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GM1  = monosialotetra-hexosylaganglioside 

GS = glutamine synthetase  

GSK-3 = glycogen synthase kinase-3 

HBSS = Hank's Balanced Salt Solution  

HIV = human immunodeficiency virus  
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IHC = immunohistochemistry 
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  = lanthanum  

MAPK = mitogen-activated protein kinase  

MHC = major histocompatibility complex  

mi = mitochondrium 
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nb = Nissl body 

NCCs = neural crest cells 
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NHP = non-human primate 

NGF = nerve growth factor 

OAS1 = 2'-5' oligoadenylate synthetase 

OECs = olfactory ensheathing cells  
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 = low affinity neurotrophin receptor 
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PLL = poly-L-lysine 
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PNS = peripheral nervous system 
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RNA = ribonucleic acid 

RA = retinoic acid  

rAb =  rabbit monoclonal antibody 

SEM = standard errors of the mean  

SGCs = satellite glial cells 

Sox2  =  SRY (sex determining region Y)-box 2 

Stat = signal transducer and activator of transcription 

TGF-α = transforming growth factor-alpha 

TGF-β = transforming growth factor -beta 

Trk = tyrosine receptor kinases 
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Chapter 1 Summary 
 

Witchaya Tongtako 

 

In situ and in vitro characterization of canine and murine satellite glial cells and canine 

neurons from dorsal root ganglia 

 

Dorsal root ganglia (DRG) are located bilaterally in the spinal nerves at the level of 

the intervertebral foramina. DRG are composed of pseudounipolar neurons and satellite glial 

cells (SGCs), which are enclosed by fibrous connective tissue. DRG transmit sensory 

information from the periphery to the central nervous system (CNS). In addition, both 

neurons and SGCs modulate and modify signals before the information passes through the 

ganglion to the spinal cord. Many studies describe that the cellular components in DRG are 

involved in pain sensation and infections of viruses. DRG resident cells also respond to 

several growth factors and specific proteins in physiologic and pathologic conditions 

including nerve injury. According to the structure, properties, and functions of DRG, several 

in vivo experiments, ex vivo tissue studies, and in vitro studies with isolated cells have been 

performed. Interestingly, an in vitro study showed that SGCs isolated from the DRG of 

embryonic and postnatal rats can differentiate into astrocytes, oligodendrocytes, and Schwann 

cells. In addition, previous studies demonstrated that species-specific properties of glial cells 

and pathogenetic mechanisms of CNS lesions are highly similar between humans and dogs. 

However, properties and functions of canine DRG neurons and SGCs have hardly been 

investigated. Therefore, the aims of this study were (i) to investigate and compare 

morphological features and functional properties of canine and murine SGCs and (ii) to 

analyze the morphological and functional changes induced by GM1 ganglioside in canine 

dorsal root ganglia neurons in vitro. 

Immunostainings demonstrated that canine SGCs co-express glial fibrillary acidic 

protein (GFAP) and 2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNPase) both in situ and in 

vitro, whereas murine SGCs express both markers predominantly in vitro. A low expression 

of glutamine synthetase (GS) was found in canine SGCs, whereas most murine SGCs were 

positive for this prototypical rodent SGCs marker. Interestingly, simian SGCs generally 

expressed GFAP, CNPase, and GS. Furthermore, canine SGCs also expressed Sox2 and 

nestin, which are markers for neuronal progenitor cells. A scanning electron microscope was 

used to study cultured canine and murine SGCs and demonstrated small round cells, 
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spindeloid, flattened fibroblastoid and multipolar cells in both species. Nevertheless, murine 

compared to canine SGC cultures contained more round and larger fibroblastoid cells. 

Differences between canine and murine SGCs were also noticed in their response to growth 

factors (fibroblast growth factor (FGF) 2, epidermal growth factor, ciliary neurotrophic factor, 

heregulin 1β) with respect to proliferation and GFAP expression. However, GFAP expression 

was induced in SGCs of both species if supplemented with bone morphogenetic protein 4. 

Moreover, canine SGCs co-cultured with neurons induced neurite outgrowth. Summarized, 

SGCs possess exceptional glial cells properties and might be interesting candidates for the 

treatment of degenerative disorders of the human and canine CNS such as spinal cord injury. 

GM1 ganglioside plays an important role in various physiological processes and 

neurodegenerative diseases. To further elucidate the effects of GM1 on neurons, the present 

study analyzed the influence of GM1 on neurite outgrowth, the expression of structural 

proteins, and functional properties of canine DRG neurons in vitro. Moreover, interactions of 

GM1 and two neurotrophic factors namely nerve growth factor (NGF) and FGF-2 were 

investigated. GM1 and NGF stimulated neurite outgrowth, reduced neuronal apoptosis, 

induced dynein and synaptophysin accumulations and clusters of mitochondria in neurites, 

and increased the number of cytoplasmic multivesicular bodies indicating neurotrophic 

properties and effects on axonal transport and autophagic pathways, respectively. GM1 also 

decreased resting membrane potential and reduces the action potential threshold and the 

depolarization speed of DRG neurons. In addition, the present study demonstrated an FGF2-

mediated increase in Tau1 expression, which might favor the formation neurofibrillary tangles 

typically found in Alzheimer’s disease. Consequently, cultures of canine DRG neurons 

represent a suitable translational in vitro model to study neurodegenerative disorders. 

 



Chapter 2  

3 

 

Chapter 2 Zusammenfassung 
 

Witchaya Tongtako 

 
In situ und in vitro Charakterisierung von kaninen und murinen Satellitenzellen und 

kaninen neuron aus Dorsalwurzelganglien 

 

Dorsalwurzelganglien (DRG) finden sich bilateral des Rückenmarks innerhalb der 

Spinalnerven, welche den Wirbelkanal durch die Foramina intervertebralia verlassen. DRG 

bestehen aus pseudounipolaren Neuronen und Satellitenzellen, welche von einem dünnen 

fibrösen Gewebe umgeben sind. DRG übermitteln sensorische Informationen aus der 

Peripherie an das zentrale Nervensystem (ZNS). Darüber hinaus werden Signale in den DRG 

durch Neurone und Satellitenzellen moduliert und modifiziert bevor sie in das Rückenmark 

gelangen. Viele Studien zeigen, dass die DRG-Zellen an Prozessen der Schmerzempfindung 

und Virusinfektionen zum Beispiel mit dem humanen Immundefizienz-Virus beteiligt sind. 

Zudem reagieren residente Zellen in den DRG unter physiologischen und pathologischen 

Bedingungen, wie Nervenschädigungen, auf eine Vielzahl an Wachstumsfaktoren und 

spezifischen Proteinen. Viele Studien zur Untersuchung der spezifischen Zusammensetzung, 

Funktion und Struktur von Dorsalganglien wurden sowohl in vitro, als auch ex vivo und in 

vivo durchgeführt. In einer in vitro Studie wurde gezeigt, dass sich isolierte Satellitenzellen 

aus embryonalen Ratten sowohl in Astrozyten als auch Oligodendrozyten und Schwann 

Zellen differenzieren lassen. Zudem wurde in früheren Studien dargestellt, dass Spezies-

spezifische Eigenschaften und pathogenetische Mechanismen von ZNS-Läsionen eine hohe 

Ähnlichkeit bei Mensch und Hund zeigen. Allerdings muss hierbei berücksichtigt werden, 

dass die Eigenschaften und Funktionen der kaninen DRG-Neurone und -Satellitenzellen 

bisher kaum untersucht sind. Deshalb sind die Ziele der durchgeführten Studie zum einen (i) 

die vergleichende Untersuchung morphologischer und funktioneller Eigenschaften von 

kaninen und murinen Satellitenzellen und (ii) die Analyse der morphologischen und 

funktionellen Veränderungen, welche durch GM1 Ganglioside in vitro in DRG-Neuronen 

hervorgerufen werden.  

Immunhistologisch wurde gezeigt, dass kanine Satellitenzellen sowohl in situ als auch 

in vitro eine Ko-Expression von 2',3'-Cyclic Nucleotide 3' Phosphodiesterase (CNPase) und 

saurem Gliafaserprotein (GFAP) aufweisen, wohingegen murine Satellitenzellen dies 

überwiegend nur in vitro exprimieren. Eine geringe Expression von Glutaminsynthetase (GS) 

war in kaninen Satellitenzellen zu finden, während murine Satellitenzellen eine ausgeprägte 
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Expression dieses für murine Satellitenzellen typischen Markers aufwiesen. 

Interessanterweise zeigten Satellitenzellen von nicht-humanen Primaten eine Expression von 

allen Markern, d.h. GFAP, CNPase und GS, in ihren Satellitenzellen. Des Weiteren 

exprimieren kanine Satellitenzellen zudem die Marker Sox2 und Nestin, welche 

üblicherweise insbesondere in neuronalen Vorläuferzellen zu finden sind. Mittels 

rasterelektronenmikroskopischer Untersuchungen waren in vitro morphologisch 

unterschiedliche Populationen von kaninen und murinen Satellitenzellen zu finden, welche in 

kleine und runde, spindeloide, abgeflachte fibroblastoide und multipolare Zellen eingeteilt 

wurden. Allerdings fanden sich in murinen Satellitenzellen mehr runde und fibroblastoide 

Zellen im Vergleich zum Hund. Zudem fanden sich Unterschiede zwischen murinen und 

kaninen Satellitenzellen im Hinblick auf ihre Antwort auf bestimmte Wachstumsfaktoren 

(Fibroblasten-Wachstumsfaktor (FGF)-2, Epidermaler Wachstumsfaktor, ziliärer 

neurotropher Faktor, Heregulin 1β) bezüglich ihrer Proliferation und GFAP-Expression. 

Knochenmorphogenetisches Protein 4 (BMP4) verursachte in beiden Spezies eine gesteigerte 

Expression von GFAP. Zudem wiesen die kaninen Neurone ein gesteigertes 

Neuritenwachstum auf, wenn sie mit kaninen Satellitenzellen ko-kultiviert wurden. 

Zusammenfassend lässt sich feststellen, dass Satellitenzellen Gliazellen mit 

außergewöhnlichen Eigenschaften darstellen, welche möglicherweise in der Therapie von 

humanen und kaninen Erkrankungen des ZNS wie den Rückenmarkstraumata benutzt werden 

können. 

GM1 Ganglioside sind sowohl an physiologischen Prozessen als auch an humanen 

neurodegenerativen Erkrankungen beteiligt. Im Rahmen einer in vitro-Studie wurde der 

Einfluss von GM1 auf das Auswachsen von Neuriten, die Expression von Strukturproteinen 

und funktionelle Eigenschaften von kaninen DRG-Neuronen näher untersucht. Darüber 

hinaus wurden Wechselwirkungen zwischen  GM1 und zwei neurotrophen Faktoren nämlich 

Nerven Wachstumsfaktor (NGF) und FGF-2 analysiert. GM1 und NGF stimulieren das 

Auswachsen von Neuriten, reduzieren neuronale Apoptosen, induzieren die Ansammlung von 

Dynein und Synaptophysin sowie die Akkumulation von Mitochondrien in Neuriten und 

steigern zudem die Anzahl zytoplasmatischer multivesikulärer Körperchen. Diese Effekte 

können sowohl auf neurotrophe, den axonalen Transport beeinflussende Eigenschaften 

hinweisen, als auch an Prozessen der Autophagie beteiligt sein. GM1 senkt zudem das das 

Ruhepotential der Zellmembran und reduziert den Grenzwert des Aktionspotentials und die 

Depolarisationsgeschwindigkeit in DRG Neuronen. Des Weiteren wurde in vorliegenden 

Studie eine FGF-2-induzierte Tau-1 Expression nachgewiesen, welche möglicherweise die 
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Bildung von neurofibrillären Bündeln begünstigt. Diese Befunde zeigen, dass kanine-DRG 

Neurone ein geeignetes, translationales in vitro-Modell zur Untersuchung neurodegenerativer 

Erkrankungen darstellen. 
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Chapter 3 Introduction 

3.1 Dorsal root ganglion 

3.1.1 Localization and development 

Dorsal root ganglia (DRG) or spinal ganglia are clusters of sensory neural cell bodies 

and satellite glial cells (supporting cells). DRG are located bilaterally between the dorsal 

root and the spinal nerve along the vertebral column in the lateral epidural space (Fig. 1; 

HANANI, 2005). DRG satellite glial cells (SGCs) develop from neural crest cells 

(NCCs) during embryonic development (HALL and LANDIS, 1992). At the early stage 

of embryonic development, neural crest cells migrate ventrally and give rise to three 

waves of neurogenesis (FRANK and SANES, 1991; MA et al. 1999; MARMIGÈRE and 

ERNFORS, 2007). Early migratory NCCs (first wave of neurogenesis), which represent 

one third of all NCCs, specifically migrate into the ventrolateral region of DRG and 

differentiate into proprioceptive and mechanoreceptive neurons thereby contributing to 

approximately 4% of DRG neurons (MARMIGÈRE and ERNFORS, 2007). They express 

tyrosine receptor kinases (Trk) B and/or C, which are important receptors for 

neurotrophic growth factors controlling the survival and differentiation of cells (RIFKIN 

et al., 2000). The remaining NCCs (second wave of neurogenesis) migrate to the 

dorsomedial and ventrolateral region of DRG, where they contribute to approximately 

91% of DRG neurons (FRANK and SANES, 1991; MARMIGÈRE and ERNFORS, 

2007; RIFKIN et al., 2000). The NCCs in the ventromedial area are differentiating 

mainly to nociceptive neurons and express Trk A, which plays a major role in neuronal 

survival and differentiation in response to nerve growth factor (NGF) stimulation 

(RIFKIN et al., 2000). The third wave of neurogenesis arises from boundary cap cells, 

which originate from the boundary area between the CNS and peripheral nervous system 

(PNS) (ALTMAN and BAYER, 1984). These boundary cap cells generate about 5% of 

DRG mainly Trk A expressing neurons (MARO et al. 2004). In addition, both NCCs and 

boundary cap cells also generate SGCs in DRG (FRANK and SANES, 1991; MARO et 

al., 2004). NCCs express neural stem cell markers including nestin and Sox 2 (WIDERA 

et al., 2009). Interestingly, a recent rat study demonstrated that neural crest progenitor 

cells expressing nestin can also be found in adult DRG. These cells originate from SGCs 

and have multipotent and self-renewable properties (LI et al., 2007). 
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Fig. 1: Dorsal root ganglion location (modified from Marieb and Hoehn, 2008). 

Schematic drawing of a transversal section of the spinal cord with spinal nerves 

surrounded by vertebral bone. The spinal nerve consists of a dorsal and ventral 

root, which contain axons going into the dorsal horn of the spinal cord or axons 

coming out of the ventral horn of the spinal cord, respectively. The dorsal root 

ganglia are located in the intervertebral foramina. 

 

3.1.2 Morphology and function 

DRG are composed of cell bodies of pseudounipolar afferent neurons and 

ensheathing SGCs surrounded by a small amount of connective tissue (Fig. 2; 

PANNESE, 1981; HANANI, 2005). The embryonic development of DRG neurons is 

strongly dependent on the crosstalk with peripheral target tissues. Lack of neuronal 

innervation prevents the structural development of target tissues or organs. On the other 

hand, loss of target tissue induces the death of related DRG neurons (DENNY-BROWN, 

1951).  

DRG contain several subtypes of neurons, which regulate the transduction and 

modulation of sensory signals and transfer the information to the spinal cord (KRAMES, 

2015). These subtypes have mechanoreceptive, proprioceptive, and nociceptive functions 

Spinal cord 

Dorsal root 
ganglion 

Ventral root 

Autonomic 
ganglion 

Vertebra  
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(MARMIGÈRE and ERNFORS, 2007). DRG neurons can also be grouped according to 

their nerve conduction velocity, the diameter of their axons, and the thickness of their 

myelin sheath. For example, nociceptive neurons are classified in type Aβ fiber neurons 

with large myelinated axons and fast conduction of non-noxious stimuli, type Aδ fiber 

neurons with small and thin myelinated axons and slow conduction of thermal and 

noxious stimuli, and type C neurons with small unmyelinated axons and slow conduction 

of thermal and noxious stimuli (LAWSON, 2002).  

In addition, several studies showed that DRG play an important role in the regulation 

of pain sensation and that DRG are involved in the pathogenesis of neuropathic pain 

(KRAMES, 2015). DRG stimulation by peripheral nerve injury leads to changes in 

neuronal gene expression such as neuropeptides, signal transduction proteins, and 

receptors and influences ion especially Na
+
, K

+
, and Ca

2+
 channels (HONMOU et al., 

1994; KRAMES, 2015). The sum of these changes regulates DRG excitability in 

neuropathic pain. Consequently, DRG represent an interesting target in neuromodulation 

therapy (KRAMES, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Dorsal root ganglion cell components. A dorsal root ganglion contains 

pseudounipolar neurons (*) and ensheathing satellite glial cells (SGCs). These 

cells surround the neurons and are indicated by the red ellipse line. 

 

 

*

*
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3.1.3 Dorsal root ganglia neurons  

DRG neurons are pseudounipolar neurons, which do not have dendrites (DEVOR, 

1999; JULIUS and BASBAUM, 2001). The cell bodies (somas) of these neurons are 

located in the dorsal root ganglion (LIEBERMAN, 1976), provide nutrients to their 

processes, and play an essential role in the regulation and modification of sensory 

information (DEVOR, 1999). The first part of their axons prior to the formation of a 

central and peripheral branch is unmyelinated but surrounded by SGCs (LIEBERMAN, 

1976; PANNESE, 2010). The centrally directed branch connects the DRG neuron to 

neurons located in the dorsal horn of the spinal cord (LIEBERMAN, 1976). The 

peripherally directed branch combines with the ventral root to form the spinal nerve, 

which extends to innervate joints, muscles, and skin (Fig. 3; LIEBERMAN, 1976; 

HANANI, 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Pseudounipolar neuron lacking dendrites. The neuron possesses one axonal 

process, which bifurcates into a central and a peripheral branch. The central 

branch goes to the spinal cord and the peripheral branch goes to receptors 

located in joints, muscles, and skin. 

 

The DRG pseudounipolar neurons are located in the PNS and transmit sensory 

information from the autonomic nervous system and several peripheral tissues to the CNS 

(ABRAIRAN and GINTY, 2013). In the 1980s DRG neurons have been classified by 

light microscopic features such as morphology, size, and distribution of cell body 

organelles into three main types (A, B, C). DRG neurons have also been divided in to six 

subtypes (A1, A2, A3, B1, B2, C) based on the ultrastructural conformation and 3D-

structure of Nissl bodies and Golgi complex in the perinuclear area (RAMBOURG et al., 

Spinal cord 

Joints 

Muscles 

Skin  

Cell body 

Central branch  Peripheral branch 

Bifurcation  
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1983). Nowadays, DRG neurons are rather classified according to the above described 

functional aspects and nerve conduction velocities.  

 

3.1.4 Satellite glial cells (SGCs) of DRG 

 

3.1.4.1 Structure and functions of SGCs 

SGCs are peripheral supporting glial cells, which are located in dorsal root ganglia 

and morphologically characterized by large nuclei and a flattened shape. SGCs extend 

their processes to surround pseudounipolar neuronal cell bodies thereby forming the 

satellite glial cell sheath (HANANI, 2005; 2010). SGCs seem to have functions similar to 

astrocytes, which represent the supporting glial cells of the CNS. They are in close 

contact with the neuronal cell bodies. The gap between the neuronal plasma membrane 

and SGCs is approximately 20 nm (PANNESE, 1981). In addition, SGCs have an 

invaginated surface, which covers the numerous microvilli of neurons and increases their 

surface area by up 30-40% (PANNESE, 2002). This microarchitecture represents the 

basis for an intense communication between both cell types including the exchange of 

chemical substances via transport proteins and ion channels such as glutamate and 

gamma amino butyric acid (GABA) transporters (PANNESE, 1981; 2010) and potassium 

ion channels (HIBINO et al., 1999). Interestingly, SGCs cover not only the neuronal cell 

bodies, but also the first part of the axon, which arises from the cell body (HANANI, 

2005; 2010). The number of SGCs in the satellite glial cell sheath is related to the mean 

neuronal cell body volume and the ratio of SGCs per neuron increases after spinal nerve 

damage or axonotomy (PANNESE, 1981).  

 

3.1.4.2 Molecular markers of SGCs 

Glial cells of CNS and PNS are characterized by several specific molecular markers. 

In the CNS, the main macroglial cells are astrocytes and oligodendrocytes. Astrocytes are 

characterized by the expression of glial fibrillary acidic protein (GFAP), which represents 

an intermediate filament (SOFRONIEW and VINTERS, 2010). They also express 

glutamine synthetase (GS) that converts glutamate to glutamine (NORENBERG and 

MARTINEZ-HERNANDEZ, 1979) and vimentin, which is also an intermediate filament 

and expressed under certain condition (SEEHUSEN et al., 2007). Moreover, S100 

calcium binding proteins, which are intracellular calcium regulators and may act as 

neurotrophic factor on primary neurons and neuroblastoma cells, are also found in 
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astrocytes (DONATO, 2003; GONZALEZ-MARTINEZ et al., 2003). Oligodendrocytes 

express 2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNPase), which is a myelin 

associated enzyme (BRADL and LASSMANN, 2010). In the PNS, the most important 

glial cells are Schwann cells and SGCs of dorsal root ganglia. Schwann cells show an 

expression of the low-affinity neurotrophin receptor p75
NTR

 (IWAMOTO et al., 2001) 

and S100 proteins (SANDELIN et al., 2004). Previous studies also reported that SGCs 

can express a variety of markers including GFAP (WOODHAM et al., 1989), CNPase 

(TOMA et al., 2007), GS (WEICK et al., 2003; HANANI, 2005). 

GS is an ATP-dependent ligating enzyme, which is found in animal and plant cells 

(MEISTER, 1974; ORTEGA et al., 2012). In rodents, GS is highly expressed in 

astrocytes (MARTINEZ-HERNANDEZE et al., 1977), DRG SGCs (ZHANG et al., 

2009; HANANI, 2005;WEICK et al., 2003), and perivenous hepatocytes 

(HÄUSSINGER, 1983). GS was also suggested as a marker to identify SGC in rat DRG 

(HANANI, 2005; ZHANG et al., 2009). GS plays an important role in glutamate 

regulation, ammonia metabolism and detoxification, neurotransmitter termination, 

neurotransmitter recycling, and nitrogen metabolism (HÄUSSINGER, 1990; 1998; 

LIAW et al., 1995; SUAREZ et al., 2002). The neuroprotective properties of astrocytes 

are partly dependent on the ability of GS to convert an excess of ammonia and glutamate 

into glutamine (SUAREZ et al., 2002). Similar to astrocytes, SGCs in rat trigeminal 

ganglia modulate glutamate levels in the perineuronal environment via GS (OHARA et 

al., 2009). One study also reported that a mutation in the human GS gene can be found in 

congenital GS deficiency, where it causes severe brain malformations and neonatal death 

(HÄBERLE et al., 2005, 2006). In addition, GS activity changes were found in several 

neurological disorders such as Alzheimer´s disease (GUNNERSEN and HALEY, 1992; 

TUMANI et al., 1999), epilepsy (EID et. al., 2004; 2012), schizophrenia (BRUNEAU et 

al., 2005), and hepatic encephalopathy (HÄUSSINGER et al., 2000). 

GFAP is an 8-9 nm type III intermediated filament protein (ENG et al., 2000; 

YANG and WANG, 2015). GFAP was first described in 1971 in a multiple sclerosis 

brain and isolated as an acidic protein from fibrous astrocytes (ENG et al., 1971). GFAP 

is expressed in several cell types of the nervous system such as astrocytes and Schwann 

cells and also Leydig cells of hamster (MAUNOURY et al., 1991) and human testis 

(DAVIDOFF et al., 2002), bone, and cartilage (KASANTIKUL and SHUANGSHOTI, 

1989). In the CNS, GFAP is mainly found in astrocytes and used to identify a reactive 

astrogliosis as well as astrocytic tumors (KEGLER et al., 2015; YANG and WANG, 
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2015). GFAP is expressed in non-myelinated Schwann cells of rats under physiological 

and pathological conditions (MOKUNO et al., 1989; NEUBERGER and 

CORNBROOKS, 1989), at low levels in SGCs of mice and rat DRG under physiological 

conditions (HANANI et al., 2014; WOODHAM et al., 1989), and in glial cells of the 

murine enteric nervous system under physiological and pathological conditions 

(GULBRANSEN and SHARKEY, 2012; LARANJEIRA et al., 2011). GFAP plays an 

important role during mitosis in brain development (TARDY et al., 1990), myelination 

(LIEDTKE et al., 1996), and modulation of astrocyte motility and shape by providing 

structural stability to astrocytic processes (ENG et al., 2000). Several studies described 

that GFAP is upregulated in astrocytes after brain injury or inflammation (EDDLESTON 

and MUCKE, 1993). Interestingly, SGCs of DRG significantly increase GFAP 

expression up to 85% within three days after nerve injury in Sprague-Dawley rats 

(WOODHAM et al., 1989) and increase GFAP expression up to 4 fold in mice and 5 fold 

in rats after induction of type I diabetes (HANANI et al., 2014). A recent study found that 

SGCs show low level GFAP expression in DRG cell cultures from adult rhesus macaques 

(RAMESH et al., 2013). 

CNPase is a myelin-associated enzyme in CNS and PNS glial cells (SPRINKLE, 

1988), which was first described in the early 1960s (RAASAKKA and KURSULA, 

2014). This enzyme can hydrolyze 2',3'-cyclic nucleotides to 2'-nucleotides, which can be 

further transformed into nucleotides (DRUMMOND et al., 1962). In the nervous system, 

CNPase is mainly found in myelinating cells including oligodendrocytes and Schwann 

cells (SPRINKLE, 1988). Consequently, CNPase is often used as a marker for 

myelinating glial cells (VOGELl and THOMPSON, 1988). However, a study using 

Sprague-Dawley rats described that non-myelinated SGCs also show a low level 

expression of CNPase under physiological conditions (TOMA et al., 2007). In addition, 

CNPase is expressed in non-nervous tissues such as chromaffin cells of the bovine 

adrenal medulla (MCFERRAN and BURGOYNE, 1997). CNPase accounts for 4% of 

myelin proteins in the CNS (VOGEL and THOMPSON, 1988) and plays an important 

role in the formation and outgrowth of oligodendrocyte processes during myelination 

(LAPPE-SIEFKE et al., 2003). A study in mice indicated that CNPase also participates in 

axonal protection via degradation of 2',3'-cyclic adenosine monophosphase (2',3'-cAMP, 

a mitochondrial toxin) and increasing levels of adenosine (a neuroprotectant) 

(BANKSTON et al, 2013; LAPPE-SIEFKE et al., 2003; VERRIER et al., 2013). Similar 

to GFAP, CNPase is upregulated in SGCs after peripheral nerve injury in Sprague-
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Dawley rats (TOMA et al., 2007). Moreover, CNPase is involved in RNA metabolism 

such as mRNA trafficking (GRAVEL et al., 2009) and tRNA splicing (VERRIER et al., 

2011; 2012), which was shown in rats and mice, respectively. CNPase can also interfere 

with viral production by binding group-specific antigen (Gag) protein and inhibiting 

assembly of human immunodeficiency virus (HIV)-1 particles (WILSON et al., 2012) as 

well as reducing viral ribonucleic acid (RNA) and protein synthesis in hepatitis B virus 

infections (MA et al., 2013). However, CNPase proteins can be targeted as autoantigens 

in autoimmune disorders such as multiple sclerosis in humans (MS; RÖSENER et al., 

1997; WALSH and MURRAY, 1998). Interestingly, CNPase expression levels are also 

changed in Alzheimer´s disease, Down syndrome (VLKOLINSKY et al., 2001), and 

catatonia depression syndrome (HAGEMEYER et al., 2012). 

 

3.1.4.3 Functions of SGCs 

SGCs have several functions in DRG, which are corresponding to functions of CNS 

glial cells. SGCs form a tight sheath surrounding the soma of pseudounipolar neurons 

(PANNESE, 1981). The SGC sheath might provide a suitable microenvironment for 

neurons similar to astrocytes in the CNS and might even act as a blood-neuron barrier to 

protect the ensheathed neurons from potentially toxic substances (HANANI, 2005). A rat 

study demonstrated that SGCs accumulate high levels of mercury after experimental 

administration resulting in less GABA uptake, whereas mercury levels are less prominent 

in DRG neurons (KUMAMOTO et al., 1986). Nevertheless, previous studies showed that 

SGC sheath decreases the diffusion rate of several circulatory chemical agents to neurons 

(PANNESE, 1981). In addition, many chemicals such as Lanthanum (La
3+

; SHINDER 

and DEVOR, 1994), horseradish peroxidase (ARVIDSON, 1979.), and fluorescent 

labeled albumin (ALLEN and KIERNAN, 1994) can pass through SGCs and diffuse to 

neuronal cell bodies (HANANI, 2005). 

However, SGCs control their microenvironment via uptake of several chemicals and 

neurotransmitters (HANANI, 2005). SGCs possess transporters for Na
+
, K

+
, and Cl

-
 ions 

(LEEFMANS-ALVAREZ et al., 2001) as well as gamma aminobutyric acid (GABA; 

SCHON and KELLY, 1974a and b) and glutamate (BERGER and HEDIGE, 2000; 

SCHON and KELLY, 1974) and thereby participate in signal processing and 

transmission in sensory ganglia (HANANI, 2005). SGCs also carry receptors for 

numerous neuroactive agents such as adenosine triphosphate (ATP) and bradykinin. This 

makes these cells receptive for signals from other cells and changes in their environment 
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(HANANI, 2005). SGCs can supply glutamine, lactate, and malate to neurons, because 

they express several enzymes related to the tricarboxylic acid and glutamine cycles such 

as pyruvate carboxylase, glutamate dehydrogenase, and glutamine synthetase (MILLER 

et al., 2002). These substances may support the energy demands of neurons and 

glutamine can be converted to glutamate for synaptic transmission (MILLER et al., 

2002). Interestingly, one study demonstrated that SGCs in human trigeminal ganglia have 

features of both macrophages (CD14
+
, CD68

+
, CD11b

+
) and immature myeloid dendritic 

cells (CD11c
+
) and express T cell costimulatory molecules (CD40

+
, CD80

+
, CD86

+
, 

MHC class II
+
) indicating that they might act as antigen presenting cells with potential T 

cell modulatory properties (VAN VELZEN et al., 2009). 

 

3.1.4.4 Plasticity of SGCs 

SGCs isolated from embryonic and postnatal rats can differentiate into other cell 

types such as astrocytes, oligodendrocytes, and Schwann cells (SVENNIGSEN et al., 

2004.). In adult animals, SGCs show an increased proliferation after inflammation (LU 

and RICHARDSON, 1991), neuronal damage, and axonotomy (SHINDER et al., 1999). 

After nerve damage, proliferated SGCs are also able to phagocytose tissue debris 

(PANNESE, 1981). In addition, SGCs proliferated and arranged themselves in multiple 

layers, surrounding the neuron in an onion bulb-like pattern, after axonotomy (SHINDER 

et al., 1999). Another study found that SGCs also respond and proliferate after minor 

injuries or mild cutaneous inflammation (BERNARDINI et al., 1998). Moreover, SGCs 

express the transcription factor c-fos, which is marker for high cellular activity, 

immediately after axonotomy (SOARES et al., 2001) and increase the SCGs/neuron ratio 

up to 2 times after 6 days post axonotomy (HUMBERTSON et al., 1969). The 

proliferated SGCs also show an increased expression of the mitogen-activated protein 

kinase (MAPK) extracellular signal-regulated protein kinase (ERK; TANOUE and 

NISHIDA, 2003), which can phosphorylate and thereby activate c-fos. Besides, ERK is 

involved in the communication between SGCs and neurons in pathological changes in 

DRG (AVERILL et al., 2001). 

High GFAP expression in SGCs after axonotomy (WOODHAM et al., 1989) 

indicates that SGCs are activated similar to CNS glial cells after neuronal injury 

(ALDSKOGIUS and KOZLOVA, 1998). Interestingly, it was shown that neighboring 

SGCs also increase their GFAP expression similar to cells in direct contact to the injured 

neuron (STEPHENSON and BYERS, 1995). The ensheathing SGCs of neurons suffering 
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from axonal damage and Schwann cells in sciatic nerve injury increase their S100A4 

expression. S100 proteins are important for neuronal survival after injury (SANDELIN et 

al., 2004). Members of this protein family interact with several cellular effector proteins 

thereby regulating enzyme activities, the dynamics of cytoskeleton constituents, cell 

growth and differentiation, and Ca
2+

 homeostasis (DONATO, 2001). In addition, a high 

expression of neurotrophins, low-affinity neurotrophin receptor p75
NTR

 (ZHOU et al., 

1996), transforming growth factor-α (TGF-α; XIAN and ZHOU, 1999), fibroblast growth 

factor-2 (FGF-2; GROTHE et al., 1997), and glial cell line-derived neurotrophic factor 

(GDNF; HAMMARBERG et al., 1996) was found in SGCs after axonotomy. These 

factors are likely to influence the proliferation and differentiation of SGCs and support 

neuronal survival after nerve injury (GROTHE et al., 1997; HANANI, 2005). The 

differentiation of SGCs might also be induced by stimulation with bone morphogenetic 

protein 4 (BMP 4), which is a member of the transforming growth factor (TGF)-β family 

and inactivated by Noggin signaling molecules. This protein can induce the 

differentiation of glioma stem cell-enriched cell lines into GFAP expressing glial cells 

and microtubule-associated protein 2 expressing neuronal cells (VIDELA 

RICHARDSON et al., 2016). 

 

3.2 Aims of the study 

Dorsal root ganglia (DRG) are located within the dorsal roots of the spinal nerves and 

transmit sensory information from the periphery to the spinal cord. DRG contain 

pseudounipolar neurons, which are ensheathed by satellite glial cells (SGCs). 

Interestingly, DRG neurons and SGCs both modulate sensory signal information before 

transferring it to the spinal cord. These cells can be cultured as organ explants or as 

isolated cells (FADDA et al., 2016). Consequently, DRG cultures are widely used in 

neurobioscience especially pain research and in studies of infectious agents such as human 

immunodeficiency virus. According to their structural and functional properties, DRG 

neurons and SGCs can respond to several growth factors and are susceptible to external 

chemical agents. In addition, SGCs seem to carry receptors for neuroactive agents 

including adenosine triphosphate (ATP) and bradykinin allowing them to respond to 

signals from other cells and their environment (HANANI, 2005). Moreover, SGCs 

isolated from embryonic and postnatal rats are able to differentiate into other glial cell 

types such as astrocytes, oligodendrocytes, and Schwann cells (SVENNIGSEN et al., 
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2004.). Previous studies described that species-specific properties of glial cells of humans 

are closer related to dogs than rodents and that specific disorders of the human and canine 

central nervous system (CNS) including traumatic spinal cord injury and GM1 

gangliosidosis are highly similar in their pathogenic mechanisms (KREUTZER et al., 

2008; SPITZBARTH et al., 2011; TECHANGAMSUWAN et al., 2009). Therefore, dogs 

represent a suitable animal model for translational studies of human CNS diseases 

occurring in both species. However, studies investigating the phenotype and functional 

properties of canine DRG neurons and SGCs are rare so far.  

The aims of this study were (i) to investigate and compare morphological features and 

functional properties of canine and murine SGCs and (ii) to analyze the morphological 

and functional changes induced by GM1 ganglioside in canine dorsal root ganglia neurons 

in vitro.  

The results of this study might contribute to the optimization of future therapeutic 

concepts focusing on autologous re-transplantation treatment options in degenerative CNS 

diseases. 
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Chapter 4 Canine dorsal root ganglia satellite glial cells 

represent an exceptional cell population with 

astrocytic and oligodendrocytic properties 

 

Tongtako, W., Lehmbecker, A., Wang, Y., Hahn, K., Baumgärtner, W., 

Gerhauser, I. 

 

Abstract 

Dogs can be used as a translational animal model to close the gap between basic discoveries 

in rodents and clinical trials in humans. The present study compared the species-specific 

properties of satellite glial cells (SGCs) of canine and murine dorsal root ganglia (DRG) in 

situ and in vitro using light microscopy, electron microscopy, and immunostainings. The in 

situ expression of CNPase, GFAP, and glutamine synthetase (GS) has also been investigated 

in simian SGCs. In situ, most canine SGCs (>80%) expressed the neural progenitor cell 

markers nestin and Sox2. CNPase and GFAP were found in most canine and simian but not 

murine SGCs. GS was detected in 94% of simian and 71% of murine SGCs, whereas only 

44% of canine SGCs expressed GS. In vitro, most canine (>84%) and murine (>96%) SGCs 

expressed CNPase, whereas GFAP expression was differentially affected by culture 

conditions and varied between 10% and 40%. However, GFAP expression was induced by 

bone morphogenetic protein 4 in SGCs of both species. Interestingly, canine SGCs also 

stimulated neurite formation of DRG neurons. These findings indicate that SGCs represent an 

exceptional, intermediate glial cell population with phenotypical characteristics of 

oligodendrocytes and astrocytes and might possess intrinsic regenerative capabilities in vivo. 

 

 

Scientific Reports 7: 13915. 

https://www.nature.com/articles/s41598-017-14246-7 

doi:10.1038/s41598-017-14246-7 
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Chapter 5 Morphological and functional changes 

induced by GM1 ganglioside in canine dorsal 

root ganglia neurons in vitro 

 

Wang, Y., Tongtako, W., Lehmbecker, A., Hahn, K., Felmy, F., Baumgärtner, 

W., Gerhauser, I. 

 

Abstract 

 

Gangliosides represent sialic acid-containing glycosphingolipids, which are found in cellular 

membranes and involved in neuronal development. They also take part in intercellular 

communication and adhesion, play a role in cellular differentiation, and form parts of 

microdomains within lipid rafts. The present study focuses on the influence of GM1 

gangliosides, nerve growth factor (NGF) and/or basic fibroblast growth factor (FGF2) on 

adult canine dorsal root ganglia (DRG) cultures. Neurons grown with GM1 gangliosides and 

NGF showed increased neurite outgrowth associated with accumulations of synaptophysin, 

dynein, and mitochondria in neurites and cytoplasmic multivesicular bodies indicating 

neurotrophic effects but also changes in axonal transport and autophagic pathways. 

Furthermore, GM1 gangliosides induced an elevation of the resting potential, a reduction of the 

action potential current threshold, and a slowing of the depolarization. Summarized, adult 

canine DRG cultures represent a valuable in vitro translational model to study ganglioside 

mediated changes and to investigate the beneficial and adversial effects of gangliosides in 

vitro. 

 

Key words: axonal transport; dog; electrophysiology; fibroblast growth factor 2; GM1 

gangliosides; in vitro; nerve growth factor 
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Abstract 

Gangliosides represent sialic acid-containing glycosphingolipids, which are found in cellular 

membranes and involved in neuronal development. They also take part in intercellular communication 

and adhesion, play a role in cellular differentiation, and form parts of microdomains within lipid rafts. 

The present study focuses on the influence of GM1 gangliosides, nerve growth factor (NGF) and/or 

basic fibroblast growth factor (FGF2) on adult canine dorsal root ganglia (DRG) cultures. Neurons 

grown with GM1 gangliosides and NGF showed increased neurite outgrowth associated with 

accumulations of synaptophysin, dynein, and mitochondria in neurites and cytoplasmic multivesicular 

bodies indicating neurotrophic effects but also changes in axonal transport and autophagic pathways. 

Furthermore, GM1 gangliosides induced an elevation of the resting potential, a reduction of the action 

potential current threshold, and a slowing of the depolarization. Summarized, adult canine DRG 

cultures represent a valuable in vitro translational model to study ganglioside mediated changes and to 

investigate the beneficial and adversial effects of gangliosides in vitro. 
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1. Introduction 

Gangliosides represent sialic acid-containing glycosphingolipids found in plasma and nuclear 

membranes, especially in the nervous system with up to 10 % of the total lipid content in neurons 

(Ledeen, 1978). Gangliosides such as GM1 are composed of a sialosyl-saccharide head group, attached 

to a lipophilic ceramide, formed by a fatty acid and a sphingosine base. They are involved in several 

physiologic processes including neuronal development and regeneration and take part in intercellular 

communication and adhesion (Yu, 1994). In addition, they play a role in cellular differentiation 

(Hakomori Si, 2002; Yu et al., 2009) and form parts of microdomains within lipid rafts, which 

represent cholesterol-rich signaling platforms that accumulate high affinity tyrosine kinase (Trk) and 

low affinity neurotrophin receptors (p75
NTR

) thereby mediating neurotrophic effects of mature nerve 

growth factor (NGF) (Hakomori, 2000; Pryor et al., 2012; Simons and Toomre, 2000). Gangliosides 

can also modulate Ca
2+

 influx (Ando et al., 1998), and influence the function of several cell receptors, 

for example receptors for muscarinic acetylcholine, serotonin, glutamine, neurotransmitters, and 

neurotrophic factors (Furukawa et al., 2011). Neurotrophic factors including NGF are key regulators 

not only for development, maintenance, and survival of neurons but also for formation and storage of 

memory (Schindowski et al., 2008). GM1 also induces morphological changes of astroglial cells and 

decreases Schwann cell proliferation (Facci et al., 1988; Sobue et al., 1988). 

Cell membrane associated GM1 was also described as a functional co-receptor for fibroblast growth 

factor (FGF) 2, whereas exogenously added GM1 seems to inhibit FGF receptor binding (Rusnati et al., 

2002). In the central nervous system (CNS), FGF2 plays an important role in neurogenesis, 

differentiation, axonal branching, and neuron survival in degenerative disorders and repair processes 

following different types of brain and peripheral nerve lesions (Haynes, 1988; Mocchetti and Wrathall, 

1995). These neurotrophic effects are partly mediated by astrocytes, oligodendrocytes, and microglia 

expansion (Perkins and Cain, 1995) but FGF2 also induces the proliferation of neuronal precursor 

cells in dorsal root ganglion (DRG) cultures of postnatal mice (Namaka et al., 2001). Rodent DRG 

cultures have also been used to study the growth promoting effects of GM1 and possible interactions 

with NGF and FGF2 (Namaka et al., 2001). However, in contrast to the age-associated decrease in 
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GM1 content in the human brain, GM1 levels in the rodent brain increase with age (Aydin et al., 2000). 

Furthermore, in contrast to humans (Hahn et al., 1997) and dogs (Suzuki et al., 1988) mice possess an 

alternative GM1 asialo degradation pathway. These differences in GM1 metabolism indicate that in 

addition to rodents, other species might provide useful information on ganglioside related 

pathomechanisms. In addition, dogs and humans seem to have a similar GM1 metabolism indicating 

that dogs can be considered as an appropriate model to study structural and functional changes 

induced by GM1 in neuronal cells (Kreutzer et al., 2008). 

A recent study indicated that elevated IgM anti-GM1 antibody levels are associated with 

neurodegeneration in older patients with severe dementia (Hatzifilippou et al., 2014; Koutsouraki et 

al., 2014). GM1 was also successfully applied to treat several neurological disorders including 

Alzheimer's disease (AD), Parkinson's disease, and peripheral neuropathy to improve motoric and 

cognitive skills (Schneider et al., 2010; Svennerholm et al., 2002; Zhu et al., 2013). Moreover, the 

development of semisynthetic and more potent GM1 compounds indicates that GM1 represents a 

promising substance for future clinical applications in regenerative medicine (Bachis et al., 2002). 

However, a detailed in vitro study in a culture system from a species with similar GM1 metabolism to 

humans characterizing the influence of GM1 on neurite outgrowth, axonal transport systems, and 

functional properties of neurons has not been performed so far. To close this gap canine adult DRGs, 

representing a suitable translational approach, were used to characterize neurotrophic effects of GM1, 

NGF, and FGF2 and their combinations with special emphasis on cytoskeletal protein expression and 

electrophysiological changes.  

 

2. Materials and methods 

2.1 Tissues used 

DRGs of cervical, thoracic, and lumbar spinal cord segments from 15 healthy Beagle dogs (dog 6-17; 

6 months to 2 years old) were used for cell culture experiments and transmission electron microscopy. 

The dogs were euthanized in the context of other studies, conducted in compliance with the law of 
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animal welfare, Germany (501/A79; 33.9-42502-05-13A346, 33.9-42502-05-14A443, and 33.19-

42502-05-16A044 for cell culture experiments). 

2.2 Cell culture and immunofluorescence 

Cell isolation was performed as previously described with slight modifications (Gerhauser et al., 

2012). Briefly, DRG neurons were separated by enzymatic digestion for 30 min at 37°C (25 ganglia 

per tube; 2 tubes per dog) in a mixture of type IV-S hyaluronidase (H3884), type IV collagenase 

(C5138) and type XI collagenase (C7657; Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) in a 

0.2% solution (each enzyme) in 1x Hank's Balanced Salt Solution (HBSS; Gibco
®
, Invitrogen GmbH, 

Darmstadt, Germany). After 30 min, type I trypsin (T8003; 0.2% solution) was added followed by 30 

min incubation at 37°C. For mechanical dissociation successively narrowed flame-constricted Pasteur 

pipettes were used and DNase I (0.2%; Roche Diagnostics Deutschland GmbH, Mannheim, Germany) 

was added. Cell suspension was pelleted by centrifugation (5 min, 300 x g, 4°C), and re-suspended in 

Dulbecco’s modified Eagle medium (DMEM; Gibco®
, Invitrogen) with 10% fetal calf serum (FCS; 

Biochrom AG, Berlin, Germany) and 1% penicillin-streptomycin (PAA Laboratories GmbH, 

Pasching, Austria). The purification step included a two-step density gradient centrifugation (15 min, 

450 x g, 4°C) in 25% and 27% Percoll (GE Healthcare Europe GmbH, Freiburg, Germany) diluted in 

1x HBSS. Finally, neurons were seeded in Sato’s medium (Bottenstein and Sato, 1979) with 1% 

bovine serum albumin (BSA; PAA Laboratories GmbH; Pasching, Austria) at a density of 70 neurons 

per well in 96 Half Area Well Microplates (CLS 3696; Corning
®
, Sigma-Aldrich) coated with poly-L-

lysin (0.1 mg/ml; Sigma-Aldrich) and laminin (0.1 mg/ml; Becton Dickinson GmbH, Heidelberg, 

Germany). 

For ganglioside titration, DRG neurons were supplemented with 30 ng/ml human β nerve growth 

factor (NGF; 450-01; PeproTech GmbH, Hamburg, Germany) and 0, 10, 50, 80, 100, 150, 200 and 

300 μM GM1 gangliosides (G7641; Sigma-Aldrich). The number of neuronal processes was counted at 

2 days post seeding (dps). For the characterization of neurons, DRG preparations were also cultured 

with i) 30 ng/ml NGF, ii) 30 ng/ml FGF2 (100-18B; PeproTech GmbH, Hamburg, Germany), iii) 80 

μM GM1 gangliosides; iv) 30 ng/ml NGF and 80 μM GM1 gangliosides, v) 30 ng/ml FGF2 and 80 μM 



Chapter 5 

27 

 

GM1 gangliosides, or vi) without supplements (medium only) at 2 dps. All experiments were performed 

in triplicates and analyzed using immunofluorescence (Ziege et al., 2013). Antibodies and dilutions 

used are shown in table 1. 

2.3 Transmission electron microscopy 

For transmission electron microscopy, 2240 neurons were seeded on 6 well plates, fixed for 24 h in 

2.5% glutaraldehyde solution, rinsed with 0.1% sodium cacodylate buffer (pH 7.2), post-fixed in 1% 

osmium tetroxide, and embedded in EPON 812 (Serva, Heidelberg, Germany). Sections were stained 

with lead citrate and uranyl acetate and investigated using an EM 10C (Carl Zeiss Jena GmbH, 

Oberkochen, Germany) (Ulrich et al., 2014).  
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2.4 Electrophysiology 

Cultured DRG cells were placed on their coverslip under an upright BX51 WI Olympus microscope 

and continuously perfused with extracellular recording solution containing (in mM) NaCl 125, 

NaHCO3 25, NaH2PO4 1.25, KCl 2.5, D-Glucose 25, L-Ascorbic acid 0.4, Myo-Inositol 3, Na-

pyruvate 2, MgCl2 1, CaCl2 2 at a pH 7.4 and was oxygenated with 95% O2 and 5% CO2. 

Electrophysiological recordings were carried out between 26-28°C with an EPC 10/2 amplifier 

(HEKA, Lambrecht/Pfalz, Germany). Stimulus generation and presentation was controlled by the 

PatchMaster software. Cells were visualized with CCD-cameras (TILL-Imago VGA, Retiga 2000DC) 

controlled by TILLvisION imaging system (FEI Munich GmbH, Munich, Germany). In general, we 

selected for large DRG neurons. Recordings were performed in whole-cell configuration using an 

intracellular solution containing (in mM) K-gluconate 145, KCl 4.5, HEPES 15, Mg-ATP 2, K-ATP 2, 

Na2-GTP 0.3, Na2-phosphocreatine 7, K-EGTA 0.5, Alexa488 0.05. Data were acquired with 20 kHz. 

All data was filtered by 3 Hz. Access resistance was compensated in voltage clamp mode before 

switching into current clamp, where bridge balance was set to 100%. For determining the input 

resistances and the cell capacitance by voltage clamp recordings all filters and the clamp was removed. 

Data was not corrected for the liquid junction potential of ~ 15 mV. 

Cells were challenged with a -25 pA current injection of 120 ms length with 50 repetitions. The 

average voltage response to this hyperpolarization was used to determine membrane decay time 

constant by a mono-exponential fit. Using Ohm’s law the input resistance during steady state was 

calculated. To obtain a second estimate of the cells input resistance and to calculate the cells effective 

capacitance the average current of 20 repetitions of a 150 ms long -10 mV hyperpolarization was 

recorded in voltage clamp. The input resistance was again estimated following the Ohm’s law from the 

steady state current. The cell capacitance was determined from the area under the current transients for 

a time frame of three times the decay time constant. To probe for action potentials properties a 1 ms 

square current injection was applied and incremented by 100 pA. The first supra-threshold response to 

this current injection was used to analyze the action potential properties. Data analysis was carried out 

in IgorPro6 (Wavemetrics). 
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2.5 Statistical analysis 

Statistical analysis of immunofluorescence data was performed using GraphPad software (Prism 6; 

GraphPad Software, Inc., La Jolla, CA, USA). Data were evaluated using a one-way analysis of 

variance (ANOVA) followed by multiple post-hoc tests with Tukey alpha adjustment. P values < 0.05 

were considered statistically significant. Median values are given in the results part. Furthermore, 

electrophysiology data was shown as mean ± standard error of the mean (SEM) and assayed with a 

two-tailed unpaired t-test in Microsoft Excel. 

 

3. Results 

NGF and GM1 ganglioside induce neurite formation in vitro 

Neurons grown in Sato’s medium with 1% BSA (controls) showed approximately two neuronal class 

III β-tubulin (βIII tubulin)-positive processes at 2 dps. A titration was performed to analyze the effect 

of GM1 ganglioside on neurite outgrowth. The median number of processes per neuron peaked at a GM1 

ganglioside concentration of 80 μM (5.2) and declined to 1.3 at 300 μm (Fig. 1). A GM1 ganglioside 

concentration of 80 μM was used for further cell culture experiments. 

Another experiment investigated the neurotrophic properties of NGF and FGF2 alone or in 

combination with GM1 ganglioside using six different culture conditions (Fig. 2A). Supplementation 

with GM1 ganglioside or NGF alone similarly increased the number of βIII tubulin-positive processes 

per neuron (both 4.1), which differed significantly from the number of processes found in control 

neurons (2.3). In addition, significantly more processes per neuron were detected in neurons 

supplemented with both NGF and GM1 ganglioside (5.7) in comparison to NGF alone (4.1), FGF2 

alone (2.8), FGF2 and GM1 ganglioside (2.4), and controls (2.3). 

GM1 and growth factors differentially affect the neuronal cytoskeleton in vitro 

The expression of the microtubule-associated protein Tau1 in the neuronal somata varied between 

64% in control neurons (Sato’ medium with 1% BSA only) and 78% and 89% after addition of the 
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growth factors NGF and FGF2, respectively. Significantly more Tau1-positive cells were also 

observed in NGF/GM1 ganglioside (86%) and FGF2/GM1 ganglioside (91%) containing media but GM1 

ganglioside supplementation alone (72%) did not change neuronal Tau1 expression significantly (Fig. 

2B). 

Immunofluorescence was also used to determine the percentage of neurons with processes positive for 

microtubule-associated protein (MAP) 2, non-phosphorylated (nNF), and phosphorylated 

neurofilament (pNF) under the six above described culture conditions. The percentage of cells with 

MAP2-positive processes was significantly increased in all three GM1 ganglioside culture conditions 

containing compared to the other three culture conditions (GM1: 48-52%; without GM1: 32-34%), 

whereas growth factors did not influence MAP2 expression in neuronal processes (Fig. 2C). In 

contrast, the percentage of neurons with nNF- and pNF-positive processes was significantly increased 

by the addition of GM1 ganglioside and both growth factors. 20% and 30% of control neurons showed 

nNF- and pNF-positive processes, respectively (Fig. 2D, E). This percentage increased after FGF2 

(nNF: 27%; pNF: 41%), NGF (nNF: 50%; pNF: 66%), GM1 (nNF: 39%; pNF: 49%), and FGF2/GM1 

supplementation (nNF: 52%; pNF: 56%). The highest percentage of cells with nNF- or pNF-positive 

processes was observed in NGF/GM1 containing medium (nNF: 68%; pNF: 72%), which even 

significantly exceeded supplementation with NGF or GM1 alone.  

NGF and GM1 ganglioside promote synaptophysin accumulations in neuronal processes 

Immunofluorescence demonstrated accumulations of synaptophysin, dynein, and kinesin in neuronal 

processes (Figs. 3, 4). 33% of control neurons possessed synaptophysin accumulations in their 

neurites. This percentage significantly increased after addition of NGF (54%), GM1 (71%), FGF2/GM1 

(76%), and NGF/GM1 (83%). FGF2 did not affect the presence of synaptophysin accumulations in 

neuronal processes (Fig. 3A). Neuronal processes also contained accumulations of dynein and kinesin 

(Fig. 4), which were found in 68% and 63% of control neurons, respectively. GM1 ganglioside and 

growth factor supplementation did not significantly affect the presence of dynein and kinesin 

accumulations in neurites compared to control conditions (Figs. 3B, C). However, GM1 ganglioside 

supplementation significantly increased the percentage of neurons with dynein accumulations in their 



Chapter 5 

31 

 

processes (GM1: 80%; FGF2/GM1: 80%; NGF/GM1: 83%) compared to FGF2 supplementation (66%). 

The highest percentage of neurons with dynein (83%) and kinesin accumulations (81%) was found 

after supplementation with NGF and GM1 gangliosides. 

GM1 and growth factors synergistically mediate p75
NTR

 internalization and/or down-regulation in 

neurons  

GM1 ganglioside and growth factor supplementation also affected the expression of the low 

affinity neurotrophin receptor p75
NTR

, which binds all neurotrophins including NGF. A 

significantly lower p75
NTR

 expression was observed in neurons supplemented with FGF2/GM1 

(48%) or NGF/GM1 (51%) compared to control neurons (74%) and neurons supplemented 

with GM1 ganglioside alone (68%; Fig. 5).  

GM1 and growth factors reduce neuronal expression of cleaved caspase 3 

GM1 ganglioside and both investigated growth factors significantly reduced the number of 

neurons expressing cleaved caspase 3 (10-14%) compared to the control condition (22%; Fig. 

6). 

Ultrastructural changes induced by GM1 ganglioside in vitro 

Neurons grown in NGF/GM1 ganglioside compared to NGF supplemented medium displayed a higher 

density of mitochondria, multivesicular bodies, and small amounts of concentrically and loosely 

arranged membranous structures measuring up to 200 nm in diameter. NGF/GM1 ganglioside condition 

revealed multiple neurite associated nodular enlargements characterized by accumulations of 

mitochondria partly with dissociated cristae (Fig. 7). 

Electrophysiological changes induced by gangliosides in vitro 

To illuminate whether ganglioside supplementation also affects the physiological properties of 

cultured, large, canine DRG neurons, we approximated the passive membrane properties and analyzed 

action potential generation. The data of 18 control and 17 GM1 treated neurons was collected from 

three dogs by analyzing 1 control and 1 treated well-plates for each dog. Passive membrane properties, 
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such as resting potential, input resistance, membrane time constant and effective cell capacity can be 

approximated by small hyperpolarizations (Franzen et al., 2015; Yassin et al., 2016). The resting 

potential was calculated from the baseline before a 120 ms long hyperpolarization of -25 pA (Fig. 8A). 

A significant difference (p = 0.008) between the resting potential of control (-58.3 ± 1.2 mV) and 

treated (-53.4 ± 1.2 mV) DRG neurons was observed (Fig. 8B). A mono-exponential fit from the onset 

of hyperpolarization (Fig. 8A) indicated that the membrane time constant remained unaffected 

between control (22.7 ± 0.3 ms) and treated cells (19.5 ± 0.3 ms; p = 0.514; Fig. 8C). The input 

resistance was calculated according to Ohm’s law from current and voltage clamped traces (Fig. 7A, 

D). The input resistance was unchanged between control (current clamp: 119.7 ± 22.6 MOhm; voltage 

clamp: 92.9 ± 16.2 MOhm;) and treated cells (current clamp: 134.5 ± 19.3 MOhm; voltage clamp: 

119.9 ± 15.6 MOhm; current clamp p = 0.624; voltage clamp p = 0.24; Fig. 8E). The effective 

capacitance, the membrane surface that can be charged from the soma was on average 471.2 ± 80.8 pF 

for control cells and 324.9 ± 34.2 pF for treated cells (p = 0.112; Fig. 8F).  

The action potential properties can be extracted from the first supra-threshold response to a 1 ms long 

current injection incremented with 100 pA (Fig. 8G) (Franzen et al., 2015; Porres et al., 2011). This 

response was also subject to a differentiation to gain insights into the speed of de- and repolarizations 

(Fig. 8G). The only two action potential parameters that indicated a significant difference between 

control and treated DRG neurons were the current threshold (p = 0.0119; Fig. 8H) and the speed of 

depolarization (p = 0.0407; Fig. 8I). The average current threshold for control and treated neurons was 

4.01 ± 0.58 nA and 2.34 ± 0.2 nA respectively. The speed of depolarization was 368.9 ± 46.8 mV/ms 

for control and 244.5 ± 33.9 for treated large DRG neurons. All other action potential parameters, such 

as voltage threshold (control: -29.6 ± 1.2 mV; treatment: -26.1 ± 1.6 mV), height (control: 114.6 ± 3.0 

mV; treatment: 108.6 ± 3.5 mV), width from voltage threshold (control: 2.7 ± 0.3 ms; treatment: 2.4 ± 

0.3 ms), the size after hyperpolarization (control: -9.8 ± 1.2 mV; treatment: -9.9 ± 1.1 mV), and speed 

of repolarization (control: -46.6 ± 4.2 mV/ms; treatment: -41.1 ± 4.2 mV/ms) were not significantly 

different between control and treated cells. 
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4. Discussion 

Age-dependent alterations in GM1 metabolism seem to be implicated in the pathogenesis of 

neurodegenerative diseases (Hatzifilippou et al., 2014; Koutsouraki et al., 2014). Previous studies 

already demonstrated that GM1 ganglioside can improve motoric and cognitive skills in affected 

patients (Schneider et al., 2010; Svennerholm et al., 2002; Zhu et al., 2013). However, the effects of 

GM1 application on neuronal protein expression and functional activities have hardly been investigated. 

The present study revealed that GM1 especially in combination with NGF triggers an increased neurite 

outgrowth, which was characterized by higher numbers of βIII tubulin-positive neuronal processes. 

Similarly, NGF induces an increase in neuronal processes in cultured neurons from adult rat DRG 

(Mohiuddin et al., 1996). In addition, NGF supplementation promoted neurite length and arborisation 

in DRG neurons from conventionally slaughtered calves (Fadda et al., 2016). GM1 also enhanced 

MAP2 expression in processes of canine DRG neurons, which might be related to neurite initiation 

(Dehmelt and Halpain, 2005). Neurotrophic effects of GM1-, FGF2-, and NGF on canine DRG neurons 

were confirmed by a decrease in neuronal cleaved caspase 3 expression. Anti-apoptotic effects were 

also described for NGF (Scuteri et al., 2010) and GM1 (Ferrari et al., 1995) in rodents, whereas FGF2 

seems to induce apoptosis in murine DRG neurons after sciatic nerve injury (Jungnickel et al., 2004). 

Tau1 expression was primarily influenced by FGF2 and not GM1 supplementation. An FGF2-mediated 

up-regulation of Tau1 expression and phosphorylation was also demonstrated in proliferating adult rat 

hippocampal progenitor cells (Tatebayashi et al., 1999). This Tau1 hyperphosphorylation induced by 

FGF2 was mediated by glycogen synthase kinase-3 (GSK-3) and not by mitogen-activated protein 

kinases or cyclin-dependent kinases (Tatebayashi et al., 1999). A recent study demonstrated that GM1 

inhibits GSK-3 and might prevent Tau phosphorylation (Kreutz et al., 2011). Moreover, the age-

related impaired dynein function results in Tau accumulations (Kimura et al., 2007). Consequently, 

increased FGF2 levels and an age-associated decrease of GM1 levels in the human brain favors 

accumulations of hyperphosphorylated Tau proteins, which can form neurofibrillary tangles 

characteristically found in neurodegenerative diseases known as Tauopathies (Schindowski et al., 

2008). 
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Another interesting effect of GM1 and NGF supplementation of canine DRG neurons was the 

amplification of synaptophysin accumulations in their processes. A study using cultured newborn rat 

trigeminal ganglion neurons described that NGF causes an intracellular shift of synaptophysin from 

the soma to both proximal and distal segments of neurites, which might affect synapse formation 

(Tarsa and Balkowiec, 2009). Similarly, the present synaptophysin accumulations may result from 

increased neuronal arborization causing an enlarged contact area for synapse formation or a direct 

GM1-mediated effect on synaptic density. Synaptogenesis and synaptic maintenance are largely driven 

by different retrograde messengers (Regehr et al., 2009). Neurotrophin retrograde signaling is 

completely dependent upon the formation of signaling endosomes carried to the cell body by dynein 

(Cosker et al., 2008; Heerssen et al., 2004). An increased retrograde signaling of NGF can be caused 

by an amplified binding, internalization, and dynein-mediated retrograde transport of NGF receptors 

(Saxena et al., 2005). Consequently, the decrease in p75
NTR

 expression of canine DRG neurons after 

NGF and FGF2 stimulation is likely caused by an internalization of p75
NTR

 proteins due to ligand 

binding. Nevertheless, an increased endocytosis and/or retrograde transport of synaptic vesicles (SV) 

or an enhanced anterograde transport can also explain the presence of synaptophysin accumulations. 

Furthermore, synaptophysin accumulations were described as a reliable marker for axonal damage 

(Gudi et al., 2017). Interestingly, ganglioside treatment can stimulate the transport rate of tubulin and 

actin in sensory fibers of adult Sprague-Dawley rats, which seem to be mediated by molecular 

interactions between integral membrane glycolipids and cytoskeletal elements (Figliomeni et al., 

1992). Accordingly, GM1 supplementation of canine DRG neurons amplified the formation of dynein 

accumulations, which might be induced by an increased retrograde transport. However, the 

observation that i) synaptophysin binds to cholesterol (Thiele et al., 2000), ii) GM1 and cholesterol are 

major components of lipid rafts (Suzuki et al., 2011), iii) human GM1 brain levels decrease with age 

(Segler-Stahl et al., 1983), iv) synaptic loss is a hallmark of AD, and v) GM1 and cholesterol 

metabolism are implicated in the pathogenesis of AD, indicates that a beneficial effect on 

synaptophysin metabolism might explain the observed findings following GM1 treatment in humans. 
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Immunofluorescence also demonstrated a GM1- and NGF-mediated increase in the expression of pNF 

and nNF within neuronal processes possibly simply reflecting increased neurite outgrowth. 

Nonetheless, neurofilaments are highly phosphorylated within normal axons, whereas non-

phosphorylated neurofilaments have been associated with axonal damage in different inflammatory, 

degenerative and traumatic CNS diseases (Bock et al., 2013; Seehusen and Baumgärtner, 2010; 

Tsunoda and Fujinami, 2002) and disturbed axonal transport (Nadeem et al., 2016). In addition, 

electron microscopy revealed GM1- and NGF-induced accumulations of mitochondria within neuronal 

bulbs, which might be related to an increased dynein-mediated retrograde transport of damaged 

mitochondria to the neuronal soma for further degradation. On the other hand, mitochondria can move 

within neuronal processes and respond quickly to changes in energy demand. Moreover, accumulated 

mitochondria did not show any ultrastructural signs of degeneration. Therefore, the present 

accumulations of mitochondria can also be explained by an adaptation to an increased synapse 

formation (Lin and Sheng, 2015). 

Ultrastructural analysis also demonstrated a GM1/NGF-mediated increase in cytoplasmic 

multivesicular bodies, which are intracellular endosomal organelles characterized by a varying number 

of internal vesicles that are surrounded by a single outer membrane. They were initially regarded as 

prelysosomal structures but are now known to be involved in several endocytic and trafficking 

functions, including protein sorting, recycling, transport, storage, and release, and represent a general 

indicator of neuronal stress (Von Bartheld and Altick, 2011). Multivesicular bodies also contain 

signaling molecules and their receptors, which can then be recruited for membrane insertion thereby 

affecting mechanisms of synaptic plasticity (Cooney et al., 2002; Grampp et al., 2008; Kennedy and 

Ehlers, 2006). Nonetheless, NGF accumulates in multivesicular bodies only within the cell body and 

dendrites, whereas its retrograde axonal transport is mediated by endosomes (Cui et al., 2007). An 

increase in multivesicular bodies in neurons from aged animals, are most likely related to 

neurodegenerative changes that occur with aging (Von Bartheld and Altick, 2011). Multivesicular 

bodies detected in the present GM1/NGF-treated canine DRG neurons might be implicated in an 
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enhanced internalization of membrane receptors such as p75
NTR

 and/or autophagic clearance 

(Filimonenko et al., 2007; Katzmann et al., 2002).  

The electrophysiological analysis indicated that GM1 ganglioside also has an impact on the neuronal 

function of canine DRG neurons. The major changes imposed by the GM1 treatment were an elevation 

of the resting potential, a reduction of the action potential current threshold, and a slowing down of the 

depolarization. The elevated membrane potential might partially explain the reduction of the current 

threshold and maybe of the speed of depolarization. By elevating the membrane potential the action 

potential threshold appears closer and less current might be needed to drive the neuron. On the other 

hand depolarization leads to an increase in inactivation of sodium channels in DRG neurons (Baker 

and Bostock, 1998; Caffrey et al., 1992). Such a reduced availability of sodium channels might lead to 

a slowing down of the action potential during the depolarization phase. Nonetheless, changed resting 

and action potential properties of GM1 treated neurons could be based on other cellular mechanisms. 

However, taking into account the previously described age-associated decrease in GM1 content in the 

human brain the impact of GM1 on the electrical excitability of neurons might explain age-dependent 

changes of brain functional capacities.   

In summary, the present study demonstrated neurotrophic effects of GM1 on adult canine DRG 

neurons characterized by decreased neuronal death, increased neurite outgrowth, and possibly even 

enhanced synaptic density. Moreover, GM1 seems to influence axonal transport mechanisms and the 

basal voltage signaling of these sensory neurons. Consequently, adult canine DRG neurons can be 

used as a valuable translational in vitro model to study the molecular pathogenesis of 

neurodegenerative diseases (Pekcec et al., 2011). 
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Figure legends 

Fig. 1: Ganglioside titration in adult canine dorsal root ganglion neurons of four dogs. The number 

of neuronal class III β tubulin positive processes per neuron was evaluated at 2 days post 

seeding. The highest median number of processes was observed with 80 μM gangliosides. 
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Fig. 2: Characterization of canine dorsal root ganglion neurons at 2 days post seeding grown 

without growth factors or GM1 ganglioside (control) or supplemented with fibroblast growth 

factor 2 (FGF), nerve growth factor (NGF), GM1, FGF and GM1, or NGF and GM1. (A) 

Number of βIII tubulin positive processes per neuron, (B) Tau-1 positive neurons, (C) 

neurons with MAP2-positive processes, (D) neurons with phosphorylated neurofilament 

(pNF)-positive processes, (E) neurons with non-phosphorylated neurofilament (nNF)-

positive processes. Shown are the values of 3 dogs with means. * Statistically significant 

differences (p < 0.05) compared to control condition. 
#
 Statistically significant differences (p 

< 0.05) of FGF/GM1 and NGF/GM1 compared to FGF and NGF, respectively. 
+
 Statistically 

significant differences (p < 0.05) of FGF/GM1 and NGF/GM1 compared to GM1 only. 
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Fig. 3: Characterization of canine dorsal root ganglion neurons at 2 days post seeding grown 

without growth factors or GM1 ganglioside (control) or supplemented with fibroblast growth 

factor 2 (FGF), nerve growth factor (NGF), GM1, FGF and GM1, or NGF and GM1. (A) 

neurons with synaptophysin-positive accumulations in processes, (B) neurons with dynein-

positive accumulations in processes, (C) neurons with kinesin-positive accumulations in 

processes. * Statistically significant differences (p < 0.05) compared to control condition. 
#
 

Statistically significant differences (p < 0.05) of FGF/GM1 and NGF/GM1 compared to FGF 

and NGF, respectively. 
+
 Statistically significant differences (p < 0.05) of FGF/GM1 and 

NGF/GM1 compared to GM1 only. 
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Fig. 4: Immunofluorescence double-labeling of adult canine dorsal root ganglion neurons at 2 days 

post seeding for (A, B) neuronal class III β tubulin (green) and synaptophysin (red) or C) 

kinesin (green) and dynein (red) supplemented with (A, C) GM1/NGF or (B) NGF. Note 

high numbers of synaptophysin and dynein accumulations (arrowhead) in processes of 

neurons supplemented with GM1/NGF. Kinesin accumulations (arrow) were observed in all 

conditions. Bars, 50 μm. 
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Fig. 5: (A) p75 neurotrophin receptor (p75
NTR

) expression in adult canine dorsal root ganglion 

neurons at 2 days post seeding grown without growth factors or GM1 ganglioside (control) or 

supplemented with fibroblast growth factor 2 (FGF), nerve growth factor (NGF), GM1, FGF 

and GM1, or NGF and GM1. Shown are individual values of 3 dogs and means. Note the 

reduction of p75
NTR

 expressing neurons in the combined treatment. * Statistically significant 

differences (p < 0.05) compared to control condition. 
+
 Statistically significant differences (p 

< 0.05) of FGF/GM1 and NGF/GM1 compared to GM1 only. (B, C) Immunofluorescence 

labeling of adult canine dorsal root ganglia neurons for neuronal class III β tubulin (green) 

and p75 neurotrophin receptor (p75
NTR

; red). Note fewer and shorter neurites and reduced 

p75
NTR

 immunoreactivity in neurons grown in medium supplemented with GM1-ganglioside 

and FGF 2 compared to GM1-ganglioside and NGF. Bars, 100 μm. 
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Fig. 6: (A) Cleaved caspase 3 expression in adult canine dorsal root ganglion neurons grown in 

medium only (control) or supplemented with GM1-ganglioside (GM1), fibroblast growth factor 

(FGF) 2, and/or nerve growth factor (NGF) at 2 days post seeding. Shown are individual 

values of 3 dogs and means. Note reduced numbers of caspase 3-positive neurons incubated 

in medium supplemented with GM1, FGF2, and NGF compared to medium only. * 

Statistically significant differences (p < 0.05) compared to control condition. (B, C) 

Immunofluorescence labeling of canine DRG neurons with cleaved caspase 3 (green) and 

non-phosphorylated neurofilament (nNF; red) grown in (B) NGF or (C) medium only. Bars, 

50 μm. 
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Fig. 7: Transmission electron microscopy of cultivated canine dorsal root ganglion neurons 

supplemented with GM1 ganglioside and NGF (A, B) or NGF alone (C, D). GM1 

supplementation induced higher numbers of multivesicular bodies (inserts) in the neuronal 

somata (A, C) as well as neurite associated accumulations of mitochondria partly with 

dissociated cristae (B, D). Bars, 1,5 μm; inserts: 750 nm. 
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Fig. 8: Functional characterization of GM1 treatment on cultured, canine large DRG neurons. 

A) Single (gray) and average (black) voltage deflections to a -25 pA hyperpolarization current 

injection (top) to a control DRG neuron. Red line represents an exponential fit to the decay of the 

hyperpolarization.  

B) Resting potential of control and GM1 treated DRG neurons. Open circles represent individual cells, 

filled square represents averages. A T-test found a significance with a value of p = 0.008; control: n = 

18; treatment n = 17. Symbols and number of n are the same throughout this figure.  

C) Membrane decay time constant extracted from exponential fits exemplified in (A).  

D) Membrane current and capacitive transients to a -10 mV hyperpolarization of a control DRG 

neuron. Single response is shown in gray, average in black.  

E) Membrane input resistance of control and treated DRG neurons. Black symbols represent data 

extracted from current clamp recordings shown in (A), gray symbols from voltage clamp recordings 

shown in (D). Both recording configurations were carried out in the same set of cells. Input resistance 

was calculated per Ohm’s law.  

F) Membrane capacitance of large DRG neurons calculated from voltage clamped current transients as 

exemplified in (D). To account for the full charging of the cell’s membrane the time taken into account 

was calculated by a bi-exponential weighted decay time constant that was multiplied by three.  

G) Sub- and supra-threshold responses of a control DRG neuron to 1 ms current injections. Black 

trace depicts first supra-threshold response that was used to analyze action potential properties 

including dv/dt analysis shown at the bottom.  

H) Action potential current threshold was found to be significantly different (T-test: p = 0.011) 

I) Speed of the rise of action potentials (dv/dt in mV/ms). Treated cells showed a significant (T-test: p 

= 0.04) slower depolarization speed.  
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Fig. 8: Functional characterization of GM1 treatment on cultured, canine large DRG neurons. 

(Continued) 
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Chapter 6 Discussion 

6.1 Characterization of canine satellite glial cells 

Dorsal root ganglia (DRG) represent small nodules mainly consisting of 

pseudounipolar neurons and their ensheathing satellite glial cells (SGCs). They are involved 

in the transmission of sensory information from the periphery to the spinal cord (HANANI, 

2005). SGCs and DRG neurons form intimate intercellular contacts to form an effective 

functional unit within the DRG. The phenotype of DRGs in dogs has not been described so 

far, and because of the use of dogs as a possible translational large animal model for human 

diseases of the nervous system, knowledge regarding similarities and differences of canine 

DRG in comparison to rodent DRG and the situation in non-human primates is needed.  

The aims of the present work were to characterize canine DRG derived SGCs in situ 

and in vitro and to compare the results to murine SGCs and simian SGCs, which were 

investigated in situ in DRG of non-human primates derived from necropsy cases, to elucidate 

the potential role of canine SGCs in future cell transplantation approaches to improve 

regenerative medicine in diseases affecting the nervous system. Furthermore, the effects of 

gangliosides on DRG neurons should be evaluated to study their beneficial and detrimental 

properties in vitro. 

In rodents, glutamine synthetase (GS) represents the classical immunohistochemical 

marker for SGCs (HANANI, 2005), whereas its expression in canine SGCs is unknown. The 

majority of canine SGCs showed a strong co-expression of 2',3'-cyclic-nucleotide 3'-

phosphodiesterase (CNPase) and glial fibrillary acidic protein (GFAP), classical markers 

normally expressed in oligodendrocytes and astrocytes, respectively (LYCK et al., 2008). 

Interestingly, simian SGCs expressed GS analogue to rodent SGCs, but also CNPase and 

GFAP similar to canine SGCs. Furthermore, canine and simian SGCs also expressed the 

intermediate filament vimentin, a marker normally expressed in mesenchymal cells including 

myelinating and non-myelinating Schwann cells (JESSEN et al., 1990) and microglia 

(GOMEZ PERDIGUERO et al., 2013). In dogs, a co-expression of GFAP and vimentin has 

been reported in an immature phenotype of astrocytes in canine distemper lesions 

(SEEHUSEN et al., 2007). A similar phenotype is described in the retina of developing rats, 

showing astrocytic precursor cells and immature astrocytes co-expressing vimentin and GFAP 

(CHANG-LING et al., 2009). In various studies a low expression of CNPase and GFAP was 

reported in young mice and rats, showing an increase of these two markers in response to 
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nerve injury (LIU et al., 2012; ZHANG et al., 2009; TOMA et al., 2007). In rat SGCs, several 

authors reported a strong expression of vimentin (NASCIMIENTO et al., 2008; RAGINOV et 

al., 2004; VEGA et al., 1998). There are contrary reports about the expression of GFAP in 

SGCs of mice, as HU and McLACHLAN (2000) reported an absent GFAP expression in 

SGCs of C57BL/6NCrl mice, whereas a strong GFAP expression in SGCs of C57BL/6J mice 

was demonstrated (KALOUS et al., 2012). These differences might be due to strain and age 

dependent differences or technical reasons. In comparison SGCs of guinea pigs lack 

expression of GFAP (HU and McLACHLAN, 2000).  

Other markers of interest, when it comes to glial cells are, S-100 and the low affinity 

neurotrophin receptor p75 (p75
NTR

). These markers are expressed by SGCs of rats 

(PANNESE and PROCACCI, 2002; VEGA et al., 1991), but only by a minority of canine 

SGCs in the present study. The S-100 expression in SGCs of rats seems to depend on the size 

and function of the ensheathed neuron (NASCIMIENTO et al., 2008).  

In human trigeminal ganglia, SGCs are reported to show a phenotype of antigen-

presenting cells with a strong expression of CD40, CD80, CD86, and MHC class II (van 

VELZEN et al., 2009). In contrast, canine DRG derived SGCs only expressed classical 

markers for macrophages like the calcium binding protein Iba-1 in low numbers. But 

interestingly, these cells expressed classical interferon related genes such as ISG15, PKR, and 

OAS1, acting as major antiviral effector proteins (BOO and YANG, 2010; SADLER and 

WILIAMS, 2008). This might indicate that SGCs play a role in the innate and adaptive 

immune response with special emphasis on the protection of DRG neurons from viral 

pathogens.  

Surprisingly, canine SGCs showed the expression of the intermediate filament nestin 

and the transcription factor Sox2. Nestin is a marker for neural stem or progenitor cells and is 

expressed within the CNS, especially in the embryonic period of ontogenesis (GILYAROV, 

2008). In adult animals, nestin expression is normally restricted to the so-called germinative 

zones of the brain, namely the subventricular zone located at the lateral ventricles and the 

dentate gyrus of the hippocampus. However, under pathological conditions nestin can also be 

found in other areas (GILYAROV, 2008). The proliferation and differentiation of neural stem 

cells in the CNS is controlled by Sox2 (FAVARO et al., 2009; BANI-YAGHOUB et al., 

2006). Sox2 also regulates the proliferation, migration, and differentiation of neural crest stem 

cells, which give rise to Schwann cells, DRG neurons, and SGCs (CIMADAMORE et al., 
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2002; WAKAMATSU et al., 2004). In adult rats, Sox2 expression was evident within SGCs, 

and they showed the potential to form neurospheres (LI et al., 2007). In addition, SGCs 

isolated from embryonic or neonatal rats show the capacity to differentiate into astrocytes, 

oligodendrocytes, or Schwann cells, respectively (SVENNINGSEN et al., 2004), indicating 

the chimeric character and high plasticity of SGCs, combining characteristics of central and 

peripheral glia cell populations. The present canine SGCs also demonstrated a high plasticity 

in vitro.  

Morphologically, canine and murine SGCs showed several similarities in the present 

study. However, ultrastructurally murine SGC cultures revealed larger fibroblastoid cells and 

fewer numbers of round cells in scanning electron microscopic investigation. This difference 

led to a detailed in vitro investigation and comparison of murine and canine SGCs. Canine 

and murine SGCs in vitro constantly expressed CNPase. However, GFAP expression was 

dependent on culture conditions. Astrocytic differentiation medium (DMEM with 20% FCS) 

led to an increased GFAP expression in canine and murine SGCs as described for murine 

oligodendrocyte precursor cells (SUN et al., 2015), whereas the oligodendrocytic 

differentiation medium (B104-conditioned DMEM with 5 μM all-trans retinoic acid) 

decreased the GFAP expression in canine but not in murine SGCs. Similarly, the ciliary 

neurotrophic factor (CNTF) led to an increased GFAP expression in murine SGCs. In 

contrast, heregulin (HRG)-1β and fibroblast growth factor (FGF)-2 caused an increased 

GFAP expression in canine SGCs. Both FGF-2 and HRG-1β led to an increased proliferation 

rate in murine and canine SGCs. Interestingly, FGF-2 and HRG-1β, which act by using 

mitogen-activated protein kinase (MAPK) signaling pathways, also induced proliferation in 

canine and murine Schwann cells and olfactory ensheathing cells (KRUDEWIG et al., 2006; 

TECHANGAMSUWAN et al., 2008). Epidermal growth factor (EGF), which is known to 

stimulate proliferation, survival, migration, and differentiation in the oligodendrocytic lineage 

(GALVEZ-CONTRERAS et al., 2013), caused increased proliferation only in canine SGCs. 

Furthermore, bone morphogenetic protein 4 (BMP4), a member of the transforming growth 

factor-β family, is reported to induce differentiation of neural stem cells towards astrocytes 

(XI et al., 2017), shows the same effect on the GFAP expression in murine and canine SGCs. 

The functionality of canine SGCs was evaluated analogue to a previous study using other 

canine glial cell populations (ZIEGE et al., 2013). Similar to previous results, DRG neurons 

co-cultured with canine SGCs derived from young adult dogs showed an increased neurite 

outgrowth and arborization compared to neurons cultured without additional SGCs. This is in 
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contrast to results obtained from neonatal or juvenile rats, in which neurons derived from 

nodose ganglion only showed neurite outgrowth in the absence and not in the presence of 

SGCs (De KONICK et al., 1997). This contrary finding could represent a species specific 

neurotropic effect of canine SGCs caused by secretion of neurotrophic factors. Although an 

age-dependent effect due to the different age of the animals investigated has to be taken into 

consideration as well. Because of the neurite outgrowth-promoting effect of canine SGCs, 

these cells might represent interesting candidates for cell transplantation studies in 

degenerative diseases affecting the CNS.  

6.2 Effects of GM1 on canine dorsal root ganglion neurons 

The age-dependent effects in GM1 metabolism might be involved in several 

neurodegenerative diseases. The present study showed that GM1 especially in combination 

with nerve growth factor (NGF) can trigger beneficial neurotropic effects like promotion of 

neurite outgrowth and reduction of apoptotic neurons in vitro. Similarly, NGF causes an 

increased neuronal outgrowth in DRG cultures of adult rats (MOHIUDDIN et al., 1996). 

Neurotrophic effects of supplements on canine DRG neurons were also confirmed by the 

GM1-, FGF-2-, and NGF-mediated decrease in neuronal cleaved caspase 3 expression. Anti-

apoptotic effects were also described for NGF (SCUTERI et al., 2010) and GM1 (FERRARI et 

al., 1995) in rodents. In contrast, FGF-2 induces an increased number of apoptosis in murine 

DRG neurons after injury of the sciatic nerve (JUNGNICKEL et al., 2004). In a study 

performed in neuronal cultures derived from neonatal trigeminal ganglia NGF lead to an 

intracellular shift of synaptophysin from the soma to the neurites, indicating an effect on 

synapse formation (TARSA and BALKOWIEC, 2009). A similar observation was made in 

the present study, possibly resulting from increased neuronal arborization leading an enlarged 

contact area for the formation of synapses. As synaptophsysin is bound to cholesterol 

(THIELE et al., 2000) and these two components represent parts of lipid rafts (SUZUKI et al., 

2011) the age-associated decline of GM1 in human brains (SEGLER-STAHL et al., 1983), 

which can also be found in neurodegenerative diseases like Alzheimer’s disease, might 

explain the beneficial effect of GM1 treatment on synaptophysin metabolism.  

Nevertheless, other factors like an increased endocytosis and/or retrograde transport 

of synaptic vesicles or an enhanced anterograde transport could also explain the formation of 

synaptophysin accumulations. In rats, ganglioside treatment can affect the transport rate of 

tubulin and actin in sensory fibers most likely mediated by molecular interactions between 
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integral membrane glycolipids and cytoskeletal components (FIGLIOMENI et al., 1992). 

Synaptogenesis and synaptic maintenance are mainly driven by retrograde messengers 

(REGEHR et al., 2009). Dynein plays an important role in retrograde signaling by 

transporting signaling endosomes to the cell body (COSKER et al., 2008; HEERSSEN et al., 

2004). Retrograde signaling of NGF is dependent on dynein-mediated retrograde transport of 

NGF receptors (SAXENA et al., 2005). In the present study, GM1-induced dynein 

accumulations might be caused by an increased retrograde transport leading to a molecular 

traffic jam also affecting synaptic vesicles. Furthermore, decreased expression of p75 low 

affinity neurotrophin receptor (p75
NTR

), which was induced by NFG and FGF-2, can be 

explained by the internalization of p75
NTR

 after ligand binding. 

The expression of Tau1 was affected by FGF-2 and not by GM1 supplementation. 

FGF-2 also triggered an up-regulation of Tau1 expression and phosphorylation in 

hippocampal progenitor cells derived from adult rats (TATEBAYASHI et al., 1999), which 

was mediated by glycogen synthase kinase-3 (GSK-3) and not by mitogen-activated protein 

kinases or cyclin-dependent kinases (Tatebayashi et al., 1999). Furthermore, age-related 

impairment of dynein functions causes accumulations of Tau (KIMURA et al., 2007). GM1 

inhibits GSK-3 and possibly prevents the phosphorylation of Tau (KREUTZ et al., 2011). 

Consequently, hyperphosphorylation of Tau proteins might represent a consequence of 

increased FGF-2 and age-associated decrease of GM1 in human brains. Moreover, 

hyperphosphorylated Tau proteins can form neurofibrillary tangles, which are characteristic 

hallmarks of neurodegenerative diseases also referred to a Tauopathies (SCHINDOWSKI et 

al., 2008). Interestingly, a dysregulation of neurotrophic factors caused by impaired axonal 

transport has been described in Alzheimer’s disease. Increased levels and enhanced binding of 

FGF-2 were detected in senile plaques and neurofibrillary tangles in Alzheimer’s disease 

brains (GOMEZ-PINILLA et al., 1990; KATO et al., 1991; SIEDLAK et al., 1991; STIEBER 

et al., 1996) and in CSF from Alzheimer’s disease patients (HANNEKEN et al., 1995). 

Moreover, FGF-2 may attract neurites into Alzheimer’s disease plaques (CUMMINGS et al., 

1993). Immunoreactivity of the FGF receptor-1 that binds FGF-1 and FGF-2 is increased in 

Alzheimer’s disease in reactive astrocytes surrounding senile plaques (FERRER and MARTI, 

1998; TAKAMI et al., 1998). 

Ultrastructurally, an increased formation of cytoplasmic multivesicular bodies and 

mitochondria within neuronal bulbs was evident in GM1/NGF grown neurons. Multivesicular 

bodies represent intracellular endosomal organelles, involved in protein degradation, 
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endocytosis, and trafficking. In addition, they seem to play a role in several neurodegenerative 

diseases (VON BARTHELD and ALTICK, 2011). The multivesicular bodies detected in the 

present study might be implicated in enhanced membrane receptor internalization and/or 

autophagic clearance (KATZMANN et al., 2000). Mitochondria are motile within neuronal 

processes and can move to areas of high-energy demand thereby responding quickly to 

changes in axonal and synaptic physiology. They also respond with altered motility to stress 

conditions or when their integrity is impaired. Furthermore, neurons are postmitotic cells and 

survive for long time periods. Hence, aged or dysfunctional mitochondria have to be 

eliminated and regulation of mitochondrial transport is essential to meet changes in metabolic 

requirements. Accordingly, mitochondrial transport defects and alterations in distribution can 

cause severe neurological disorders (LIN and SHENG, 2015). Consequently, accumulations 

of mitochondria in neurites of canine DRG neurons might result from increased dynein-

mediated retrograde transport of damaged mitochondria to the neuronal soma for further 

degradation. 

The electrophysiological analysis indicated that GM1 ganglioside also has an impact 

on the neuronal function of canine DRG neurons. The major changes imposed by the GM1 

treatment were an elevation of the resting potential, a reduction of the action potential current 

threshold, and a slowing down of the depolarization. The elevated membrane potential might 

contribute to the reduction of the current threshold and maybe also to the speed of 

depolarization. By elevating the membrane potential the action potential threshold appears 

closer and less current might be needed to drive the neuron. On the other hand depolarization 

leads to an increase in inactivation of sodium channels in DRG neurons (BAKER and 

BOSTOCK, 1998; CAFFREY et al., 1992). The outcome of a reduced accessibility of sodium 

channels might be a slowing down of the action potential during the phase of depolarization. 

Nevertheless, the altered resting and action potential of GM1-treated neurons could be based 

on other cellular mechanisms. However, taking into account the previously described age-

associated decrease in GM1 content in the human brain, GM1-induced changes of the electrical 

excitability of neurons might contribute to age-dependent changes of brain functional 

capacities.   

In conclusion, the present study investigating in vitro effects of GM1 on DRG neurons 

of adult dogs showed neurotrophic effects of GM1 characterized by decreased apoptosis, 

increased neurite outgrowth and possibly enhanced synaptic density. Furthermore, GM1 might 

have an impact on axonal transport mechanisms and influences the basal voltage signaling of 
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these sensory neurons. Consequently, adult canine DRG neurons can be used as a valuable 

translational in vitro model to study the molecular pathogenesis of neurodegenerative diseases 

(PEKCEC et al., 2011). 
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Chapter 8 Appendix 

8.1. Supplementary tables 

Table 1: List of used dogs 

 
 

Number Breed Gender Age Weight Remark 

D1 (V525/12) Beagle male 1 y 13.95 kg 

IHC 

D2 (V530/12) female 1 y 10.45 kg 

D3 (V531/12) female 1 y 10.00 kg 

D4 (V532/12) female 1 y 10.35 kg 

D5 (V533/12) male 1 y 12.40 kg 

D6 (V836/13) male 2 y 13.00 kg 

IF 

D7 (V837/13) male 2 y 14.30 kg 

D8 (V838/13) male 2 y 11.40 kg 

D9 (V839/13) male 2 y 12.70 kg 

D10 (V841/13) female 2 y 12.00 kg 

D11 (V842/13) female 2 y 12.10 kg 

D12 (V844/13) female 2 y 8.70 kg 

D13 (V391/14) male 8-9 m n.d. 

D14 (V392/14) female 8-9 m n.d. 

D15 (V393/14) male 8-9 m n.d. 

D16 (V394/14) male 8-9 m n.d. 

D17 (V729/15) male 6 m n.d. 

D18 (V730/15) female 6 m n.d. 

D19 (V860/15) male 2 y n.d. 

D20 (V861/15) female 2 y n.d. 

D21 (V1607/16) female 16 w n.d. 
Electro-

physiology 
D22 (V1608/16) male 16 w n.d. 

D23 (V1609/16) male 16 w n.d. 

Note: IF = immunofluorescence, IHC = immunochemistry, NC = neuronal culture 

  n.d. = not determined, m = months, w = weeks, y = year 

 

Table 2: List of used mice 

 
 

Number Breed Gender Age Remark 

M1 (V1187/16) 

C57BL/6NCrl male 4 months 

IHC 

M2 (V1188/16) 

M3 (V1200/16) 

M4 (V1201/16) 

M5 (V1202/16) 

M6 (V528/16) 

IF 
M7 (V529/16) 

M8 (V530/16) 

M9 (V531/16) 

Note: 1. All mice belong to permission number: 42500/1H 

2. IHC = immunochemistry, IF = immunofluorescence 
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Table 3: List of used monkeys (necropsy cases) 
 

Number Species Gender Age Remark 

Mk1 (S0016/15) Macaca 
nemestrina 

female 10 years 

IHC 
Mk2 (S1352/15) Semnopithecus 

entellus 
male 4 years 

Mk3 (S0054/16) Cebus 
capucinus 

male 23 years 

 

 Note:  IHC = immunochemistry 

 

 Table 4: List of markers used for immunohistochemical staining 
 

Immunohistochemistry 

Markers Animal number Locations 

investigated 

(40X) 

βIII tubulin D1-D5 10 

CD3 D1-D5 10 

CD79a D1-D5 10 

CNPase D1-D5, M1-M5, Mk1-Mk3 10 

Dynein D1-D5 10 

GAP-43 D1-D5 10 

GFAP D1-D5, M1-M5, Mk1-Mk3 10 

Glutamine synthetase D1-D5, M1-M5, Mk1-Mk3 10 

HNK-1 D1-D5 10 

Iba-1 D1-D5, M1-M5 10 

ISG15 D1-D5 10 

Kinesin D1-D5 10 

Krox-20 D1-D5 10 

MAP-2 D1-D5 10 

MHC II D1-D5 10 

Mx D1-D5 10 

nNF D1-D5 10 

OAS1 D1-D5 10 

p75
NTR

 D1-D5 10 

Pax-5 D1-D5 10 

Periaxin D1-D5 10 

PKR D1-D5 10 

pNF D1-D5 10 

S-100 D1-D5 10 

Sox-2 D1-D5, M1-M5 10 

STAT 1 D1-D5 10 

STAT 2 D1-D5 10 

Synaptophysin D1-D5 10 

Tau-1 D1-D5 10 

Vimentin D1-D5, Mk1-Mk3 10 
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Table 5: List of immunofluorescence stainings 

  

Table 5.1 In situ 
 

Markers Animal number Locations investigated 

(40X) 

GFAP and CNPase D1-D5 Representative areas 

 

Table 5.2 In vitro (standard culture conditions) 

 
Neurons at day 2 and 18 post seeding (2 time points) 

Markers Animal number Wells* 

βIII tubulin 

D6-D9 

 

3/dog/time point 

 

Cleaved caspase 3 

GAP-43 

Krox-20 

nNF 

p75
NTR

 

 

Satellite glial cells (SGCs) at day 2 and 18 post seeding (2 time points) 

Markers Animal number Wells* 

GAP-43 

D6-D9 

 

3/dog/time point 

 

GFAP and CNPase 

Glutamine synthetase 

Iba-1 

p75
NTR

 

S-100 

Sox-2 

Vimentin 

 
* The neurons or SGCs of each dog were seeded in triplicated wells and evaluated 

separately. Photos of the nuclear staining and the specific markers were taken from 

four random selected areas per wells per time points (day 2 and 18 post seeding). 
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Table 5.3 In vitro (supplementation with GM1, NGF, FGF2, GM1 + NGF, GM1 + FGF2) 

 

Neurons 

Markers Animal number Wells* 

βIII tubulin D10-D12 

3/dog 

Cleaved caspase-3 D10-D12 

Dynein D10-D12 

GAP-43 D13-D15 

Kinesin D10-D12 

Krox-20 D10-D12 

MAP-2 D10-D12 

nNF D10-D12 

pNF D10-D12 

p75
NTR

 D10-D12 

Synaptophysin D10-D12 

Tau-1 D10-D12 

 

Satellite glial cells (SGCs) 

Markers Animal number Wells* 

GFAP and CNPase D10-D12 

3/dog 

GAP-43 D13-D15 

Glutamine synthetase D10-D12 

Iba-1 D10-D12 

p75
NTR

 D10-D12 

Sox-2 D10-D12 

Vimentin D10-D12 

 

* The SGCs of each dog were seeded into triplicated wells and evaluated separately. 

Photos of the nuclear staining and the specific markers were taken from four random 

selected areas. 
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 Table 5.4 In vitro (characterization of satellite glial cells) 
 

Supplementation with FGF2, EGF, CNTF, HRG, Forskolin, FGF2 + Forskolin, 

EGF + Forskolin, CNTF + Forskolin, HRG + Forskolin 

Assay Animal number Wells* 

Proliferation assay / BrdU D17-D20,  

M6-M9 (pooled) 

3/dog,  

3/pooled GFAP and CNPase expression 
 

Differentiation assay (GFAP and CNPase expression) 

Condition Animal number Wells* 

B 104 
D17-D20,  

M6-M9 (pooled) 

3/dog,  

3/pooled 
B 104 + RA 

DMEM + 20 % FCS 
 

Supplementation with BMP4 0.5 ng/ml, BMP4 10 ng/ml, Noggin 10 ng/ml, FGF2 + 

EGF, FGF + EGF + BMP4 10 ng/ml, FGF2 + EGF + Noggin 10 ng/ml 

Assay Animal number Wells* 

Proliferation assay / BrdU D17-D20,  

M6-M9 (pooled) 

3/dog,  

3/pooled GFAP and CNPase expression 
 

Marker expression under standard culture conditions (Control) 

Markers Animal number Wells* 

βIII tubulin 

D17-D20,  

M6-M9 (pooled) 

3/dog,  

3/pooled 

Iba I 

p75
NTR

 

Vimentin 
 

* The SGCs of each dog were seeded into triplicated wells and evaluated separately, 

whereas pooled SGCs from all mice were seeded into triplicated wells for evaluation. 

Photos of the nuclear staining and the specific markers were taken from four random 

selected areas. 

 

 Table 5.5 In vitro (Co-culture of neurons and satellite glial cells, SGCs) 
 

Markers Animal number Wells* 

βIII tubulin D13-D16 3/dog 
 

* The SGCs of each dog were seeded into triplicated wells and evaluated separately. 

Photos of the nuclear staining and the specific markers were taken from four random 

selected areas. 
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8.2 Buffers and solution 

 

8.3.1 Cell isolation and culture  

Standard cell culture medium: 

500 ml Dulbecco's Modified Eagle Medium  

 (DMEM; Gibco
®
, Invitrogen, 41965-039) 

50 ml Fetal calf serum (FCS; PAA laboratories, A15-101) 

5 ml  Penicillin-streptomycin (PS; Biochrom AG, A-2212) 

 

Sato’s medium (Neuron culture medium): 

5.32 g Ham’s F12 Nutrient-Mix (Sigma N 6760) 

2.38 g  Hepes (Serva 25245) 

6.68 g DMEM powder (Biochrom AG, T 043-50) 

0.055 g Sodium pyruvate (NaPy; PAA laboratories, S11-003)  

2.438 g NaHCO3 (Merck, 6329) 

0.005 g Transferrin (Sigma T 8158) 

1.0 ml Insulin (Sigma I 4011; 5mg/ml) 

6 g Glucose (Merck, 8337) 

0.0292 g L-glutamine (Sigma G 8540 ) 

1.25 ml Penicillin-streptomycin (Biochrom AG, A-2212) 

0.1 ml Putrescine (Sigma P 5780) 

0.02 ml Progesterone (Sigma P 8783) 

0.01 ml Selenium (Sigma S 5261) 

1.2 ml Gentamycin (PAA laboratories, P11005) 

1000 ml Distilled water 

pH 7.2  filtered to sterile bottle (filter 0.2μm) 

 

SGCs culture medium: 

500 ml DMEM (Gibco
®
, Invitrogen, 41965-039) 

50 ml Fetal calf serum (FCS; PAA laboratories, A15-101) 

5 ml  Penicillin-streptomycin (PS; Biochrom AG A-2212) 

5 ml  Sodium pyruvate (NaPy; PAA laboratories, S11-003) 
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Collagenase in Hank's balanced salt solution (HBSS): 

5 ml 1xHBSS (Invitrogen, 24020) 

400 μl Collagenase IV C5138 (Sigma-Aldrich, C5138) 

400 μl Collagenase XI (Sigma-Aldrich, C9407) 

400 μl Hyaluronidase IV (Sigma-Aldrich, H3884) 

 

Trypan blue: 

0.4 g Trypan blue (Merck, M732) 

100 ml  Phosphate buffered saline (PBS) buffer (See below) 

 

DNase solution: 

1.66 ml DNase (Roche Diagnostics, 11119915001) 

8.3 ml 1xHBSS (Invitrogen, 24020) 

 

25% Percoll solution: 

1.25 ml Percoll (GE Healthcare, 17-0891) 

3.5 ml 1xHBSS (Invitrogen, 24020) 

 

27% Percoll solution: 

1.35 ml Percoll (GE Healthcare, 17-0891) 

3.5 ml 1xHBSS (Invitrogen, 24020) 

 

Phosphate buffered saline (PBS) buffer: 

8 g NaCl (Merck, 6404) 

0.2 g KCl (Merck, 6936) 

0.2 g KH2PO4 (Merck, 6873) 

1.24 g Na2HPO4 x 2H2O (Merck, 6580) 

Add distilled water until up to 1000 ml 

pH 7.2  
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8.2.2 Immunohistochemistry and immunofluorescence 

 

Citrate buffer: 

2.1 g C6H8O7H2O (Carl Roth, Art-Nr. 3958.1) 

1000 ml  Distilled water 

pH 6.0 

 

3, 3-Diaminobenzidine-tetrahydrochloride (DAB) solution: 

0.1 g DAB (Sigma, 32750-25G-F) 

200 ml  PBS (See above) 

250 μl  0.5% H2O2 (See below) 

 

0.5% H2O2 solution: 

3 ml  30% H2O2 (Carl Roth, Art-Nr. 9681.1) 

200 ml 85% Ethanol (Carl Roth, Art-Nr. 9065.2) 

 

Nitrotetrazolium blue chloride/5-bromo-4-chloro-3-indolyl phosphate p-toluidine salt 

(NBT/BCIP) solution: 

6 mg Levamisol (Sigma L 9756 ) 

0.255 g MgCl2 (Merck, CAS-NOI 7791-18-6) 

112.5 μl NBT (Sigma, 6639) 

87.5 μl BCIP (Sigma, B6777) 

25 ml  Tris-buffered saline (TBS, see below) 

 

Phosphate buffered saline (PBS) buffer: 

8 g NaCl (Merck, 6404) 

0.2 g KCl (Merck, 6936) 

0.2 g KH2PO4 (Merck, 6873) 

1.24 g Na2HPO4 x 2H2O (Merck, 6580) 

Add distilled water until up to 1000 ml 

pH 7.2  

 

Phosphate buffered saline (PBS) with Triton X  

0.25 ml  Triton X-100 (Merck, 08603) 

Add distilled PBS until up to 100 ml   
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Tris-buffered saline (TBS) buffer: 

12.1 g C4H11NO3 (Carl Roth, Art-Nr. 5429.3) 

5.84 g NaCl (Merck, 6404) 

1000 ml Distilled water 

pH 9.5 

 

4% Paraformaldehyde solution: 

2 g Paraformaldehyde (Fluka, 76240) 

25 ml  Distilled water 

1N  NaOH 1-2 drops (Merck, 09137) 

Mixed on a heated stirrer at 60 °C to clear solution 

20 ml  0.2 M Na2HPO4 (Fluka, 71642) 

5 ml  0.2 M NaH2PO4 (Merck, 06346) 

2 g  Sucrose (Sigma, S9378) 

pH 7.4 

 

Bisbenzimide solution: 

1 mg  Bisbenzimide (Sigma, B 2883) 

10 ml  Methanol (Carl Roth, Art-Nr. 4627.6) 

Working solution 1:100 in distilled water 

 

8.2.3 Electron microscopy 

 

Phosphate buffer by Sorensen: 

I. Solution A 

13.6 g KH2PO4 (Merck, 4873) 

1000 ml  Distilled water 

II. Solution B 

17.8 g Na2HPO4 x 2H2O (Merck, 6576) 

1000 ml  Distilled water 

Mix 200 ml solution A and 800 ml solution B 

pH 7.4 
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4% Paraformaldehyde & 2.5% glutaraldehyde: 

40 g  Paraformaldehyde (Merck, 04005) 

1000 ml  Cacodylate buffer (see below) 

Warming up to 70°C until the solution becomes clear 

900 ml  4%   Paraformaldehyde (Merck, 04005) 

100 ml  25% Glutaraldehyde (Merck, 04239) 

 

Cacodylate buffer: 

21.40 g/L Cacodylic acid Na-salt x 3 H2O (SERVA, 15540) 

1000 ml  Distilled water 

pH 7.2 

 

Osmium solution: 

1 g  Osmium (Science Services, 19100) 

50 ml  Distilled water 

 

Uranyl Acetate Solution: 

2.5 g  Uranyl acetate (Merck, 77870) 

100 ml  Distilled water 

 

Reynold’s Lead Citrate Solution: 

To prepare 50 ml, add chemicals in distilled water in following order 

1.33 g  Lead nitrate (Merck, 7398) 

1.76 g  Sodium citrate (Merck, 6448) 

8 ml  1N NaOH (Merck, 09137; solution becomes clear when NaOH is added) 

42 ml  Distilled water 

 

Epon: 

Mixture A: Glycid ether 100 (Epon 812) (Merck, 21045) 

 62 ml  Glycid ether 100 (Epon 812) (Merck, 21045) 

 100 ml  DDSA (Merck, 20755) 

Mixture B: Glycid ether 100 (Epon 812) (Merck, 21045) 

+ Methyl nadic anhydride (MNA) (Merck, 29452) 

 100 ml  Glycid ether 100 

 89 ml  MNA (Merck, 29452) 
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8.3 Isolation protocols 

 

 8.3.1 Isolation of canine neurons from dorsal root ganglia (DRG) 

 

Necropsy hall: 

- Remove skin, muscle and dorsal lamina of the vertebra and then the spinal cord 

- Collect DRGs which located bilaterally on dorsal nerve root (~50/dog) by scissor 

- Put DRGs in cold PBS (see above) + 1% PS (Biochrom AG, A-2212) and store on ice 

 

Cell culture: 

- Take DRGs from cold PBS (see above) + 1% PS (Biochrom AG, A-2212), clean 

DRGs with wound irrigation solution (Prontovet
®

, B Braun Vet Care, 400601) and 

wash with PBS (see above) + 1% PS (Biochrom AG, A-2212) and place on petri disk 

- Removal of fat, spinal nerves, and connective tissue including blood vessels from 

DRGs by scapel and cut DRGs into smaller pieces of similar size  

- Store the pieces of DRGs in 2 tubes of 5 ml 1x HBSS (Invitrogen, 24020) on ice  

 

 Enzymatic digestion 

- Add 400 μl Collagenase IV/tube (Sigma-Aldrich, C5138)  

- Add 400 μl Collagenase XI/tube (Sigma-Aldrich, C9407)  

- Add 400 μl Hyaluronidase IV/tube (Sigma-Aldrich, H3884) 

� Incubate 30 minutes at 37°C in the water bath (mix gently every 5 minutes) 

- Add 100 μl Collagenase IV/tube (Sigma-Aldrich, C5138) 

- Add 100 μl Collagenase XI/tube (Sigma-Aldrich, C9407) 

- Add 100 μl Hyaluronidase IV/tube (Sigma-Aldrich, H3884) 

- Add 600 μl Trypsin/tube (Sigma-Aldrich, T8003) 

� Incubate 30 minutes at 37°C in the water bath (mix gently every 5 minutes) 

 Mechanic dissociation by using 

- Dissociation with 1000 μl pipette (blue tips) 

- Dissociation with gradually narrowed flame-constricted Pasteur pipettes 

- Add 1 ml DNase (Roche Diagnostics, 11119915001) per Pasteur pipette until up to      

5 ml DNase each tube  

(Prepare 10 ml DNase solution by add 1,66 ml DNase in 8,3 ml 1x HBSS ; Invitrogen, 24020) 

- Centrifugation (300 g, 5 min, 4°C; program 2) 

- Discard supernatant 
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- Resuspend the pellet in 1 ml of standard cell culture medium 

(DMEM (Gibco
®

, Invitrogen, 41965-039) + 10% FCS (PAA laboratories, A15-101) + 

1%PS (Biochrom AG, A-2212)) and lay it on 5 ml of 25% Percoll (GE Healthcare,  

17-0891) 

- Centrifugation (450g, 15 min, 4°C; start 3, stop 9) 

- Discard supernatant 

- Resuspend the pellet in 1 ml of standard cell culture medium and lay it on 5 ml  

of 27% Percoll (GE Healthcare, 17-0891) 

- Centrifugation (450g, 15 min, 4°C; start 3, stop 9) 

- Discard supernatant 

- Resuspend the pellet of each tube in 500 μl of Sato´s medium (see above)  

with 1% BSA (Serva, 11930.30) and pool the neuronal suspension of the same dog. 

- Mix 200 μl of neuronal suspension with 400 μl trypan blue (Merck, M732)  

and count the viable neurons (non- trypan blue stained cells) in Neubauer chamber  

- Seed the neurons at a density of 70 neurons per well in 96 half area well microplates 

coated with poly-L-lysin (PLL; 0.1 mg/ml; Sigma-Aldrich, P1274) and laminin (0.1 

mg/ml; Becton Dickinson, 354232). 

 

 8.3.2 Isolation of canine satellite glial cells from dorsal root ganglia (DRG) 

 

Necropsy hall: 

- Remove skin, muscle and dorsal lamina of the vertebra and then the spinal cord 

- Collect DRGs which located bilaterally on dorsal nerve root (~50/dog) by scissor 

- Put DRGs in cold PBS (see above) + 1% PS (Biochrom AG, A-2212) and store on ice 

 

Cell culture: 

- Take DRGs from cold PBS (see above) + 1% PS (Biochrom AG, A-2212), clean 

DRGs with wound irrigation solution (Prontovet
®

, B Braun Vet Care, 400601) and 

wash with PBS (see above) + 1% PS (Biochrom AG, A-2212) and place on petri disk 

- Removal of fat, spinal nerves, and connective tissue including blood vessels from 

DRGs by scapel and cut DRGs into smaller pieces of similar size  

- Store the pieces of DRGs in 2 tubes of 5 ml 1x HBSS (Invitrogen, 24020) on ice  
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 Enzymatic digestion 

- Add 400 μl Collagenase IV/tube (Sigma-Aldrich, C5138)  

- Add 400 μl Collagenase XI/tube (Sigma-Aldrich, C9407)  

- Add 400 μl Hyaluronidase IV/tube (Sigma-Aldrich, H3884) 

- Add 300 μl Trypsin/tube (Sigma-Aldrich, T8003) 

� Incubate 30 minutes at 37°C in the water bath (mix gently every 5 minutes) 

- Add 100 μl Collagenase IV/tube (Sigma-Aldrich, C5138) 

- Add 100 μl Collagenase XI/tube (Sigma-Aldrich, C9407) 

- Add 100 μl Hyaluronidase IV/tube (Sigma-Aldrich, H3884) 

- Add 300 μl Trypsin/tube (Sigma-Aldrich, T8003) 

� Incubate 30 minutes at 37°C in the water bath (mix gently every 5 minutes) 

 Mechanic dissociation 

- Dissociation with 1000 μl pipette (blue tips) 

- Dissociation with gradually narrowed flame-constricted Pasteur pipettes 

- Add 1 ml DNase (Roche Diagnostics, 11119915001) per Pasteur pipette until up to      

5 ml DNase  each tube  

(Prepare 10 ml DNase solution by add 1,66 ml DNase in 8,3 ml 1x HBSS; Invitrogen, 24020) 

- Pass through pre-separation filter (Miltenyi Biotech, 120-002-220) and  

centrifuge (program 2, 300g, 5 min, 4°C) 

- Resuspend pellet in 1 ml SGCs culture medium (DMEM (Gibco
®
, Invitrogen, 41965-039) 

+ 10% FCS (PAA laboratories, A15-101) + 1%PS (Biochrom AG, A-2212) +  

1% NaPy (PAA laboratories, S11-003))  

- Mix 50 μl of SGCs suspension with 100 μl trypan blue (Merck, M732)  

and count the viable SGCs (non- trypan blue stained cells) in Neubauer chamber  

- Add 1 ml SGCs culture medium to remained SGCs solution and seed cells into 1-2 wells of 

PLL (0.1 mg/ml; Sigma-Aldrich, P1274) coated 6 well plate 

 

Next day:  

- Remove 1 ml of culture medium ( half medium change) at the surface of seeding well 

which contain myelin sheath and add 1 ml of fresh SGCs culture medium 

 

2 days later: 

- Remove all medium from SGCs culture (complete medium change) and add 2 ml of 

fresh SGCs culture medium every 2-3 days 
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 8.3.3 Isolation of murine satellite glial cells  

 

Dorsal root ganglia (DRGs) from 4 dead mice: 

 

Necropsy hall: 

- Remove skin, muscle and dorsal lamina of the vertebra and then the spinal cord 

- Collect DRGs which located bilaterally on dorsal nerve root (~30-40/mouse)  

by scissor 

- Pool DRGs from all mice in cold PBS (see above) + 1% PS (Biochrom AG, A-2212) 

and store on ice 

 

Cell culture: 

- Take DRGs from cold PBS (see above) + 1% PS (Biochrom AG, A-2212), clean 

DRGs with wound irrigation solution (Prontovet
®

, B Braun Vet Care, 400601) and 

wash with PBS (see above) + 1% PS (Biochrom AG, A-2212) and place on petri disk 

- Removal of fat, spinal nerves, and connective tissue including blood vessels from 

DRGs by scapel and cut DRGs into smaller pieces of similar size  

- Store the pieces of DRGs in 2 tubes of 5 ml 1x HBSS (Invitrogen, 24020) on ice  

 

 Enzymatic digestion 

- Add 15 μl Collagenase IV/tube (Sigma-Aldrich, C5138) 

- Add 15 μl Collagenase XI/tube (Sigma-Aldrich, C9407) 

- Add 15 μl Hyaluronidase IV/tube (Sigma-Aldrich, H3884) 

- Add 12,5 μl Trypsin/tube (Sigma-Aldrich, T8003) 

� Incubate 30 minutes at 37°C in the water bath (mix gently every 5 minutes) 

- Add 7,5 μl Collagenase IV/tube (Sigma-Aldrich, C5138) 

- Add 7,5 μl Collagenase XI/tube (Sigma-Aldrich, C9407) 

- Add 7,5 μl Hyaluronidase IV/tube (Sigma-Aldrich, H3884) 

- Add 15 μl Trypsin/tube (Sigma-Aldrich, T8003) 

� Incubate 30 minutes at 37°C in the water bath (mix gently every 5 minutes) 

 Mechanic dissociation 

- Dissociation with 1000 μl pipette (blue tips) 

- Dissociation with gradually narrowed flame-constricted Pasteur pipettes 
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- Add 1 ml DNase (Roche Diagnostics, 11119915001) per Pasteur pipette until up to      

5 ml DNase  each tube  

(Prepare 10 ml DNase solution by add 1,66 ml DNase in 8,3 ml 1x HBSS; Invitrogen, 24020) 

- Pass through pre-separation filter (Miltenyi Biotech, 120-002-220) and  

centrifuge (program 2, 300g, 5 min, 4°C) 

- Resuspend pellet in 1 ml SGCs culture medium (DMEM (Gibco
®
, Invitrogen, 41965-039) 

+ 10% FCS (PAA laboratories, A15-101) + 1%PS (Biochrom AG, A-2212) +  

1% NaPy (PAA laboratories, S11-003))  

- Mix 50 μl of SGCs suspension with 100 μl trypan blue (Merck, M732)  

and count the viable SGCs (non- trypan blue stained cells) in Neubauer chamber  

- Add 1 ml SGCs culture medium to remained SGCs solution and seed cells into 1-2 wells of 

PLL (0.1 mg/ml; Sigma-Aldrich, P1274) coated 6 well plate 

 

Next day:  

- Remove 1 ml of culture medium ( half medium change) at the surface of seeding well 

which contain myelin sheath and add 1 ml of fresh SGCs culture medium 

 

2 days later: 

- Remove all medium from SGCs culture (complete medium change) and add 2 ml of 

fresh SGCs culture medium every 2-3 days 
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