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1 Chapter 1: Aims of the study 

 

A detailed understanding of the spatio-temporal development of pathological 

alterations following spinal cord injury (SCI) represents a prerequisite for advances in 

therapeutic strategies and the efficacy assessment of such approaches.  

Detailed knowledge of processes during secondary injury has been gained by the 

use of experimental models for SCI, predominantly based on rodents. However, 

comparatively little is known on the local tissue changes during naturally occurring 

SCI. Dogs frequently suffer from SCI, commonly attributed to intervertebral disk 

disease (IVDD), but the spatio-temporal development of associated spinal cord 

lesions remains to be elucidated. Though the knowledge of cytokine orchestration 

during various canine central nervous system diseases is increasing, data on the role 

of immune processes, including the local cytokine orchestration in naturally occurring 

SCI are strikingly sparse. Additionally, axonal pathology is one of the major hallmarks 

of SCI and doubtlessly represents one of the main targets for future therapies.  

The present investigation thus aims at (i) a detailed comparative review of the current 

knowledge of the cytokine orchestration during spontaneous canine central nervous 

system diseases followed by (ii) a spatio-temporal characterization of morphological 

and molecular alterations in the spinal cord following spontaneous SCI in dogs. Using 

a multidirectional approach, the experimental part of the present study focuses on the 

role of the local immune response and the molecular orchestration of cytokines 

following canine SCI. Furthermore, as axonopathy is a central hallmark of SCI, this 

study additionally aims at a morphological and immunohistochemical characterization 

of SCI associated axonal changes. To clarify the role of endogenous spinal cord cells 

the findings will be comparatively evaluated in a simplified in vitro model using 

organotypic spinal cord slice cultures that are devoid of influences from the 

peripheral blood. As the spontaneous occurrence of SCI in dogs delineates this 

model from experimental SCI, a comparative evaluation of the provided data may 

additionally contribute to the validation of findings obtained in rodent models and the 

extrapolation of results to the clinical relevant disease in humans. 
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2 Chapter 2: General Introduction 

 

2.1 Spinal cord injury 

 

2.1.1 Introduction to spinal cord injury 

 

SCI is a devastating condition of the central nervous system (CNS) and is 

comparatively frequent both in veterinary and human medicine (van den Berg, 2010; 

Levine et al., 2011). Though detailed data are insufficient, the actual worldwide 

incidence rate in humans is reported to range from 12.1 to 57.8 annual cases per 

million (recently reviewed by van den Berg, 2010; Cripps et al., 2011). SCI is 

associated with a considerably diminished quality of life and is additionally commonly 

associated with a fatal outcome in developing countries (Cripps et al., 2011). 

Neurological deficits cause disability that often persists throughout life and besides 

the patient himself affects his family and society as a whole (van den Berg, 2010). 

Clinical symptoms of SCI are manifold, including considerable chronic pain, 

spasticity, depression and sexual dysfunction. Despite significant improvement of 

medical and surgical management of the disease there is still no sufficient functional 

restoration therapy for SCI leading to a significant number of patients with life time 

deficits (van den Berg, 2010; Wilcox et al., 2012). This demonstrates the necessity of 

novel therapeutic strategies that e.g. include cell transplantation approaches. In this 

respect, regeneration promoting stem cells and glial cells have gained increasing 

notice as promising candidates for the treatment of SCI (Smith et al., 2002; Jeffery et 

al., 2005; Webb et al., 2010a, 2010b; Wewetzer et al., 2011). In fact, such cell 

transplantation approaches have proven to be reliable and safe in many experimental 

animal models for SCI (extensively reviewed by Tetzlaff et al., 2011). However, the 

few existing case reports and clinical trials reporting transplantation of e.g. olfactory 

ensheathing cells (OECs) in humans suffering from SCI cannot confirm significant 

neurological improvement though neither detrimental effects were observed 

(reviewed by Wilcox et al., 2012). This indicates that a sophisticated understanding of 

the underlying pathogenetical processes in the lesioned spinal cord represents a 
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prerequisite for the definition of an optimal time frame and the efficacy assessment of 

such novel therapeutic strategies (Kwon et al., 2010a). Furthermore, cell 

transplantations might additionally require pharmacological interventions as the local 

pro-inflammatory and neurotoxic microenvironment might significantly interfere with 

transplanted cells (Gensel et al., 2011). An overview of the current knowledge of the 

pathogenesis of SCI will be the topic of the following paragraph.  

 

2.1.2 Pathogenesis of spinal cord injury 

 

Despite increasing progress in basic research on SCI the pathogenesis of this 

disease is far beyond full elucidation. The great majority of the current knowledge of 

the underlying pathophysiological processes of SCI is based on well established 

experimental models, predominantly using laboratory rodents (Profyris et al., 2004; 

Hagg and Oudega, 2006; Smith and Jeffery, 2006). Such experimental models for 

SCI are highly suitable to mimic certain disease aspects. For instance, the 

investigator is able to vary the type of the initial mechanical injury: here, contusion-, 

transection-, hemisection-, and compression models can be distinguished (Tab. 1; 

reviewed by Wrathall, 1992; Jeffery et al., 2006).  

 

Table 1 : Commonly used experimental models for SCI . According to and modified from Jeffery et 

al. (2006). 

Experimental SCI 
model 

Mechanical device Dorsal exposure of spinal 
cord required 

Variation by the 
investigator 

Contusion Weight drop impact Yes (laminectomy) Force magnitude 
definable 

Compression Aneurysm clip, weight Yes (laminectomy) Compression time 
and force definable 

Compression Angioplasty balloon No (inflatable ballon 
inserted into the 
subarachnoidal space) 

Compression time 
and inflation 
magnitude definable 

Complete transection Sharp blade Yes (laminectomy) None 

Hemisection Sharp blade Yes (laminectomy) None 

 

Pathogenetically, SCI is divided into two succeeding phases (Fig. 1; reviewed by 

Bareyre and Schwab, 2003; Profyris et al., 2004). The initial mechanical force, 
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primary injury, initiates a cascade of several auto-destructive events referred to as 

secondary injury that are regarded to be more deleterious than the primary injury 

itself (Tator and Fehlings, 1991; Dusart and Schwab, 1994; Jeffery and Blakemore, 

1999a, 1999b; Bareyre and Schwab, 2003;). The term secondary injury 

encompasses processes such as e.g. an elevation of the intraneuronal calcium 

concentration (Tomes und Agrawal, 2002), increased generation of reactive oxygen 

species (ROS; Genovese et al., 2006; Xiong et al., 2007), excessive secretion of 

excitotatory neurotransmitters (excitotoxicity; Park et al., 2004) and vascular changes 

such as hemorrhage and increased permeability of blood vessels (Fig. 1; Olby, 1999; 

Bareyre und Schwab, 2003; Profyris et al., 2004). In addition, there are significant 

degenerative changes such as necrosis and apoptosis, from which the latter 

especially affects oligodendrocytes (Liu et al., 1997). Strikingly, the destructive 

changes during secondary injury are not restricted to the epicentre of the lesion but 

show a significant cranio-caudal expansion in terms of an ascending and descending 

myelopathy (Aimone et al., 2004; Profyris et al., 2004). During this spatio-temporal 

lesion progression there is prominent edema and ischemia of the spinal cord 

neuroparenchyma (Profyris et al., 2004). Subsequent re-oxygenation of the tissue 

can lead to excessive production of ROS in endothelial cells that can contribute to 

lipid peroxydation and cellular injury (reperfusion injury; Profyris et al., 2004). During 

secondary injury, fibre tract pathology and the immune response play a crucial role 

and their impact on lesion development has been extensively investigated in 

experimental animal models. Both of these central events during secondary injury will 

be detailed in the following paragraphs.  
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Figure 1 : Time course of events in spinal cord injury . Auto-destructive and self-

perpetuating processes (secondary injury) are initiated by the initial mechanical impact 

(primary injury). According to Bareyre and Schwab (2003). 

 

2.1.3 Axonal damage and myelin pathology in spinal cord injury 

 

Fiber tract pathology and associated myelin disturbances are a central hallmark of 

SCI and one of the main factors contributing to functional motor and sensory 

disability (Schwab and Bartholdi, 1996). Immediate axonal damage is in part 

attributed to primary injury that causes shearing, stretching and disruption of axons in 

the spinal cord (Choo et al., 2008). In fact, the degree of axonal damage is 

significantly dependent on the type of primary injury with e.g. fracture-dislocations 

leading to more severe axonal degeneration than either contusion or distraction 

injuries in rats (Choo et al., 2008). Hence, the primary injury significantly influences 

axonal pathology during subsequent secondary injury processes (Choo et al., 2008). 

Axonal damage remarkably progresses during secondary injury in terms of axonal 
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transport deficits, increasing axoplasmic calcium accumulation, secondary axotomy, 

mitochondrial dysfunctions, axonal retraction and dying back processes (Povlishock 

and Christman, 1995; Povlishock and Jenkins, 1995; Coleman, 2005; Horn et al., 

2008; Shi et al., 2009). As early as in the late 19th century Waller (1850) has 

discovered axonal degeneration processes in the peripheral nervous system. 

Degeneration of the distal part of an injured axon with subsequent debris removal by 

macrophages and regeneration of the proximal axonal stump was consequently 

termed Wallerian degeneration. Similar processes occur in the CNS, however, with 

the important exception that there is no sufficient regeneration and a considerable 

delay in the cellular response (Schwab and Bartoldi, 1996; Beirowski et al., 2010).  

Axonal damage is associated with disturbances in axonal transport mechanisms. In 

this respect, beta amyloid precursor protein (β-APP) is a well-known molecule that is 

known to accumulate in damaged and swollen axons (Li et al., 1995; Ahlgren et al., 

1996; Coleman, 2005). β-APP is synthesized in the neuronal cell body and 

subsequently carried along the axon by kinesin-motor-based fast anterograde 

axoplasmic transport resulting in the fact that it is not detectable in healthy axons 

(Stone et al., 2001; Coleman, 2005). Thus, immunohistochemical demonstration of  

β-APP in axons discovers axonopathy associated with defective fast anterograde 

axoplasmic transport mechanisms (Stone et al., 2001; Coleman, 2005; Seehusen 

and Baumgärtner, 2010). Regarding the spatial extension of β-APP positive axonal 

swellings it still remains unclear if they exclusively represent the terminal proximal 

axonal stump of a transected axon, or -appearing more probably- one of several 

axonal swellings in the entire length of a damaged axon (Coleman, 2005; Beirowski 

et al., 2010; Fig. 2). In fact, multiple β-APP positive axonal swellings can be observed 

in continuous damaged axons in neurodegenerative diseases such as multiple 

sclerosis (MS; Coleman, 2005; Fig. 2). Moreover, in the lesioned optic nerve of mice 

and rats multiple axonal swellings arise very early followed by anterograde wave-like 

progression on continuous axon stumps (Beirowski et al., 2011). 
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APP APP
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Further swelling due to transport deficits
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Figure 2 : Progressive axonopathy in central nervous system diseases . Injury-induced focal 

blockages of axonal transport lead to the occurrence of axonal varicosities that progress towards 

multiple spheroids. Wallerian degeneration may lastly be associated with secondary axotomy and 

formation of an axonal end bulb in the proximal stump. In all swellings, amyloid precursor protein 

(APP) can be detected as an expression of impaired fast axonal transport. According to Coleman 

(2005).  

 

Injured axons are additionally subject to alterations of their cytoskeleton. Besides 

microtubules, neurofilaments (NF) are the key member of the axonal cytoskeleton 

(Lee and Cleveland, 1996). NF represent the type IV intermediate filaments 

consisting of three subunits according to their chains (NF-light, NF-medium, and NF-

heavy; Lee and Cleveland, 1996; Petzold, 2005). They undergo axonal 

phosphorylation resulting in a static pool of approximately 80 % of phosphorylated 

neurofilaments (p-NF) in unchanged axons (De Waegh et al., 1992; Lee and 

Cleveland, 1996; Petzold, 2005). In contrast, healthy neuronal perikarya and 

dendrites predominantly express non-phosphorylated neurofilaments (n-NF) 

(Petzold, 2005). Axonopathy influences these intermediate filaments resulting in 
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enhanced axonal expression of n-NF (Lee and Cleveland, 1996; Petzold, 2005). This 

has succeeding implications on the axon caliber leading to diminished axon 

stabilization (Lee and Cleveland, 1996; Petzold, 2005). Additionally, demyelination 

directly affects the axonal cytoskeleton in terms of decreased neurofilament 

phosphorylation (de Waegh et al., 1992; Seehusen and Baumgärtner, 2010; Kreutzer 

et al., 2012). Antibodies directed against n-NF thus represent a valuable marker for 

axonal pathology (Tsunoda et al., 2003; Seehusen and Baumgärtner, 2010). 

However, though there are ultrastructural hints for axonal neurofilament pathology in 

traumatic axonal injury (Povlishock and Pettus, 1996), immunohistochemical 

demonstration of axonal n-NF-expression has predominantly been reported in 

neurodegenerative diseases such as MS and its viral animal models (Tsunoda et al., 

2003; Seehusen and Baumgärtner, 2010; Imbschweiler et al., 2012; Kreutzer et al., 

2012).  

Interestingly, SCI is not solely accompanied by axonal damage and degeneration but 

additionally significant axonal regeneration attempts (Li et al., 1996; Schwab and 

Bartholdi, 1996; Hagg and Oudega, 2006). Indeed, monitoring of individual axons in 

the spinal cord of living spinal cord injured mice demonstrates that many axons start 

regeneration attempts very early, within 6-24 hours after the initial injury 

(Kerschensteiner et al., 2005).  

In this respect, growth-associated protein (GAP)-43 represents an essential protein 

involved in axonal development and regeneration (Li et al., 1996; Schwab and 

Bartholdi, 1996). GAP-43 is found in neurons during development and in 

regenerating axonal growth cones (Li et al., 1996) resulting in a vast consensus that 

axonal GAP-43-expression is linked to axonal regeneration (Gerin et al., 2011; 

Kamada et al., 201; Guerrero et al., 2012). Interestingly, GAP-43-expression has 

been reported in rats following different forms of SCI (Li et al., 1996; Carmel et al., 

2001; Andrade et al., 2010; Gerin et al., 2011). However, data on GAP-43-expression 

in naturally occurring traumatic CNS diseases are almost entirely lacking.  

CNS axons and their oligodendrocyte derived myelin sheath form a tight unit 

resulting in the fact that axonal damage inevitably causes secondary myelin 

pathology (Shi et al., 2009). Vice versa, myelin loss has implications on the axonal 
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integrity. Wallerian degeneration encompasses both axonal degeneration and 

subsequent secondary myelin loss. Oligodendrocytes deprived of trophic support due 

to axonal damage might undergo apoptosis which may subsequently lead to 

demyelination of previously spared axons (Fig. 3; Tsunoda and Fujinami, 2002). 

Indeed, degeneration of axons is co-localized with oligodendrocyte apoptosis in 

experimental SCI in rats (Casha et al., 2001) and is further known to induce 

apoptosis long distances remote from the initial compression following experimental 

rodent SCI (Li et al., 1999). Thus, SCI is accompanied by both primary and 

secondary demyelination, in which axonopathy might represent the crucial triggering 

event (Tsunoda and Fujinami, 2002; Tsunoda et al., 2003). Myelin pathology is 

further associated with delayed cellular reactions that are dominated by 

microglia/macrophages removing axon- and myelin-derived debris (Shi et al., 2009). 

Following naturally occurring human SCI a gradual loss of myelin that lasts for years 

can be observed (Buss et al., 2004, 2005). Myelin debris is well-known to be 

associated with the expression of inhibitory molecules such as NoGo and myelin-

associated glycoprotein that inhibit sufficient axonal regeneration in the CNS (Olby, 

2010; Yang and Schnaar, 2008). Thus, removal of this debris by phagocytosing cells 

doubtlessly represents a prerequisite for regeneration and repair processes. 

However, microglia/macrophages are also known to directly cause the detrimental 

retraction of dystrophic axons (Horn et al., 2008) demonstrating the controversial role 

of these cells that will be detailed in the following paragraph. 
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Traumatic axonal injurySecondary demyelination due to
Wallerian degeneration

Microglia/macrophage activation
Oligodendrocyte apoptosis

Primary demyelination of previously 
sparred fibers 

 

 

Figure 3 : Wallerian degeneration during spinal cord injury . Injury induces Wallerian degeneration 

of the distal axon with subsequent secondary demyelination attributed to primary axonal pathology. 

This is paralleled by a strong activation of microglia/macrophages and subsequent phagocytosis of 

myelin debris. Apoptosis of oligodendrocytes may occur due to trophic support loss from injured axons 

as well as due to neurotoxic secretory products from microglia/macrophages. Oligodendrocyte 

apoptosis consequently causes additional primary demyelination of previously spared fibers. 

According to Tsunoda and Fujinami (2002). 

 

2.1.4 The immune response in spinal cord injury 

 

The role of immune processes during secondary injury following SCI is tremendously 

controversial as there are both reports on deleterious and beneficial roles of 

inflammation during secondary injury (Popovich et al., 1996, 1997, 1999; Schnell et 

al., 1999; Schwartz and Kipnis, 2001; Hauben et al., 2001; Kipnis et al., 2002; 

Bomstein et al., 2003; Jones et al., 2005). The immune response during secondary 

injury encompasses the activation of resident glial cells such as microglia and an 

infiltration of peripheral immune cells (Popovich et al., 1997; Olby et al., 1999; Pan et 

al., 2002; Fleming et al., 2006). 
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From detailed investigations in rodent models it is known that inflammation during 

secondary injury follows a certain time course. While neutrophilic granulocytes are 

the first to arise, the immune response is followed by reactions of 

microglia/macrophages and T cells at later time points (Popovich et al., 1997; Schnell 

et all., 1999). While most authors evaluate immune processes as detrimental for the 

outcome of SCI, several lines of evidence additionally suggest a beneficial role of 

certain types of inflammatory cells such as T cells and macrophages as they, 

depending on their activation state, may contribute to tissue sparing and improved 

locomotor outcome in experimental rodent models (Hauben et al., 2001; Kipnis et al., 

2001; Schwartz and Kipnis, 200; Bomstein et al., 2003; Shechter et al., 2009).  

Besides infiltrating inflammatory cells from the periphery, there is growing evidence 

that also endogenous CNS cells such as endothelial cells, astrocytes and microglia 

significantly participate in immune responses, e.g. via the secretion of pro- and anti-

inflammatory cytokines (Hopkins and Rothwell, 1995; Rothwell and Hopkins, 1995; 

Pan et al., 2002). There is a vast consensus that the activation of 

microglia/macrophages represents a crucial event during secondary injury making 

these cells to a valuable target for basic research and the development of therapeutic 

approaches (Gensel et al., 2011). The immune response during clinical human SCI is 

in fact dominated by microglia/macrophages (Schmitt et al., 2000; Fleming et al. 

2006). Microglial cells play a key role as they are fully immunocompetent cells and 

function as the intrinsic immune system of the CNS (Neumann et al., 1996; 

Kreutzberg, 1996; Beyer et al., 2000; Schmitt et al., 2000; Kipnis et al., 2004; 

Graeber and Streit, 2010). As antigen presenting cells (APCs) they are able to 

effectively communicate with invading inflammatory cells such as T cells (Kreutzberg, 

1996; Stein et al., 2006). Major histocompatibility complex (MHC) class II has proven 

to be a validate marker for activated microglial cells in rodents, humans, and 

domestic animals including dogs (Alldinger et al., 1996; Beyer et al., 2000; Stein et 

al., 2006; Ensinger et al., 2010; Olson, 2010). Microglial activation represents an 

early and common process in various CNS diseases including SCI (Kreutzberg, 

1996; Shi et al., 2009; Gensel et al., 2011). Indeed, MHC class II-expression is up-

regulated on microglial cells following SCI in humans (Schmitt et al., 2000). Microglial 
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activation is -apart from cytokine receptors (see below)- mediated by pattern 

recognition receptors (PRRs; Allan and Rothwell, 2001). Phagocytosis of myelin 

debris is further believed to have a direct effect on MHC class II up-regulation on 

microglia (Beyer et al., 2000).  

Recent studies have highlighted the crucial role of a polarization of 

microglia/macrophages into different phenotypes. Bomstein et al. (2003) have shown 

that injection of macrophages, specifically activated by skin-coincubation, into spinal 

injured rats has proven to positively influence the clinical and pathological outcome. 

Thus, the type of activation seems to significantly decide on either lesion progression 

or repair. Here, the classically activated pro-inflammatory M1 phenotype and an 

alternatively activated, anti-inflammatory M2 phenotype can be distinguished (Mosser 

and Edwards, 2008; Kigerl et al., 2009). While M1 microglia/macrophages secrete 

pro-inflammatory cytokines such as tumor necrosis factor (TNF), interleukin (IL)-6, 

and IL-1β the alternatively activated M2 type is characterized by the release of anti-

inflammatory and potentially neuroprotective cytokines such as transforming growth 

factor (TGF)-β and IL-10 (Mosser and Edwards, 2008; David and Kroner, 2011). In 

fact, recent reports have highlighted that experimental SCI in rodents leads to a 

polarization of microglia/macrophages into a neurotoxic pro-inflammatory M1 type 

whereas the regeneration supportive M2 type is just transiently occurring and 

suppressed during the time course of secondary injury (Kigerl et al., 2009; Guerrero 

et al., 2012). Moreover, this novel polarization paradigm might represent a sufficient 

explanation for the aforementioned controversial reports on either beneficial or 

detrimental effects of the immune response on the outcome of SCI (David and 

Kroner, 2011). However, several studies also indicate that lipid-laden phagocytic 

cells including myelinophages in MS lesions secrete anti-inflammatory cytokines 

such as TGF-β, IL-10 and IL-4 (Boven et al., 2006). As myelinophages are abundant 

after SCI, it remains to be determined whether these cells retain characteristics of M2 

macrophages or might represent a non-polarized M0 state (Fig. 4; David and Kroner, 

2011).  

Based on these novel observations, the phenotype of microglia/macrophages during 

CNS injury might be a key feature significantly deciding on either lesion progression 
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or remission (Gensel et al., 2011). As M1 polarized microglia/macrophages may 

contribute to secondary tissue damage and axonal retraction and, contrary, the M2 

phenotype is believed to be protective and axon growth promoting, M2 polarization of 

microglia/macrophages in the injured spinal cord might therefore be highly desirable 

(Kigerl et al., 2009; David and Kroner, 2011). Interestingly, transplantation of 

mesenchymal stem cells into the spinal cord of rats with contusion injury has recently 

shown to lead to increased numbers of alternatively activated macrophages (M2 

phenotype) associated with a significant increase in IL-4 and IL-13 and reductions in 

TNF- and IL-6-levels (Nakajima et al., 2012). The role of a polarization of 

microglia/macrophages into distinct phenotypes in spontaneously occurring SCI has 

not been investigated so far and thus represents a highly interesting field for future 

studies.   

Increasing time post injury

M1

Cytotoxic

M2 (transient)

Repair

M?

Cytotoxic?

Pro-inflammatory cytokines, 
e.g. TNF, IL-1

Anti-inflammatory cytokines
e.g. IL-4, IL-10, TGF-β

Cytokines?

 
Figure 4 : Polarization of microglia/macrophages during experimental rodent spina l cord injury . 

Experimental rodent spinal cord injury induces an early polarization of microglia/macrophages into a 

neurotoxic pro-inflammatory M1 phenotype during acute SCI whereas a potentially neuroprotective 

myelin-phagocytosing M2 phenotype is just transiently apparent. The phenotype of 
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microglia/macrophages during the advanced disease phase is not sufficiently known so far. Further, 

the role of microglia/macrophage polarization in naturally occurring SCI remains to be elucidated. IL = 

interleukin; TNF = tumor necrosis factor; TGF = transforming growth factor. According to Kigerl et al., 

2009; David and Kroner, 2011. 

 

2.2 The role of cytokines in central nervous system  injury 

 

2.2.1 Cytokines and their receptors 

 

Cytokines are the key actors in the molecular microenvironment of CNS diseases 

(Hopkins and Rothwell, 1995). The term cytokines encompasses a widely diverging 

group of polypeptides that play an important role not only in regulating immune 

functions and inflammation but also in a variety of physiological processes such as 

tissue homeostasis, sleep, hematopoiesis, and embryonal development (Gibson et 

al., 2004; Boulanger, 2009; Imeri and Opp, 2009; Geissmann et al., 2010). Generally 

functioning as mediators of intercellular communication, cytokines are able to 

promote or antagonize growth, proliferation, and differentiation of their target cells 

(Wang and Shuaib, 2002). Attempts to subdivide this highly heterogeneous molecule 

family were made by dividing them into the classes of lymphokines, chemokines, 

tumor necrosis factors, interferons, colony stimulating factors, neurotrophins and 

neuropoietins, monokines, and interleukins (Hopkins and Rothwell, 1995; Gibson et 

al., 2004). The expression of cytokines in adult CNS tissue is usually low or even 

undetectable under equilibrium conditions (Hopkins and Rothwell, 1995; Rothwell 

and Hopkins, 1995), however, they are synthesized de novo and rapidly increase 

during various forms of tissue stress (Hopkins and Rothwell, 1995). The binding of 

cytokines to their specific receptors initiates a complex cascade of signal 

transduction (reviewed by Kirken et al., 1998; Rothwell and Hopkins, 1995; Hehlgans 

and Pfeffer, 2005) subsequently leading to the production of new proteins or inducing 

the target cell to divide or differentiate (Hopkins and Rothwell, 1995; Rothwell and 

Hopkins, 1995; Gibson et al., 2004). Cytokine receptors, characterized as membrane 

glycoproteins, are ubiquitous and widely distributed in different tissues and organs 

including the CNS (Hopkins and Rothwell, 1995; Rothwell and Hopkins, 1995).  
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The functional characterization of cytokines is extremely challenging because of their 

manifold properties, well-known under the terms ‘redundancy’ and ‘pleiotropy‘. In this 

respect, several cell types can act as the source of a certain cytokine and this 

specific molecule can have numerous target cells including the same cell that has 

secreted it. Moreover, in regulatory loops, cytokines control their own synthesis and 

initiate the production of other cytokines in a synergistic and antagonistic manner, 

respectively (Hopkins and Rothwell, 1995; Pan et al., 2002). During various disease 

conditions of the CNS cytokines are differentially expressed and are derived from 

both infiltrating peripheral immune cells and endogenous CNS cells. The actions of 

cytokines may roughly be divided into either pro-inflammatory or anti-inflammatory 

demonstrating their potential to enhance and suppress immune processes, 

respectively. However, there are significant overlaps making a strict distinction rather 

didactical than true. The capability of cytokines to contribute to cytotoxicity with 

subsequent degeneration on the one hand and regeneration and repair on the other 

hand is schematically depicted in Fig. 5. 

 

2.2.2 Pro-inflammatory actions of cytokines in the central nervous system 

 

In CNS injury, resident cells function as the first line of defence prior to the infiltration 

of inflammatory cells (Fig. 5; Rothwell and Hopkins, 1995; Gröne et al., 2000; Markus 

et al., 2002; Wang and Shuaib, 2002; Beineke et al., 2008). They are capable of 

producing and responding to pro-inflammatory cytokines that can contribute to further 

tissue damage, e.g. via induction of inducible nitric oxide synthase and initiation of 

apoptotic cell death (Wang and Shuaib, 2002; Hehlgans and Pfeffer, 2005). Cultured 

murine astrocytes and microglia for example secrete IL-1 following stimulation with 

lipopolysaccharides (LPS) and TNF (Giulian et al., 1986). Vice versa, TNF secretion 

can be induced in astrocytes and microglia upon stimulation with LPS, interferon 

(IFN)-γ or IL-1 (Lieberman et al., 1989; Chung and Benveniste, 1990). IL-1 activates 

microglia, induces nitric oxide synthesis, activates complement and stimulates 

leukocyte invasion (Wang and Shuaib, 2002; Gibson et al., 2004). Further, IL-1 and 

TNF induce proliferation of astrocytes and contribute to astrogliosis (Giulian and 



Chapter 2:  General Introduction 
 

 17 

Lachman, 1985; Barna et al., 1990). IL-1, and similarly TNF, are potent contributors 

to neuronal cell death and are often associated with demyelination and auto-

aggressive changes in the CNS (Rothwell and Hopkins, 1995; Ledeen and 

Chakraborty, 1998; Wang and Shuaib, 2002; Gibson et al., 2004). IL-6, inducible by 

TNF and IL-1β (Hopkins and Rothwell, 1995), promotes an enhanced inflammatory 

response of microglia (Klusman and Schwab, 1997). Consequently, antibody-based 

blockade of IL-6 signalling reduces the extension of inflammation, decreases 

astrogliosis, and enhances tissue sparing following SCI in mice (Mukaino et al., 

2010). Another pro-inflammatory mediator, IL-12, can be induced in microglia in vitro 

by TNF and endotoxins, subsequently promoting a T helper (Th)1-shifted T cell 

response potentially leading to a deleterious delayed type hypersensitivity reaction 

(Adorini et al., 1997; Olson et al., 2001). Interferons are a distinct class of cytokines 

with numerous different members. Their name derives from their well-known antiviral 

properties. IFN-γ is additionally a powerful immune activator enhancing MHC class I 

expression on T cells and stimulating a Th1 shifted immune response. In addition, 

IFN-γ is a potent activator of macrophages and microglia as it induces MHC class II-

expression on APCs (Allan and Rothwell, 2001). During various CNS diseases 

infiltrating Th1 cells are thus able to contribute to a pro-inflammatory 

microenvironment, e.g. by the secretion of IL-2, and IFN-γ. Apart from the classical 

Th cell subsets recent investigations have highlighted the pathogenetic importance a 

novel class of Th cells. IL-17 secreting T cells - consecutively termed Th17 cells - 

play a substantial role in autoimmune responses, e.g. in MS (Fletcher et al., 2010). 

IL-23 is a heterodimeric protein produced by APCs and shifts the T cell response 

towards Th17 domination (Kikly et al., 2006). Further, IL-23 appears to be required 

for the survival of Th17 cells (Kikly et al., 2006). IL-17 acts on a receptor that is 

ubiquitously expressed and initiates the production of pro-inflammatory cytokines and 

chemokines causing enhanced tissue damage (Kikly et al., 2006).  

IL-8, now termed CXCL8, functions as a potent pro-inflammatory mediator and 

represents the prototype of chemokines, a family of small cytokines that is mainly 

involved in migration and chemoattraction of both neutrophilic granulocytes and T 

cells (Tipold et al., 1999; Gangur et al., 2002; Kuhle et al., 2009; Kwon et al., 2010b). 
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Locally produced IL-8 in the CNS thus contributes to an early attraction of infiltrating 

immune cells from the periphery (Tipold et al., 1999). CXCL7, another member of the 

chemokine family, has recently been cloned from canine tissue and has proven to be 

highly attractant to neutrophils using a neutrophil migration assay (Wang et al., 

2009). In addition, cultured canine dendritic cells express high levels of CXCL7 when 

treated with pro-inflammatory cytokines such as IL-1β, TNF and IL-6 (Wang et al., 

2009).  

However, the classical view of pro-inflammatory cytokines as the “bad guys” in the 

CNS would be an oversimplification as several lines of evidence also indicate a 

beneficial role of these molecules in various CNS pathologies. For instance, IL-6 

deficient mice show increased neurodegeneration and oxidative stress following 

brain injury suggestive of a neuroprotective role of IL-6 (Penkowa et al., 2000). 

Further, IL-1β deficient mice show deficits in proper remyelination following 

cuprizone-induced demyelination (Mason et al., 2001). Dependent on the dosage, 

TNF may also initiate neuroprotective effects (Pan et al., 1997). For example, up-

regulation of TNF receptor 2 leads to the secretion of neuroprotective cytokines 

including IL-10 in cultured mouse microglia, suggestive of TNF induced counter-

inflammatory and neuroprotective pathways (Veroni et al., 2009). 

Besides their local production, cytokines are able to cross the blood brain barrier 

(BBB) by passing via circumventricular organs or through specific transport 

mechanisms found in endothelial cells (Gutierrez et al., 1993). In addition, cytokines 

produced by resident glial and endothelial cells have direct effects on the BBB, as 

they lead to an increased permeability of the BBB by causing a reorganization of the 

actin cytoskeleton (Deli et al., 1995; Webb and Muir, 2000). Moreover, IL-1, IL-6, and 

TNF induce the expression of adhesion molecules in brain endothelial cells, 

representing a prerequisite for the transmigration of immune cells through the BBB 

(Tuttolomondo et al., 2008).  

Regarding SCI, there are many reports of an early up-regulation of TNF-α, IL-6 and 

IL-1β with a delayed or absent up-regulation of anti-inflammatory cytokines such as 

IL-10 and TGF-β in experimentally induced rodent SCI (Wang et al., 1996; Bartholdi 

and Schwab, 1997; Wang et al., 1997; Pan et al., 2002; Tyor et al., 2002). Kwon et 
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al. (2010b) demonstrated a severity-dependent up-regulation of several signalling 

factors including IL-6 and IL-8 in the cerebrospinal fluid (CSF) of human patients with 

naturally occurring SCI. In rat thoracic contusion injury, IL-8, IL-6, IL-1α, IL-1β, IL-13, 

MCP-1, MIP1a, RANTES, and TNF are elevated within the spinal cord, however, 

compared to human SCI the up-regulation of IL-6, IL-8, and MCP-1 is earlier in 

rodents (Stammers et al., 2012). Similar to humans, IL-6-, IL-8- and MCP-1-

expression levels correlate with injury severity in experimental rodent SCI (Stammers 

et al., 2012). Recently, treatment of spinal injured mice with an anti-IL-6 receptor 

antibody has shown to promote the alternative macrophage activation pathway (M2) 

with subsequent spared myelin, enhanced axonal regeneration, and improved 

locomotor function (Guerrero et al., 2012). This demonstrates a crucial role of IL-6 in 

damage during secondary injury, possibly due to promotion of a classically activated 

M1 phenotype of macrophages (Guerrero et al., 2012). 

 

2.2.3 Anti-inflammatory actions of cytokines in the central nervous system 

 

CNS cells are not exclusively able to produce and respond to pro-inflammatory 

cytokines but also function as a potent source of anti-inflammatory cytokines such as 

IL-10 and TGF-β that are known to be involved in disease remission, regeneration 

and healing processes (Fig. 5; Brewer et al., 1999; Tyor et al., 2002). TGF-β belongs 

to the group of transforming growth factors with three members: TGF-β1, TGF-β2 

and TGF-β3. TGF-β1, the best characterized subtype, functions as a potent growth 

factor with strong immunosuppressive effects by inhibiting pro-inflammatory 

cytokines such as TNF and IL-1 (Benveniste, 1998).  

While not detectable in the unlesioned CNS, astrocytes and neurons up-regulate 

TGF-β in vitro (Unsicker and Strelau, 2000). TGF-β inhibits IFN-γ induced MHC class 

II-expression on microglia in vitro (Benveniste, 1998). Microglial cells are known to 

synthesize TGF-β in response to stimulation with pro-inflammatory cytokines in mice 

(Welser et al., 2010).  

Another prototype of anti-inflammatory cytokines, IL-10, has known neuroprotective 

effects and can be synthesized by microglia and astrocytes (Tyor et al., 2002; Zhou 
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et al., 2009; Genovese et al., 2009; Werry et al., 2011, 2012). IL-10 down-regulates 

MHC class II-expression on microglia and inhibits T cell-microglia interactions in part 

via inhibition of the synthesis of IL-1, IL-6 and TNF as well as Th1 cytokines such as 

IL-2 and IFN-γ (Fiorentino et al., 1991; Lodge and Sriram, 1996). Interestingly, 

depletion of IL-10 in mice leads to enhanced expression of IL-1β and TNF with 

subsequent increased tissue damage following experimental SCI (Genovese et al., 

2009). Besides its immunomodulatory effects, IL-10 seems to directly and 

protectively interfere with neurons via IL-10 receptor, as determined by vector-based 

enhanced IL-10-expression following SCI in rats (Zhou et al., 2009). The potent anti-

inflammatory cytokine IL-4, derived from either resident CNS cells or infiltrating Th2 

cells, down-regulates pro-inflammatory cytokine secretion in microglia and up-

regulates the release of IL-1 receptor antagonist (IL-1rA), additionally exerting anti-

inflammatory properties through the inhibition of IL-1/IL-1r interaction (Liu et al., 

1998).  

Additional to endogenous CNS cells invading Th2 cells may exert anti-inflammatory 

properties by the secretion of e.g. IL-4, IL-10 and IL-13 (London et al., 1998). 

Furthermore, the counter actors of Th17 cells, regulatory T cells secrete 

immunomodulatory cytokines such as TGF-β and IL-10 and thus may play a role in 

the suppression of inflammation and disease remission (von Boehmer, 2005; 

Sakaguchi et al., 2009).  
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Figure 5 : Cytokines in central nervous system injury . Simplified schematic representation of the 

involvement of representative cytokines in central nervous system (CNS) injury. While pro-

inflammatory cytokines (red, left side) are believed to generally contribute to neurodegeneration, 

cytotoxicity and disease exacerbation, anti-inflammatory cytokines (green, right side) may enhance 

regeneration and repair, in part by the inhibition of the former. Resident CNS cells such as astrocytes 

and microglia are capable to produce a significant number of different cytokines from which certain 

ones (such as interleukin [IL]-8) attract leukocytes from the peripheral blood. The latter subsequently 

contribute to further cytokine production. Here, especially T cell cytokines play a pivotal role. 

Depending on the type of invading T cells (T helper cell (Th)1, Th2, Th17, regulatory T cells), the 

prototypical T cell cytokines such as interferon (IFN)-γ, IL-2, IL-4, IL-5, IL-10, IL-13, and IL-17 may be 

produced. Note that cytokine functions are overlapping, redundant and pleiotropic and thus a strict 

distinction of pro- and anti-inflammatory cytokines is rather didactical than true. IL = interleukin; IFN = 

interferon; TNF = tumor necrosis factor; TGF = transforming growth factor, IL-1rA = interleukin-1 

receptor antagonist. 
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2.3 Dogs as a translational animal model for human central nervous 

system diseases 

 

2.3.1 The need for translational research 

 

Despite advances in the understanding of the pathophysiology of CNS diseases and 

the success of several treatment strategies in rodent models, a considerable 

translational gap remains (Wilcox et al., 2012). As it is true for e.g. research on 

spontaneous tumor development (Vail and McEwen, 2000) companion animals are 

nowadays increasingly acknowledged as an excellent opportunity for preclinical 

research focussing on spontaneous CNS diseases. Naturally occurring CNS 

diseases in humans including SCI are characterized by a remarkable interindividual 

heterogeneity that cannot be sufficiently reproduced by the exclusive use of inbred 

laboratory animal populations (Hagg and Oudega, 2006; Jeffery et al., 2006; Kwon et 

al., 2010a; Levine et al., 2011). Thus, uncritical extrapolation of findings obtained in 

experimental studies on laboratory animals to the human disease raises some 

concerns. Consequently, translational research is needed for the validation of 

findings prior to the extrapolation to clinical diseases (Jeffery et al., 2006; Kwon et al., 

2010a).  

In this context, companion animals, and here particularly dogs, have gained 

increasing importance as they are affected by spontaneously occurring CNS 

diseases that share striking similarities with their human counterpart. Besides its 

doubtless veterinary relevance naturally occurring CNS diseases in dogs may thus 

bridge the gap between experimental studies in rodents and the clinical disease in 

man (Jeffery et al., 2006; Levine et al., 2011). Spontaneous canine CNS diseases 

that function as models for human CNS conditions for example include canine 

distemper associated leukoencephalitis that represents a well established virally-

induced animal model for demyelinating diseases (Tipold et al., 1999; Markus et al., 

2002; Beineke et al., 2008, 2009; Seehusen and Baumgärtner, 2010). Comparably, 

other degenerative canine neurological diseases such as epilepsy share striking 
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similarities with the human disease allowing studies on the underlying pathologic 

basis of such disease entities (Leppik et al., 2011).  

More recently, the recognition of similarities between canine intervertebral disk 

disease (IVDD) and human SCI has contributed to an increasing importance of dogs 

in SCI research (Jeffery et al., 2006; Smith and Jeffery, 2006; Levine et al., 2011; 

Boekhoff et al., 2012a, 2012b). Regarding SCI, there are in fact numerous hints for 

considerable differences in the pathophysiology of secondary injury processes in 

laboratory rodents and humans (Hagg and Oudega, 2006; Shi et al., 2009). While 

there is robust inflammation and demyelination following SCI in rodents the immune 

response in humans is rather minimal and dominated by microglia/macrophages 

(Schmitt et al., 2002; Fleming et al., 2006; Hagg and Oudega, 2006; Shi et al., 2009). 

Thus, it cannot be excluded that observed inflammatory responses in rodents might 

represent species-specific reactions to SCI (Hagg and Oudega, 2006). In fact, even 

rats and mice show distinct inflammatory responses during secondary injury (Sroga 

et al., 2003) and inflammation during SCI is depending on the used rat strain 

(Popovich et al., 1997). Moreover, Wallerian degeneration-associated processes 

such as demyelination are significantly delayed in humans and compared to rodents 

there is minimal astroglial scar formation (Puckett et al., 1997; Buss et al., 2004; 

Hagg and Oudega, 2006; Shi et al., 2009). In addition and highly important, 

experimental SCI is most often characterized by mechanical forces artificially added 

to the dorsally exposed spinal cord (Tab. 1) whereas the majority of naturally 

occurring SCI is caused by structures located ventral to the spinal cord (Jeffery et al., 

2006; Smith and Jeffery, 2006; Levine et al., 2011). Experimental models can thus 

mimic a certain type of primary injury (e.g. hemisection, contusion, compression, see 

Tab. 1) whereas naturally occurring SCI is predominantly characterized as a mixed 

contusive-compressive injury from a ventral direction, demonstrating that there is a 

significant difference in cause and mechanics of the primary injury (Jeffery et al., 

2006; Hagg and Oudega, 2006; Levine et al., 2011). Lastly, clinical SCI in humans 

and animals is characterized by very heterogeneous lesions with a high 

interindividual variability (Jeffery et al., 2006; Smith and Jeffery, 2006; Levine et al., 

2011). Such differences underline the necessity of translational large animal models 
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more closely mimicking the natural disease in humans. Moreover, there is a 

considerable demand of translational animal models for the establishment of future 

therapies. In this context, cell transplantation techniques represent a promising target 

(Jeffery and Blakemore, 1999b; Jeffery et al., 2005; Olby, 2010). Besides differences 

in the pathogenesis of SCI, the exclusive use of rodent models might also not be 

sufficient to validate the efficacy of cell transplantations (Kwon et al., 2010a). In fact, 

several lines of evidence indicate that there are considerable differences in 

regeneration promoting cells even on the in vitro level. For example, rodent glia 

require mitogen stimulation for in vitro expansion, and may undergo spontaneous 

immortalization, which is clearly contrasting to monkey, porcine, canine, and human 

glia (Wewetzer et al. , 2011). Conclusively, clinical application of cell transplantation 

techniques can merely be successful if the spatio-temporal development of 

pathologic changes and the microenvironment of the recipient tissue (i.e. the 

naturally traumatized spinal cord) are sophisticatedly characterized. 

Interestingly, canine IVDD might fill the gap between experimental SCI in rodent 

models and the clinical human disease as it shares striking commonalities with 

human SCI (Jeffery et al., 2006; Levine et al., 2011; Boekhoff et al., 2012a, 2012b). 

Because of its high variability, tissue of the naturally injured canine spinal cord is 

regarded ideal for studying naturally relevant events during secondary injury (Jeffery 

et al., 2006). Some general notes on canine IVDD will be the topic of the following 

chapter.  

 

2.3.2 Canine intervertebral disk disease as a model for human spinal cord injury 

 

Though the exact prevalence of SCI in dogs is not known, IVDD related SCI is 

estimated to account for up to 2 % of all canine diseases (Bray and Burbridge, 

1998b; Coates, 2000; Webb et al., 2010a). In fact, IVDD ranges on top of the 

diagnoses in canine neurology. In a recent study of nearly 3,500 dogs with CNS 

diseases in a referral hospital population, IVDD represented the most common 

diagnosis followed by epilepsy and other degenerative CNS diseases (Fluehman et 
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al., 2006). Furthermore, IVDD is the most common cause for SCI in dogs (Olby, 

2010).  

According to the studies of Hansen (1952), IVDD is traditionally classified into two 

types. While type I herniations (‘extrusions’) are rather explosive and cause 

considerable trauma to the respective spinal cord segment, type II herniations 

(‘protrusions’) are less pronounced and lead to slower, compressive forces to the 

spinal cord (Hansen, 1952; Bray and Burbridge, 1998b; Brisson, 2010). 

Chondrodystrophoid breeds such as dachshunds, pekingeses and French bulldogs 

are predisposed for type I IVDD (Priester, 1976; Simpson, 1992; Bray and Burbridge, 

1998b; Brisson, 2010). In these breeds the nucleus pulposus of multiple 

intervertebral disks undergoes chondroid metaplasia that starts early at a juvenile 

age (Bray and Burbridge, 1998). The tissue of the nucleus pulposus is progressively 

replaced by hyaline cartilage that degenerates and calcifies in the advanced disease 

phase (Simpson, 1992; Bray und Burbridge, 1998b). In fact, in chondrodystrophoid 

dogs these changes are completed as early as one year of age (Bray and Burbridge, 

1998b; Coates, 2000). Subsequent additional degenerative changes in the annulus 

fibrosus predispose the intervertebral disk for herniation: the degenerated nucleus 

pulposus explosively herniates into the vertebral canal (Fig. 6 A,B). Hansen (1952) 

described this form of IVDD as type I herniation. The incidence of Hansen type I 

IVDD peaks around 4 to 6 years of age (Priester, 1976; Coates, 2000). In contrast to 

chondrodystrophoid breeds the intervertebral disk of non-chondrodystrophoid breeds 

may undergo an age-dependent and slowly progressing fibroblastic metaplasia of the 

annulus fibrosus and nucleus pulposus (Bray und Burbridge, 1998b; Coates, 2000; 

Brisson, 2010). The intervertebral disk may finally protrude into the vertebral canal 

(Hansen type II IVDD) with a peak incidence around 6 to 8 years of age and mainly 

affecting large-breed dogs (Priester, 1978). The clinical neurological consequences 

such as para- and tetraparesis and –plegia, respectively, are generally more severe 

in Hansen type I herniations (Bray and Burbridge, 1998b). In chondrodystrophoid 

breeds the majority (75 %) of herniations is found at the level of the thoracic vertebra 

(T) 12 to lumbar vertebra (L) 2 (Hansen, 1952). Cervical disk herniations are 

comparatively less frequent accounting for approximately 14 - 35 % of all 
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intervertebral disk herniations (Coates, 2000; Brisson, 2010). Due to their familial 

predisposition, chondrodystrophoid breeds are much more likely to develop disk 

herniation than non-chondrodystrophoid breeds. In fact, there is a high correlation 

between disk calcification of offspring and parents in dachshunds, strongly 

suggesting heritability (Jensen and Christensen, 2000).  

The neurological consequences of IVDD are attributed to a mixed contusive and 

compressive force to the respective spinal cord segment (Jeffery et al., 2006; Levine 

et al., 2011). Depending on the neuro-anatomical localization, the type of IVDD, and 

the severity of the lesions, affected dogs usually develop clinical signs ranging from 

back pain and paresis with proprioceptive deficits to complete plegia with loss of 

deep pain perception (Jeffery and Blakemore, 1999a). Interestingly, loss of deep pain 

perception is strongly associated with a poor prognosis (Bull et al., 2008). The 

traditional therapeutic strategies are commonly based on surgical decompression of 

the respective spinal cord segment (Olby, 2010; Webb et al., 2010b). In fact, the 

prognosis for dogs with lower grade IVDD is relatively good following surgical 

decompression (Bull et al., 2008; Brisson, 2010). Bull et al. (2008) report a 

percentage of 85 % of 238 dogs in a referral hospital population with a favourable 

functional outcome following surgical decompression. Similarly, Ferreira et al. (2002) 

have reported a success rate of surgical treatment of 86 % in a population of 71 

paraplegic dogs. However, there is a comparatively high recurrence rate of IVDD 

associated clinical symptoms, ranging as high as 19.2 % in dogs that were treated 

with decompressive laminectomy (Mayhew et al., 2004). Further, high grade IVDD 

with loss of deep pain perception is still associated with a poor prognosis leading to a 

significant number of dogs that - despite surgery - remain non-ambulatory (Jeffery 

and Blakemore, 1999a; Jeffery et al., 2006).  

Though there are remarkable advances in therapeutical management of canine IVDD 

a significant number of animals has to be euthanized due to a poor prognosis. This 

indicates that there is a high demand of novel therapeutic strategies, for which cell 

transplantation approaches might represent a promising target (Jeffery et al., 2005; 

Wewetzer et al., 2011). In fact, transplantation of canine OECs into the contused 

spinal cord of rodents and dogs has been proven to be a reliable and safe method 
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(Smith et al., 2002; Jeffery et al., 2005). There are increasing numbers of current 

clinical trials on canine SCI (recently reviewed by Olby, 2010), either based on the 

transplantation of OECs, or using pharmacological methods such as administration of 

4-aminopyridine, n-acetylcysteine, methylprednisolone and polyethylenglycol (Olby, 

2010).    

However, there is no doubt about the fact that a detailed understanding on the 

pathological events following naturally occurring SCI in dogs is needed to assess the 

efficacy of such trials. Despite its high frequency, studies on the neuropathological 

consequences of IVDD are surprisingly rare (Griffiths, 1972, 1978; Smith and Jeffery, 

2006). As early as 1978, Griffiths has investigated pathohistological changes in the 

lesioned spinal cord of dogs suffering from traumatic SCI and described the 

occurrence of e.g. necrosis and hemorrhage. However, the spinal cord lesions of 

dogs that were included in this early study were due to severe external mechanical 

forces such as road accidents, in part causing spinal cord laceration (Griffiths, 1978). 

More recently, reports on ultrastructural spinal cord pathology during naturally 

occurring canine SCI described white matter edema, hemorrhages, axonal spheroid 

formation, astrocyte swelling, and demyelination in dogs suffering from different 

forms of SCI including road accidents and intervertebral disk herniation (Smith and 

Jeffery, 2006). In this study, there are hints of spontaneous remyelination attempts in 

the advanced disease phase by both oligodendrocytes and Schwann cells (Smith 

und Jeffery, 2006). Matrix metalloproteinase (MMP)-9 has shown to be elevated in 

the CSF and serum of dogs with acute IVDD as demonstrated by zymography 

(Levine et al., 2006). Conclusively, this gelatinase seems to play a pivotal role during 

the early phase of IVDD related secondary injury processes. Levine et al. (2010) 

have further demonstrated that non-ambulatory dogs with thoracolumbar IVDD have 

comparatively higher levels of myelin basic protein (MBP) in the CSF than healthy 

controls. Moreover, CSF MBP correlates with an unsuccessful outcome indicating it 

as a potentially useful prognostic marker (Levine et al., 2010). Similarly, IVDD related 

acute SCI in dogs causes a remarkable elevation of glutamate in the lumbar CSF 

that is related to the severity of clinical signs indicating that there is significant 

excitotoxic damage during secondary injury (Olby et al., 1999). Moreover, glutamate 
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elevation is still detectable in dogs with chronic thoracolumbar SCI for more than 1 

month (Olby et al., 1999).  

IVDD shares striking similarities with human SCI. Similar to most cases of SCI in 

humans, IVDD is caused by structures located ventral to the spinal cord which is 

contrasting to the majority of experimental rodent models (Jeffery et al., 2006; Smith 

and Jeffery, 2006; Levine et al., 2011). Moreover, compared to rodents, the canine 

spinal cord might be more sufficient for the extrapolation of findings to the human 

counterpart in terms of its size (Jeffery et al., 2006). Lastly, and probably most 

important, canine IVDD is a spontaneous disease with a high interindividual 

variability (Levine et al., 2011). The relative age and gender of dogs with IVDD are 

very similar to those of humans with SCI as affected animals are predominantly 

young adult males (Levine et al., 2011). Thus, recently canine IVDD has become a 

highly acknowledged translational animal model that may add the missing 

heterogeneity and bridge the gap between experimental investigations in rodent 

models and the clinical human disease (Jeffery et al., 2006). Canine SCI might thus 

allow the validation of findings obtained in highly homogeneous experimental models 

and translate these issues into the clinical relevant naturally occurring disease 

(Jeffery et al., 2006; Kwon et al., 2010a; Levine et al., 2011; Boekhoff et al., 2012a, 

2012b). Although pathomorphological changes during SCI in dogs have been studied 

for decades (Griffiths, 1972, 1978; Wennerstrand et al., 1978; Smith and Jeffery, 

2006) data on axonal, inflammatory, and molecular alterations during this disease are 

almost entirely lacking (Jeffery et al., 2006). The naturally occurring mixed 

compressive-contusive model of SCI offers the opportunity to study the temporal 

development of pathological events during naturally occurring clinical SCI as tissue of 

affected dogs is shortly available post mortem (Jeffery et al., 2006). Thus knowledge 

about these processes represents a prerequisite for developing novel therapeutic 

approaches like transplantation of canine OECs into the contused spinal cord (Smith 

et al., 2002; Wewetzer et al., 2011). 

 

N. p. 
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Chapter 2:  General Introduction 
 

 29 

 

Figure 6 : Canine intervertebral disk disease.  Macroscopic demonstration of Hansen type I 

intervertebral disk herniation. A) Severe Hansen type I herniation in a 9 years old dachshund between 

thoracic vertebrae 11 and 12. Dorsal view of herniated intervertebral disk material (arrow) in the 

vertebral canal after removal of the vertebral laminae and the spinal cord. B) Transversal section of a 

degenerated intervertebral disk with demonstration of degenerated nuclear material (arrow) that has 

dorsally penetrated the annulus fibrosus. 

 

2.4 Organotypic spinal cord slice cultures as an in vitro model for spinal 

cord injury 

 

To mimic degenerative processes during SCI and to clarify the role of resident neural 

cells during secondary injury, organotypic spinal cord slice cultures offer an 

interesting in vitro model (Krassioukov et al., 2002; Casha et al., 2005; Stavridis et 

al., 2005). In contrast to dissociated cell cultures, organotypic slice cultures, originally 

described by Stoppini et al. (1991), have the advantage to preserve the organotypic 

morphology of the CNS tissue architecture (Huuskonen et al., 2005). In organotypic 

slices, resident CNS cells may thus be maintained in their original environment. 

Organotypic slice cultures are regarded as an appropriate intermediate model 

between ethically questionable but unavoidable animal experiments in vivo and 

purified single cell cultures in vitro (Huuskonen et al., 2005).  

Organotypic tissue slices of the CNS can be produced by certain machines such as 

vibratomes or tissue choppers. A suitable thickness of the slices is commonly given 

with 350 to 400 µm in the literature (Casha et al., 2005; Hailer et al., 2005; 

Huuskonen et al., 2005; Stavridis et al., 2005). According to the interface method, 

A B 



Chapter 2:  General Introduction 
 

 30 

originally described by Stoppini et al. (1991), organotypic slices are cultivated on a 

membrane on the interface between air and culture medium (Fig. 7). Culturing of 

tissue slices offers the opportunity of an easily accessible manipulation and simple 

visualization of its effects (Stavridis et al., 2005). The vast majority of reports on 

organotypic slice cultures uses hippocampal tissue mainly of embryonal and juvenile 

rodents (Wolf et al., 2002; Holopainen, 2005; Huuskonen et al., 2005). In many 

cases, organotypic slice cultures of the CNS are used to mimic certain physiological 

processes such as development and differentiation, however, more recently slice 

cultures have additionally been recognized as a valuable model to study the effects 

of pathologic conditions such as e.g. excitotoxicity and ischemia (Fujimoto et al., 

2004; Bernardino et al., 2005; Hailer et al., 2005). In contrast to hippocampal 

organotypic slice cultures, reports on slice cultures of spinal cord tissue are 

comparatively rare, though the spinal cord has shown to represent a valuable tissue 

to culture and can be maintained for up to two weeks (Krassioukov et al., 2002; 

Casha et al., 2005; Stavridis et al., 2005). Organotypic spinal cord slice cultures of 

mice have been introduced as an in vitro model for SCI (Krassioukov et al., 2002; 

Casha et al., 2005). Here, the weight drop technique was applied on the slices to 

simulate SCI and study the effects of cellular degeneration and apoptosis 

(Krassioukov et al., 2002, Casha et al., 2005). However, as the generation of the 

slices itself can be regarded as a massive transection trauma other authors assume 

that the cultivation period itself correlates with the time period of secondary injury 

(Pan et al., 2002). Interestingly, recent reports have demonstrated that even culturing 

spinal cord slices form human post-mortem tissue is possible and represents a 

valuable alternative for the assessment of therapeutic strategies for SCI (Jeong et al., 

2011). Similarly, Verwer et al. (2002) demonstrate that cultivation of brain slices 

derived from human tissue is possible for up to 78 days with a post-mortem delay of 

8 hours. The present study is the first report of the cultivation of spinal cord slices 

derived from adult dogs.  

Slice cultures offer the opportunity to especially study responses of resident glial cells 

during secondary injury on a morphological and molecular level as the lacking blood 

supply implicates that immunological reactions during culturing time are limited to 
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resident neural cells (Pan et al., 2002). Pan et al. (2002) demonstrated a significant 

up-regulation of the pro-inflammatory cytokines IL-1α, IL-1β, TNF, and IL-6 in acute 

slices of rat spinal cord that was highly comparable to cytokine up-regulation of in 

vivo traumatized rats. These results clearly indicate that resident CNS cells might 

function as potent contributors to the local pro-inflammatory microenvironment during 

SCI. 

Taken together multiple lines of evidence indicate that organotypic spinal cord slice 

cultures provide a valuable model to study the pathogenesis of SCI in a simplified 

model devoid of peripheral blood supply and independent of animal experiments. 

Cultivation of adult spinal cord slices might thus represent an interesting in vitro 

approach to study certain processes during secondary injury and to compare the 

results with those gained from investigations on naturally occurring SCI.  

 

McIlwain Tissue Chopper ®

≈

Primary injury

350 µm thick spinal cord slices cultivation period

≈

time post SCI  
 

Figure 7 : Generation of organotypic spinal cord slice cultures . A small piece of freshly extracted 

spinal cord tissue is chopped with a special machine (McIlwain Tissue Chopper®) into slices 

measuring 350 µm in thickness. The slices are subsequently cultivated on a membrane insert on the 

interface between air and culture medium. As the generation of the slices can be regarded as a 

massive trauma the cultivation period can be assumed to correlate to time after the primary injury. 
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3 Chapter 3: Cytokines in spontaneous canine centra l 

nervous system diseases 

 

 

 

Abstract 

Dogs are comparatively frequently affected by various spontaneously occurring 

inflammatory and degenerative central nervous system (CNS) conditions, and 

immunopathological processes are a hallmark of the associated neuropathology. Due 

to the low regenerative capacity of the CNS a sophisticated understanding of the 

underlying molecular basis for disease initiation, progression and remission in canine 

CNS diseases represents a prerequisite for the development of novel therapeutical 

approaches. In addition, as many spontaneous canine CNS diseases share striking 

similarities with their human counterpart, knowledge about the immune pathogenesis 

may in part be translated for a better understanding of certain human diseases. In 

addition to cytokine-driven differentiation of peripheral leukocytes including different 

subsets of T cells recent research suggests a pivotal role of these mediators also in 

phenotype polarization of resident glial cells. Cytokines thus represent the key 

mediators of the local and systemic immune response in CNS diseases and their 

orchestration significantly decides on either lesion progression or remission. The aim 

of the present review is to summarize the growing number of data focusing on the 

molecular basis of the immune response during spontaneous canine CNS diseases 

and to detail the effect of cytokines on the immune pathogenesis of selected 
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idiopathic, infectious, and traumatic canine CNS diseases. Steroid-responsive 

meningitis arteritis (SRMA) represents a unique idiopathic disease of leptomeningeal 

blood vessels characterized by excessive IgA secretion into the cerebrospinal fluid. 

Recent reports have given sophisticated insights into the cytokine-driven, immune-

mediated pathogenesis of SRMA that is characterized by a biased T helper 2 cell 

response. Canine distemper associated leukoencephalitis represents an important 

spontaneously occurring disease that allows investigations on the basic 

pathogenesis of immune-mediated myelin loss. It is characterized by an early virus-

induced up-regulation of pro-inflammatory cytokines with chronic bystander immune-

mediated demyelinating processes. Lastly, canine spinal cord injury (SCI) shares 

many similarities with the human counterpart and most commonly results from 

intervertebral disk disease. The knowledge of its pathogenesis is largely restricted to 

experimental studies in rodents, and the impact of immune processes that 

accompany secondary injury is discussed controversially. Recent investigations on 

canine SCI highlight the pivotal role of pro-inflammatory cytokine expression that is 

paralleled by a dominating reaction of microglia/macrophages potentially indicating a 

polarization of these immune cells into a neurotoxic and harmful phenotype. This 

report will review the role of cytokines in the immune processes of the mentioned 

representative canine CNS diseases and highlight the importance of 

cytokine/cytokine interaction as a useful therapeutic target in canine CNS diseases. 

 

Keywords: Dog; Cytokines; Central nervous system; Canine distemper; Spinal cord 

injury; Steroid responsive meningitis arteritis; Microglia 

 

Published in Veterinary Immunology and Immunopathol ogy 2012; 147: 6-24. 
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4 Chapter 4: The immune response during canine spin al cord 

injury 

 

Abstract 

Better understanding of the pathogenesis of spinal cord injury (SCI) is needed for the 

development of new therapeutic strategies. Spinal cord injury has been investigated 

in various rodent models, but extrapolation to humans requires the use of a large 

animal model that more closely mimics human SCI. Dogs frequently develop 

spontaneous SCI with features that bear a striking resemblance to the human 

counterpart. We investigated the temporal course of the immune response during 

naturally occurring canine SCI and in organotypic canine spinal cord slice cultures 

that are devoid of peripheral immune cells. By immunohistochemistry, the 

inflammatory response in subacute canine SCI was largely restricted to resident 

immune cells as demonstrated by activation of major histocompatibility complex class 

II expressing microglia/macrophages. By quantitative polymerase chain reaction, 

there was parallel upregulation of proinflammatory cytokine gene expression (i.e. of 

interleukin 6 [IL-6] and IL-8 with a trend toward upregulation of tumor necrosis factor) 

in acute canine SCI. Expression of neuroprotective cytokines (e.g. IL-10) remained 

unchanged, and transforming growth factor-β upregulation was delayed. In 

organotypic spinal cord slices, there was similar activation of major histocompatibility 

complex class II-positive microglia and prolonged upregulation of inflammatory 

cytokines, indicating that resident rather than infiltrating cells play major roles in the 
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postinjury immune response. Thus, canine SCI represents a bridge between rodent 

models and human SCI that may be relevant for clinical and preclinical treatment 

studies.  

 

Key Words:  Cytokines, Dog, Inflammation, Microglia, Organotypic slice culture, 

Spinal cord injury, Translational research. 

 

Published in the Journal of Neuropathology and Expe rimental Neurology 2011; 

70: 703-714. 
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5 Chapter 5: Axonopathy during canine spinal cord i njury 

 

 

Abstract 

Spinal cord injury (SCI) represents a devastating central nervous system disease that 

still lacks sufficient therapies. Here, dogs are increasingly recognized as a preclinical 

animal model for the development of future therapies. The aim of this study was a 

detailed characterization of axonopathy in canine intervertebral disc disease, which 

produces a mixed contusive and compressive injury and functions as a spontaneous 

translational animal model for human SCI. The results revealed an early occurrence 

of ultrastructurally distinct axonal swelling. Immunohistochemically, enhanced axonal 

expression of β-amyloid precursor protein, non-phosphorylated neurofilament (n-NF) 

and growth-associated protein-43 was detected in the epicenter during acute canine 

SCI. Indicative of a progressive axonopathy, these changes showed a cranial and 

caudally accentuated spatial progression in the subacute disease phase. In canine 

spinal cord slice cultures, immunoreactivity of axons was confined to n-NF. Real-time 

quantitative polymerase chain reaction of naturally traumatized tissue and slice 

cultures revealed a temporally distinct dysregulation of the matrix metalloproteinases 

(MMP)-2 and MMP-9 with a dominating expression of the latter. Contrasting to early 

axonopathy, diminished myelin basic protein immunoreactivity and phagocytosis 

were delayed. The results present a basis for assessing new therapies in the canine 
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animal model for translational research that might allow partial extrapolation to 

human SCI. 

 

Keywords: amyloid precursor protein; dog; growth-associated protein-43; 

intervertebral disc disease; spinal cord slice culture; ultrastructure 

 

Published in Brain Pathology 2012; in press.  

doi: 10.1111/j.1750-3639.2012.00617.x 
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6 Chapter 6: General Discussion 

 

The aim of the present study was i) to comparatively review the current concepts of 

cytokine orchestration in canine CNS diseases followed by ii) a detailed investigation 

of the spatio-temporal development of morphological and immune response related 

alterations in the naturally lesioned spinal cord of dogs suffering from IVDD. Despite 

the fact that dogs are recently increasingly recognized as a valuable translational 

animal model for preclinical research on human SCI (Jeffery et al., 2006; Smith and 

Jeffery, 2006; Levine et al., 2011), detailed pathological investigations on canine SCI 

are strikingly sparse. Although morphological alterations during naturally occurring 

SCI in dogs have been characterized previously (Griffiths, 1972, 1978; Smith and 

Jeffery, 2006), investigations focusing on the spatio-temporal development of 

immune processes and axonal pathology have not been conducted so far. 

Given the fact that the immune response and axonal pathology are central hallmarks 

of SCI and may serve as the main targets for future therapies (Jeffery et al., 2005; 

Webb et al., 2010b; Gensel et al, 2011; Wewetzer et al., 2011), a sophisticated 

understanding of the underlying pathological changes during naturally occurring SCI 

is needed prior to the development and efficacy-assessment of therapeutic 

interventions such as cell transplantation approaches and pharmacological 

modulation of the immune response (Smith et al., 2002; Jeffery et al., 2005, 2006; 

Smith and Jeffery, 2006; Kwon et al., 2010a; Gensel et al., 2011). 

Experimental models for SCI are characterized by high reproducibility and 

standardization (Jeffery et al., 201; Levine et al., 2011). However, as there are 

substantial differences regarding anatomy, pathomechanisms, and primary injury 

comparing experimental rodent models with the clinical human disease, there is a 

high demand for translational animal models more closely mimicking the complexity 

of human SCI (Hagg and Oudega, 2006; Jeffery et al., 2006; Kwon et al., 2010a; 

Levine et al., 2011). This might in part succeed by the use of large animals such as 

non-human primates (Hagg and Oudega, 2006). However, besides ethical concerns, 

the use of large animal experimental models does not overcome the fact that human 

SCI is spontaneous and therefore highly heterogeneous. Thus, the spontaneity of 
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canine IVDD is regarded as its ultimate strength for the extrapolation of findings to 

human SCI (Levine et al., 2011). Consequently, canine IVDD may add the missing 

variability and thus functions as a translational bridge between experimental models 

and the clinical disease in humans (Jeffery et al., 2006).  

The investigated individual dogs of the present study doubtlessly represent a 

considerably heterogeneous population with comparatively variable injuries. This 

definitely limits the statistical and explanatory power and inhibits premature and 

universal conclusions. Moreover, as it is true for every model in general, an uncritical 

adoption of canine IVDD as a model for the human counterpart certainly has 

limitations (Levine et al., 2011). In fact, there are considerable anatomical and 

physiological differences between the canine and human spinal cord. For instance, 

with regard to ambulatory function, the importance of the corticospinal tract is much 

higher in humans compared to dogs (Hukuda et al., 1973; Levine et al., 2011). In 

addition, human SCI is most commonly located at the cervical vertebral level 

(61.2 %) whereas thoracolumbar lesions represent just 38.8 % of cases (Varma et 

al., 2010; Levine et al., 2011). Contrasting to this observation, dogs most often suffer 

from thoracolumbar IVDD (Hansen, 1952; Bray and Burbridge, 1998b).  

With regard to veterinary medicine, the present results may contribute to establish a 

basis for the development of novel treatment strategies for canine SCI. Additionally, 

as canine IVDD shares striking similarities with human SCI in terms of mechanics, 

pathology, causes, and spontaneity (Jeffery et al., 2006; Levine et al., 2011) the data 

might in part additionally be extrapolated to the human counterpart.  

Moreover, a comparative evaluation of the cytokine response in canine SCI and other 

canine CNS disease entities will help to reveal basic insights into the molecular 

orchestration of the immune response during spontaneous canine CNS diseases.  
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6.1 The role of the immune response during naturall y occurring canine 

spinal cord injury 

 

The investigated population of dogs consisted of 17 dogs with IVDD related SCI. 

Spinal cord tissue of 10 neurological healthy dogs served as controls. The dogs were 

grouped according to the temporal interval that had elapsed between the first 

occurrence of neurological signs and euthanasia. The resulting groups of acute SCI 

(1 - 4 days after IVDD) and subacute SCI (5 - 10 days after IVDD) are of high clinical 

relevance as this timeframe might be important for future clinical applications such as 

transplantation of regeneration promoting cells into the lesioned spinal cord (Kocsis 

et al., 2009; Webb et al., 2010a, 2010b; Wewetzer et al., 2011).  

The present results demonstrate that canine SCI is associated with an early pro-

inflammatory microenvironment, characterized by an up-regulation of IL-6, and IL-8 

and a tendency of up-regulated TNF messenger ribonucleic acid (mRNA), 

respectively, in dogs with acute SCI. In contrast, anti-inflammatory cytokines such as 

TGF-β and IL-10 were not expressed in the acute disease phase. Morphologically, 

the immune response was nearly restricted to phagocytic microglia/macrophages as 

demonstrated by an impressive up-regulation of MHC class II-expression on 

phagocytes during subacute SCI. It is concluded that infiltrating immune cells from 

the periphery thus seem to play a rather ancillary role during canine SCI. Similarly, 

human SCI is dominated by responses of MHC class II expressing microglial cells 

(Schmitt et al., 2000) whereas lymphocytes play a subordinate role (Schmitt et al., 

2000; Fleming et al., 2006). In contrast, experimental rodent SCI is characterized by 

a temporal distinct infiltration of immune cells consisting of neutrophilic granulocytes, 

macrophages, and T cells (Popovich et al., 1997).  

The present data suggest that microglia/macrophages are the key players of 

immunity during canine SCI. Canine microglial cells have been characterized 

excessively in healthy CNS tissue as well as in different canine neurological diseases 

including canine distemper virus infection and canine SCI (Stein et al., 2006; 

Ensinger et al., 2011; Boekhoff et al., 2012a). In healthy dogs, the immunologic 

capacity of canine microglial cells differs depending on the investigated localization 
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with a comparatively higher capability of phagocytosis and generation of ROS in the 

spinal cord compared to the brain (Ensinger et al., 2011). By ex vivo flow cytometry, 

dogs suffering from SCI exhibit an increased expression of surface molecules such 

as B7-1, B7-2, MHC class II, CD1c, ICAM 1, CD14, CD44, and CD45 (Boekhoff et 

al., 2012a). Moreover, microglial phagocytosis and ROS generation are significantly 

increased in dogs with spinal cord trauma (Boekhoff et al., 2012a). Consistent with 

the present findings, this demonstrates that microglial cells may play a key role 

during canine SCI (Boekhoff et al., 2012a).  

In addition, microglia/macrophages have recently gained increasing importance as 

valuable targets for therapeutic interventions during SCI (David and Kroner, 201; 

Gensel et al., 2011). Interestingly, in experimental rodent SCI, there is an early 

phenotype switch of microglia/macrophages into a neurotoxic and regeneration 

inhibiting, classically activated M1 phenotype with a comparatively transient and 

minor response of potentially regeneration promoting, alternatively activated M2 

microglia/macrophages (Kigerl et al., 2009). In the present study, the dominance of 

pro-inflammatory cytokines during acute SCI might thus indicate that there is a 

similar switch of microglia/macrophages into a neurotoxic type during acute canine 

SCI. Recently, Guerrero et al. (2012) have demonstrated that antibody-based 

blockage of IL-6 receptors inhibits the occurrence of classically activated pro-

inflammatory macrophages and promotes the formation of regeneration promoting 

M2 macrophages in mice with SCI. Further, anti-IL-6 receptor treatment significantly 

correlated with spared myelin, enhanced GAP-43 immunopositivity, and locomotor 

outcome (Guerrero et al., 2012). Similarly, IL-6 deficient mice exhibit enhanced 

neuronal survival following brain injury compared to wild-type mice SCI, which 

substantiates the detrimental role of this cytokine during traumatic CNS diseases 

(Penkowa et al., 2000). In the present study, an enhanced expression of IL-6 was 

detected in dogs with acute SCI. In the light of the aforementioned findings in mice 

this might indicate a detrimental role of this pro-inflammatory cytokine, potentially by 

the initiation of a classical activated neurotoxic phenotype in microglia/macrophages. 

However, future studies are highly needed to verify this hypothesis, as the role of 
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such phenotype switching of microglia/macrophages in naturally occurring SCI is not 

known so far.  

IL-8 was up-regulated during acute and subacute canine SCI. Interestingly, CSF 

concentrations of IL-8 correlate with injury severity in human SCI demonstrating its 

potentially harmful properties following SCI (Kwon et al., 2010b; Stammers et al., 

2012). Similarly, TNF is well-known to be involved in neurotoxic processes as it is 

critically involved in the induction of apoptosis, and here oligodendrocytes might be 

the most vulnerable cell type (Wang et al., 1996; Chen et al., 2011). Interestingly, 

treatment of spinal cord injured rats with the TNF antagonist etanercept reduces 

oligodendroglial and neuronal apoptosis, accompanied by improved locomotor 

recovery (Chen et al., 2011).  

In the present study, the expression of anti-inflammatory cytokines was restricted to 

the expression of TGF-β during the subacute disease phase, while IL-10 was not 

expressed during canine SCI. The delayed expression of TGF-β is in concordance 

with experimental SCI in rats (Tyor et al., 2002). Treatment of acutely injured rats 

with TGF-β has shown to reduce the lesion volume and is associated with decreased 

accumulation of mononuclear phagocytes (Tyor et al., 2002). Similarly, IL-10 knock-

out mice exhibit more severe spinal cord lesions than wild-type mice (Genovese et 

al., 2009).  

Collectively, the results of the present study implicate that a dysregulated cytokine 

orchestration with a lack or delay of anti-inflammatory cytokines and a dominance of 

pro-inflammatory cytokines during the acute disease phase may be critically involved 

in the initiation and progression of lesions during microglia/macrophage dominated 

secondary injury processes in canine SCI. Moreover, a conclusive consideration of 

this cytokine orchestration reveals high similarities to other canine CNS diseases 

such as distemper leukoencephalitis (Markus et al., 2002; Beineke et al., 2008) 

indicating that a derailment of the immune response may not be a disease specific 

process but rather reflects a general phenomenon during various canine CNS 

disease processes. Similarly, acute distemper leukoencephalitis is characterized by 

an early dysregulation of cytokines with a dominance of pro-inflammatory mediators 

highly similar to the present study (Markus et al., 2002; Beineke et al., 2008, 2009). 
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However, though exhibiting striking similarities in the molecular orchestration of the 

immune response, the differing pathogenesis of SCI and other spontaneous canine 

CNS diseases implicates that additional factors seem to play a crucial role in lesion 

initiation and progression. Thus, conclusions exclusively based on the local cytokine 

orchestration may be premature and should always be interpreted in the light of 

morphological alterations.  

The delayed expression of TGF-β during subacute SCI in the present study is 

paralleled by a prominent activation and phagocytic reaction of 

microglia/macrophages. It remains to be determined if these phagocytic 

microglia/macrophages during subacute SCI might in fact represent an alternatively 

activated, anti-inflammatory M2 phenotype. Moreover, a pharmacological modulation 

(i.e. an inhibition of an early pro-inflammatory microenvironment and a facilitation of 

anti-inflammatory processes, respectively) may be an interesting approach for 

adjunctive therapies (Gensel et al., 2011).  

 

6.2 The role of axonopathy during naturally occurri ng canine spinal cord 

injury 

 

The microglia/macrophage dominated pro-inflammatory processes are paralleled by 

prominent degenerative axonal changes as demonstrated by axonal 

immunoreactivity for β-APP and n-NF. The collective consideration of both markers 

for axonal pathology in the present study implicates that there are both deficits in fast 

anterograde axonal transport mechanisms, and neurofilament phosphorylation, 

respectively.  

Fast axonal transport results in the fact that β-APP is normally not detectable in 

healthy axons but rapidly accumulates when this transport machinery is disturbed 

(Coleman, 2005). β-APP has previously been detected in axons of dogs with 

experimental SCI due to inflated angioplasty balloons and correlates with injury 

severity and compression time (Purdy et al., 2003, 2004). Similarly, SCI in 

experimental rodent SCI as well as in spontaneous SCI in humans is associated with 

axonal expression of β-APP (Li et al., 1995; Ahlgren et al., 1996; Cornish et al., 
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2000). Besides SCI, β-APP is a commonly used marker for the detection of 

axonopathy in neurodegenerative diseases such as MS and its viral animal models 

like Theiler’s murine encephalomyelitis and canine distemper (Mahad et al., 2009; 

Seehusen and Baumgärtner, 2010; Schirmer et al., 2011; Imbschweiler et al., 2012; 

Kreutzer et al., 2012). This implicates that axonal β-APP-expression is a general 

phenomenon not exclusively detected in traumatized axons but during various axonal 

pathologies independent from the underlying disease entity. However, alternatively, 

the detection of axonal β-APP-expression in such a variety of CNS diseases might 

also implicate that Wallerian degeneration is a much more common process than 

previously thought (Tsunoda and Fujinami, 2002; Coleman, 2005; Beirowski et al., 

2010).  

In the present study, β-APP was detectable in the lesion epicenter of both acutely 

and subacutely injured dogs. However, there was a considerable spatial spread of 

axonal β-APP-expression during the advanced disease phase in localizations up to 

3 cm caudal from the lesion epicenter. Similar expression of β-APP in axons distant 

from the epicenter has also been noted in experimental rodent models and in 

humans suffering from naturally occurring SCI (Li et al., 1995; Cornish et al., 2000). 

This clearly demonstrates that axonopathy is not solely attributed to the initial primary 

injury but rather a progressive phenomenon reflecting secondary injury mechanisms 

(Povlishock and Christman, 1995).  

Axonopathy is further accompanied by an enhanced expression of axonal n-NF 

(Petzold, 2005; Seehusen and Baumgärtner, 2010; Kreutzer et al., 2012). Axonal 

expression of n-NF has been demonstrated in several animal models for MS such as 

Theiler’s murine encephalomyelitis and canine distemper associated 

leukoenencephalits (Tsunoda et al., 2003; Seehusen and Baumgärtner, 2010; 

Kreutzer et al., 2012).  

The present study revealed an enhanced axonal n-NF-expression in axons of dogs 

with acute and subacute SCI. Moreover, n-NF was also detected in axons several 

centimeters apart from the epicenter, indicating that altered neurofilament 

phosphorylation might affect the entire lesioned axon as a whole. In Theiler’s murine 

encephalomyelitis, axonal n-NF-expression is associated with altered axonal 
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transport mechanisms as demonstrated by an approach using DNA microarrays 

(Kreutzer et al., 2012). If the same is true for axonal damage during SCI, and here 

especially naturally occurring SCI in dogs, remains to be determined. Contrasting to 

β-APP which was mainly detected in swollen axons, n-NF immunopositivity was 

additionally noted in several axons with a normal appearing diameter. This implicates 

that both markers might react, at least in part, with distinct axonal pathologies. In fact, 

neuroflilament compaction in axons occurs independently from β-APP 

immunoreactivity in traumatic brain injury in rats implicating that neurofilament 

alterations and disturbed axoplasmic transport might in part be different pathological 

phenomena (Stone et al., 2001).  

Ultrastructural axoplasmic changes in the present study are largely similar to 

ultrastructural changes in axons of rodents and monkeys observed after experimental 

SCI (Lampert, 1967; Anthes et al., 1995; Bresnahan, 1978; Rosenberg and Wrathall, 

1997; Gomes-Leal et al., 2005). Following compression trauma to the rat spinal cord 

periaxonal space formation, myelin disruption, granular disintegration of 

neurofilaments, and organelle accumulation as well as the occurrence of giant axons 

is noted (Anthes et al., 1995). In an outstandingly detailed study on ultrastructural 

axonal pathology in rhesus monkeys with contusion SCI and survival times ranging 

from four hours to ten weeks, Bresnahan (1978) reports axonal organelle 

accumulation, dense bodies, vesicular structures, and multivesicular bodies highly 

similar to other species. According to Lampert (1967), reactive axonal enlargements 

are characterized by axoplasmic electron-dense bodies, vesicular structures and 

mitochondria accumulation. All of these features were also observed in the present 

study.  

Myelin pathology, as demonstrated by diminished MBP white matter 

immunoreactivity was exclusively noted in dogs with subacute SCI. This 

demonstrates that changes in myelin are a secondary phenomenon occurring at later 

disease phases compared to the early onset of axonal pathology. These findings 

interestingly highly reflect pathomechanisms referred to as the ‘inside-out theory’ in 

neurodegenerative diseases (Fig. 3; Tsunoda and Fujinami, 2002). In this theory, 

axonal damage functions as a trigger mechanism for subsequent secondary 



Chapter 6:  General Discussion 
 

 47 

demyelination (Tsunoda and Fujinami, 2002; Tsunoda et al., 2003). Thus, several 

lines of evidence indicate similarities between neurodegenerative and viral CNS 

diseases on the one hand and SCI on the other hand (Tsunoda and Fujinami, 2002), 

suggesting common underlying pathomechanisms in terms of a trigger function of 

primary axonopathy.  

Delayed myelin loss in the present study is in concordance with findings in humans 

and experimental SCI in non-human primates. Here, a delayed and long-lasting, 

sequential loss of myelin proteins in the white matter following SCI can be detected 

(Buss et al., 2004; 2005; Beirowski et al., 2010). If the loss of MBP immunoreactivity 

in dogs with subacute SCI in the present study is the result of true demyelination 

remains questionable. Ultrastructurally the majority of axons were characterized by 

residual myelin sheaths even in dogs with subacute SCI. Similarly, there were no 

hints for remyelinating events in the investigated population. The lacking 

demonstration of such changes might in part be attributed to the comparatively short 

survival period after IVDD (maximum 10 days). Thus, demyelinating events and 

subsequent remyelination might represent phenomena occurring at later phases of 

canine SCI as demonstrated by Smith and Jeffery (2006).  

Though there was an early and persisting axonal pathology in dogs with IVDD related 

SCI, the present study also demonstrates that there are significant hints for intrinsic 

regeneration attempts. The present investigation is the first report of spontaneous 

axonal GAP-43-expression in dogs following SCI. GAP-43 as a growth related 

molecule is known to be expressed in axons during development and regeneration 

(Schwab and Bartholdi, 1996). In fact, SCI is accompanied by early axonal 

regeneration attempts in experimental models as demonstrated by a live imaging 

approach on individual axons (Kerschensteiner et al., 2005). However, these 

attempts seem to be insufficient in terms of functional restoration. Recent 

investigations suggest that axons may fail to navigate into a proper direction 

(Kerschensteiner et al., 2005). However, the present demonstration of axonal 

expression of GAP-43, as shown by immunohistochemistry and immunoelectron 

microscopy, respectively, in naturally occurring SCI at least demonstrates that there 

are hints for spontaneous regeneration attempts that could represent an interesting 
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target for future therapies. The facilitation of these intrinsic growth related responses 

might be rewarding as recent experimental data highlight several techniques to 

promote such axonal regeneration attempts (Webb et al., 2010a). In fact, 

transplantation of regeneration promoting cells into the lesioned spinal cord of 

rodents enhances GAP-43 immunoreactivity and is associated with an improved 

clinical outcome (Tobias et al., 2003; Andrews and Stelzner, 2007; Kamada et al., 

2011). Further, a direct inhibition of regeneration inhibiting molecules such as Nogo 

and myelin associated glycoprotein (MAG) or blockage of Nogo receptors is believed 

to represent a valuable approach to overcome the deficient axonal regeneration 

capacity (Bareyre et al., 2002; GrandPré et al., 2002; Webb et al., 2010a). Moreover, 

the facilitation of immune responses by alternatively activated anti-inflammatory 

macrophages has recently shown to be accompanied by an enhanced expression of 

GAP-43 and improved locomotor recovery in spinal cord lesioned mice (Guerrero et 

al., 2012).  

Paralleled by axonopathy, the present study demonstrated a significant dysregulation 

of the gelatinases MMP-2 and MMP-9. While MMP-9 was up-regulated in dogs with 

acute SCI, MMP-2 exhibited a transient down-regulation in the acute disease phase. 

MMPs play a crucial and partly controversial role during SCI (Zhang et al., 2011). 

They are directly and indirectly linked to axonal pathology as well as the immune 

response following SCI. In this respect, the gelatinases MMP-2 and MMP-9 have 

gained increasing attention as they have shown to play a temporally dependent role 

during SCI in experimental models as well as in naturally occurring human SCI 

(Fleming et al., 2006; Zhang et al., 2011). In dogs suffering from IVDD, MMP-9 can 

be detected in the CSF and is associated with a poor outcome demonstrating that 

MMP-9 may play a deleterious role during canine SCI (Levine et al., 2006; Nagano et 

al., 2011). Spinal cord injured wild-type mice develop enhanced expression of 

regeneration inhibiting molecules such as chondroitin sulfate proteoglycans than 

MMP-9 knock-out mice (Hsu et al., 2008). MMP-9 may thus be a promising 

therapeutic target to reduce glial scarring during wound healing after SCI (Hsu et al., 

2008). MMP-9 is further expressed in acute human SCI and here neutrophils in 

hemorrhagic zones are an important source as demonstrated by an 
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immunohistochemical approach on human post mortem spinal cord tissue (Fleming 

et al., 2006). In experimental rodent SCI, MMP-9 is involved in blood spinal cord 

barrier dysfunction, inflammation, and locomotor recovery and increases rapidly after 

contusion injury (Noble et al., 2002). Interestingly, MMP-9 knock-out mice exhibit 

significantly improved locomotor recovery following SCI compared with wild-type 

mice (Noble et al., 2002). In addition, inhibition of MMP-9 prevents macrophage-

induced axonal retraction demonstrating a direct involvement of this gelatinase in 

axonal damage (Busch et al., 2009).  

Besides MMP-9, MMP-2 is known to be up-regulated during SCI in rodents, however, 

compared to MMP-9 this up-regulation is delayed reaching its maximum at 7 to 14 

days after SCI in mice (Hsu et al., 2006; Zhang et al., 2011). MMP-2 might 

interestingly be involved in enhanced axonal regeneration as several lines of 

evidence indicate that MMP-2 plays a beneficial role during SCI (Hsu et al., 2006). 

For instance, MMP-2 deficiency results in significantly impaired locomotion in spinal 

cord injured MMP-2 knock-out mice (Hsu et al., 2006). Hsu et al. (2006) thus suggest 

that MMP-2 promotes functional recovery after injury in part by regulating axonal 

plasticity and white matter sparing. 

 

Conclusively, canine IVDD related SCI is characterized by an early occurring 

axonopathy paralleled by a pro-inflammatory microenvironment in the acutely 

lesioned spinal cord (Fig. 8). During the subacute disease phase microglial activation 

is the most prominent morphological alteration of the immune response. In parallel, 

axonopathy shows a significant spread to distances remote from the epicenter  

(Fig. 8). Axonopathy is accompanied by a dysregulation of the expression of the 

gelatinases MMP-2 and MMP-9 with a strong dominance of the latter. During both 

disease phases there are hints for spontaneous axonal regeneration attempts as 

demonstrated by axonal immunoreactivity for GAP-43. However, the functional 

significance of the latter finding needs further investigations. A conclusive proposal 

for the pathogenesis of acute and subacute canine IVDD related SCI is given in 

figure 8.  
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inflammatory and potentially cytotoxic cytokines such as interleukin (IL)-6, IL-8, and tumor necrosis 

factor (TNF) are expressed. Suggestive of a dysregulation of the expression of gelatinases matrix 

metalloproteinase (MMP)-9 is up-regulated and MMP-2 is down-regulated during acute canine SCI. 

However, spared axons express growth-associated protein (GAP)-43 suggestive of early regeneration 

attempts. B) In subacute canine spinal cord injury there is a persisting axonopathy with concurrent 

myelin loss and phagocytosis by activated major histocompatibility complex (MHC) class II-expressing 

microglia. If myelin loss is in part attributed to oligodendrocyte apoptosis remains to be elucidated. In 

contrast to the acute disease phase there is a progressive spatial spread of axonal β-APP- and n-NF 

immunoreactivity up to 3 cm apart from the epicenter. Similar to the acute disease phase there is 

axonal immunoreactivity for GAP-43, suggestive of potential spontaneous regeneration attempts.  

 

6.3 Comparative evaluation of immune processes and axonal damage in 

canine organotypic spinal cord slice cultures 

 

To comparatively evaluate molecular and morphological changes in a simplified 

environment devoid of peripheral blood supply, organotypic slice cultures of the 

canine spinal cord have been established as an in vitro model for canine SCI. 

Organotypic slice cultures of CNS tissue can be regarded as an intermediate model 

between dissociated cell cultures and animal experiments (Holopainen, 2005; 

Huuskonen et al., 2005). Spinal cord slices of different species have been cultured 

previously (Casha et al., 2005; Stavridis et al., 2005; Jeong et al., 2011; Imbschweiler 

et al., 2012).  

Spinal cord slices have been established as an in vitro model for SCI by several 

investigators (Krassioukov et al., 2002; Pan et al., 2002; Casha et al., 2005; Jeong et 

al., 2011). In the present study, organotypic spinal cord slices of young adult dogs 

were cultivated for 0, 3, and 9 days, respectively, roughly reflecting the groups of the 

in vivo study. In this design, slices immediately embedded after the initial chopping 

process (0 days) were regarded as the control tissue in which secondary injury 

processes can be assumed to be minimal. The cultivation of canine spinal cord slices 

was associated with immune processes highly reflecting the findings in naturally 

traumatized dogs and thus validating the chosen in vitro approach. Slices incubated 

for 9 days exhibited a similar up-regulation of MHC class II on phagocytic cells. In 

fact, it is known that microglial cells preserve their ability to transform to an amoeboid 
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morphology, form multinucleated giant cells, and enhance their expression of MHC 

class II when exposed to membranes of neuronal or glial origin in vitro (Beyer et al., 

2000). In contrast, phagocytosis of latex beads induced an amoeboid morphology but 

did not cause an increase in the expression of immunologically relevant molecules 

(Beyer et al., 2000). As early as 1996 it was demonstrated that microglial cells exhibit 

an activated morphology after 3 days in vitro in cultured hippocampal slices (Hailer et 

al., 1996). Moreover, treatment with IFN-γ has shown to induce MHC class II-

expression on microglia in hippocampal slices of neonatal rats (Neumann et al., 

1996).  

The spontaneous expression of MHC class II on phagocytic cells in the present study 

might reflect a tissue response to the trauma that is caused by the production of 

slices and thus substantiates organotypic spinal cord slice cultures as an in vitro 

model for secondary injury processes during SCI.   

Interestingly, the cultivation of slices was associated with a prominent up-regulation 

of inflammatory cytokines (TNF, IL-6, IL-8, TGF-β) during the entire culturing period 

and a comparatively transient up-regulation of IL-10 on day 3 in culture. Compared to 

the situation in naturally traumatized dogs there is thus a similar expression of 

inflammatory cytokines. However, in slice cultures it is prolonged. This might 

implicate that intrinsic regulation mechanisms in vivo might counteract a prolonged 

expression of potentially harmful cytokines in the subacute disease phase during 

naturally occurring SCI. Despite such differences in the cytokine orchestration, the 

cultivation of canine spinal cord slices clearly demonstrates that resident CNS cells 

are capable to produce the investigated cytokines. Similarly, acute slices of adult rats 

exhibit an immediate induction of the pro-inflammatory cytokines IL-1α, IL-1β, TNF, 

and IL-6, consistent with a local tissue source (Pan et al., 2002). Spinal cord slice 

cultures are devoid of the peripheral blood supply, thus, molecular and morphological 

immune processes are vastly restricted to endogenous CNS cells (Koshinaga et al., 

2000). Collectively, the results obtained in cultured spinal cord slices are similar to 

those derived from dogs with IVDD related SCI. This substantiates the hypothesis 

that resident CNS cells, and here predominantly microglial cells, play a pivotal, 

though temporally dependent role during SCI.  
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With regard to axonal pathology, there was a similar swelling of axons in cultivated 

spinal cord slices as detected by hematoxylin and eosin (HE) staining. However, 

immunohistochemically, compared to the in vivo situation axonal damage was 

exclusively characterized by axonal expression of n-NF whereas β-APP and GAP-43 

were not detected. This difference might result from the fact that the kind of primary 

injury is different in slice cultures and IVDD: the production of slices leads to 

immediate axotomy and separates the axon from its perikaryon. This might explain 

why there were neither hints for axonal regeneration nor accumulation of proteins 

that need to undergo axonal transport mechanisms. The axonal expression of n-NF 

however demonstrates that changes in the phosphorylation of axonal cytoskeletal 

intermediate filaments may additionally be a process that occurs locally in axon 

fragments disconnected from their neuronal perikaryon.  

Similar to naturally traumatized dogs the cultivation of slices was accompanied by a 

temporally distinct expression of MMP-2 and MMP-9 mRNA. As it is true for the 

detected cytokines this underlines the hypothesis that local tissue cells may function 

as the main source of such molecules. Here, activated microglial cells might be the 

main candidate as these cells are known to be capable of the expression of both 

gelatinases (Stein et al., 2011, 2012). In this respect, a differential expression of 

MMPs including MMP-2 and MMP-9 was recently demonstrated in isolated microglial 

cells from dogs suffering from spontaneously occurring different intracranial and 

extracranial diseases (Stein et al., 2011). 

Conclusively the obtained results substantiate that organotypic spinal cord slice 

cultures represent a valuable simplified in vitro model to study the local molecular 

and morphological response to CNS tissue injury and stress.   
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7 Chapter 7: Summary 

 

Ingo Spitzbarth  - A morphological and molecular investigation on the spatio-

temporal development of spinal cord lesions following spinal injury in dogs 

 

Spinal cord injury (SCI) represents a common and devastating traumatic neurological 

disease that requires the development of novel therapeutic strategies such as cell 

transplantation techniques. Most data on secondary injury processes during SCI are 

based on well established experimental rodent models; however, knowledge of the 

underlying pathogenetical processes during naturally occurring SCI is strikingly 

sparse. Here, the impact of the immune response including the cytokine 

orchestration during SCI on the local tissue integrity is discussed controversially. In 

addition, axonal damage is a central hallmark of SCI and is one of the major causes 

for the clinical disability of affected patients. Data on the spatio-temporal 

development of immune processes and axonal alterations during clinical SCI are 

insufficient. Dogs represent a species that is commonly affected by naturally 

occurring SCI, most often due to intervertebral disk disease (IVDD) and have recently 

gained increasing importance as a translational animal model for human SCI. The 

spontaneity of canine SCI may bridge the gap between results obtained in rodent 

models and clinical SCI.  

The aims of the present study were (i) to comparatively review the current 

understanding of the cytokine orchestration during spontaneous canine central 

nervous system (CNS) diseases followed by (ii) an investigation of the spatio-

temporal development of immunophenotypical changes, the local cytokine 

orchestration, and axonal pathology in dogs suffering from naturally occurring SCI, 

and (iii) to comparatively evaluate the results including the cytokine response in an in 

vitro model for SCI using cultivated organotypic spinal cord slices devoid of 

peripheral blood supply. A multidirectional approach using histology, transmission 

electron microscopy, immunohistochemistry, and reverse transcriptase quantitative 

polymerase chain reaction was applied. Spinal cord tissue of dogs with acute SCI 
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(n=9), subacute SCI (n=8), and neurologically healthy control animals (n=10) was 

investigated.  

A time-dependent increase of major histocompatibility complex (MHC) class II-

expression was noted on gitter cells during subacute canine SCI. In parallel, a 

significant up-regulation of the pro-inflammatory cytokines interleukin (IL)-6, IL-8 and 

a trend of up-regulation of tumor necrosis factor during the acute phase of naturally 

occurring SCI was detected. In contrast, expression of neuroprotective cytokines 

remained unchanged (IL-10) or showed a delayed up-regulation (transforming growth 

factor-β). The hypothesis that resident cells play a pivotal role during the immune 

response of SCI was verified using organotypic spinal cord slices which displayed a 

similar activation of MHC class II positive microglia with a distinct but prolonged up-

regulation of inflammatory cytokines. Moreover, the local cytokine orchestration 

during canine SCI showed high similarities to other canine CNS diseases such as 

canine distemper leukoencephalitis, suggesting that a derailment of the molecular 

immune response might be a key feature during canine CNS injury, independent 

from the disease entity.  

Axonal pathology during naturally occurring canine SCI was characterized by an 

enhanced axonal expression of non-phosphorylated neurofilament (n-NF), and β-

amyloid precursor protein (β-APP) that exhibited a significant time-dependent spatial 

progression in segments distal to the lesion epicenter during subacute SCI. 

Potentially suggestive of axonal regeneration attempts, significant axonal expression 

of growth-associated protein (GAP)-43 during acute and subacute SCI was noted, 

verified by immunoelectron microscopy. In organotypic slices axonal pathology was 

restricted to enhanced expression of n-NF suggestive of a local axonal phenomenon. 

MBP immunoreactivity was decreased exclusively in dogs with subacute naturally 

occurring SCI. Ultrastructurally, axons of traumatized dogs predominantly displayed 

degenerative axoplasmic alterations including neurofilament and dense body 

accumulations. Axonopathy was paralleld by dysregulated mRNA-expression of 

matrix metalloproteinase (MMP)-2 and MMP-9 with a prominent up-regulation of 

MMP-9 during acute SCI, correlating with axonal β-APP-expression. 
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The results demonstrate that naturally occurring canine SCI is characterized by an 

early pro-inflammatory microenvironment paralleled by degenerative axonal 

alterations such as inadequate neurofilament phosphorylation and disturbances in 

fast axonal transport mechanisms. Moreover, there are significant parallels in the 

local cytokine orchestration compared to other canine CNS diseases such as canine 

distemper leukoencephalitis. The acute axonal damage seems to trigger delayed 

myelin loss with subsequent dominating responses of microglial cells in the subacute 

phase of clinical SCI. The results support the hypothesis, that phagocytic microglial 

cells play an essential, however time-dependent role in the initiation and regulation of 

inflammatory events in the traumatized spinal cord. Axonal damage exhibits a 

significant spatio-temporal progression with increasing pathology in segments distant 

to the epicenter during the advanced disease phase. Moreover, there are hints for 

spontaneous regenerative axonal changes. The results validate the canine species 

for translational research on SCI and suggest that future therapies should 

concentrate on a modulation of the pro-inflammatory microenvironment, the 

microglia/macrophage response, and axonopathy adjunctive to cell transplantation 

techniques. 
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Ingo Spitzbarth  - Eine morphologische und molekulare Untersuchung der zeitlich-

räumlichen Entwicklung kaniner Rückenmarksverletzungen 

 

Rückenmarksverletzungen stellen sowohl in der Veterinärmedizin als auch in der 

Humanmedizin eine vergleichsweise häufige und gefürchtete neurologische 

Erkrankung dar, für die die Entwicklung neuer Therapieansätze wie die 

Transplantation regenerationsfördernder Zellen notwendig ist.  

Das bisherige Wissen über pathologische Prozesse im traumatisierten Rückenmark 

basiert weitgehend auf hoch standardisierten Nagetiermodellen, während relativ 

wenig über die zeitliche Entwicklung von Veränderungen im natürlich traumatisierten 

Rückenmark bekannt ist. Hunde sind durch die hohe Prävalenz von 

Bandscheibenvorfällen häufig von spontanen Rückenmarksverletzungen betroffen 

und eignen sich daher als translationales Tiermodell für die humane Erkrankung. Die 

Spontaneität kaniner Rückenmarksverletzungen stellt hierbei den entscheidenden 

Unterschied zu Nagetiermodellen dar und macht die Spezies Hund so zu einem 

Brückenmodell zwischen Laborversuchen und der klinisch relevanten Erkrankung.  

Die Ziele der vorliegenden Studie bestanden in i) einer zusammenfassenden Analyse 

der bisherigen Daten über die Zytokinexpression bei verschiedenen spontanen 

Erkrankungen des zentralen Nervensystems (ZNS) des Hundes, gefolgt von einer ii) 

Untersuchung der zeitlich-räumlichen Entwicklung von Immunprozessen, der lokalen 

Zytokinexpression und von axonalen Veränderungen im Rückenmarksgewebe von 

Hunden mit Bandscheibenvorfall-assoziierten Rückenmarksverletzungen und iii) der 

vergleichenden Evaluation derartiger Veränderungen in organotypischen 

Schnittkulturen vom kaninen Rückenmark als reduktionistisches in vitro Modell für 

Rückenmarkstraumata. Für die in vivo Studie wurde Rückenmarksgewebe von 

Kontrolltieren (n = 10), von Hunden mit akuter Rückenmarksverletzung (n=9; 1-4 

Tage nach Bandscheibenvorfall) und Rückenmarksgewebe von Hunden mit 

subakuter Rückenmarksverletzung (n=8; 5-10 Tage nach Bandscheibenvorfall) 
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untersucht. Die organotypischen Kulturen kaniner Rückenmarksschnitte von 6 

Monate alten Hunden (n=6) wurden für 0, 3 und 9 Tage kultiviert.  

Natürlich auftretende Rückenmarkstraumata sowie die Kultivierung kaniner 

Rückenmarksschnitte gingen mit einer prominenten axonalen Schwellung einher, der 

eine von major histocompatibility complex (MHC)-II exprimierenden 

Mikroglia/Makrophagen dominierte Immunantwort in der subakuten Phase bzw. nach 

9 Tagen in Kultur folgte. Mittels reverser Transkriptase quantitativer Polymerase 

(RTqPCR) Kettenreaktion zeigte sich eine Aufregulation pro-inflammatorischer 

Zytokine (Interleukin [IL]-6, IL-8) sowie ein statistischer Trend einer Aufregulation von 

Tumor Nekrose Faktor (TNF) während des akuten Stadiums natürlicher 

Rückenmarksverletzungen. Potentiell neuroprotektiv wirkende Zytokine zeigten keine 

(IL-10) bzw. eine verspätete Aufregulation im subakuten Stadium (transforming 

growth factor [TGF]-β). In Schnittkulturen wurde eine ähnliche, aber im Vergleich zur 

in vivo Situation verlängerte Expression inflammatorischer Zytokine beobachtet. Die 

molekularen Veränderungen in der Zytokinexpression weisen darüber hinaus 

Ähnlichkeiten zu anderen kaninen ZNS-Erkrankungen wie der demyelinisierenden, 

nervösen Staupe auf. Dies impliziert, dass eine Dysregulation der molekularen 

Immunantwort eine Schlüsselrolle bei kaninen ZNS-Erkrankungen, unabhängig von 

der Krankheitsentität, spielt. 

Immunhistologisch stellte sich bei natürlich traumatisierten Tieren die axonale 

Pathologie durch eine früh einsetzende axonale Expression von nicht-

phosphoryliertem Neurofilament (n-NF) sowie β-Amyloid Vorläuferprotein (β-APP) 

dar. Darüber hinaus ergaben sich Hinweise auf spontane axonale 

Regenerationsversuche (Expression von growth-associated protein [GAP]-43), die 

immunelektronenmikroskopisch verifiziert wurden. In der subakuten Phase kam es 

ausgehend vom Epizentrum der Läsion zu einer progressiven Ausdehnung der 

axonalen Veränderungen in kranio-kaudaler Richtung. In Schnittkulturen 

beschränkten sich die axonalen Veränderungen auf eine Expression von n-NF. Die 

axonalen Veränderungen wurden von einer Dysregulation von Matrix 

Metalloproteinase (MMP)-9 und MMP-2 begleitet, deren zeitlich abhängige 

Aufregulation auch in Schnittkulturen nachvollzogen werden konnte. Darüber hinaus 
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korrelierte die mittels RTqPCR bestimmte Kopienzahl von MMP-9 mit der axonalen 

β-APP-Expression.  

Die Ergebnisse zeigen, dass kanine Rückenmarksverletzungen durch ein früh 

einsetzendes pro-inflammatorisches Mikromilieu und prominente Axonpathologie 

gekennzeichnet sind, die möglicherweise als Auslöser für eine im subakuten Stadium 

folgende Ausdehnung morphologischer Alterationen und für die durch residente 

Zellen (Mikroglia/Makrophagen) dominierte Immunantwort fungieren. Die pro-

inflammatorisch dominierte, früh einsetzende Zytokinexpression weist darüber hinaus 

Parallelen zu anderen kaninen ZNS-Erkrankungen, wie beispielsweise der nervösen 

Staupe, auf. Zusätzlich fanden sich jedoch auch Hinweise auf spontane axonale 

Regerationsversuche. Die Ergebnisse validieren die Spezies Hund als geeignetes 

translationales Forschungsmodell und verdeutlichen, dass zukünftige 

Therapieansätze insbesondere auf die Modulation des pro-inflammatorischen 

Mikromilieus, der Mikroglia/Makrophagen-Antwort sowie auf Axonopathien abzielen 

sollten, um spätere Zelltransplantationsversuche zu optimieren.  
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