 

Kristiansen, M. and Ham, J. (2014). Programmed cell death during neuronal development: the sympathetic 

neuron model. Cell Death Differ, 21, 1025-1035. 

Kuruvilla, R., Zweifel, L. S., Glebova, N. O., Lonze, B. E., Valdez, G., Ye, H. and Ginty, D. D. (2004). A neurotrophin 

signaling cascade coordinates sympathetic neuron development through differential control of TrkA trafficking 

and retrograde signaling. Cell, 118, 243-255. 

Ladewig, J., Koch, P., Endl, E., Meiners, B., Opitz, T., Couillard-Despres, S., Aigner, L. and Brustle, O. (2008). Lineage 

selection of functional and cryopreservable human embryonic stem cell-derived neurons. Stem Cells, 26, 1705-

1712. 



References 

 

51 
 

Lamb, R. A. (1993). Paramyxovirus fusion: a hypothesis for changes. Virology, 197, 1-11. 

Ledeen, R. W. (1984). Biology of gangliosides: neuritogenic and neuronotrophic properties. J Neurosci Res, 12, 

147-159. 

Ledeen, R. W. and Wu, G. (2008). Nuclear sphingolipids: metabolism and signaling. J Lipid Res, 49, 1176-1186. 

Ledeen, R. W. and Wu, G. (2018). Gangliosides, alpha-synuclein, and Parkinson's disease. Prog Mol Biol Transl 

Sci, 156, 435-454. 

Lenzi, G. L., Grigoletto, F., Gent, M., Roberts, R. S., Walker, M. D., Easton, J. D., Carolei, A., Dorsey, F. C., Rocca, 

W. A., Bruno, R., Patarnello, F., Fieschi, C. and the Early Stroke Trial Group (1994). Early treatment of stroke with 

monosialoganglioside GM-1. Efficacy and safety results of the early stroke trial. Stroke, 25, 1552-1558. 

Levi-Montalcini, R. (1964). Growth control of nerve cells by a protein factor and its antiserum: Discovery of this 

factor may provide new leads to understanding of some neurogenetic processes. Science, 143, 105-110. 

Levi-Montalcini, R. and Angeletti, P. U. (1963). Essential role of the nerve growth factor in the survival and 

maintenance of dissociated sensory and sympathetic embryonic nerve cells in vitro. Dev Biol, 6, 653-659. 

Levi-Montalcini, R. and Booker, B. (1960). Destruction of the sympathetic ganglia in mammals by an antiserum 

to a nerve-growth protein. Proc Natl Acad Sci U S A, 46, 384-391. 

Li, C. L., Li, K. C., Wu, D., Chen, Y., Luo, H., Zhao, J. R., Wang, S. S., Sun, M. M., Lu, Y. J., Zhong, Y. Q., Hu, X. Y., Hou, 

R., Zhou, B. B., Bao, L., Xiao, H. S. and Zhang, X. (2016). Somatosensory neuron types identified by high-coverage 

single-cell RNA-sequencing and functional heterogeneity. Cell Res, 26, 83-102. 

Li, G. D., Wo, Y., Zhong, M. F., Zhang, F. X., Bao, L., Lu, Y. J., Huang, Y. D., Xiao, H. S. and Zhang, X. (2002). Expression 

of fibroblast growth factors in rat dorsal root ganglion neurons and regulation after peripheral nerve injury. 

Neuroreport, 13, 1903-1907. 

Li, L., Rutlin, M., Abraira, V. E., Cassidy, C., Kus, L., Gong, S., Jankowski, M. P., Luo, W., Heintz, N., Koerber, H. R., 

Woodbury, C. J. and Ginty, D. D. (2011). The functional organization of cutaneous low-threshold mechanosensory 

neurons. Cell, 147, 1615-1627. 

Liberini, P., Pioro, E. P., Maysinger, D., Ervin, F. R. and Cuello, A. C. (1993). Long-term protective effects of human 

recombinant nerve growth factor and monosialoganglioside GM1 treatment on primate nucleus basalis 

cholinergic neurons after neocortical infarction. Neuroscience, 53, 625-637. 

Liebert, U. G., Baczko, K., Budka, H. and ter Meulen, V. (1986). Restricted expression of measles virus proteins in 

brains from cases of subacute sclerosing panencephalitis. J Gen Virol, 67, 2435-2444. 

Liepinsh, E., Ilag, L. L., Otting, G. and Ibanez, C. F. (1997). NMR structure of the death domain of the p75 

neurotrophin receptor. Embo J, 16, 4999-5005. 

Lindblad-Toh, K., Wade, C. M., Mikkelsen, T. S., Karlsson, E. K., Jaffe, D. B., Kamal, M., Clamp, M., Chang, J. L., 

Kulbokas, E. J., 3rd, Zody, M. C., Mauceli, E., Xie, X., Breen, M., Wayne, R. K., Ostrander, E. A., Ponting, C. P., 

Galibert, F., Smith, D. R., DeJong, P. J., Kirkness, E., Alvarez, P., Biagi, T., Brockman, W., Butler, J., Chin, C. W., 

Cook, A., Cuff, J., Daly, M. J., DeCaprio, D., Gnerre, S., Grabherr, M., Kellis, M., Kleber, M., Bardeleben, C., 

Goodstadt, L., Heger, A., Hitte, C., Kim, L., Koepfli, K. P., Parker, H. G., Pollinger, J. P., Searle, S. M., Sutter, N. B., 

Thomas, R., Webber, C., Baldwin, J., Abebe, A., Abouelleil, A., Aftuck, L., Ait-Zahra, M., Aldredge, T., Allen, N., An, 

P., Anderson, S., Antoine, C., Arachchi, H., Aslam, A., Ayotte, L., Bachantsang, P., Barry, A., Bayul, T., Benamara, 

M., Berlin, A., Bessette, D., Blitshteyn, B., Bloom, T., Blye, J., Boguslavskiy, L., Bonnet, C., Boukhgalter, B., Brown, 

A., Cahill, P., Calixte, N., Camarata, J., Cheshatsang, Y., Chu, J., Citroen, M., Collymore, A., Cooke, P., Dawoe, T., 

Daza, R., Decktor, K., DeGray, S., Dhargay, N., Dooley, K., Dooley, K., Dorje, P., Dorjee, K., Dorris, L., Duffey, N., 

Dupes, A., Egbiremolen, O., Elong, R., Falk, J., Farina, A., Faro, S., Ferguson, D., Ferreira, P., Fisher, S., FitzGerald, 



References 

 

52 
 

M., et al. (2005). Genome sequence, comparative analysis and haplotype structure of the domestic dog. Nature, 

438, 803-819. 

Lindsay, R. M. (1988). Nerve growth factors (NGF, BDNF) enhance axonal regeneration but are not required for 

survival of adult sensory neurons. J Neurosci, 8, 2394-2405. 

Lipartiti, M., Lazzaro, A., Zanoni, R., Mazzari, S., Toffano, G. and Leon, A. (1991). Monosialoganglioside GM1 

reduces NMDA neurotoxicity in neonatal rat brain. Exp Neurol, 113, 301-305. 

Löffler, S., Lottspeich, F., Lanza, F., Azorsa, D. O., ter Meulen, V. and Schneider-Schaulies, J. (1997). CD9, a 

tetraspan transmembrane protein, renders cells susceptible to canine distemper virus. J Virol, 71, 42-49. 

Lüdecke, G. and Unsicker, K. (1990). Mitogenic effect of neurotrophic factors on human IMR 32 neuroblastoma 

cells. Cancer, 65, 2270-2278. 

Luyet, B. and Gonzales, F. (1953). Growth of nerve tissue after freezing in liquid nitrogen. Biodynamica, 7, 171-

174. 

Ma, X., Dang, X., Claus, P., Hirst, C., Fandrich, R. R., Jin, Y., Grothe, C., Kirshenbaum, L. A., Cattini, P. A. and 

Kardami, E. (2007). Chromatin compaction and cell death by high molecular weight FGF-2 depend on its nuclear 

localization, intracrine ERK activation, and engagement of mitochondria. J Cell Physiol, 213, 690-698. 

Maccioni, H. J. (2007). Glycosylation of glycolipids in the Golgi complex. J Neurochem, 103, 81-90. 

Magistretti, P. J., Geisler, F. H., Schneider, J. S., Li, P. A., Fiumelli, H. and Sipione, S. (2019). Gangliosides: 

Treatment avenues in neurodegenerative disease. Front Neurol, 10, 859. 

Martin, D. P., Schmidt, R. E., DiStefano, P. S., Lowry, O. H., Carter, J. G. and Johnson, E. M., Jr. (1988). Inhibitors 

of protein synthesis and RNA synthesis prevent neuronal death caused by nerve growth factor deprivation. J Cell 

Biol, 106, 829-844. 

Martinez-Murillo, R., Caro, L. and Nieto-Sampedro, M. (1993). Lesion-induced expression of low-affinity nerve 

growth factor receptor-immunoreactive protein in Purkinje cells of the adult rat. Neuroscience, 52, 587-593. 

Martinez, Z., Zhu, M., Han, S. and Fink, A. L. (2007). GM1 specifically interacts with alpha-synuclein and inhibits 

fibrillation. Biochemistry, 46, 1868-1877. 

Martinou, I., Desagher, S., Eskes, R., Antonsson, B., Andre, E., Fakan, S. and Martinou, J. C. (1999). The release of 

cytochrome c from mitochondria during apoptosis of NGF-deprived sympathetic neurons is a reversible event. J 

Cell Biol, 144, 883-889. 

Martinou, I., Fernandez, P. A., Missotten, M., White, E., Allet, B., Sadoul, R. and Martinou, J. C. (1995). Viral 

proteins E1B19K and p35 protect sympathetic neurons from cell death induced by NGF deprivation. J Cell Biol, 

128, 201-208. 

Matsuda, S., Saito, H. and Nishiyama, N. (1990). Effect of basic fibroblast growth factor on neurons cultured from 

various regions of postnatal rat brain. Brain Res, 520, 310-316. 

Matsuo, I. and Kimura-Yoshida, C. (2013). Extracellular modulation of Fibroblast Growth Factor signaling through 

heparan sulfate proteoglycans in mammalian development. Curr Opin Genet Dev, 23, 399-407. 

Mattson, M. P., Dou, P. and Kater, S. B. (1988). Outgrowth-regulating actions of glutamate in isolated 

hippocampal pyramidal neurons. J Neurosci, 8, 2087-2100. 

Mattson, M. P. and Kater, S. B. (1988). Isolated hippocampal neurons in cryopreserved long-term cultures: 

development of neuroarchitecture and sensitivity to NMDA. Int J Dev Neurosci, 6, 439-452. 



References 

 

53 
 

Mattson, M. P. and Kater, S. B. (1989). Development and selective neurodegeneration in cell cultures from 

different hippocampal regions. Brain Res, 490, 110-125. 

Mattson, M. P. and Rychlik, B. (1990a). Cell culture of cryopreserved human fetal cerebral cortical and 

hippocampal neurons: neuronal development and responses to trophic factors. Brain Res, 522, 204-214. 

Mattson, M. P. and Rychlik, B. (1990b). Glia protect hippocampal neurons against excitatory amino acid-induced 

degeneration: involvement of fibroblast growth factor. Int J Dev Neurosci, 8, 399-415. 

Maxwell, D. J. and Réthelyi, M. (1987). Ultrastructure and synaptic connections of cutaneous afferent fibres in 

the spinal cord. Trends Neurosci, 10, 117-123. 

Mazzatenta, A., Carluccio, A., Robbe, D., Giulio, C. D. and Cellerino, A. (2017). The companion dog as a unique 

translational model for aging. Semin Cell Dev Biol, 70, 141-153. 

McCarthy, M. J., Rubin, L. L. and Philpott, K. L. (1997). Involvement of caspases in sympathetic neuron apoptosis. 

J Cell Sci, 110, 2165-2173. 

Miller, R., Varon, S., Kruger, L., Coates, P. W. and Orkand, P. M. (1970). Formation of synaptic contacts on 

dissociated chick embryo sensory ganglion cells in vitro. Brain Res, 24, 356-358. 

Mocchetti, I. and Wrathall, J. R. (1995). Neurotrophic factors in central nervous system trauma. J Neurotrauma, 

12, 853-870. 

Morrison, R. S., Sharma, A., de Vellis, J. and Bradshaw, R. A. (1986). Basic fibroblast growth factor supports the 

survival of cerebral cortical neurons in primary culture. Proc Natl Acad Sci U S A, 83, 7537-7541. 

Müller, A. K., Meyer, M. and Werner, S. (2012). The roles of receptor tyrosine kinases and their ligands in the 

wound repair process. Semin Cell Dev Biol, 23, 963-970. 

Müller, C. F., Fatzer, R. S., Beck, K., Vandevelde, M. and Zurbriggen, A. (1995). Studies on canine distemper virus 

persistence in the central nervous system. Acta Neuropathol, 89, 438-445. 

Murali, S. S., Napier, I. A., Mohammadi, S. A., Alewood, P. F., Lewis, R. J. and Christie, M. J. (2015). High-voltage-

activated calcium current subtypes in mouse DRG neurons adapt in a subpopulation-specific manner after nerve 

injury. J Neurophysiol, 113, 1511-1519. 

Mutoh, T., Tokuda, A., Miyadai, T., Hamaguchi, M. and Fujiki, N. (1995). Ganglioside GM1 binds to the Trk protein 

and regulates receptor function. Proc Natl Acad Sci U S A, 92, 5087-5091. 

Nadeem, M., Spitzbarth, I., Haist, V., Rohn, K., Tauscher, K., Rohn, K., Bossers, A., Langeveld, J., Papasavva-

Stylianou, P., Groschup, M. H., Baumgärtner, W., Gerhauser, I. and Fast, C. (2016). Immunolabelling of non-

phosphorylated neurofilament indicates damage of spinal cord axons in TSE-infected goats. Vet Rec, 178, 141. 

Nasir, L., Argyle, D. J., McFarlane, S. T. and Reid, S. W. (1997). Nucleotide sequence of a highly conserved region 

of the canine p53 tumour suppressor gene. DNA Seq, 8, 83-86. 

Negishi, T., Ishii, Y., Kawamura, S., Kuroda, Y. and Yoshikawa, Y. (2002a). Cryopreservation and primary culture 

of cerebral neurons from cynomolgus monkeys (Macaca fascicularis). Neurosci Lett, 328, 21-24. 

Negishi, T., Ishii, Y., Kawamura, S., Kuroda, Y. and Yoshikawa, Y. (2002b). Cryopreservation of brain tissue for 

primary culture. Exp Anim, 51, 383-390. 

Nesseler, A., Baumgärtner, W., Gaedke, K. and Zurbriggen, A. (1997). Abundant expression of viral nucleoprotein 

mRNA and restricted translation of the corresponding viral protein in inclusion body polioencephalitis of canine 

distemper. J Comp Pathol, 116, 291-301. 



References 

 

54 
 

Nesseler, A., Baumgärtner, W., Zurbriggen, A. and Örvell, C. (1999). Restricted virus protein translation in canine 

distemper virus inclusion body polioencephalitis. Vet Microbiol, 69, 23-28. 

Neufeld, G., Gospodarowicz, D., Dodge, L. and Fujii, D. K. (1987). Heparin modulation of the neurotropic effects 

of acidic and basic fibroblast growth factors and nerve growth factor on PC12 cells. J Cell Physiol, 131, 131-140. 

Ngamukote, S., Yanagisawa, M., Ariga, T., Ando, S. and Yu, R. K. (2007). Developmental changes of 

glycosphingolipids and expression of glycogenes in mouse brains. J Neurochem, 103, 2327-2341. 

Nichols, B. J. (2003). GM1-containing lipid rafts are depleted within clathrin-coated pits. Curr Biol, 13, 686-690. 

Nindl, W., Kavakebi, P., Claus, P., Grothe, C., Pfaller, K. and Klimaschewski, L. (2004). Expression of basic fibroblast 

growth factor isoforms in postmitotic sympathetic neurons: synthesis, intracellular localization and involvement 

in karyokinesis. Neuroscience, 124, 561-572. 

Noyce, R. S., Delpeut, S. and Richardson, C. D. (2013). Dog nectin-4 is an epithelial cell receptor for canine 

distemper virus that facilitates virus entry and syncytia formation. Virology, 436, 210-220. 

Nussbaum, O., Broder, C. C., Moss, B., Stern, L. B., Rozenblatt, S. and Berger, E. A. (1995). Functional and 

structural interactions between measles virus hemagglutinin and CD46. J Virol, 69, 3341-3349. 

Omar, M., Bock, P., Kreutzer, R., Ziege, S., Imbschweiler, I., Hansmann, F., Peck, C. T., Baumgärtner, W. and 

Wewetzer, K. (2011). Defining the morphological phenotype: 2',3'-cyclic nucleotide 3'-phosphodiesterase 

(CNPase) is a novel marker for in situ detection of canine but not rat olfactory ensheathing cells. Cell Tissue Res, 

344, 391-405. 

Oppenheim, R. W. (1991). Cell death during development of the nervous system. Annu Rev Neurosci, 14, 453-

501. 

Ornitz, D. M. (2000). FGFs, heparan sulfate and FGFRs: complex interactions essential for development. 

Bioessays, 22, 108-112. 

Ornitz, D. M. and Itoh, N. (2015). The fibroblast growth factor signaling pathway. Wiley Interdiscip Rev Dev Biol, 

4, 215-266. 

Otto, D., Frotscher, M. and Unsicker, K. (1989). Basic fibroblast growth factor and nerve growth factor 

administered in gel foam rescue medial septal neurons after fimbria fornix transection. J Neurosci Res, 22, 83-

91. 

Otto, D. and Unsicker, K. (1990). Basic FGF reverses chemical and morphological deficits in the nigrostriatal 

system of MPTP-treated mice. J Neurosci, 10, 1912-1921. 

Otto, D., Unsicker, K. and Grothe, C. (1987). Pharmacological effects of nerve growth factor and fibroblast growth 

factor applied to the transectioned sciatic nerve on neuron death in adult rat dorsal root ganglia. Neurosci Lett, 

83, 156-160. 

Pannese, E., Ledda, M., Cherkas, P. S., Huang, T. Y. and Hanani, M. (2003). Satellite cell reactions to axon injury 

of sensory ganglion neurons: increase in number of gap junctions and formation of bridges connecting previously 

separate perineuronal sheaths. Anat Embryol (Berl), 206, 337-347. 

Papo, I., Benedetti, A., Carteri, A., Merli, G. A., Mingrino, S. and Bruno, R. (1991). Monosialoganglioside in 

subarachnoid hemorrhage. Stroke, 22, 22-26. 

Paynter, S. J. (2008). Principles and practical issues for cryopreservation of nerve cells. Brain Res Bull, 75, 1-14. 



References 

 

55 
 

Pischedda, F., Montani, C., Obergasteiger, J., Frapporti, G., Corti, C., Rosato Siri, M., Volta, M. and Piccoli, G. 

(2018). Cryopreservation of primary mouse neurons: The benefit of neurostore cryoprotective medium. Front 

Cell Neurosci, 12, 81. 

Pitto, M., Mutoh, T., Kuriyama, M., Ferraretto, A., Palestini, P. and Masserini, M. (1998). Influence of endogenous 

GM1 ganglioside on TrkB activity, in cultured neurons. FEBS Lett, 439, 93-96. 

Pratakpiriya, W., Ping Teh, A. P., Radtanakatikanon, A., Pirarat, N., Thi Lan, N., Takeda, M., Techangamsuwan, S. 

and Yamaguchi, R. (2017). Expression of canine distemper virus receptor nectin-4 in the central nervous system 

of dogs. Sci Rep, 7, 349. 

Pratakpiriya, W., Seki, F., Otsuki, N., Sakai, K., Fukuhara, H., Katamoto, H., Hirai, T., Maenaka, K., 

Techangamsuwan, S., Lan, N. T., Takeda, M. and Yamaguchi, R. (2012). Nectin4 is an epithelial cell receptor for 

canine distemper virus and involved in neurovirulence. J Virol, 86, 10207-10210. 

Purpura, D. P. and Suzuki, K. (1976). Distortion of neuronal geometry and formation of aberrant synapses in 

neuronal storage disease. Brain Res, 116, 1-21. 

Rabin, S. J., Bachis, A. and Mocchetti, I. (2002). Gangliosides activate Trk receptors by inducing the release of 

neurotrophins. J Biol Chem, 277, 49466-49472. 

Rabin, S. J., Cleghon, V. and Kaplan, D. R. (1993). SNT, a differentiation-specific target of neurotrophic factor-

induced tyrosine kinase activity in neurons and PC12 cells. Mol Cell Biol, 13, 2203-2213. 

Radeke, M. J., Misko, T. P., Hsu, C., Herzenberg, L. A. and Shooter, E. M. (1987). Gene transfer and molecular 

cloning of the rat nerve growth factor receptor. Nature, 325, 593-597. 

Reck-Peterson, S. L., Redwine, W. B., Vale, R. D. and Carter, A. P. (2018). The cytoplasmic dynein transport 

machinery and its many cargoes. Nat Rev Mol Cell Biol, 19, 382-398. 

Reichardt, L. F. (2006). Neurotrophin-regulated signalling pathways. Philos Trans R Soc Lond B Biol Sci, 361, 1545-

1564. 

Renko, M., Quarto, N., Morimoto, T. and Rifkin, D. B. (1990). Nuclear and cytoplasmic localization of different 

basic fibroblast growth factor species. J Cell Physiol, 144, 108-114. 

Rind, H. B., Butowt, R. and von Bartheld, C. S. (2005). Synaptic targeting of retrogradely transported trophic 

factors in motoneurons: comparison of glial cell line-derived neurotrophic factor, brain-derived neurotrophic 

factor, and cardiotrophin-1 with tetanus toxin. J Neurosci, 25, 539-549. 

Robert, M. C., Juan de Paz, L., Graf, D. A., Gazzin, S., Tiribelli, C., Bottai, H. and Rodriguez, J. V. (2016). 

Cryopreservation by slow cooling of rat neuronal cells. Cryobiology, 72, 191-197. 

Rodriguez-Tebar, A., Dechant, G. and Barde, Y. A. (1990). Binding of brain-derived neurotrophic factor to the 

nerve growth factor receptor. Neuron, 4, 487-492. 

Roisen, F. J., Bartfeld, H., Nagele, R. and Yorke, G. (1981). Ganglioside stimulation of axonal sprouting in vitro. 

Science, 214, 577-578. 

Roloff, F., Ziege, S., Baumgärtner, W., Wewetzer, K. and Bicker, G. (2013). Schwann cell-free adult canine 

olfactory ensheathing cell preparations from olfactory bulb and mucosa display differential migratory and neurite 

growth-promoting properties in vitro. BMC Neurosci, 14, 141. 

Rudhard, Y., Sengupta Ghosh, A., Lippert, B., Bocker, A., Pedaran, M., Kramer, J., Ngu, H., Foreman, O., Liu, Y. and 

Lewcock, J. W. (2015). Identification of 12/15-lipoxygenase as a regulator of axon degeneration through high-

content screening. J Neurosci, 35, 2927-2941. 



References 

 

56 
 

Russell, W. M. S., Burch, R. L. (1959). The principles of humane experimental technique. Methuen, London, UK. 

Rydel, R. E. and Greene, L. A. (1987). Acidic and basic fibroblast growth factors promote stable neurite outgrowth 

and neuronal differentiation in cultures of PC12 cells. J Neurosci, 7, 3639-3653. 

Schengrund, C. L. and Prouty, C. (1988). Oligosaccharide portion of GM1 enhances process formation by S20Y 

neuroblastoma cells. J Neurochem, 51, 277-282. 

Schmid, E., Zurbriggen, A., Gassen, U., Rima, B., ter Meulen, V. and Schneider-Schaulies, J. (2000). Antibodies to 

CD9, a tetraspan transmembrane protein, inhibit canine distemper virus-induced cell-cell fusion but not virus-

cell fusion. J Virol, 74, 7554-7561. 

Schneider, J. S. (2018). Altered expression of genes involved in ganglioside biosynthesis in substantia nigra 

neurons in Parkinson's disease. PLoS One, 13, e0199189. 

Schock, S. C., Jolin-Dahel, K. S., Schock, P. C., Theiss, S., Arbuthnott, G. W., Garcia-Munoz, M. and Staines, W. A. 

(2012). Development of dissociated cryopreserved rat cortical neurons in vitro. J Neurosci Methods, 205, 324-

333. 

Scroggs, R. S. and Fox, A. P. (1992). Calcium current variation between acutely isolated adult rat dorsal root 

ganglion neurons of different size. J Physiol, 445, 639-658. 

Seehusen, F. and Baumgärtner, W. (2010). Axonal pathology and loss precede demyelination and accompany 

chronic lesions in a spontaneously occurring animal model of multiple sclerosis. Brain Pathol, 20, 551-559. 

Seggio, A. M., Ellison, K. S., Hynd, M. R., Shain, W. and Thompson, D. M. (2008). Cryopreservation of transfected 

primary dorsal root ganglia neurons. J Neurosci Methods, 173, 67-73. 

Sensenbrenner, M. (1993). The neurotrophic activity of fibroblast growth factors. Prog Neurobiol, 41, 683-704. 

Sheikh, K. A., Sun, J., Liu, Y., Kawai, H., Crawford, T. O., Proia, R. L., Griffin, J. W. and Schnaar, R. L. (1999). Mice 

lacking complex gangliosides develop Wallerian degeneration and myelination defects. Proc Natl Acad Sci U S A, 

96, 7532-7537. 

Shinder, V. and Devor, M. (1994). Structural basis of neuron-to-neuron cross-excitation in dorsal root ganglia. J 

Neurocytol, 23, 515-531. 

Silani, V., Pizzuti, A., Strada, O., Falini, A., Buscaglia, M. and Scarlato, G. (1988). Human neuronal cell viability 

demonstrated in culture after cryopreservation. Brain Res, 473, 169-174. 

Singethan, K., Müller, N., Schubert, S., Lüttge, D., Krementsov, D. N., Khurana, S. R., Krohne, G., Schneider-

Schaulies, S., Thali, M. and Schneider-Schaulies, J. (2008). CD9 clustering and formation of microvilli zippers 

between contacting cells regulates virus-induced cell fusion. Traffic, 9, 924-935. 

Singethan, K., Topfstedt, E., Schubert, S., Duprex, W. P., Rima, B. K. and Schneider-Schaulies, J. (2006). CD9-

dependent regulation of Canine distemper virus-induced cell-cell fusion segregates with the extracellular domain 

of the haemagglutinin. J Gen Virol, 87, 1635-1642. 

Skaper, S. D., Katoh-Semba, R. and Varon, S. (1985). GM1 ganglioside accelerates neurite outgrowth from primary 

peripheral and central neurons under selected culture conditions. Brain Res, 355, 19-26. 

Snider, W. D. (1994). Functions of the neurotrophins during nervous system development: what the knockouts 

are teaching us. Cell, 77, 627-638. 

Sonnino, S., Cantu, L., Corti, M., Acquotti, D. and Venerando, B. (1994). Aggregative properties of gangliosides in 

solution. Chem Phys Lipids, 71, 21-45. 



References 

 

57 
 

Spitzbarth, I., Baumgärtner, W. and Beineke, A. (2012). The role of pro- and anti-inflammatory cytokines in the 

pathogenesis of spontaneous canine CNS diseases. Vet Immunol Immunopathol, 147, 6-24. 

Spitzbarth, I., Bock, P., Haist, V., Stein, V. M., Tipold, A., Wewetzer, K., Baumgärtner, W. and Beineke, A. (2011). 

Prominent microglial activation in the early proinflammatory immune response in naturally occurring canine 

spinal cord injury. J Neuropathol Exp Neurol, 70, 703-714. 

Stemple, D. L., Mahanthappa, N. K. and Anderson, D. J. (1988). Basic FGF induces neuronal differentiation, cell 

division, and NGF dependence in chromaffin cells: a sequence of events in sympathetic development. Neuron, 1, 

517-525. 

Sugiura, Y., Furukawa, K., Tajima, O., Mii, S., Honda, T. and Furukawa, K. (2005). Sensory nerve-dominant nerve 

degeneration and remodeling in the mutant mice lacking complex gangliosides. Neuroscience, 135, 1167-1178. 

Summers, B. A., Greisen, H. A. and Appel, M. J. G. (1984). Canine distemper encephalomyelitis: Variation with 

virus strain. J Comp Pathol, 94, 65-75. 

Svennerholm, L. (1964). The gangliosides. J Lipid Res, 5, 145-155. 

Svennerholm, L., Bostrom, K., Jungbjer, B. and Olsson, L. (1994). Membrane lipids of adult human brain: lipid 

composition of frontal and temporal lobe in subjects of age 20 to 100 years. J Neurochem, 63, 1802-1811. 

Svennerholm, L., Brane, G., Karlsson, I., Lekman, A., Ramstrom, I. and Wikkelso, C. (2002). Alzheimer disease - 

effect of continuous intracerebroventricular treatment with GM1 ganglioside and a systematic activation 

programme. Dement Geriatr Cogn Disord, 14, 128-136. 

Swartwout, B. K., Zlotnick, M. G., Saver, A. E., McKenna, C. M. and Bertke, A. S. (2017). Zika virus persistently and 

productively infects primary adult sensory neurons in vitro. Pathogens, 6, 49. 

Sweetnam, P. M., Sanon, H. R., White, L. A., Brass, B. J., Jaye, M. and Whittemore, S. R. (1991). Differential effects 

of acidic and basic fibroblast growth factors on spinal cord cholinergic, GABAergic, and glutamatergic neurons. J 

Neurochem, 57, 237-249. 

Swett, J. W., Paramore, C. G. and Turner, D. A. (1994). Quantitative estimation of cryopreservation viability in rat 

fetal hippocampal cells. Exp Neurol, 129, 330-334. 

Taiji, M., Taiji, K., Deyerle, K. L. and Bothwell, M. (1992). Basic fibroblast growth factor enhances nerve growth 

factor receptor gene promoter activity in human neuroblastoma cell line CHP100. Mol Cell Biol, 12, 2193-2202. 

Takamiya, K., Yamamoto, A., Furukawa, K., Yamashiro, S., Shin, M., Okada, M., Fukumoto, S., Haraguchi, M., 

Takeda, N., Fujimura, K., Sakae, M., Kishikawa, M., Shiku, H., Furukawa, K. and Aizawa, S. (1996). Mice with 

disrupted GM2/GD2 synthase gene lack complex gangliosides but exhibit only subtle defects in their nervous 

system. Proc Natl Acad Sci U S A, 93, 10662-10667. 

Tarsa, L. and Balkowiec, A. (2009). Nerve growth factor regulates synaptophysin expression in developing 

trigeminal ganglion neurons in vitro. Neuropeptides, 43, 47-52. 

Tatebayashi, Y., Iqbal, K. and Grundke-Iqbal, I. (1999). Dynamic regulation of expression and phosphorylation of 

tau by fibroblast growth factor-2 in neural progenitor cells from adult rat hippocampus. J Neurosci, 19, 5245-

5254. 

Taupin, P. (2009). Cryopreservation of early postmitotic neuronal cells in culture. Expert Opin Ther Pat, 19, 265-

268. 

Techangamsuwan, S., Haas, L., Rohn, K., Baumgärtner, W. and Wewetzer, K. (2009). Distinct cell tropism of canine 

distemper virus strains to adult olfactory ensheathing cells and Schwann cells in vitro. Virus Res, 144, 195-201. 



References 

 

58 
 

Techangamsuwan, S., Imbschweiler, I., Kreutzer, R., Kreutzer, M., Baumgärtner, W. and Wewetzer, K. (2008). 

Similar behaviour and primate-like properties of adult canine Schwann cells and olfactory ensheathing cells in 

long-term culture. Brain Res, 1240, 31-38. 

Techangamsuwan, S., A., Orlando D 'cundi, E.A., Imbschweiler, I.; Gerhauser, I.; Wewetzer, K., Baumgärtner, W. 

(2011). Cell-cell Interaction appears to represent a pivotal factor for susceptibility of adult canine schwann cell-

like brain glia to canine distemper virus infection in vitro. Thai J Vet Med, 41, 213–225. 

Thoenen, H. and Barde, Y. A. (1980). Physiology of nerve growth factor. Physiol Rev, 60, 1284-1335. 

Thomas, K. A., Rios-Candelore, M. and Fitzpatrick, S. (1984). Purification and characterization of acidic fibroblast 

growth factor from bovine brain. Proc Natl Acad Sci U S A, 81, 357-361. 

Timmer, M., Robben, S., Müller-Ostermeyer, F., Nikkhah, G. and Grothe, C. (2003). Axonal regeneration across 

long gaps in silicone chambers filled with Schwann cells overexpressing high molecular weight FGF-2. Cell 

Transplant, 12, 265-277. 

Toffano, G., Agnati, L. F., Fuxe, K., Aldinio, C., Consolazione, A., Valenti, G. and Savoini, G. (1984a). Effect of GM1 

ganglioside treatment on the recovery of dopaminergic nigro-striatal neurons after different types of lesion. Acta 

Physiol Scand, 122, 313-321. 

Toffano, G., Savoini, G. E., Moroni, F., Lombardi, G., Calza, L. and Agnati, L. F. (1984b). Chronic GM1 ganglioside 

treatment reduces dopamine cell body degeneration in the substantia nigra after unilateral hemitransection in 

rat. Brain Res, 296, 233-239. 

Tongtako, W., Lehmbecker, A., Wang, Y., Hahn, K., Baumgärtner, W. and Gerhauser, I. (2017). Canine dorsal root 

ganglia satellite glial cells represent an exceptional cell population with astrocytic and oligodendrocytic 

properties. Sci Rep, 7, 13915. 

Toral-Rios, D., Pichardo-Rojas, P. S., Alonso-Vanegas, M. and Campos-Pena, V. (2020). GSK3beta and Tau Protein 

in Alzheimer's Disease and Epilepsy. Front Cell Neurosci, 14, 19. 

Trinczek, B., Ebneth, A., Mandelkow, E. M. and Mandelkow, E. (1999). Tau regulates the attachment/detachment 

but not the speed of motors in microtubule-dependent transport of single vesicles and organelles. J Cell Sci, 112, 

2355-2367. 

Tsunoda, I. and Fujinami, R. S. (2002). Inside-out versus outside-in models for virus induced demyelination: 

axonal damage triggering demyelination. Springer Semin Immunopathol, 24, 105-125. 

Uemura, M. and Ishiguro, H. (2015). Freezing behavior of adherent neuron-like cells and morphological change 

and viability of post-thaw cells. Cryobiology, 70, 122-135. 

Usoskin, D., Furlan, A., Islam, S., Abdo, H., Lonnerberg, P., Lou, D., Hjerling-Leffler, J., Haeggstrom, J., Kharchenko, 

O., Kharchenko, P. V., Linnarsson, S. and Ernfors, P. (2015). Unbiased classification of sensory neuron types by 

large-scale single-cell RNA sequencing. Nat Neurosci, 18, 145-153. 

Valdez, G., Philippidou, P., Rosenbaum, J., Akmentin, W., Shao, Y. and Halegoua, S. (2007). Trk-signaling 

endosomes are generated by Rac-dependent macroendocytosis. Proc Natl Acad Sci U S A, 104, 12270-12275. 

Vandevelde, M. and Zurbriggen, A. (2005). Demyelination in canine distemper virus infection: A Review. Acta 

Neuropathol, 109, 56-68. 

Vogelbaum, M. A., Tong, J. X. and Rich, K. M. (1998). Developmental regulation of apoptosis in dorsal root 

ganglion neurons. J Neurosci, 18, 8928-8935. 

Von Bartheld, C. S. and Altick, A. L. (2011). Multivesicular bodies in neurons: distribution, protein content, and 

trafficking functions. Prog Neurobiol, 93, 313-340. 



References 

 

59 
 

Von Messling, V., Milosevic, D. and Cattaneo, R. (2004). Tropism illuminated: lymphocyte-based pathways blazed 

by lethal morbillivirus through the host immune system. Proc Natl Acad Sci U S A, 101, 14216-14221. 

Walicke, P., Cowan, W. M., Ueno, N., Baird, A. and Guillemin, R. (1986). Fibroblast growth factor promotes 

survival of dissociated hippocampal neurons and enhances neurite extension. Proc Natl Acad Sci U S A, 83, 3012-

3016. 

Walicke, P. A. (1988). Basic and acidic fibroblast growth factors have trophic effects on neurons from multiple 

CNS regions. J Neurosci, 8, 2618-2627. 

Walicke, P. A. and Baird, A. (1991). Internalization and processing of basic fibroblast growth factor by neurons 

and astrocytes. J Neurosci, 11, 2249-2258. 

Walker, J. B. and Harris, M. (1993). GM-1 ganglioside administration combined with physical therapy restores 

ambulation in humans with chronic spinal cord injury. Neurosci Lett, 161, 174-178. 

Walkley, S. U., Wurzelmann, S. and Purpura, D. P. (1981). Ultrastructure of neurites and meganeurites of cortical 

pyramidal neurons in feline gangliosidosis as revealed by the combined Golgi-EM technique. Brain Res, 211, 393-

398. 

Wang, X., Tian, X., Ma, J. and Zheng, J. (2019). Clinical efficacy of gangliosides on premature infants suffering 

from white matter damage and its effect on the levels of IL-6, NSE and S100beta. Exp Ther Med, 18, 63-68. 

Wenzlow, N., Plattet, P., Wittek, R., Zurbriggen, A. and Gröne, A. (2007). Immunohistochemical demonstration 

of the putative canine distemper virus receptor CD150 in dogs with and without distemper. Vet Pathol, 44, 943-

948. 

Wiegandt, H. (1968). The structure and the function of gangliosides. Angew Chem Int Ed Engl, 7, 87-96. 

Williamson, A. J., Dibling, B. C., Boyne, J. R., Selby, P. and Burchill, S. A. (2004). Basic fibroblast growth factor-

induced cell death is effected through sustained activation of p38MAPK and up-regulation of the death receptor 

p75NTR. J Biol Chem, 279, 47912-47928. 

Wright, K. M., Smith, M. I., Farrag, L. and Deshmukh, M. (2007). Chromatin modification of Apaf-1 restricts the 

apoptotic pathway in mature neurons. J Cell Biol, 179, 825-832. 

Wu, G., Lu, Z. H., Kulkarni, N. and Ledeen, R. W. (2012). Deficiency of ganglioside GM1 correlates with Parkinson's 

disease in mice and humans. J Neurosci Res, 90, 1997-2008. 

Yakovlev, A. G., Ota, K., Wang, G., Movsesyan, V., Bao, W. L., Yoshihara, K. and Faden, A. I. (2001). Differential 

expression of apoptotic protease-activating factor-1 and caspase-3 genes and susceptibility to apoptosis during 

brain development and after traumatic brain injury. J Neurosci, 21, 7439-7446. 

Yu, H., Fischer, G., Jia, G., Reiser, J., Park, F. and Hogan, Q. H. (2011a). Lentiviral gene transfer into the dorsal root 

ganglion of adult rats. Mol Pain, 7, 63. 

Yu, R. K., Macala, L. J., Taki, T., Weinfield, H. M. and Yu, F. S. (1988). Developmental changes in ganglioside 

composition and synthesis in embryonic rat brain. J Neurochem, 50, 1825-1829. 

Yu, R. K., Nakatani, Y. and Yanagisawa, M. (2009). The role of glycosphingolipid metabolism in the developing 

brain. J Lipid Res, 50, 440-445. 

Yu, R. K., Tsai, Y.-T., Ariga, T. and Yanagisawa, M. (2011b). Structures, biosynthesis, and functions of gangliosides-

-an overview. J Oleo Sci, 60, 537-544. 

Yu, R. K., Tsai, Y. T. and Ariga, T. (2012). Functional roles of gangliosides in neurodevelopment: an overview of 

recent advances. Neurochem Res, 37, 1230-1244. 



References 

 

60 
 

Zaffran, S. and Kelly, R. G. (2012). New developments in the second heart field. Differentiation, 84, 17-24. 

Zhu, X. Y., Ye, M. Y., Zhang, A. M., Wang, W. D., Zeng, F., Li, J. L. and Fang, F. (2015). Influence of one-year 

neurologic outcome of treatment on newborns with moderate and severe hypoxic-ischemic encephalopathy by 

rhuEP0 combined with ganglioside (GM1). Eur Rev Med Pharmacol Sci, 19, 3955-3960. 

Zurbriggen, A., Yamawaki, M. and Vandevelde, M. (1993). Restricted canine distemper virus infection of 

oligodendrocytes. Lab Invest, 68, 277-284.



Acknowledgement 

 

61 
 

Acknowledgement 

 

First of all I would like to express my gratitude to my first supervisor, Prof. Dr. Wolfgang Baumgärtner, 

for giving me the opportunity to work on this interesting and challenging project, for always having an 

open door in case of any problems and questions, and also for encouraging me to have my own 

thoughts and ideas on the project.  

 

Secondly, I would like to thank my co-supervisors, Prof. Dr. Andrea Tipold and Prof. Dr. Peter Claus, for 

their helpful comments and lively discussions during my supervisor meetings.  

 

Moreover, Annika Lehmbecker and Ingo Spitzbarth deserve a huge thank you for guiding me through 

those years of ups and downs, for basically bringing me up from a toddler to a mature Ph.D. student 

by introducing me to many helpful tips and tricks, each one in their own areas of expertise. I would 

also like to thank Dr. Ingo Gerhauser for his help and support during the last year of my Ph.D. studies.  

 

Thanks are also in order to the Niedersachsen-Research Network on Neuroinfectiology (N-RENNT) of 

the Ministry of Science and Culture of Lower Saxony and the Deutsche Forschungsgemeinschaft (DFG; 

German Research Foundation) -398066876/GRK 2485/1 for funding of this project. 

 

Further my gradtitude goes to my great colleagues Laura Burigk, Theresa Störk, Katharina Gregor, Lisa 

Allnoch, and Johanna Klemens, whom I could always count on for mental support, food-supply in times 

of need, kind stop-bys during long hours in cell culture, small, up-lifting presents and notes on my desk 

and not to forget, long and fun cooking nights.  

 

I would never have survived the long days and late nights in the cell culture lab without the help of and 

fun talks with Danuta Waschke and Kerstin Schöne. Moreover, DRG preparation would have been 

much more bothersome without the frequent help of Siegfried Jelitto. I would also like to thank 

Deborah Eikelberg and Witchaya Tongtako for their help with the isolation of DRG neurons.  

 

My fellow Ph.D. students Linda Fischer and Lisa Weber are to thank for outside-the-box discussions 

about other fields of research, much needed distractions during the hours outside of work, hot festival 

summers and the most fun graduate school days.  

 



Acknowledgement 

 

62 
 

My great appreciation goes to my husband, Johannes Schwarz, who has always been understanding, 

uplifting and good-spirited through good and bothersome times and whom I could always count on to 

cook me a great meal after a long day of work.  

 

Furthermore, I owe a great thank you to my two best friends, Katrin Hoffmann and Carla Wichmann, 

who have always encouraged me to keep perspective and who visited me in Hannover on numerous 

occasions.  

 

Lastly but very importantly, I would like to thank my family, who has always supported me throughout 

my academic career and gotten me back on track in times of doubt. 

 


