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Introduction  1 

1 Introduction 

 

Axonal pathology plays a key role in the pathogenesis of a large variety of diseases 

in humans as well as in animals and can occur in traumatic, as well as infectious or 

degenerative disorders of the central nervous system (CNS). 

Two spontaneously occurring diseases in dogs have been investigated in this study 

in order to characterize axonal damage. Emphasis was placed on the pathogenetic 

involvement of the axonal cytoskeleton and axonal transport mechanisms, 

furthermore hints for spontaneous axonal regenerative processes and their inhibition 

were investigated. 

Canine distemper virus (CDV) causes a heterogenous pattern of clinical signs in 

dogs. However, the nervous form (APPEL, 1987; BAUMGÄRTNER, 1993) which is 

most frequently characterized by a demyelinating leukoencephalitis, shares 

characteristics of human multiple sclerosis (MS) and is thus regarded as a suitable 

disease model for this entity in man (SUMMERS and APPEL, 1994; 

BAUMGÄRTNER and ALLDINGER, 2005; SEEHUSEN and BAUMGÄRTNER, 

2010). Both MS and CDV encephalitis have long been regarded as a primary 

demyelinating disease, but recently, axonal pathology has been identified as a pivotal 

and early hallmark (SEEHUSEN and BAUMGÄRTNER, 2010), which itself is 

considered to play a key role in the development of neurological signs (DYCK et al., 

1998; DE STEFANO et al., 1998; TRAPP et al., 1998). 

Intervertebral disk disease (IVDD) is the most common cause for spinal cord injury 

(SCI) in dogs (OLBY, 2010), leading to euthanasia of affected animals in severe 

cases due to a poor prognosis. Despite substantial progress in the therapy of SCI, 

new therapeutical approaches are highly needed. Furthermore, canine SCI caused 

by IVDD represents an important animal model for human SCI due to pathogenetic 

similarities especially in the late phase of the disease (JEFFERY et al., 2006; SMITH 

and JEFFERY, 2006; LEVINE et al., 2011; SPITZBARTH et al., 2012; BOCK et al., 

2013). 

Aspects of the involvement of axonal transport mechanisms in the pathogenesis of 

axonal injury in both canine diseases have been investigated in previous studies 
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(SEEHUSEN and BAUMGÄRTNER, 2010; KREUTZER et al., 2012; BOCK et al., 

2012), however, further investigations upon cytoskeletal proteins and motorproteins 

are required in order to evaluate the impact of a possible dysfunctional axonal 

transport and related changes in the axonal cytoskeleton. 

Furthermore, different factors inhibiting and promoting axonal outgrowth have been 

detected in recent years and efforts have been made to use them as therapeutic 

tools. In this context, their role in CDV encephalitis and canine SCI needs to be 

evaluated to understand their impact upon axonal regeneration, thus potentially 

highlighting targets for future therapeutic approaches in these canine diseases. 
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2 Literature Review 

2.1 The axon- structure and transport mechanisms 

Arising from the neuronal perikaryon, dendrites form short processes which mediate 

the contact to adjacent neuronal cells. The longest neuronal process is the axon, 

growing from the axon hillock. Ultrastructurally, the axon hillock is characterized by a 

lack of Nissl substance, a content of free ribosomes and mitochondria as well as 

microtubules and neurofilaments on their way to the axon (SOTELO and TRILLER, 

2002). The axon is divided into an initial segment (close to the axon hillock), the long 

axon segment itself and a terminal segment. Between those segments, marked 

structural differences have been described (PETERS et al., 1991). Distal parts of 

dendrites as well as of the axon lack polyribosomes for the protein synthesis and are 

thus dependent on transport processes. The large axons are covered by myelin 

sheaths which allow the centrifugal saltatory conduction of potentials to the 

peripheral axon segment. An important property of the axon is its cytoskeleton, which 

accomplishes stability as well as functionality. It is composed of three major parts, 

neurofilaments, tubulin and actin (figure 1).  

Neurofilaments  (NFs) are class IV intermediate filaments and composed of heavy 

(200 kD), medium (160 kD) and light (68 kD) subunits. Together, they form the most 

important structural compartment of the axon (FUCHS and CLEVELAND, 1998; 

GOTOW, 2000). The neurofilaments are synthesized in the neuronal cell body as 

non-phosphorylated proteins and get phosphorylated during the transport along the 

axon, where, in consequence, about 80% of the neurofilaments are present in a 

stable, phosphorylated form. The remaining 20% are underlying enzymatic 

processes of phosphorylation and dephosphorylation (PERROT et al., 2008). 

Phosphorylation and dephosphorylation are mainly controlled by the p35-activated 

cyclin-dependent kinase 5 (Cdk5; LEW et al., 1992) and protein phosphatase 2 A 

and C (PP2A, PP2C; VEERANNA et al., 1995). Their activity is correlated with 

neurofilament dynamics (SHEA and CHAN, 2008). Phosphorylation of neurofilaments 

increases the axonal diameter and in correlation to this, the speed of axonal transport 

(LEE and CLEVELAND, 1996; PETZOLD et al., 2008). The most important protein in 

the group of microtubules  (MTs) is tubulin (20% of the total cellular protein in the 
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CNS; LAFERRIERE et al., 1997). It is composed of two polypeptides, alpha- and 

beta-tubulin. The microtubules represent the major part of the axon in the early stage 

of axonal development (PERROT et al., 2008), mediate axonal growth and thus play 

an important role in axonal migration, longitudinal growth and transport. The 

transport  of neurofilaments on the microtubular polymers is mediated in the 

anterograde direction by association with the microtubule-associated protein-group of 

kinesins (YABE et al., 1999); in the retrograde direction by binding with microtubule 

motor proteins of the dynein family (MOTIL et al., 2006; figure 1). Dynein further 

mediates anterograde transport of MTs and NFs from the neuronal perikarya to the 

initial axon segment (DILLMAN et al., 1996; AHMAD et al., 1998; MOTIL et al., 

2006). Neurofilaments that undergo slow axonal transport mechanisms have also 

been demonstrated to be translocated by the fast motors dynein and kinesin. This 

discrepancy is explained by the finding that NFs are transported in short fast 

sequences, alternating with slow phases (WANG et al., 2000). The interaction 

between microtubules and microtubular motorproteins is facilitated by the 

microtubule-associated tau-1 protein (WEINGARTEN et al., 1975). Tau-1 is, 

comparably to the amyloid precursor protein (APP), transported along the axon and 

can thus accumulate in consequence of an impaired transport (BILLINGSLEY and 

KINCAID, 1997; EBNETH et al., 1998; KAMAL et al., 2000; COTTRELL et al., 2005; 

SERGEANT et al., 2005; UTTON et al., 2005). It was shown that a down-regulation 

of the intermediate-chain dynein is associated with accumulation of tau-1 and APP 

(KIMURA et al., 2007).  

Actin filaments , which are arranged in a complex meshwork underneath the 

axolemm, connect the axolemm with the central axonal core, composed of 

neurofilaments and microtubules. F-actin plays an important role for growing axons 

and thus contains a polarized structure with a growing tail as positive pole and a 

negative pole (HIROKAWA, 1991). 

A detailed knowledge of the mechanisms of axonal cytoskeletal transport 

mechanisms is the basis for the detection of defects that interrupt the axonal 

transport in an early, morphologically still unremarkable stage of axonopathies. 

Phosphorylation disturbances are regarded as an early sign of axonal damage in MS 
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(PETZOLD et al., 2008), as well as in other demyelinating diseases (SEEHUSEN 

and BAUMGÄRTNER, 2010; KREUTZER et al., 2012). 

In this context, non-phosphorylated neurofilament (nNF) as well as APP are used as 

early sensitive markers for axonal damages in different neurological disorders in 

humans and animals, e. g. head injury, MS, Theiler’s murine encephalomyelitis virus 

(TMEV), canine distemper virus (CDV) encephalitis or spinal cord injury (SCI; 

GENTLEMAN et al., 1993; GEHRMANN et al., 1995; FERGUSON et al., 1997; 

TRAPP et al., 1998; DEB et al., 2009; SEEHUSEN and BAUMGÄRTNER 2010; 

TSUNODA and FUJINAMI, 2010; KREUTZER et al., 2012; BOCK et al., 2013). 

However, the mechanisms of accumulation are not clearly understood. APP is a 

transmembranous glycoprotein which is ubiquitously expressed throughout the CNS 

(HARDY, 1997) and has a short time inbetween production and degradation. It is 

transported by a kinesin-mediated fast mechanism in the anterograde direction, so it 

is consequently not detectable in healthy axons (STONE et al., 2001, COLEMAN, 

2005). Thus, a detectable, intraaxonal accumulation can be considered as the 

manifestation of an impaired axonal transport (FERGUSON et al., 1997; STONE et 

al., 2001; COLEMAN, 2005; KIMURA et al., 2007).  
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Figure 1: Schematic display of axonal transport mec hanisms 

 

Neurofilaments (80% phosphorylated), microtubules and actin are the major components of 

the axonal cytoskeleton. Motorproteins dynein and kinesin are mediating the retrograde and 

anterograde transport respectively. Tau is stabilizing the microtubules in growing axons.
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2.2 Mechanisms of axonal injury 

Wallerian degeneration in peripheral nerves is described as the degeneration of 

distal parts of disrupted axons, whereas the proximal parts of the axon survive 

(WALLER, 1850). Findings in the distal segment include axonal degeneration and 

myelin lysis, phagocytosis of the debris by resident and invading macrophages and 

proliferation of Schwann cells. The latter form a continuous cell layer in direction of 

the axonal growth (“Büngner’s Bands”) and favour axonal regeneration. In the CNS, 

only axonal degeneration and myelin lysis are observed following axonal injury, 

however, prominent, complete regeneration is lacking. In consequence, the changes 

are called “Wallerian-like” degeneration. 

In traumatic lesions, comparably mild insults can lead to a complete disruption of the 

axonal continuity due to a deficient orientation of neurofilaments and a decrease in 

the amount of microtubules. This leads to an impaired axonal transport and an 

accumulation of organelles and tubulovesicular structures and in consequence, to 

secondary lesions such as myelin loss (POVLISHOCK, 1992).  

Morphologically, damaged axons occur as swollen structures in dilated myelin 

sheaths (so-called spheroids) that can reach a diameter of up to 120 µm 

(POVLISHOCK, 1992). They contain densely packed axoplasmic organelles (“dense 

bodies”). In the CNS, lesions begin in the distal and affect the proximal segment later 

in the time course. This is followed by a progression of the degeneration in the 

retrograde direction with consecutive demyelination and reactive astrocytosis (so-

called “dying back”; SEITELBERGER, 1986). 

Up to the beginning of the 20th century, multiple sclerosis was regarded as a disease 

characterized by demyelination and inflammation with rather conserved axons 

(CHARCOT, 1868). However, in the following years, a participation of axonal 

damage in the course of disease was observed. At the end of the 20th century, the 

role of axonal pathology was highlighted in MS as well as in peripheral neuropathies 

(DYCK et al., 1989; DE STEFANO et al., 1998; TRAPP et al., 1998). Several studies 

proved evidence of axonal lesions in acute (FERGUSON et al., 1997) as well as in 

chronic plaques (OZAWA et al., 1994) in MS patients. 



  Literature Review                                                                                      8

Different models of pathogenesis and interaction between demyelination and axonal 

damage have been established (figure 2; TSUNODA and FUJINAMI, 2002). The 

outside-in-model hypothesizes primary demyelination with a secondary axonal loss, 

as it is known for human immunodeficiency virus and Herpes simplex virus induced 

encephalitis (MARTIN, 1984; RAJA et al., 1997). This model assumes that a primary 

oligodendrogliopathy is followed by a secondary impairment of myelination with 

subsequent axonal loss. In cases of traumatic spinal cord injury, a primary 

axonopathy with secondary myelin loss (inside-out-model) is suspected (TSUNODA 

and FUJINAMI, 2002). Concerning other viral infections of the CNS, a combination of 

both models can be assumed. In several human viral infections (e.g. human 

immunodeficiency virus, human T-lymphotropic virus, Herpes simplex virus and 

Coronavirus), the virus is transported along the axon after infection of the neuronal 

cell body, reaches the myelin sheath via the oligodendroglial cell bodies and is 

further distributed by cell processes. This subsequently leads to a second cascade of 

myelin loss. Besides apoptosis of oligodendrocytes and demyelination, there is also 

an impairment of the oligodendroglial-axonal contact and an induction of microglial 

activation. Activated microglia and macrophages phagocytize damaged and/or 

infected axons, myelin and oligodendrocytes and present viral and autoantigens 

(TSUNODA and FUJINAMI, 2002). In consequence, autoimmune reactions may 

occur and thus lead to a primary progressive, immue-mediated demyelination. The 

consecutive inflammation in this case is believed to induce secondary axonal 

damage with a “Wallerian-like” degeneration in the distal segment of the disrupted 

axon. This secondary axonal injury itself can consequently initiate another cascade of 

demyelination. 

Previous studies in dogs with CDV encephalitis showed a progressively decreasing 

axonal density in the cerebellar white matter depending on the duration of disease 

(SEEHUSEN and BAUMGÄRTNER, 2010). Furthermore, the amount of detectable 

axonal APP increases in the early phase and reaches its highest amount in subacute 

lesions, whereas nNF reaches its highest levels in late stages of disease 

(SEEHUSEN and BAUMGÄRTNER, 2010). 
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Figure 2: Schematic diagram of the possible pathoge nesis of primary and 

secondary axonopathies and demyelination  (modified from TSUNODA and 

FUJINAMI, 2002) 
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2.3 Inhibition of axonal outgrowth 

In the adult CNS, injured or interrupted axons are unable to regenerate due to 

several inhibitory factors (SCHWAB and BARTHOLDI, 1996). In contrast, peripheral 

axons can regenerate in their environment lacking these factors.  

Five inhibitory myelin factors have been identified to contribute to inhibition of axonal 

outgrowth (figure 3), namely myelin-associated glycoprotein (MAG) 

(MCKERRACHER et al., 1994; MUKHOPADHYAY et al., 1994; KELM et al., 1998; 

LIU et al., 2002), Nogo-A (CHEN et al., 2000; GRANDPRÉ et al., 2000, OERTLE et 

al., 2003), oligodendrocyte myelin glycoprotein (OMgp) (WANG et al., 2002a and 

2002b), class 4 transmembrane semaphorins (Sema4a/CD100) (MOREAU-

FAUVARQUE et al., 2003) and ephrinB3 (BENSON et al., 2005).  

MAG is known to inhibit regeneration in postnatal neurons from post partum day 4 on 

(JOHNSON et al., 1989; BATES and STELZNER, 1993; MUKHOPADHYAY et al., 

1994). 

MAG, OMgp and Nogo-A bind to a receptor complex, which consists of Nogo-66-

receptor (NgR1; FOURNIER et al., 2001; HUNT et al., 2002; HU et al., 2005). NgR1 

signaling requires a coreceptor, namely leucine rich repeat (LRR) and lg domain 

containing 1 (LINGO-1) (MI et al, 2004) in combination with a tumor necrosis factor 

receptor superfamily (TNFRSF) member, either p75 (low affinity neurotrophin-

receptor; WANG et al., 2002b MI et al., 2004) or the TNFRSF expressed on the 

mouse embryo; (MORIKAWA et al., 2008) TROY. In consequence, the Ras 

homologue A (RhoA)/ Rho-associated protein kinase (ROCK)/ cofilin pathway is 

activated to inhibit neuronal outgrowth by a collapse of the growth cone (figure 3). 

For Nogo, three isoforms, namely A, B and C, all sharing a C-terminal 66-amino-acid 

segment named Nogo-66 (CHEN et al., 2000), are known. The longest isoform, 

Nogo-A , is exclusively expressed on oligodendrocytes, myelin sheaths and a 

subpopulation of neurons (WANG et al., 2002b). 

NgR1 and LINGO are members of the LRR superfamily of molecules (FOURNIER et 

al., 2001; MI et al, 2004). While NgR1 is a glycosylphosphatidylinositol- (GPI) linked 

cell surface receptor and incapable of signal transduction itself, LINGO-1 contains a 

transmembrane domain and thus can induce signal transduction independently.  
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The neurotrophin receptor p75NTR (p75) contains a transmembrane as well as a 

death domain. It is involved in a large number of neuronal functions, including 

differentiation, cell survival and death as well as regeneration (RABIZADEH and 

BREDESEN, 2003; BRONFMAN and FAINZILBER, 2004). TROY as well belongs to 

the TNFR superfamily and serves as a substitute for p75 in the NgR signaling 

complex (PARK et al., 2005; SHAO et al., 2005). It is expressed in developing neural 

stem cells of the ventricular and subventricular zones. In the adult rodent CNS, it is 

more broadly expressed than p75 (KOJIMA et al., 2000; HISAOKA et al., 2003; 

PARK et al., 2005; SHAO et al., 2005). LINGO-1, forming a trimolecular complex with 

TROY and p75 (CHEN et al., 2006; MI, 2008), is mainly expressed in subpopulations 

of neurons of the limbic system and the neocortex. Different studies underline the 

role of LINGO-1, TROY and p75 for neurite outgrowth inhibition (MI et al., 2004; MI, 

2008). In chronic active demyelinating MS-lesions, Nogo-A expression is increased in 

surviving oligodendrocytes, whereas NgR1 is upregulated in reactive astrocytes and 

microglia, which suggests an influence of the Nogo-A/NgR-interaction on 

demyelination and axonal regeneration (SATOH et al., 2007). In MS and non-MS 

human brains, TROY and LINGO-1 possess a more widespread expression 

throughout the CNS than p75 in a subpopulation of neurons, while oligodendrocytes 

show intermediate to weak immunoreactivity for both molecules (SATOH et al., 

2007). In a subpopulation of astrocytes and activated macrophages/microglia, the 

immunoreactivity for TROY and LINGO-1 is enhanced in MS brains, whereas an 

upregulation of TROY but not LINGO-1 in MS has been shown by Western blot 

analysis (SATOH et al., 2007). This discrepancy can possibly be explained by the 

variable axonal loss in the lesions as LINGO-1 is regulated by axonal activity 

(TRIFUNOVSKI et al., 2004). 

Class 4 transmembrane semaphorin is known to induce growth cone collapse in 

the embryonic CNS (SWIERCZ et al., 2002). In the adult brain, Sema4a is 

exclusively expressed by oligodendrocytes and myelin and is upregulated in the 

lesioned CNS. EphrinB3  is expressed by myelinating oligodendrocytes and inhibits 

axonal extension (BENSON et al., 2005) by parallel or synergistic, myelin-based 

effect to Nogo, MAG and OMgp (DUFFY et al., 2012). 
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Besides the cell-related factors influencing and inhibiting axonal outgrowth, a major 

role is considered for the extracellular matrix (ECM). It is formed by interacting 

macromolecules (ALBERTS et al., 1994) which can be divided into three structural 

classes: glycosaminoglycans (proteoglycans and hyaluronan), glycoproteins (e. g. 

laminin) and other groups of fibrous proteins (e.g. collagen, fibronectin). The main 

functions of the ECM include tissue stabilization but it is additionally involved in the 

fast diffusion of nutritients, metabolites and hormones (ALBERTS et al., 1994; 

KUMAR et al., 2005).  

Beside collagens, fibronectins and others, ECM molecules are found in most tissues. 

However, some molecules have proven to be exclusively expressed in the CNS such 

as brevican, neurocan, phosphacan and tenascin-R (BANDTLOW and 

ZIMMERMANN, 2000; NOVAK and KAYE, 2000). While some of these molecules 

have contradictory effects, depending on different factors (GRUMET et al., 1994; 

FAISSNER, 1997; SOBEL, 1998; BANDTLOW and ZIMMERMANN, 2000), some of 

them have a proven influence on the regulation of cell migration, axonal pathfinding 

and synaptogenesis. Alterations of the CNS such as inflammatory lesions in MS 

plaques have an impact on the composition of the ECM (SOBEL, 1998). In different 

experimental demyelinating diseases such as EAE and TME, alterations in the 

synthesis of ECM have been demonstrated too (DE CARVALHO et al., 1999; 

IBRAHIM et al., 2001; HAIST et al., 2012). Several studies showed that there is a 

progressive accumulation of ECM in demyelinating white matter lesions of the 

cerebellum in CDV encephalitis with an increase of detectable proteoglycans, 

glycoproteins and collagens, mainly fibronectin and collagen type I (AL-AZREG, 

2010). The CNS-specific molecules brevican, decorin and neurocan did not show any 

reaction in the lesions (AL-AZREG, 2010). It is postulated, that the severe deposition 

of ECM molecules may function as a barrier to axonal regeneration, outgrowth and 

remyelination and thus potentially functions as an inhibitory factor for axonal 

outgrowth (AL-AZREG, 2010). 
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Figure 3: Schematic display of mechanisms contribut ing to inhibition of axonal 

outgrowth (modified from PERNET et al., 2012) 
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2.4 Promotion of axonal outgrowth 

The counterpart of the inhibitory factors of axonal outgrowth is represented by the 

growth-associated protein (GAP)-43, which is essential for axonal regeneration and 

development (SKENE and WILLARD, 1981a and 1981b). Physiologically it is found 

in neurons during development and in growth cones of sprouting axons. It is situated 

in the neuronal cytoplasm near the plasma membrane as well as in the membrane 

skeleton of growth cones (MEIRI et al., 1986; MEIRI and GORDON-WEEKS, 1990). 

In the PNS, its expression is upregulated in neurons following damage to their axons, 

which has an impact on their ability to regenerate (BISBY, 1988; VAN DER ZEE et 

al., 1989; WOOLF et al., 1990; SOMMERVAILLE et al., 1991; TETZLAFF et al., 

1991; BISBY and TETZLAFF, 1992; SAIKA et al., 1993; KOBAYASHI et al., 1994). In 

some regions of the CNS, GAP-43 expression is inducible by injury, e.g. in the 

hippocampus, substantia nigra and thalamus (GOTO et al., 1994; SCHAUWECKER 

et al., 1995; VAUDANO et al., 1995), however, earlier studies suggest that neurons 

in the CNS generally lack the ability to express GAP genes (SKENE and WILLARD, 

1981a, 1981b; SKENE, 1984), which results in a failing axonal regeneration. 

However, in experimentally induced spinal cord injury, an increase of GAP-43 

positive axons and neuron has been described (CURTIS et al., 1993; SCHREYER 

and SKENE, 1991; LI et al., 1996). As it is a fast axonally transported protein, this 

finding might represent an intraaxonal accumulation due to an impaired axonal 

transport. Recent studies also demonstrated an increase of GAP-43-positive axons in 

naturally occurring spinal cord injury in dogs (BOCK et al., 2013). 

 

2.4.1 The role of erythropoietin 

Erythropoietin (EPO) is a glycoprotein, which is mainly synthesized in the fetal liver 

(DAME et al., 1998) and post-natally in the kidney. It is secreted in response to 

hypoxia. EPO is a cytokine superfamily member with significant homology to 

mediators of growth and inflammation (ERBAYRAKTAR et al., 2003). In addition to 

its properties as a factor promoting hematopoiesis in the bone marrow (LACOMBE 

and MAYEUX, 1999), it has been shown to act as a neuroprotective and neurotrophic 

factor in the CNS, especially in neurological disorders caused by hypoxia, ischemia 
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or hemorrhage, but also in demyelinating diseases such as experimental 

autoimmune encephalitis (EAE; BRINES and CERAMI, 2005), MS (EHRENREICH et 

al., 2007) or in Cuprizone-induced demyelination in mice (HAGEMEYER et al., 

2012). Under physiological conditions, immunoreactive EPO can be detected in 

human and mouse brains in the cortex and the hippocampus (BERNAUDIN et al., 

1999; DAME et al., 2000; SIRÉN et al., 2001) Furthermore, EPO is expressed in 

brain capillary endothelial cells, which indicates a capability to pass the blood-brain-

barrier (BBB). The EPO Receptor (EPO-R) has been detected in most cerebral cells, 

including neurons, microglial cells and astrocytes, Schwann cells, but also in dorsal 

root ganglia and spinal cord neurons (DIGICAYLIOGLU et al., 1995; JUUL et al., 

1999; CAMPANA and MYERS, 2001; SIRÉN et al., 2001; LI et al., 2005). An 

upregulation of EPO as well as the EPO-receptor has been described as early as 8 

hours after injury in the nervous system (SADAMOTO et al., 1998; BERNAUDIN et 

al., 1999; CAMPANA and MYERS, 2001; GRASSO et al., 2005). Several 

mechanisms that explain EPO’s neuroprotective effect have to be considered. 

Regeneration of adult CNS neurons can be promoted by EPO via Janus-kinase 

signal transducer and activator of transcription (JAK2/STAT3) and phosphatidyl 

inositol-3 kinase (PI3K)/serine/threonine kinase (AKT) pathways. Alternatively, the 

downstream effectors of RhoA are Rho-associated kinases (ROCK-1 and ROCK-2). 

They enhance phosphorylation of the myosin light-chain phosphatase, a key 

regulator for cytoskeletal arrangement (BROWN and BRIDGMAN, 2004). Thus, 

inhibitors of ROCK can promote axonal growth (TAN et al. 2012). The evidence of a 

crosstalk between hypoxia-inducible factor-1 (HIF-1) and ROCK pathways suggests 

an involvement of EPO in the RhoA/ROCK pathway, as EPO is one of the major 

target genes of HIF-1. The latter is known to accumulate in the CNS under conditions 

of hypoxia in the rodent model (WIENER et al., 1996; BERGERON et al., 1999; JIN 

et al., 2000; JONES and BERGERON, 2001; PASCUAL et al., 2001). It activates the 

transcription of EPO (XIAOWEI et al., 2006). It has been shown that EPO treatment 

increases the survival of retinal ganglion cells after optic nerve crush and promotes 

their axonal regeneration (TAN et al., 2012). Furthermore, the expression of GAP-43 

increased after EPO treatment. Furthermore, the expression of RhoA, ROCK-1 and 
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ROCK-2 decreased in EPO treated retinas (TAN et al. 2012), possibly representing a 

reducing effect on growth-cone destabilization. In rats, an acceleration of the 

functional improvement, measured by thermal sensitivity was detected after near-

nerve application of EPO in a sciatic nerve injury model (TOTH et al., 2008). In 

addition, the decrease in density of neurofilaments could be partly reversed by EPO 

application (TOTH et al., 2008). An upregulation of EPO and its receptor could thus 

indicate an involvement in axonal regeneration also in canine and human diseases.  

 

 

The understanding of axonal pathology and indications for therapeutic approaches in 

order to restore functionality in diseases comprising axonal injury require further 

pathogenetic studies.  Canine distemper virus encephalitis and intervertebral disk 

disease causing spinal cord injury represent naturally occuring translational animal 

models to investigate virally induced and traumatic axonal injury. 
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2.5 Canine Distemper Virus 

The canine distemper virus (CDV) is an enveloped, single-stranded, non-segmented, 

negative-sense RNA virus of the family Paramyxoviridae (PRINGLE, 2000; BEINEKE 

et al., 2009). It is composed of six structural and two non-structural proteins. The 

nucleocapsid contains the viral genome and consists of the nucleoprotein (N) and the 

polymerase-complex, which contains the phosphoprotein (P) as well as the “large 

protein” (L). On the surface of the lipid envelope, the hemagglutinin (or attachement) 

protein (H) and the fusion protein (F) and on the inner surface the matrix-protein (M), 

are localized (HALL, 1980; ÖRVELL, 1980; DIALLO, 1990; VANDEVELDE and 

ZURBRIGGEN, 2005; BRUNNER et al., 2012). 

CDV is closely related to the phocine distemper virus, the Peste des petits ruminants 

virus, the cetacean morbillivirus and the measles virus of humans, which all 

represent members of the genus morbillivirus (PRINGLE, 2000). The natural host 

range of CDV consists of families of the order Carnivora (DEEM et al., 2000), 

including terrestrial as well as aquatic mammals. However, the morbidity and 

mortality shows a wide variation between the species. In ferrets, the mortality can 

reach up to 100% (DAVIDSON, 1986), while in dogs, 50-70% of infected animals do 

not even show clinical signs. Additionally, a natural susceptibility for CDV infection is 

reported for non-human primates (YOSHIKAWA et al., 1989; APPEL et al., 1991; 

NOON et al., 2003).  

An involvement of CDV in human diseases, e.g. in Morbus Paget (osteodystrophia 

deformans), is under discussion but still unproven. CDV RNA was detected in 100% 

of the samples examined by in situ-reverse transcriptase-polymerase chain reaction 

(in situ-RT-PCR; HOYLAND et al., 2003). 

For Multiple Sclerosis (MS), a disease, which shows morphological similarities to 

distemper encephalitis, CDV has been discussed as an etiological factor, however, 

as solely seroepidemiologic data could support this theory (COOK et al., 1979; 

ROHOWSKY-KOCHAN et al., 1995) CDV is now rather considered to be without any 

relevance regarding the etiology of MS.  
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2.5.1 Pathogenesis of distemper in dogs 

The first proof of a viral etiology of distemper was achieved by the French 

veterinarian Henri CARRÉ in 1905.  

Even if outbreaks of the disease in dogs have become infrequent events in Europe 

due to an area-wide vaccination (ADELUS-NEVEU et al., 1991; MORI et al., 1994; 

BEINEKE et al., 2009), single cases still occur in non-vaccinated dogs. Rarely, 

disease outbreaks have been reported in vaccinated dog packs, presumably due to 

infection with genetically different CDV strains (MORI et al., 1994; MOCHIZUKI et al., 

1999; SIMON-MARTÍNEZ et al., 2007).  

In general, CDV infection in dogs leads to abortive, subclinical or clinical courses of 

the disease. It includes a wide range of clinical manifestations, namely catarrhal 

signs of the respiratory and gastro-intestinal tract including rhinitis, conjunctivitis, 

pneumonia and enteritis, as well as neurological disorders or combinations of both 

(APPEL, 1987; BAUMGÄRTNER, 1993; BEINEKE et al., 2009). In some cases, a 

dermal manifestation with exanthema and a digital and nasal orthokeratotic 

hyperkeratosis (“hard pad disease”) is described (KRAKOWKA et al., 1985; MAEDA 

et al., 1994; MORITZ et al., 1998; GRÖNE et al., 2003; ENGELHARDT et al., 2005). 

The cause for this impaired keratinization is suspected to be a virus-induced 

proliferation of squamous epithelial cells without a cytolytic effect (ENGELHARDT et 

al., 2005).  

The nervous form of distemper often occurs as a complication of the disease and can 

arise without preceding catarrhal symptoms. Its clinical manifestation are often gait 

abnormalities, but also epileptoid seizures. (TIPOLD, et al., 1992; THOMAS, 1998)  

In the chronic stage, neurological signs often persist as enduring functional 

impairments (APPEL, 1987).  

The infection in dogs through the mucosa of the upper airways is followed by an 

incubation period of 1-2 weeks, which includes viremia with cell-free and cell-

associated virus particles and can lead to a full recovery. However, depending on the 

presence of anti-envelope protein-specific IgM antibodies at this time point, a viral 

spread to various epithelial and mesenchymal tissues as well as the central nervous 

system may occur (MIELE and KRAKOWKA, 1983). The specifity of 
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immunoglobulins against viral envelope proteins, especially the H-protein crucially 

affects the course of disease and CNS infection (RIMA et al., 1991). In addition, 

delayed production of antibodies directed against the viral M-protein or envelope 

proteins culminates in a persistent neurological disorder (KRAKOWKA et al., 1980; 

MIELE and KRAKOWKA, 1983). The virus is known to possess a strong 

lymphotropism, based on its ability to bind to CD 150 (signalling lymphocyte 

activation molecule, SLAM), which is expressed physiologically in a large number of 

tissues. Marked up-regulation of SLAM favors virus amplification in the affected host 

(WENTZLOW et al., 2007; BEINEKE et al., 2009). Consequent lymphoid depletion 

and enduring immunosuppression (APPEL, 1969, KRAKOWKA et al., 1980), 

comparable to measles virus infection in humans, play an important role in disease 

progression and severity, mainly due to complications by secondary bacterial 

infections. A delayed immune response can lead to a latent persisting infection of 2-3 

months (“late onset disease”) or to a subacute infection, most often accompanied by 

a manifest encephalitis (APPEL, 1987).  Furthermore, it has recently been described 

that nectin-4 receptor enables the virus to invade epithelial cells which contibutes to 

the neurovirulence of the virus (PRATAKPIRIYA et al., 2012; NOYCE et al., 2013). 
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2.5.2 CDV encephalitis and its role as an animal mo del for multiple 

sclerosis 

Multiple sclerosis is a worldwide occurring demyelinating disease of the CNS, 

affecting predominantly young adult females. Despite the detection of predisposing 

factors including genetic background and environmental influence, the cause of the 

disease remains undetermined so far. All types of lesions described in MS include 

demyelination and inflammation and are distributed throughout the CNS with a 

predilection for the optic nerves, brain stem, spinal cord, and periventricular white 

matter (HU and LUCCHINETTI, 2009). While a variety of rodent models have been 

established to mimick the demyelinating disease (RAINE, 1984; LINDNER et al., 

2009; KREUTZER et al., 2012), the opportunity to investigate factors contributing to 

demyelination, inflammation and axonal injury in a naturally occuring large animal 

model may entail the detection of new insights into pathogenesis and possible 

therapeutic approaches (SEEHUSEN and BAUMGÄRTNER, 2010). 

Demyelinating leukoencephalitis represents the most frequent manifestation of CDV 

encephalitis in dogs which can affect the white (leukoencephalitis) as well as the grey 

matter (polioencephalitis; BAUMGÄRTNER, 1993; BEINEKE et al., 2009), or both, 

while in most cases one of the localizations predominates. Demyelinating 

leukoencephalitis represents thus a suitable and spontaneously occurring animal 

model for human demyelinating diseases. (MARKUS et al., 2002; BEINEKE et al., 

2009; SPITZBARTH et al., 2012).  

Morphological similarities between CDV encephalitis and multiple sclerosis MS 

mainly include demyelination, axonal injury and inflammation (SEEHUSEN and 

BAUMGÄRTNER, 2010). While demyelination and inflammatory processes have 

extensively investigated in recent years, mechanisms of axonal injury in CDV 

encephalitis are still poorly understood. 

In the cerebrospinal fluid CDV antigen can be detected as early as day 8 to 10 post 

infection (SUMMERS et al., 1979; VANDEVELDE et al., 1985; APPEL, 1987). 

Hematogenous infection through infected mononuclear cells transmigrating the 

blood-brain-barrier with subsequent infection of endothelial cells or ependymal cells, 

pericytes, and perivascular astrocytes is considered to be the main path of 
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neuroinvasion. Studies showed, that the CNS manifestation starts with an affection of 

the grey matter followed by an antigen spread into the white matter (SUMMERS et 

al., 1979; BEINEKE et al., 2009), Finally, the typical manifestation is characterized as 

a leukoencephalitis with prevailing affection of the cerebellum (BAUMGÄRTNER, 

1993). 

Morphological lesions in the cerebellar white matter have been extensively 

characterized using a well-described classification scheme (VANDEVELDE et al., 

1982; SEEHUSEN and BAUMGÄRTNER, 2010). However, different stages of 

lesions can be found at the same time in one animal.  

Acute lesions are characterized by a vacuolization of the white matter due to an 

edema of the myelin sheaths as a consequence of virus-induced myelin damage 

which is arising in the phase of immunosuppression (VANDEVELDE et al., 1982) 

accompanied by mild astrogliosis and gemistocytosis. Subacute lesions consist oftwo 

types that are distinguished by the degree of inflammation. Both include 

demyelinization with myelinophagia, gemistocyte formation and astrocytosis. It has 

been demonstrated that astrocytes separate the myelin in segments from the axons. 

Cytoplasmic processes of phagocytozing cells tug the ribs of myelin away (so-called 

“myelin-stripping”; HIGGINS et al., 1982; SUMMERS and APPEL, 1987). The 

evidence of demyelination in the subacute stage of disease is related to the 

replication of CDV in glial cells of the white matter (VANDEVELDE et al., 1985; 

ZURBRIGGEN et al., 1993). Viral antigen can be found mainly in astrocytes, but also 

in neurons, microglial, ependymal, leptomeningeal and plexus chorioideus cells 

(SEEHUSEN et al., 2007; ORLANDO et al., 2008). In contrast, only 8% of the 

oligodendrocytes contain CDV mRNA (ZURBRIGGEN et al., 1998). 6-7 weeks post 

infection, an increase of perivascular inflammatory cells, mainly composed of 

lymphocytes and plasma cells is present in subacute and chronic lesions. Chronic 

lesions are characterized by more than three layers of perivascular inflammatory 

infiltrates. In these inflammatory foci, an enhanced myelin loss with appearance of 

malacic areas with gitter cells and astrogliosis is present while the amount of 

detectable antigen decreases with the duration of disease. Perivascularly, there is a 

dominance of CD4-positive T cells and CD21-positive B cells (WÜNSCHMANN et al., 
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1999). Intralesionally, but also diffusely throughout the neuroparenchyma, there is 

evidence of CD8-positive, cytotoxic T-cells (ALLDINGER et al., 1996; TIPOLD et al., 

1999; WÜNSCHMANN et al., 1999, BAUMGÄRTNER and ALLDINGER, 2005). This 

immunological pattern and the decrease of detectable antigen in chronic lesions 

represents an immunopathological and no longer directly virus-induced 

demyelination as a second cascade of demyelination in a biphasic process 

(BAUMGÄRTNER and ALLDINGER, 2005; BEINEKE et al., 2009; SPITZBARTH et 

al., 2012). Inclusion bodies, which are found mainly in glial cells can be present in all 

types of lesions.  

Affections of the grey matter can occur as a so-called old-dog-encephalitis (LINCOLN 

et al., 1973; IMAGAWA et al., 1980; VANDEVELDE et al., 1980), a postvaccinal 

encephalitis (HARTLEY, 1974; BESTETTI et al., 1978) or as an inclusion-body-

polioencephalitis (NESSELER et al., 1997, 1999). However, all of these 

manifestations are comparatively rare. 
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2.6 Intervertebral disk disease and spinal cord inj ury  

In general, intervetrebral disk disease (IVDD) is classified into two subtypes, 

according to HANSEN (1952). Type 1 herniations (extrusions) are characterized by a 

progressive chondroid metaplasia of the nucleus pulposus starting at a juvenile age 

and complete degeneration and calcification of the nucleus pulposus, which finally 

explosively herniates into the vertebral canal. The cause for this type of disease is 

the genetic background of so-called chondrodystrophoid breeds such as 

dachshunds, pekingeses and French bulldogs (SIMPSON, 1992; BRAY AND 

BURBRIDGE, 1998b). In non-chondrodystrophoid breeds, an age-related, slowly 

progressing, fibroblastic metaplasia of the annulus fibrosus and nucleus pulposus 

occurs (BRAY and BURBRIDGE, 1998a and1998b; COATES, 2000; BRISSON, 

2010), which can result in a progressively developing protrusion of the intervertebral 

disk into the vertebral canal (Hansen type 2). 

The clinical consequences of both types of lesions strongly depend on the 

neuroanatomical localization and the severity of lesions and can include back pain, 

paresis, paraplegia and loss of deep pain perception. The latter is closely related to a 

poor prognosis as shown by BULL et al. (2008). 

In dogs, IVDD is the most important cause for spinal cord injury (SCI), which 

represents a relatively frequent disorder, occuring both in domestic animals as well 

as in humans (VAN DEN BERG, 2010; LEVINE et al., 2011). SCI can result in often 

persisting and painful neurological signs including motor failures or spasticity.  

Surgical and medical therapy has improved significantly in human as well as in 

veterinary medicine in recent years, however, functional restoration is not achieved in 

a large number of patients and thus affected individuals may suffer from lifelong 

disability. 

 

2.6.1 Pathogenesis of spinal cord injury  

The vast majority upon the knowledge of the pathogenesis of SCI is based on the 

use of experimental laboratory rodent models (PROFYRIS et al., 2004; HAGG and 

OUDEGA, 2006; SMITH and JEFFERY, 2006). They include contusion, 

compression, complete or incomplete transection models and are performed to mimic 
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different aspects of the disease. In general, the pathogenesis includes two sequent 

phases. After the initial mechanical lesion, representing the primary damage, a 

second cascade of auto-destruction is initiated. The latter is regarded as the more 

destructive process and is referred to as secondary injury (TATOR and FEHLINGS, 

1991; JEFFERY and BLAKEMORE 1999a and 1999b; BAREYRE et al., 2002). It is 

characterized by an initial increase of the intraneuronal Ca2+ concentration (TOMES 

and AGRAWAL, 2002), an elevated generation of reactive oxygen species (ROS; 

GENOVESE et al., 2006; XIONG et al., 2007), an excessive elevation of excitatory 

neurotransmitters (PARK et al., 2004) as well as vascular changes including 

hemorrhage and increased permeability of blood vessels (OLBY, 1999; BAREYRE 

and SCHWAB, 2003; PROFYRIS et al., 2004). Secondary lesions are progressing by 

necrosis and apoptosis with prominent edema and ischemia and extend to ascending 

and descending areas from the epicenter of the lesion. Two major components that 

further encompass secondary injury are fibre tract pathology and the immune 

response. Though extensively characterized in rodent models (PROFYRIS et al., 

2004; HAGG and OUDEGA, 2006; SMITH and JEFFERY, 2006), little is known 

about the role of immune processes and axonal damage in the clinical relevant 

disease. Thus, further investigations with special emphasize upon spontaneously 

occurring SCI are highly needed.  

In dogs, IVDD shows similarities to SCI in humans and is thus regarded as a 

spontaneously occurring translational animal model in SCI research (JEFFERY et al., 

2006; SMITH and JEFFERY, 2006; LEVINE et al., 2011; BOECKHOFF et al., 2012a 

and 2012b; SPITZBARTH et al., 2011 and 2012; BOCK et al., 2013).The necessity of 

such spontaneously occurring large animal models is based on the fact that previous 

studies demonstrated significant differences in the pathogenesis of clinical human 

and experimental rodent SCI. These distinctions include a differing astroglial 

response and delayed Wallerian-like degeneration processes in humans (PUCKETT 

et al., 1997; BUSS et al., 2004; HAGG and OUEGA, 2006; SHI et al., 2009) 

compared to rodents. This indicates that at least some of the changes in 

experimental SCI in rodents might be species-specific and should be completed by 

investigations upon the canine model which is more similar to the human disease. 
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Both human SCI and canine IVDD are accompanied by a mild, 

macrophage/microglia-dominated immune response which is in partly in contrast to a 

relatively severe inflammatory response in rodents (HAGG and OUDEGA, 2006; 

SPITZBARTH et al., 2011). Similar to experimental models and human SCI there is a 

dominating, potentially neurotoxic pro-inflammatory microenvironment in the spinal 

cord following IVDD in dogs (SPITZBARTH et al., 2011 and 2012). Additionally, the 

fact that most clinical cases of SCI are caused by the intervertebral discs located 

ventral to the spinal cord underlines naturally occurring IVDD in dogs as a suitable 

animal model for the disease in humans (JEFFERY et al., 2006; SMITH and 

JEFFERY, 2006; LEVINE et al., 2011). Most rodent models, in contrast, use a dorsal 

spinal cord lesion (JEFFERY et al., 2006). However, the most important strength of 

canine IVDD is seen in its spontaneity and thus this animal model might add the 

missing variability to highly homogeneous lesions in experimental models (JEFFERY 

et al., 2006).  

 

2.6.2 Axonal pathology in spinal cord injury 

In the primary phase of injury the axons are affected by shearing, stretching and 

disruption, with marked dependence on the severity and the type of the trauma 

(CHOO et al., 2008). During secondary injury, the progression of axonal damage is 

mainly characterized by impairment of axonal transport mechanisms, elevated 

intracytoplasmic calcium concentration, secondary disruption and retraction of axons 

as well as dying back processes (POVLISHOCK and JENKINS, 1995; POVLISHOCK 

and CHRISTMAN, 1995; COLEMAN, 2005; HORN et al., 2008; SHI et al., 2009). In 

terms of Wallerian-like degeneration, there is progressive axonal degeneration and 

myelin loss. As described for different degenerative diseases in the CNS, SCI is 

characterized by both primary and secondary myelin loss (TSUNODA and 

FUJINAMI, 2002), as it was shown by the demonstration of a co-localization of 

degenerated axons and oligodendrocytes undergoing apoptosis (CASHA et al., 

2001). Concerning axonal transport mechanisms, previous studies described an 

accumulation of APP in damaged and swollen axons (LI et al., 1995; AHLGREN et 

al., 1996; COLEMAN, 2005), which suggests an impairment of the fast anterograde 
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axonal transport (STONE et al., 2001; COLEMAN, 2005; SEEHUSEN and 

BAUMGÄRTNER, 2010). In different models of neurodegenerative diseases it has 

been demonstrated that the accumulation of transported proteins and axonal swelling 

are not limited to the proximal and distal stump of the transected axon, but are 

continuously repeating in a wave-like pattern along the axon (COLEMAN, 2005; 

BEIROWSKI et al., 2010). The impact on the axonal skeleton and especially on 

neurofilaments is comparable to the lesions in other degenerative neurological 

disorders as described above (BOCK et al., 2013).  

In canine IVDD expression of nNF is not limited to morphologically altered axons, 

neither to the epicenter of the lesions, suggesting that there is an impact on the 

phosphorylation on the entire length in an early stage of the disease. APP expression 

in contrast, was limited to the epicenter in animals with acute IVDD and extended 

exclusively to regions caudal to the epicenter in the subacute phase of the disease. 

This detectable axonal damage preceded myelin loss and increased over time, 

representing in consequence a secondary process (BOCK et al., 2013). Further 

investigations on the character of the axonal damage are required to interpret these 

lesions in the context of pathogenetic theories.  

Besides axonal damage and degeneration, spontaneous regeneration processes 

have been shown previously (LI et al., 1996; SCHWAB and BARTHOLDI, 1996; 

HAGG and OUDEGA, 2006). As early as 6-24 hours after the initial injury, the first 

axons start to regenerate in mouse models (KERSCHENSTEINER et al., 2005). In 

addition, an expression of GAP-43 has been demonstrated in rats in consequence to 

different forms of SCI (LI et al., 1996; CARMEL et al., 2001; ANDRADE et al., 2010; 

GERIN et al., 2011).  

In the spinal cord of dogs suffering from IVDD, GAP-43 expression was noticed in the 

epicenter as well as in axonal segments caudal to the lesion in subacute cases, 

indicating a progressive neuroplastic process (BOCK et al., 2013). However, these 

data need to be substantiated by investigations on inhibitory and promoting factors of 

axonal outgrowth as the functional consequences of these findings remain unclear so 

far.
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3 Materials and Methods 

 

3.1 Investigated animals  

 

3.1.1 Animals used in the canine distemper encephal itis study 

The study contained samples from 25 dogs, including four clinically healthy dogs 

from a non-related pharmaceutical study and four animals of different breeds which 

were neurologically healthy by anamnesis and did not show any morphological 

lesions in the CNS. All eight animals were immunohistochemically negative for CDV-

antigen. 

The diseased animals came from the routine necropsy material of the Departments 

of Pathology from the Justus-Liebig-University Gießen, Germany and of the 

University of Veterinary Medcine, Hannover, Germany. Tissue from 3 animals (no. 

10, 12, and 18; table 1) was submitted by Dr. Juan Alberto Morales, Servicio de 

Pathologia, Escuela de Medicina Veterinaria Universidad Nacional, Heredia, Costa 

Rica. 

All animals were naturally infected with CDV. Several of the animals have been 

vaccinated previously, but detailed data about vaccination concerning type or 

frequency were mostly lacking. Age, breed, gender as well as the necropsy number 

of the animals are given in table 1. 

Necropsy was performed between 1 and 48 hours after spontaneous death or 

euthanasia. The paraffin material used in this study was assembled from the archives 

of the Departments of Pathology, University of Veterinary Medicine, Hannover, 

Germany and Justus-Liebig-University Gießen, Germany. Futhermore, formalin-fixed 

and paraffin-embedded CNS samples from 3 animals (no. 10, 12, and 18; table 1) 

were kindly provided by Dr. Juan Alberto Morales, Servicio de Pathologia, Escuela 

de Medicina Veterinaria Universidad Nacional, Heredia, Costa Rica. 
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Table 1: Animals used in the canine distemper encep halitis study 

Animal No. Origin Case No. Age Gender Breed 

1 Hannover V/283/10 2.5 years female Beagle dog 

2 Hannover V/294/10 2 years female Beagle dog 

3 Hannover V/295/10 2 years female Beagle dog 

4 Hannover V325/10 2 years 3 month female Beagle dog 

5 Hannover S/1468/98 8 month female Cavalier King Charles Spaniel 

6 Hannover S/1863/98 3 month female Yorkshire Terrier 

7 Hannover S/954/11 1.5 years female German Longhaired Pointer 

8 Hannover S/977/11 1.5 years female Pinscher 

9 Gießen S/2405/85 3 years male  Mixed breed 

10 Costa Rica N/55/90 3 years female Chihuahua 

11 Gießen S/2868/93 3 month female German Shepherd 

12 Costa Rica ND/154/97 4.5 years female Miniature Schnauzer 

13 Gießen S/2395/97 6 years male Mixed breed 

14 Gießen S/941/98 7 month male Mixed breed 

15 Gießen S/994/98 3 month female Mixed breed 

16 Gießen S/1288/98 9 month female unknown 

17 Gießen S/1107/00 2 month male unknown 

18 Costa Rica N/20/01 4.5 years male Rottweiler 

19 Hannover S/2276/03 7 years male Miniature Pinscher 

20 Hannover S/2658/04 unknown female Mixed breed 

21 Hannover S/1725/05 3 month male Shi Tzu 

22 Hannover S/1814/05 3 month female Jack-Russel-Terrier 

23 Hannover S/547/08 unknown female Mixed breed 

24 Hannover S/682/08 1.5 years female Mixed breed 

25 Hannover S/1635/09 2 month female unknown 

Animals 1-8: controls; animals 9-25: CDV-infected dogs. 

 

3.1.2 Dogs with intervertebral disk disease 

17 dogs with clinically diagnosed IVDD were investigated. Age, breed, gender and 

duration of disease are shown in table 2. They were euthanized due to poor 

prognosis and submitted for necropsy within 2-4 hours after euthanasia. 

Spinal cord tissue from 10 neurologically unremarkable dogs served as the control 

group. 
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The investigated population of dogs was the same as previously probed by 

SPITZBARTH et al. (2011) and BOCK et al. (2013) and archived paraffin-embedded 

samples were used in the present study. 

 

Table 2: Animals used in the intervertebral disk di sease (IVDD) study  

Animal No. 

 

Internal 

case No. 

Type of 

disease  

Duration 

of signs 

(days) 

Age Gender Breed 

1 V/480/07 - - 6 months female Beagle dog 

2 V/481/07 - - 6 months female Beagle dog 

3 V/482/07 - - 6 months female Beagle dog 

4 S/1475/07 - - 11 months male Labrador 

Retriever 

5 S/1498/07 - - 8 years male Small 

Münsterland 

6 S/1665/07 - - 13 years female Dachshund 

7 S/1682/07 - - 10 years female Dachshund 

8 S/913/09 - - 14 years male Mixed breed 

9 S/1025/09 - - 10 years male Pitbull Terrier 

10 S/1084/09 - - 11.5 years male Golden 

Retriever 

11 S/1449/07 IVD prolaps 

Th10/11 

4 9 years male Dachshund 

12 S/1450/07 IVD prolaps 

L2/3 

3.5 4 years male Dachshund-

Mix 

13 S/563/08 IVD prolaps 

Th12/13 

3 7 years female Dachshund 

14 S/1345/08 IVD prolaps 

Th12/13 

4 5 years male Dachshund 

15 S/1378/08 IVD prolaps 

C6/7 

1.5 12 years male Foxterrier 

16 

 

S/99/09 IVD 

prolapsTh13/L1 

3 3.5 years male Pekingese 

17 S/258/09 IVD prolaps 

L2/3 

1.5 9 years male Mixed breed 
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Table 2 (continued): Animals used in the interverte bral disk disease study 

Animal No. 

 

Internal 

case No. 

Type of 

disease  

Duration 

of signs 

(days) 

Age Gender Breed 

18 E/1999/09 IVD prolaps 

L2/3 

3.5 4 years male Dachshund-

Mix 

19 E/4043/09 IVD prolaps 

L5/6 

1 5 years male Hanover 

Schweisshund 

20 S/1322/07 IVD prolaps 

Th11/12 

7 8 years female Hanover 

Schweisshund 

21 S/1464/07 IVD prolaps 

Th12/13 

8 8 years male Dachshund 

22 S/1549/08 IVD prolaps 

C5/6 

>5 10 years female Dachshund 

23 S/1638/07 IVD prolaps 

Th11/12 

10 7 years male Dachshund 

24 S/1640/07 IVD prolaps 

Th13/L1 

7 4 years male Dachshund 

25 S/22/09 IVD protrusion 

Th12/13 

10 7 years male Mixed breed 

26 S/75/09 IVD protrusion 

Th12/13 

8 10 years female Mixed breed 

27 E/4369/09 IVD prolaps 

C2/3 

5 5 years male Dachshund 

Animals 1-10: controls; animals 11-27: animals with IVDD.  
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3.2 Necropsy and tissue sampling 

Necropsy and tissue sampling were performed and protocolled previously by 

members of the Department of Pathology at the University of Veterinary Medicine in 

Hannover and the Justus-Liebig-University in Gießen, Germany.  

Samples of a routine organ spectrum including the complete brain and spinal cord 

were collected and fixed in 10% non-buffered formalin. Three dogs with IVDD were 

not available for necropsy. In these cases, a piece of 1.5 cm in length was removed 

post mortally from the spinal cord at the localization of the disk herniation (epicentre).  

Cerebellar tissue from CDV-infected dogs was cut transversally in several 

localizations. 

The spinal cords from dogs with IVDD were cut precisely at the localization of the 

disk herniation (epicenter, localization 0) on 1.5 cm in length. A 0.5 cm thick, 

transversal block was embedded. 

Following a fixation period of 1 to 3 days of tissue from dogs with CDV infection and 

4 days for the spinal cord samples respectively, specimens were embedded 

according to standard procedures. The tissue processing included dehydration, 

clearing and paraffin infiltration and was performed automatically (Shandon Path 

Centre® Tissue Processor, Thermo, USA). The final paraffin embedding was done 

according to standard laboratory procedures with Tissue Tek®, Sakura, Netherlands. 

 

3.2.1 Tissue samples for histochemistry and immunoh istochemistry 

The tissue samples of the cerebella and spinal cords were cut at 1.5-3 µm thickness 

by microtome (LEICA RM2035, Leica, Nussloch, Germany) in serial sections, 

ascendingly numbered and placed on a glass slide (SuperFrost®/SuperFrost® Plus 

Slides, Menzel-Gläser, Menzel GmbH & Co KG, Braunschweig, Germany). Then, 

they were incubated for 20-30 minutes at 57°C to re move paraffin and improve the 

adhesion of the section. Afterwards, slides were stored at room temperature until 

use. 

One slide of each block was stained with hematoxylin-eosin (H&E) as described in 

standard laboratory procedures (BÖCK and ROMEIS, 2010).  
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3.3 Morphological classification of the cerebellar lesions in dogs with 

CDV encephalitis 

 

Based on the histochemical examination and the results of the immunohistochemical 

detection of CDV antigen, the lesions were classified into eight groups, according to 

VANDEVELDE et al. (1982) and SEEHUSEN and BAUMGÄRTNER (2010): 

 

Controls: 

Group 1:  healthy control animals without CNS-lesions  

Dogs with distemper: 

Group 2:  normal appearing white matter (NAWM) 

Group 3:  detection of antigen without light-microscopic lesions 

Group 4:  focal white matter vacuolation with expression of antigen  

Group 5:  acute lesions  

Group 6:  subacute lesions without inflammation  

Group 7:  subacute lesions with inflammation  

Group 8:  chronic lesions 

 

Group 2  included randomly chosen areas of the cerebellar white matter of CDV-

infected dogs without lesion in H&E stained slides and lack of immunohistochemically 

detectable CDV antigen. 

In group 3 , areas lacked any morphological changes but consisted ofCDV-positive 

cells as detected by immunohistochemistry. 

Group 4  consisted of white matter areas showing a mild to moderate vacuolation of 

the white matter without any additional astrogliosis or myelin loss but with detectable 

CDV antigen. 

Group 5  included lesions with mild to moderate vacuolation, representing a myelin 

edema but no myelin loss, accompanied by a moderate gliosis with evidence of 

gemistocytes. 

In group 6 , the white matter areas included a detectable demyelination with a 

moderate astrogliosis, areas with gitter cells and activated microglia.  
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Group 7  consisted of lesions similar to group 6 and additionally up to three layers of 

perivascular, lymphohistiocytic and plasmacytic inflammatory infiltrates.  

Lesions in group 8  were characterized by more than three layers of perivascuar 

mononuclear infiltrates in moderately to severely demyelinated ares with a mild to 

moderate astrocytosis and numerous gitter cells. 

 

 

3.4 Classification of dogs with intervertebral disk  disease 

Cases were classified according to the time gap between the first time point of 

reported neurological signs and euthanasia. Group 1  represented healthy control 

animals. Group 2  consisted of animals with clinical signs from 1-4 days before 

euthanasia. Group 3  included animals with a duration of the disease of more than 5 

(maximum 10) days. 

 

3.5 Immunohistochemistry 

Immunohistochemical examinations were performed using the modified avidin-biotin-

peroxidase-complex (ABC) method as decribed by SEEHUSEN and 

BAUMGÄRTNER (2010). Antibodies against CDV nucleoprotein, myelin basic protein 

MBP, pNF and nNF, APP, alpha-acetylated tubulin, ß-tubulin-III, kinesin, dynein, tau-

1, Nogo-A, LINGO-1, GAP-43, EPO, EPO-R and HIF-1α were used as described in 

detail in table 3. 

 

3.5.1 Antibodies and sera 

All used primary antibodies were diluted in phosphate-buffered saline (PBS), pH 7.1 

containing 1% bovine serum albumin (BSA). 

Secondary antibodies as well as the detection medium (“Vectastatin Elite ABC Kit” 

Vector Laboratories, PK 6100, Burlingame, CA, USA) were diluted in PBS without 

any adjuvant. 
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3.5.1.1 Blocking serum 

Inactivated (normal) goat serum diluted 1:5 in PBS was added to reduce unspecific 

background staining. 

 

3.5.1.2 Secondary antibodies 

biotinylated goat-anti-mouse antibody (Vector Laboratories, BA 9200, dilution 1:200 

in PBS) 

biotinylated goat-anti-rabbit antibody (Vector Laboratories, BA 9200, dilution 1:200 in 

PBS)  

 

3.5.1.3 Detection system 

For detection of antigen antibody binding, the avidin-biotin-peroxidase complex 

(ABC) method (Vectastain Elite ABC Kit, Vector Laboratories, PK 6100, Burlingame, 

CA, USA) was used. As recommended by the manufacturer, 15 µl of reagent A were 

diluted in 1 ml PBS, then, 15 µl of reagent B were added. 

 

Table 3: Primary antibodies, their origin, demaskin g of antigens, dilution and 

secondary antibodies  
Antibody  Origin  Demasking  Dilution 

cerebellum 

Dilution  

spinal 

cord 

Secondary  

antibody 

Detection  

CDV D110 mAB A. 

Zurbriggen 

Microwave/ 

CB 20 min 

1:2000 n.a. GaM-b Canine distemper virus antigen 

MBP pAB rabbit, 

Chemicon 

none 1:800 n.a. GaR-b Demyelination 

pNF mAB mouse, 

Sternberger 

monoclonals 

none 1:4000 n.a. 

(Bock et 

al., 2012) 

GaM-b Physiologic axonal structures 

nNF mAB mouse, 

Sternberger 

monoclonals 

Microwave/ 

CB 20 min 

1:1000 n.a. 

(Bock et 

al., 2012) 

GaM-b Axonal damage (neurofilament 

phosphorylation disturbances) 

APP mAB mouse, 

Chemicon 

Microwave/ 

CB 20 min 

1:800 n.a. 

(Bock et 

al., 2012) 

GaM-b Axonal transport disturbances 

ß-tubulin III  mAB mouse, 

Sigma-Aldrich 

Microwave/ 

CB 20 min 

1:1000 1:8000 GaM-b Physiologic axonal structures 
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Table 3 (continued): Primary antibodies, their orig in, demasking of antigens, 

dilution and secondary antibodies  

 
Antibody  Origin  Demasking  Dilution 

cerebellum 

Dilution  

spinal 

cord 

Secondary 

antibody 

Detection  

α-acetylated 

tubulin 

mAB mouse, 

Sigma-Aldrich 

none 1:500 1:500 GaM-b Physiologic axonal structures 

Cytoplasmic 

Dynein 

mAB mouse, 

Covance 

Microwave/ 

CB 20 min 

1:100 1:200 GaM-b Physiologic axonal structures/ 

accumulation in impaired 

transport 

Kinesin 5A  pAB rabbit, 

Sigma-Aldrich 

Microwave/ 

CB 20 min 

1:100 1:800 GaR-b Physiologic axonal structures/ 

accumulation in impaired 

transport 

Tau-1 mAB mouse, 

Millipore 

Microwave/ 

CB 20 min 

1:1000 1:2000 GaM-b Physiologic axonal structures/ 

accumulation in impaired 

transport 

Nogo -A pAB rabbit, 

Millipore 

Microwave/ 

CB 20 min 

1:500 1:500 GaR-b Oligodendrocytes  

LINGO-1 pAB rabbit, 

Santa Cruz 

Microwave/ 

CB 20 min 

1:200 1:200 GaR-b Axonal growth cones 

GAP-43 pAB rabbit, 

Millipore 

Microwave/ 

CB 20 min 

1:600 n.a. 

(Bock et 

al., 2012) 

GaR-b Outgrowing axons 

EPO pAB rabbit, 

R&D Systems 

Microwave/ 

CB 20 min 

1:200 1:100 GaR-b Axonal outgrowth attemps 

EPO-R pAB rabbit, 

Santa Cruz 

Microwave/ 

CB 20 min 

1:100 1:500 GaR-b Axonal outgrowth attemps 

HIF-1α pAB rabbit, 

Novus 

Biologicals 

Microwave/ 

CB 20 min 

1:500 1:500 GaR-b Axonal outgrowth attemps 

 

APP = beta-amyloid precursor protein; CB = citrate buffer; CDV D110 = Canine distemper virus 

antigen; EPO = Erythropoietin; EPO-R = Erythropoietin receptor; GaM-b = biotynilated goat-anti-

mouse antibody; GaR-b = biotynilated goat anti rabbit antibody; HIF-1α = Hypoxia-inducible factor 1α; 

LINGO-1 = leucine rich repeat and lg domain containing 1; mAB = monoclonal antibody; MBP = myelin 

basic protein; n. a. = not applicable; nNF = non-phosphorylated neurofilament; Nogo-A = neurite 

outgrowth inhibitor protein A; pAB = polyclonal antibody; pNF = phosphorylated neurofilament; 
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3.5.1.4 Immunohistochemistry (ABC method) 

1) Deparaffination and rehydration by immersion twice for 5 minutes in Roticlear® 

(Roth, Karlsruhe, Germany), once in isopropanol for 5 minutes and in a 

descending series of graded alcohols (96%, 70% and 50% ethanol) each for 5 

minutes; 

2) Incubation for 30 minutes at room temperature in methanol with 0.5% H2O2 for 

blockage of endogenous peroxidase activity; 

3) Washing 3 times with PBS for 5 minutes; 

4) Demasking of antigen depending on primary antibody (table 2); 

5) Wash 3 times with PBS for 5 minutes; 

6) Insert slides in Shandon Racks (CoverplatesTM Sequenza®, Pittsburgh, USA); 

7) Incubation of blocking serum at room temperature for 30 minutes; 

8) Incubation with primary antibody over night at 4°C in the refrigerator; 

9) Wash 3 times with PBS for 5 minutes;  

10)  Incubation with secondary antibody for 30 min at room temperature; 

11)  Wash 3 times with PBS for 5 minutes;  

12)  Incubation with ABC for 30 minutes at room temperature; 

13)  Wash 3 times with PBS for 5 minutes; 

14)  Incubation in fresh and filtrated 3,3´-diaminobenzidine-tetrahydrochloride 

(DAB; Sigma Aldrich, USA; 0.1 g in 200 ml PBS, add 200 µl 30% H2O2) for 5 

minutes at room temperature; 

15)  Wash 3 times with PBS for 5 minutes, then once in running tap water for 5 

minutes; 

16)  Counterstaining with Mayer’s hematoxylin; duration according to desired color 

intensity between 15 seconds and 1 minutes; 

17)  Wash in running tap water for 10 minutes; 

18)  Dehydration twice for 2 minutes in ascending graded alcohols (50%, 70% and 

96% ethanol, once in isopropanol), clearing in EBE® “acetic acid-n-butylester” 

(Roth, Karlsruhe, Germany), and finally mounting using Promountes® 

RCM2000 (Medite, Burgdorf, Germany); 
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3.5.1.5 Demasking of antigens 

The slides were treated at 800 watt in the microwave with citrate buffer (pH 6.0) for 

20 minutes and subsequently cooled down for 10 minutes at room temperature. 

 

3.5.1.6 Positive and negative controls 

Sections from dogs with confirmed CDV infection and evidence of antigen in the CNS 

were received from the archive of the Department of Pathology, University of 

Veterinary Medicine Hannover and used as a positive control for the 

immunohistological detection of CDV nucleoprotein by the monoclonal antibody. 

As a positive control for EPO, EPO-R and HIF-1α, formalin-fixed and paraffin-

embedded kidney tissue from a dog (internal number: S/1403/09) was used. 

 

In the negative controls, the primary antibody was replaced by mouse or rabbit serum 

or ascites respectively: 

Normal rabbit serum (Sigma-Aldrich, USA). 

Ascites from non-immunized Balb/c mice (Biologo, Germany). 

 

 

3.6 Evaluation 

3.6.1 Quantitative analysis 

Expression of CDV and Nogo-A were evaluated quantitatively by counting 

immunopositive cells using a morphometric grid with 100 squares on an area of 

0.0625 mm2 using a 400x magnification (number of positive cells per mm2) as 

described before (SEEHUSEN et al., 2007). 

For kinesin, dynein, tau-1, LINGO-1, EPO, EPO-R and HIF-1α, the number of 

positive axons per mm2 was evaluated by counting immunopositive axons using a 

morphometric grid with 100 squares on an area of 0.0625 mm2 using a 400x 

magnification (number of positive cells per mm2).  

Expression of nNF, kinesin, dynein, tau-1, LINGO-1, EPO, EPO-R and HIF-1α in the 

spinal cords was evaluated by counting the number of total axons and 

immunopositive axons in 5 high-power-fields of 6 areas of the spinal cord 
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transsections to calculate the percentage of positive axons as described before 

(BOCK et al., 2013).  

Images from the slides from MBP, pNF, alpha-acetylated tubulin and ß-tubulin III and 

from alpha-acetylated tubulin and ß-tubulin III in dogs with SCI respectively, were 

created using an Olympus BX-51 digital camera microscope (Olympus Optical Co. 

(Europe) GmbH, Hamburg, Germany) and stored in a tagged image file (tiff) format 

using cell-D imaging software (Olympus Soft Imaging Solutions, Münster, Germany). 

If necessary, further manual adjustment was performed with Adobe Photoshop 7.0 

(Adobe Systems, Inc., San Jose, CA). These images were investigated using the 

program Analysis 3.1 (Soft Imaging System) by measuring the area exhibiting a 

positive signal (given in % of the total area). 

 

3.6.2 Statistical analysis 

The statistical analysis of the data obtained from the IHC data were performed by 

using the statistics program SPSS (Superior Performing Systems, Version 20.0).  

By performing a Kruskal-Wallis-test, comparison of the data between the 8 groups 

with canine distemper lesions and 3 groups with IVDD was conducted. In case of 

significant p-values, a groupwise comparison by conducting a Mann-Whitney-U-test 

was performed. Statistical significance was determined as p<0.05. 

Boxplots were created using the GraphPad Prism version 5.0 for Windows 

(GraphPad Software Inc., La Jolla, CA, USA). 
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4 Results 

 

4.1 Dogs with canine distemper encephalitis 

 

4.1.1 Clinical signs 

7 of 17 diseased dogs (animal no. 11, 12, 14, 15, 16, 19 and 23) showed signs of the 

catharrhal form of distemper including diarrhea, vomitus, respiratory distress and 

conjunctivitis. Neurological deficiencies such as ataxia, seizures, myoclonia and 

reduced reflexes were present in 10 of the dogs (10, 12, 13, 14, 17, 19, 21, 22, 24, 

25). No anamnestic data were available for animal no. 9, 18, and 20. 

 

4.1.2 Macroscopic and histological findings in non- CNS organs 

Skin lesions including alopecia and thickening of the skin with a granulomatous 

inflammation as well as hyperkeratosis of the nose were present in 2 dogs (animals 

no. 19 and 24). Conjunctivitis was evident in animal no. 22, 23 and 25. Inflammatory 

changes of the respiratory tract with different forms of rhinitis and pneumonia were 

visible in 4 animals (animal no. 17, 21, 23, and 25). 2 animals (no. 17, and 23) 

showed catarrhal enteritis. Follicular hyperplasia of the spleen was seen in animal 

no. 15, and 17. Animal no. 22, 23, and 25 showed thymic atrophy. Furthermore, 

animal no. 19 showed an atrophy of the hind limb musculature. No specific changes 

were found macroscopically in animal no. 9, Data about pathological findings were 

not available from animal no. 10, 11, 12, 13, 14, 16, 18, and 20. 

 

4.1.3 Histopathology of the cerebellum 

Summarized, 145 areas of cerebellar white matter have been evaluated. In most 

animals, different lesion types were visible in the same section. In table 4, the most 

advanced type of lesion in every animal is given as final histopathological diagnosis. 

 



  Results                                                                                      40

Table 4: Histopathological diagnoses of dogs with d emyelinating 

leukoencephalitis 

Animal No.  Histopathological diagnosis Case No. 

13 vacuolation S/2395/97 

20 vacuolation S/2658/04 

11 acute encephalitis S/2868/93 

15 acute encephalitis S/994/98 

16 acute encephalitis S/1288/98 

22 acute encephalitis S/1814/05 

10 subacute demyelinating encephalitis with inflammation N/55/90 

12 subacute demyelinating encephalitis with inflammation ND/154/97 

17 subacute demyelinating encephalitis with inflammation S/1107/00 

21 subacute demyelinating encephalitis with inflammation S/1725/05 

24 subacute demyelinating encephalitis with inflammation S/682/08 

9 chronic demyelinating encephalitis  S/2405/85 

14 chronic demyelinating encephalitis S/941/98 

18 chronic demyelinating encephalitis N/20/01 

19 chronic demyelinating encephalitis S/2276/03 

 

24 areas of cerebellar white matter of 8 dogs (control ; group 1; animal no. 1-8) 

without light microscopic changes served as controls.  

13 randomly chosen areas of the white matter of CDV-infected dogs showing no 

histopathological changes and no immunopositive cells for CDV antigen were defined 

as “normal appearing white matter”  (NAWM; group 2; animal no. 11 12, 14, 15, 

16, 17, 18, 19). 

10 of the distemper animals showed areas CDV antigen expression in areas lacking 

detectable lesions in H&E-stained sections. They were classified into group 3, 

antigen without lesion (AOL)  and included animal no. 9, 10, 11, 12, 13, 16, 22, 23, 

and 25. 
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Group no. 4 (vacuolation ; n=15) included areas from animal no. 11, 13, 15, 16, 20, 

22. They showed vacuolation of the parenchyma without gliosis and with normal 

myelin distribution.  

Acute  lesions were characterized by a mild to moderate vacuolation of the white 

matter with single gemistocytes, and a mild astrogliosis. They were present in animal 

no. 10, 11, 15, 16, 21, and 22 (group 5; acute; n=17). In these cases, no loss of 

myelin was detected.  

In animal no. 3, 10, 12, 17, 18, 19, and 21 (group 6; subacute lesions  without  

inflammation ; n=16), lesions were characterized by vacuolation of the white matter 

with a decreased density of myelin. In some cases, malacic foci with numerous gitter 

cells and activated microglia were present.  

Subacute lesions with inflammation  were present in animal no. 9, 10, 12, 14, 17, 

18, 19, 21, and 24 (group 7; n=21). They were characterized by a marked 

vacuolation and demyelination, infiltration with gitter cells and macrophages and 

mostly perivascularly orientated inflammatory infiltrates, of one or two layers mainly 

composed of lymphocytes and macrophages. 

In group 8 (chronic lesions ; animal no. 9, 14, 18, and 19; n=14), lesions displayed a 

marked demyelination with large amounts of gitter cells and macrophages and 

perivascular cuffs characterized by more than three layers of lymphohistiocytic 

infiltrates. Furthermore, areas of malacia with myelinophagia were detected in these 

lesions. 
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4.2 Immunohistochemical investigation in dogs with canine 

distemper encephalitis 

 

4.2.1 Canine distemper virus antigen (CDV) 

CDV antigen was detected mainly in the white matter of the infected dogs and only 

infrequently in the grey matter. It appeared as a finely granular, brownish, 

cytoplasmic signal in glial cells and to a lesser extent in ependymal cells, microglia 

and single neurons in some animals (figure 4A+B). 

Also intranuclear and cytoplasmic inclusion bodies stained brown (figure 4A; 

arrowheads). 

Brain tissues of group 1 and 2 did not display any positive reaction for CDV antigen. 

In lesions of group 3, a mild, mainly astrocyte-associated signal was detectable 

multifocally. 

Groups 4, 5 and 6 were characterized by a comparable high amount of antigen that 

could be detected in all types of glial cells within the lesions but accidentally also in 

the unaffected surrounding parenchyma. Additionally, single neurons of the Purkinje 

cell layer displayed a positive signal. 

The number of CDV-positive cells decreased with the duration of disease. In lesions 

of groups 7 and 8, only few positive cells could be detected (figure 4B). They 

included glial cells at the periphery of the lesion and disappeared in some cases 

completely in the center of the affected areas. In foci with marked phagocytic activity, 

single positive gitter cells were present. 

Significant differences between the groups could be demonstrated by using the 

Kruskal-Wallis-Test (p<0.001). 

In the subsequent groupwise comparison using the Mann-Whitney-U-test, 

significantly increased amounts of CDV-positive cells (p<0.05) could be detected in 

group 3, 4, 5, 6, 7 and 8 compared to the controls and the NAWM group (figure 5).  
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Figure 4: Canine distemper virus antigen expression  in the cerebellar white 

matter of dogs with distemper encephalitis. 

A:  acute lesion (group 5) with evidence of CDV antigen in glial cells (arrowheads; 

animal no.11). 

B:  chronic lesion (group 8) with single CDV antigen-positive cells (arrowheads) 

and surrounding inflammatory infiltrates (animal no.9). 

Bar = 50µm. ABC method; DAB  
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Figure 5: Canine distemper virus-antigen expression  in the 

cerebellar white matter of dogs with distemper 
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4.2.2 Myelin basic protein 

In the cerebellum of control animals, MBP displayed a dense meshwork of fibres in 

the white matter with single projections into the granular cell layer and a fine fibrillar 

web surrounding the Purkinje cells (figure 6A). 

In dogs with CDV, small vacuoles in the white matter were visible already in group 4 

while there was no decreased density or loss of myelin in the surrounding white 

matter. A decreased staining intensity of the myelin sheaths, formation of vacuoles 

(groups 5, 6 and 7; figure 6B) progressed to a marked loss of myelin in the chronic 

stage of the disease (group 8; figure 6C). 

Analyzed morphometrically, a decrease of MBP expression was observed beginning 

from group 4, interpreted as decrease of MBP-positive area due to the vacuolization 

of the tissue without an actual loss of myelin.  

Significant differences between the groups were demonstrated by using the Kruskal-

Wallis-Test (p<0.001). Subsequent groupwise comparison using the Mann-Whitney-

U-test revealed a significantly decreased MBP-expression (p<0.05) of group 4, 5, 6, 

7, and 8 compared to control (group 1; figure 7). 
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WM 

GL 

Figure 6: Myelin basic protein 

expression in the cerebellar 

white matter of dogs with 

distemper. 

 

A:  cerebellar arborisation of a 

control animal (group 1) with 

densly packed myelin in the white 

matter (WM) and single fibrillar 

structures in the granular cell layer 

(GL; animal no 6). 

B:  cerebellar arborisation with 

acute lesion (group 5) showing 

decreased density of myelin with 

formation of vacuoles (animal 

no.13). 

C: cerebellar arborisation with 

chronic lesion (group 8) 

characterized by marked myelin 

loss and inflammatory infiltrates in 

the white matter (WM; animal no. 

19). 

 

WM = white matter;  

GL = granular cell layer 
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Figure 7: Expression of myelin basic protein in the  cerebellar white  

  matter of dogs with distemper 
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4.2.3 Phosphorylated neurofilament 

In controls, an expression of pNF was evident in all neuronal processes, including 

axons and dendrites. The neuronal perikaryon did not contain any pNF-positive 

structures. The white matter displayed a fine fibrillar pattern of positive axons (figure 

8A). In dogs with CDV encephalitis, a decreased staining intensity was detectable 

beginning in group 2. In the further course of the disease, a loss of positive axons, 

beginning from acute lesions (group 5; figure 8B) was present, while swollen axons 

and spheroids mostly stained intensely positive for pNF. In the center of chronic 

lesions, only remnants of pNF-positive axons were preserved (figure 8C). 

Significant differences between the groups were demonstrated by using the Kruskal-

Wallis-Test (p<0.001). Subsequent groupwise comparison using the Mann-Whitney-

U-test revealed a significantly decreased pNF-expression (p<0.05) of group 2, 3, 4, 5, 

6, 7, and 8 compared to controls. Furthermore, significant differences were found 

between early and late stages of the disease. In detail, group 4, 5, 7 and 8 showed 

significantly decreased values compared to group 2 and group 5, 6, 7 and 8 were 

significantly decreased compared to group 3 (figure 9). 
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Figure 8: Expression of 

phosphorylated 

neurofilament in the 

cerebellar white matter of 

dogs with distemper 

 

A: white matter (WM) of a 

control animal (group 1) with 

densly packed, pNF-positive 

axons partly projecting into the 

granular layer (GL; animal no. 

7). 

B:  acute lesion (group 5) 

showing loosening of pNF-

positive structures and 

accumulation of pNF in 

swollen axons (arrowheads; 

animal no. 21). 

C: subacute lesion (group 7) 

with extensive loss of pNF-

positive axons (animal no. 19). 

 

WM = white matter 

GL = granular cell layer 

 

Bar = 50µm. ABC method; 

DAB. 

 



  Results                                                                                      50

Figure 9: Expression of phosphorylated neurofilamen t in the 

cerebellar white mater of dogs with distemper 
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4.2.4 Non-phosphorylated neurofilament 

The neuronal perikaryon and the initial axon segment stained positive for nNF in a 

fine granular to homogenous pattern. Furthermore, fine fibrillar structures were 

detectable in the inner part of the molecular layer. They represented most likely 

proximal parts of dendrites and/or axons (figure 10A). 

Only single nNF-positive axons were visible in the cerebellar white matter of controls. 

Starting from group 2 and augmenting to the chronic phase of the disease, an 

increased number of nNF-positive axons in the center as well as in the periphery of 

the lesions was present. They included morphologically unremarkable as well as 

swollen axons and spheroids (figure 10B+C). 

Significant differences between the groups were demonstrated by using the Kruskal-

Wallis-Test (p<0.001). Subsequent groupwise comparisons using the Mann-Whitney-

U-test revealed a significantly increased nNF-expression (p<0.05) of group 2, 3, 4, 5, 

6, 7 and 8 compared to the control group. Furthermore, group 6, 7 and 8 showed 

significant increased nNF expression compared to the early stages of the disease 

(groups 2, 3 and 4; figure 11). 
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Figure 10: expression of non-

phosphorylated neurofilament 

in the cerebellum of dogs with 

distemper. 

A: Cerebellar arborisation of a 

control animal. Cytoplasm of the 

Purkinje cells stain positive 

(arrowheads) while no positive 

signals are evident in the white 

matter (WM), granular cell layer 

(GL) and grey matter (GM; animal 

no. 5). 

A: Bar = 200µm. 

B:  Acute lesion (group 5) in the 

cerebellar white matter with 

evidence of nNF-positive axons 

(animal no. 11). 

C: Subacute lesion (group 7) in 

the cerebellar white matter with an 

intralesional, swollen, nNF-

positive axon (arrowhead; animal 

no. 17). 

B and C: Bar = 50µm. 

 

ABC method; DAB. 
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Figure 11: Expression of non-phosphorylated neurofi lament in the 

cerebellar white matter of dogs with distemper  
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4.2.5 Amyloid precursor protein (APP) 

The expression pattern of APP in the controls was similar to nNF with a slightly more 

intense staining of the neuronal perikarya. 

Except for single positive axons and glial cells, the tissue of control animals did not 

display positive structures in the cerebellar white matter (figure 12A). In dogs with 

CDV encephalitis, the amount of APP-positive axons in the cerebellar white matter 

significantly increased starting from group 3 (figure 12B). In the chronic phase of the 

disease (group 8; figure 12C), a slight decrease of APP-positive axons was observed 

compared to groups 5, 6 and 7, however, it was still enhanced compared to the 

control group. Positive structures comprised axons of normal diameter as well as 

swollen axons and spheroids, as described for nNF (figure 12B+C). 

Significant differences between the groups were demonstrated by using the Kruskal-

Wallis-Test (p<0.001). Subsequent groupwise comparison using the Mann-Whitney-

U-test revealed a significantly increased APP expression (p<0.05) of group 3, 4, 5, 6, 

7, and 8 compared to controls. In addition, group 6, 7, and 8 showed a significantly 

higher APP expression compared to group 3 and 4 (figure 13). 
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Figure 12: Expression of 

amyloid precursor in the 

cerebellum of dogs with 

distemper. 

A: Cerebellar arborisation of a 

control animal. The cytoplasm of 

neurons stains positive 

(arrowheads) while no positive 

signals are visible in the white 

matter (WM), granular cell layer 

(GL) and grey matter (GM; 

animal no.8). 

Bar = 200µm. 

B:  acute lesion (group 5) in the 

cerebellar white matter with 

single APP-positive axons 

(arrowhead; animal no. 12). 

C: chronic lesion in the 

cerebellar white matter with 

evidence of intralesional APP-

positive axons (arrowheads; 

animal no. 18). 

 

B and C: Bar = 50µm. 

 

ABC method; DAB. 
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Figure 13: Expression of amyloid precursor protein in the cerebellar 

white matter of dogs with distemper 
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4.2.6 Alpha-acetylated tubulin 

Immunohistochemistry for alpha acetylated tubulin revealed a weak diffuse signal in 

the molecular layer of the cerebellum. The granular cells as well as a subpopulation 

of glial cells in the white matter exhibited a weak to moderate, cytoplasmic signal. 

The white matter axons appeared as fine fibrillar structures with moderate to marked 

immunoreactivity (figure 14A). The signal intensity varied dependent upon the 

localization and was less intense in the arborizations of the cerebellar white matter 

compared to the central periventricular white matter. 

Swollen axons and spheroids stained positive in the majority of cases (figure 14B). 

Measurement of the density of alpha-acetylated tubulin-positive structures of the 

cerebellar white matter in dogs with CDV revealed a decrease starting from group 4 

and diminishing continuously to the late phase of disease (figure 14C). 

Significant differences between the groups were demonstrated by using the Kruskal-

Wallis-Test (p<0.05). Subsequent groupwise comparison using the Mann-Whitney-U-

test revealed a significantly decreased alpha-acetylated tubulin expression (p<0.05) 

of group 3, 4, 5, 6, 7, and 8 compared to the control and group 2 (figure 15).  
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Figure 14: Expression of 

alpha-acetylated tubulin in 

the cerebellar white matter 

of dogs with distemper 

 

A: control animal (group 1) 

with densly arranged, alpha-

acetylated tubulin-positive 

axons in the white matter 

(animal no. 1) 

B:  acute lesion (group 5) with 

loosening of alpha-acetylated 

tubulin- positive axons in the 

white matter (animal no.15). 

C: subacute lesion (group 7) 

characterized by extensive 

loss of alpha-acetylated 

tubulin- positive axons (animal 

no. 12). 

 

Bar = 50µm. ABC method; 

DAB. 
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Figure 15: Expression of alpha-acetylated tubulin i n the cerebellar 

white matter of dogs with distemper  
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4.2.7 β-tubulin III 

The expression pattern of ß-tubulin III in the cerebellar tissue of controls was similar 

to the alpha-acetylated tubulin immunoreactivity described above (figure 16A).  

In dogs with CDV encephalitis, there was an early decrease in the staining intensity 

beginning in group 2 and progressing to an almost complete loss of ß-tubulin III 

positive axons in the chronic phase (group 7 and 8; figure 16B+C).  

Significant differences between the groups of dogs with CDV were demonstrated by 

using the Kruskal-Wallis-Test (p<0.001). Subsequent groupwise comparison using 

the Mann-Whitney-U-test for dogs with CDV revealed a significantly decreased ß-

tubulin III expression (p<0.05) of group 2, 3, 4, 5, 6, 7, and 8 compared to the control. 

Furthermore, a significantly decreased expression was evident in group 4, 5, 6, 7, 

and 8 compared to group 2 and 3 (figure 17).  
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Figure 16: Expression of ß-

tubulin III in the cerebellar 

white matter of dogs with 

distemper 

 

A:  control animal (group 1) 

with a ß-tubulin III-positive 

staining in a large number of 

axons (animal no. 2). 

B:  acute lesion (group 5) 

with loss of ß-tubulin III-

positive axons (animal 

no.13). 

C: subacute lesion (group 7) 

showing substantially 

decreased density of ß-

tubulin III-positive axons and 

intralesional gitter cells 

(animal no. 19). 

 

Bar = 50µm. ABC method; 

DAB. 
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Figure 17: Expression of ß-tubulin III in the cereb ellar white matter 

of dogs with distemper 
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4.2.8 Kinesin 

Kinesin exhibited a finely granular expression of moderate intensity in the perikarya 

of Purkinje cells and in the cytoplasm of some glial cells in the cerebellar white matter 

(figure 18A). 

Furthermore, the axons displayed a fine fibrillar staining pattern. A significant 

decrease of kinesin-positive axons in the cerebellar white matter of dogs with CDV 

was evident from the acute phase of disease (group 5; figure 18B) and progressing 

to a total lack of kinesin-positive axons in chronic lesions (figure 18C). 

Significant differences between the groups were demonstrated by using the Kruskal-

Wallis-Test (p<0.001). Subsequent groupwise comparisons using the Mann-Whitney-

U-test revealed a significantly decreased kinesin expression (p<0.05) of group 5, 6, 7 

and 8 compared to the control (figure 19). Furthermore, a significantly decreased 

expression of kinesin was evident in group 5, 6, 7, and 8 compared to group 2, 3, and 

4.  
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Figure 18: Expression of 

kinesin in the cerebellar 

white matter of dogs with 

distemper. 

 

A: control animal (group 1) 

showing densly packed, 

kinesin-positive axons in the 

white matter (animal no. 1). 

B:  acute lesion (group 5) 

with formation of vacuoles 

and decreased amounts of 

kinesin-positive axons 

(animal no. 11). 

C: chronic lesion (group 8) 

showing complete loss of 

kinesin-positive axons 

(animal no. 18). 

 

Bar = 50µm. ABC method; 

DAB. 
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Figure 19: Expression of kinesin in the cerebellar white matter of 

dogs with distemper 
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4.2.9 Dynein 

Dynein expression was evident in the perikarya of Purkinje cells with a fine granular 

staining pattern. A large number of axons in the cerebellar white matter displayed a 

positive signal of moderate intensity. Furthermore, there was a positive cytoplasmic 

signal in glial cells of the white matter (figure 20A). 

In dogs with CDV encephalitis, a decrease of dynein-positive axons compared to the 

control was evident from group 4 to 8 (figure 20B+C). 

Significant differences between the groups could be demonstrated by using the 

Kruskal-Wallis-Test (p<0.05). Subsequent groupwise comparisons using the Mann-

Whitney-U-test revealed a significantly decreased dynein expression (p<0.05) of 

group 4, 5, 6, 7, and 8 compared to the control as well as compared to group 2 and 3 

(figure 21).  
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Figure 20: Expression of 

dynein in the cerebellar 

white matter of dogs with 

distemper 

 

A: control animal (group 1) 

with evidence of strongly 

dynein-positive axons 

(animal no. 3). 

B:  acute lesion (group 5) 

with decreasing dynein 

expression in the axons 

(animal no.13). 

C: subacute lesion (group 

7) with evidence of 

intralesional gitter cells and 

extensive loss of dynein-

positive axons (animal no. 

19). 

 

Bar = 50µm. ABC method; 

DAB. 
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Figure 21: Expression of dynein in the cerebellar w hite matter of 

dogs with distemper 



 Results  69

 

4.2.10 Tau-1 

The microtubule-associated protein tau-1 displayed a mild, diffuse signal in the grey 

matter of the cerebellum. Furthermore, a positive cytoplasmic signal was evident in 

some glial cells, predominantly in the white matter and the outer part of the granular 

cell layer. There was a fibrillar expression of a moderate to deep intensity in axons of 

the cerebellar white matter in controls (figure 22A). 

A decrease of tau-1 positive axons was detectable in groups 5 to 8 (figure 22B+C), 

and in the statistical analysis, significant differences between the groups were 

demonstrated by using the Kruskal-Wallis-Test (p<0.001). Subsequent groupwise 

comparisons using the Mann-Whitney-U-test revealed a significantly decreased tau-1 

expression (p<0.05) of group 5, 6, 7 and 8 compared to the control group as well as 

compared to group 2 and 3 (figure 23). 
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Figure 22: Expression of tau-

1 in the cerebellar white 

matter of dogs with 

distemper 

 

A: control animal (group 1) 

with densly arranged tau-1-

positive axons in the white 

matter (animal no. 7). 

B:  acute lesion (group 5) 

showing reduced amounts of 

tau-1-positive axons (animal 

no. 11). 

C: chronic lesion (group 8) 

showing inflammatory 

infiltrates and severe loss of 

tau-1-positive axons (animal 

no. 9). 

 

Bar = 50µm. ABC method; 

DAB. 
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Figure 23: Expression of tau-1 in the cerebellar wh ite matter of dogs 

with distemper 
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4.2.11 Nogo-A 

Nogo-A was expressed weakly in the cytoplasm of neurons in the brain stem. 

Purkinje cells, in contrast, did not display any positive signal.  

In the white matter of healthy animals (control group), there was evidence of a dark 

brown signal in the perinuclear cytoplasm of glial cells, which were considered to be 

oligodendrocytes. Furthermore, a very small number of fibrillar structures in the white 

matter, presumably axons, stained positive for Nogo-A (figure 24A). 

In dogs with distemper, changes in the expression pattern were observed. In the 

diseased animals, an increased number of glial processes stained positive and the 

signal was no longer restricted to the cell body (figure 24B+C). 

An increased number of Nogo-A-positive cells from group 3-8 compared to the 

control was detected, however, no continuous change with the duration of disease 

could be observed. 

Significant differences between the groups of dogs with CDV were demonstrated by 

using the Kruskal-Wallis-Test (p<0.001). Subsequent groupwise comparison using 

the Mann-Whitney-U-test for dogs with CDV revealed a significantly increased Nogo-

A expression (p<0.05) of group 3, 4, 5, 6, 7, and 8 compared to the control as well as 

compared to group 2 (figure 25). 
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Figure 24: Expression of Nogo-

A in the cerebellum of dogs 

with distemper 

 

A: cerebellar arborization of a 

control animal (group 1) with 

single Nogo-A-positive 

oligodendrocytes (arrowheads) in 

the white matter 

(WM; animal no. 8). 

B:  white matter with acute lesion 

(group 5) showing numerous 

oligodendrocytes expressing 

Nogo-A-immunoreactivity 

(arrowheads) in the cell bodies 

and cytoplasmic processes 

(animal no. 11) 

C: cerebellar arborization with 

chronic lesion (group 8) containing 

Nogo-A-positive oligodendrocytes 

(arrowheads; animal no.9). 

 

WM = white matter 

GL = granular cell layer 

 

Bar = 50µm. ABC method; DAB. 
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Figure 25: Expression of Nogo-A in the cerebellum o f dogs with 

distemper 
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4.2.12 LINGO-1 

In the cerebellar white matter of controls, only a very low number of fibrillar structures 

displayed a positive signal for LINGO-1 (figure 26A). Furthermore, there was a fine 

granular, weakly positive signal in the cytoplasm of neurons. In addition, the 

muscular layer of vessel walls stained positive too. In dogs with CDV, single, 

intralesional, LINGO-1-positive axons were visible (figure 26B+C). 

Significant differences between the groups were shown by using the Kruskal-Wallis-

test (p<0.05), however, no significant differences were detected in the subsequent 

comparisons between the diseased groups and the control group using the Mann-

Whitney-U-test (figure 27). A significantly increased number of LINGO-1-positive 

axons (p<0.05) was evident for group 6 compared to group 2. 



  Results                                                                                      76

Figure 26: Expression of 

LINGO-1 in the cerebellar 

white matter of dogs with 

distemper 

 

A: No LINGO-1-positive axons 

are evident in the white matter 

of a control animal (group 1; 

animal no. 1) 

B:  acute lesion (group 5) with 

intralesional evidence of 

single, LINGO-1-positive 

axons (arrowhead; animal no. 

17). 

C: subacute lesion (group 6) 

showing single, LINGO-1-

positive axons (arrowhead; 

animal no. 19). 

 

Bar = 50µm. ABC method; 

DAB. 
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Figure 27: Expression of LINGO-1 in the cerebellar white matter of 

dogs with distemper 
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4.2.13 GAP-43 

Except for a light brown, fine granular signal in the perikarya of some Purkinje cells, 

only singularized GAP-43-positive axonal structures in the white matter were 

detectable in cerebellar tissue of healthy animals (control). 

In dogs with CDV, a slightly increased number of GAP-43-positive axons was 

observed (figure 28A+B). 

In the statistical analysis, no significant differences between the groups of dogs with 

CDV was be demonstrated by using the Kruskal-Wallis-Test (p=0.104), however, 

performing groupwise comparisons by using the Mann-Whitney-U-test, significantly 

increased values were evident for group 7 compared to the control group (p<0.05; 

figure 29).  

 

Figure 28: Expression of GAP-43 in the cerebellar w hite matter of dogs 

with distemper: 

A: acute lesion (group 5) with single, GAP-43-positive axons (arrowheads; 

animal no. 12). 

B:  chronic lesion (group 8) with evidence of single, intralesional. GAP-43-

positive axons (arrowhead; animal no. 18) 

 

Bar = 50µm. ABC method; DAB. 
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Figure 29: Expression of GAP-43 in the cerebellar w hite matter of 

dogs with distemper 
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4.2.14 Erythropoietin (EPO) 

EPO was expressed in a small number of Purkinje cells, exhibiting a fine granular, 

cytoplasmic signal. It was further expressed in a small amount of fibrillar structures in 

the inner part of the molecular layer, presumably dendrites. In the cerebellar white 

matter of the control animals, only single, fine fibrillar axonal structures stained 

positive for EPO (figure 17A). 

In dogs with CDV, an increase of EPO-positive axons was measurable in acute and 

subacute lesions (groups 5 and 6; figure 17B+C). 

Significant differences between the groups could be demonstrated by using the 

Kruskal-Wallis-Test (p<0.05). Subsequent groupwise comparison using a Mann-

Whitney-U-test for dogs with CDV revealed a significantly increased EPO-expression 

(p<0.05) of group 5 and 6 compared to the control group as well as compared to 

group 2. 
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Figure 30: Expression of 

Erythropoietin in the 

cerebellar white matter of 

dogs with distemper 

 

A:  No evidence of EPO-

positive axons in the white 

matter of a control animal 

(group 1; animal no. 3). 

B:  acute lesion (group 5) 

showing single EPO-positive 

axons (arrowheads, animal 

no. 11). 

C: subacute lesion (group7) 

with evidence of single, 

intralesional, EPO-positive 

axons. 

 

Bar = 50µm. ABC method; 

DAB. 
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Figure 31: Expression of Erythropoietin in the cere bellar white 

matter of dogs with distemper 
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4.2.15 Erythropoietin receptor (EPO-R) 

Staining for EPO-R revealed a moderate to strong, fine granular, cytoplasmic signal 

in neurons of the brainstem. Purkinje cells only displayed a weak to moderate 

cytoplasmic staining. Furthermore, a subpopulation of white matter glial cells stained 

positive. 

In the cerebellum of healthy control animals, large numbers of fine fibrillar structures 

in the white matter stained positive (figure 32A), whereby their density was higher in 

deeper and periventricular areas of the cerebellum compared to the arborizations. In 

dogs with CDV, a decreased number of EPO-R-positive axons was evident in group 

5 to 8 (figure 32B+C). 

Significant differences between the groups could be demonstrated by using the 

Kruskal-Wallis-Test (p<0.05). Subsequent groupwise comparison using the Mann-

Whitney-U-test revealed a significantly decreased EPO-R-expression (p<0.05) of 

group 5, 6, 7 and 8 compared to the control (figure 33) as well as compared to group 

2 and 3. 
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Figure 32: Expression of 

Erythropoietin receptor in 

the cerebellar white matter 

of dogs with distemper 

 

A: Large amounts of EPO-R-

positive axons in the white 

matter of a control animal 

(group 1; animal no.5). 

B:  acute lesion (group 5) 

showing vacuolation of the 

tissue and reduction of EPO-

R-positive axons (animal no. 

11). 

C: subacute lesion (group 7) 

with markedly decreased 

amounts of EPO-R-positive 

axons (arrowheads; animal no. 

24). 

 

Bar = 50µm. ABC method; 

DAB. 
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Figure 33: Expression of Erythropoietin receptor in  the cerebellar 

white matter of dogs with distemper 
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4.2.16 Hypoxia-inducible factor 1-alpha (HIF-1 α) 

HIF-1α displayed a positive signal of varying intensity in the Purkinje cells and 

neurons of the brain stem in a finely granular pattern in the cytoplasm. Furthermore, 

a subpopulation of glial cells in the molecular layer and, to a lesser extent in the 

cerebellar white matter showed immunoreactivity. 

There was no positive signal in axons of the cerebellar white matter in the control 

group (figure 34A). 

In dogs with CDV, an increase of HIF-1α-positive axons was evident in acute, 

subacute and chronic lesions (figure 34B+C). 

In the statistical analysis, significant differences between the groups could be 

demonstrated by using the Kruskal-Wallis-Test (p<0.05).  

Subsequent groupwise comparison using the Mann-Whitney-U-test revealed a 

significantly increased HIF-1α-expression (p<0.05; figure 35) of groups 5, 6, 7 and 8 

compared to the control as well as compared to groups 2 and 3.  
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Figure 34: Expression of 

Hypoxia-inducible factor 1 α 

in the cerebellar white 

matter of dogs with 

distemper 

 

A: No HIF-1α-positive axons 

are evident in the white matter 

of control animals (group 1; 

animal no. 4). 

B:  subacute lesion (group 6) 

showing single HIF-1α-positive 

axons (arrowhead; animal no. 

11). 

C: chronic lesion with 

inflammatory infiltrates and 

intralesional, HIF-1α-positive 

axons (arrowheads; animal no. 

18). 

 

Bar = 50µm. ABC method; 

DAB. 
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Figure 35: Expression of Hypoxia-inducible factor 1 α in the 

cerebellar white matter of dogs with distemper 
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4.3 Dogs with spinal cord injury due to interverteb ral disk disease 

 

4.3.1 Clinical signs 

All investigated dogs showed variable degrees of para- or tetraplegia or -paresis with 

gait abnormalities. Some animals exhibited partial or complete loss of pain 

perception which is a major criterium for an unfavourable outcome (BULL et al., 

2008). All dogs were euthanized due to poor prognosis. 

 

4.3.2 Histopathology of the spinal cord 

The spinal cord transections of the control  animals (group 1; n=10; animal no. 1-10) 

did not display any morphological alterations, except for single swollen axons and 

dilated myelin sheaths in single animals.  

In acute SCI lesions  (group 2; n=9 animals no. 11-19), single areas with mild to 

moderate hemorrhages, partly with associated necrosis and rarely mild, neutrophilic 

infiltration were present in the epicenter of the lesions. Axonal swelling and dilated 

myelin sheaths were detected in all areas of the spinal cord but in most cases, they 

were accentuated in the ventral and ventro-lateral tracts. The acute lesions were 

characterized by a lack of phagocytic cells (microglia/macrophages), except for 1 

animal (no. 12; BOCK et al., 2013). 

Subacute SCI lesions  (group 3; n=8; animals no. 20-27) were characterized by 

axonal swellings and only mild necrotic or hemorrhagic changes in some animals. 

Furthermore, subacute lesions often showed an occurrence of phagocyting 

microglia/macrophages, mostly located in dilated and empty myelin sheaths (BOCK 

et al., 2013). 
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4.4 Immunohistochemical investigation in dogs with intervertebral 

disk disease 

 

4.4.1 Alpha-acetylated tubulin 

Immunohistochemistry for alpha acetylated tubulin revealed a weak diffuse signal in 

the grey matter of the spinal cord. Furthermore, some of the spinal cord neurons 

displayed a weak, coarsely granular, cytoplasmic signal. In the white matter, single 

glial cells exhibited a weak to moderare cytoplasmic signal. The white matter axons 

appeared as fibrillar structures with moderate to marked immunoreactivity (figure 

36A). Swollen axons and spheroids stained positive in the majority of cases (figure 

36B+C). A decrease of alpha-acetylated tubulin-positive axons in the acute stage 

and, more severely in the subacute stage of the disease was suspected, however, no 

significant differences were detected by morphometrical measurement and statistical 

analysis (Kruskal-Wallis-test, p=0.268; figure 37). 
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Figure 36: Expression of 

alpha-acetylated tubulin in 

the spinal cord white matter 

of dogs with spinal cord 

injury 

 

A: spinal cord of a control 

animal (group1) with normal 

sized axons of moderate to 

intense immunoreactivity for 

alpa-acetylated tubulin (animal 

no. 2). 

B:  acute injury (group 2) with 

alpha-acetylated tubulin-

positive swollen axons and 

spheroids (arrowheads). 

Single spheroids only display 

weak immunoreactivity (arrow; 

animal no. 18). 

C: subacute injury (group 3) 

with multiple, alpha-acetylated 

tubulin-positive spheroids 

(arrowheads; animal no. 20). 

 

Bar = 50µm. ABC method; 

DAB. 
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Figure 37: Expression of alpha-acetylated tubulin i n the spinal cord 

white matter of dogs with spinal cord injury 
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4.4.2 ß-tubulin III 

The expression pattern of ß-tubulin III in the healthy control animals was similar to 

the alpha-acetylated tubulin immunoreactivity described above with a moderate to 

marked immunoreactivity of axons in the uninjured spinal cord white matter (figure 

38A). Some neurons in the spinal cord grey matter showed a slightly more intense 

staining compared to the alpha-acetylated tubulin reaction (figure 38B+C). 

Spheroids and swollen axons stained positive in most cases with this antibody, too 

(figure 38). 

No significant difference in the percentage of ß-tubulin III-positive areas between the 

groups were detected in dogs with IVDD (Kruskal-Wallis-test, p=0.513; figure 39). 
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Figure 38: Expression of ß-

tubulin III in the spinal cord 

white matter of dogs with 

spinal cord injury 

 

A: normal sized axons in the 

spinal cord of a control animal 

(group 1) display a moderate 

to intense immunoreactivity for 

ß-tubulin III (animal no. 4). 

B:  swollen axons and 

spheroids show marked 

expression of ß-tubulin III 

(arrowheads) in acute injury 

(group 2, animal no. 14). 

C: marked immunoreactivity 

for ß-tubulin III in swollen 

axons and spheroids 

(arrowheads) in the subacute 

phase of disease (group 3). 

Single spheroids are negative 

for ß-tubulin III (arrow; animal 

no. 22). 

 

Bar = 50µm. ABC method; 

DAB. 
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Figure 39: Expression of ß-tubulin III in the spina l cord white matter 

of dogs with spinal cord injury 
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4.4.3 Kinesin 

Kinesin exhibited a finely granular expression of moderate intensity in the perikarya 

of neurons in the spinal cord grey matter and in the cytoplasm of some glial cells in 

the white matter (figure 40A). Swollen axons and spheroids stained intensely positive 

for kinesin (figure 40B+C). The spinal cord white matter of dogs with IVDD showed 

an increase of kinesin-positive axons in dogs with acute and subacute injury 

compared to the controls. In the statistical analysis, significant differences between 

the groups were demonstrated by using the Kruskal-Wallis-Test (p<0.001). 

The groupwise comparisons using the Mann-Whitney-U-test for dogs with IVDD 

revealed a significantly increased number (p<0.05) of kinesin-positive axons in both 

acute and subacute stages compared to the control (figure 41). 
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Figure 40: Expression of 

kinesin in the spinal cord 

white matter of dogs with 

spinal cord injury 

 

A: spinal cord of a control animal 

(group 1) showing normal-sized 

axons of varying 

immunoreactivity for kinesin 

(animal no. 8). 

B: evidence of numerous kinesin-

positive spheroids (arrowheads) 

in the spinal cord of an animal 

with acute injury (group 2, animal 

no. 11). 

C: varying immunoreactivity for 

kinesin in swollen axons and 

spheroids (arrowheads) in the 

subacute phase of disease 

(group 3; animal no. 22). 

 

Bar = 50µm. ABC method; DAB. 
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Figure 41: Expression of kinesin in the spinal cord  white matter of 

dogs with spinal cord injury 
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4.4.4 Dynein 

Dynein expression was evident in the perikarya of neurons in the spinal cord grey 

matter, displaying a fine granular staining pattern. Only a small number of axons in 

the spinal cord stained positive for dynein in controls (figure 42A). Furthermore, there 

was a positive cytoplasmic signal in glial cells of the white matter. In contrast to these 

findings, dogs with subacute SCI exhibited an increased number of dynein-positive 

axons (figure 42C) compared to the control group, whereas the number in dogs with 

acute IVDD was not differing significantly from the control group (figure 42B). 

Significant differences between the groups could be demonstrated by using the 

Kruskal-Wallis-Test (p<0.05). The groupwise comparison using the Mann-Whitney-U-

test revealed a significantly increased number (p<0.05) of dynein-positive axons in 

subacute stages compared to the control, whereas the acute group did not show 

significant differences compared to the control group (figure 43). 
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Figure 42: Expression of 

dynein in the spinal cord 

white matter of dogs with 

spinal cord injury 

 

A: no evidence of dynein-

positive axons in the spinal cord 

white matter of a control animal 

(group 1; animal no.2). 

B:  swollen axons and spheroids 

display no dynein expression 

(arrows) in the acute stage of 

the disease (group 2; animal 

no.18). 

C: subacute injury (group 3) with 

both dynein-positive 

(arrowheads) and negative 

spheroids (arrows; animal no. 

20). 

 

Bar = 50µm. ABC method; DAB. 
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Figure 43: Expression of dynein in the spinal cord white matter of 

dogs with spinal cord injury 
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4.4.5 Tau-1 

Microtubule-associated protein tau-1 displayed a mild, diffuse signal in the grey 

matter of the spinal cord. Furthermore, a weakly positive cytoplasmic signal was 

evident in some glial cells in the white matter. While only a small amount of axons 

stained positive in the control animals (figure 44A), dogs with IVDD showed 

increased numbers of positive axons (figure 44B+C). 

Significant differences between the groups were demonstrated by using the Kruskal-

Wallis-Test (p<0.001). 

The groupwise comparisons using the Mann-Whitney-U-test revealed a significantly 

increased number (p<0.05) of tau-1-positive axons in both acute and subacute 

stages compared to the control (figure 45). 
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Figure 44: Expression of tau-1 

in the spinal cord white matter 

of dogs with spinal cord injury 

 

A: normal-sized axons in the 

spinal cord of a control animal 

(group 1) displaying moderate to 

intense tau-1 expression (animal 

no. 4) 

B:  intense tau-1 

immunoreactivity in swollen 

axons (arrowhead) in an animal 

with acute injury (group 5; 

animal no.17). 

C: subacute injury with swollen 

axons and spheroids displaying 

marked (arrowhead) to very 

weak (arrow) immunoreactivity 

for tau-1 (animal no.24). 

 

Bar = 50µm. ABC method; DAB. 
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Figure 45: Expression of tau-1 in the spinal cord w hite matter of 

dogs with spinal cord injury 
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4.4.6 Nogo-A 

Nogo-A was expressed distinctly in the cytoplasm of neurons in the spinal cord grey 

matter. In the white matter of the controls, there was evidence of a dark brown signal 

in the perinuclear cytoplasm of glial cells, which were considered to be 

oligodendrocytes. Furthermore, a small number of fibrillar structures in the white 

matter, presumably axons, stained positive for Nogo-A (figure 46A). 

In diseased animals, changes in the expression pattern were observed. In the 

diseased animals, an increased number of glial processes stained positive and the 

signal was no longer restricted to the cell body. 

A subpopulation of swollen axons stained positive for Nogo-A (figure 46B+C), 

however, no significant differences regarding the number of Nogo-A-positive glial 

cells between the groups were evident (Kruskal-Wallis-test, p=0.376).  

In dogs with IVDD, no significant differences between the groups were evident 

(Kruskal-Wallis-test, p=0.376; figure 47). 
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Figure 46: Expression of 

Nogo-A in the spinal cord 

white matter of dogs with 

spinal cord injury 

 

A: white matter of an uninjured 

spinal cord (group 1) containing 

single Nogo-A-positive 

oligodendrocytes (arrowheads; 

animal no. 5). 

B:  acute lesion (group 2) with 

oligodendrocytes staining 

positive for Nogo-A 

(arrowheads); additionally, 

single spheroids display Nogo-A 

expression (arrow; animal no. 

13). 

C: subacute injury (group 3) in 

the spinal cord white matter with 

numerous Nogo-A-positive 

axons (arrows) as well as 

positive oligodendrocytes 

(arrowheads; animal no. 21). 

 

Bar = 50µm. ABC method; DAB. 
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Figure 47: Expression of Nogo-A in the spinal cord white matter of 

dogs with spinal cord injury 
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4.4.7 LINGO-1 

In the spinal cord white matter, up to two LINGO-1-positive axons per high-power-

field were evident in healthy animals (figure 48A). Furthermore, there was a fine 

granular, weakly positive signal in the cytoplasm of neurons. Most of the swollen 

axons and spheroids in diseased animals displayed a positive signal (figure 48B+C). 

In addition, the muscular layer of vessel walls stained positive too. 

In both dogs with CDV and dogs with SCI, significant differences between the groups 

were shown by using the Kruskal-Wallis-test (p<0.05) 

In dogs with IVDD, both disease groups showed a significant increase of LINGO-1-

positive axons compared to the control as shown by a groupwise comparison using 

the Mann-Whitney-U-test (p<0.05; figure 49). 
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Figure 48: Expression of 

LINGO-1 in the spinal cord 

white matter of dogs with 

spinal cord injury 

 

A:  axons in the uninjured spinal 

cord (group 1) do not display 

LINGO-1 expression (animal no. 

4). 

B:  a subpopulation of swollen 

axons in the spinal cord white 

matter with acute injury (group 

2) show marked LINGO-1-

immunoreactivity (arrowheads; 

animal no. 17). 

C: swollen axons and spheroids 

display a variable intensity of 

LINGO-1 expression 

(arrowheads) in the spinal cord 

white matter of an animal with 

subacute injury (group 3; animal 

no. 21). 

 

Bar = 50µm. ABC method; DAB. 
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Figure 49: Expression of LINGO-1 in the spinal cord  white matter of 

dogs with spinal cord injury 
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4.4.8 Erythropoietin (EPO) 

The spinal cord white matter displayed a small amount of EPO-positive glial cells. In 

the white matter of the control animals, only a small subpopulation of fine fibrillar 

axonal structures stained positive for EPO (figure 50A).  

Swollen axons displayed a positive signal for EPO in the majority of cases (figure 

50B+C). 

Spinal cord tissue of dogs with both acute and subacute IVDD showed an increased 

number of EPO-positive axons. 

In the statistical analysis, significant differences between the groups could be 

demonstrated by using a Kruskal-Wallis-Test (p<0.05).  

The groupwise comparison using the Mann-Whitney-U-test revealed a significantly 

increased number of EPO-positive axons (p<0.05) in both acute and subacute stages 

compared to controls (figure 51). 
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Figure 50: Expression of EPO 

in the spinal cord whiter 

matter of dogs with spinal 

cord injury 

 

A: only a subpopulation of 

axons in the spinal cord white 

matter of control animals (group 

1) stained positive for EPO 

(arrowheads) while some axons 

did not display immunoreactivity 

(arrows; animal no. 6). 

B:  large amounts of spheroids 

showed immunoreactivity for 

EPO (arrowheads) in the spinal 

cord of animals with acute injury 

(group 2; animal no. 11). 

C: in the spinal cord white 

matter of animals with subacute 

injury (group 3), most spheroids 

stained positive for EPO 

(arrowheads; animal no. 20). 

 

Bar = 50µm. ABC method; DAB 
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Figure 51: Expression of EPO in the spinal cord whi ter matter of 

dogs with spinal cord injury 
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4.4.9 Erythropoietin-Receptor (EPO-R) 

Staining for EPO-R revealed a moderate to strong, fine granular, cytoplasmic signal 

in neurons of the spinal cord grey matter. Furthermore, a subpopulation of white 

matter glial cells stained positive. 

A small amount of axons displayed a positive signal for EPO-R in the spinal cord 

white matter of healthy dogs (figure 52A). Almost all swollen axons stained positive 

(figure 52B+C). 

In dogs with IVDD, both injured groups showed an increase of EPO-R-positive axons 

compared to the control.  

Significant differences between the groups could be demonstrated by using the 

Kruskal-Wallis-Test (p<0.05). 

The groupwise comparison using the Mann-Whitney-U-test revealed a significantly 

increased number (p<0.05) of EPO-R-positive axons in both acute and subacute 

stages compared to controls (figure 53). 
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Figure 52: Expression of EPO-

R in the spinal cord white 

matter of dogs with spinal 

cord injury 

 

A: a subpopulation of normal-

sized axons in the spinal cord 

white matter of controls (group 

1) stained strongly positive for 

EPO-R (arrowheads; animal 

no.2). 

B:  marked immunoreactivity for 

EPO-R in swollen and normal-

sized axons (arrowheads) in the 

spinal cord white matter of an 

animal with acute injury (group 

2; animal no. 14). 

C: in the spinal cord white 

matter of an animal with 

subacute spinal cord injury 

(group 3), axons and 

spheroids displayed a varying 

immunoreactivity for EPO-R 

(arrowheads; animal no. 20). 

 

Bar = 50µm. ABC method; DAB 
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Figure 53: Expression of EPO-R in the spinal cord w hite matter of 

dogs with spinal cord injury 
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4.4.10 Hypoxia-inducible factor 1 α (HIF-1α) 

HIF-1α displayed a positive signal of varying intensity in the neurons of the spinal 

cord grey matter in a finely granular pattern in the cytoplasm. Furthermore, a 

subpopulation of glial cells in the spinal cord white matter showed immunoreactivity. 

There was no positive signal in axons of the spinal cord white matter in the control 

groups (figure 54A). 

Both injured groups of dogs with IVDD displayed a significantly increased number of 

positive axons compared to controls. In contrast to most axonal markers, only 

approximately half of the spheroids stained positive for HIF-1α (figure 54B+C). 

Significant differences between the groups could be demonstrated by using the 

Kruskal-Wallis-Test (p<0.05).  

The groupwise comparison using a Mann-Whitney-U-test revealed a significantly 

increased number of HIF-1α-positive axons (p<0.05) in both acute and subacute 

stages compared to the control (figure 55). 
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Figure 54: Expression of 

Hypoxia-inducible factor 1 α 

in the spinal cord white 

matter of dogs with spinal 

cord injury 

 

A: lack of HIF-1α- positive 

axons in the spinal cord white 

matter of a control animal 

(group 1; animal no. 2). 

B:  a subpopulation of 

spheroids stains positive for 

HIF-1α (arrowheads) in the 

acute phase of disease (group 

2; animal no. 13). 

C: evidence of single HIF-1α- 

positive axons (arrowhead) 

insubacute lesions (group 3; 

animal no. 20). 

 

Bar = 50µm. ABC method; 

DAB 
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Figure 55: Expression of Hypoxia-inducible factor 1 α in the spinal 

cord white matter of dogs with spinal cord injury 
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4.5 Results from previous investigations in dogs wi th spinal cord 

injury due to intervertebral disk disease 

 

Expression pattern and distribution of MBP, pNF, nNF, APP and GAP-43 in the same 

population of dogs with IVDD as used in the present study have been investigated 

previously by our group (BOCK et al., 2013) and are summarized below. 

 

A detectable loss of MBP-positive area occurred in animals with subacute injury 

where there was a significant decrease of myelin compared to controls and to dogs 

with acute injury (BOCK et al., 2013). 

 

Normal-sized axons as well as spheroids and swollen axons showed 

immunoreactivity for pNF in the acute and subacute phase of SCI, (BOCK et al., 

2013). Statistically, no significant changes were detectable 

 

The detection of nNF was restricted to swollen as well as normal-sized axons in 

injured animals. It was significantly increased in both acute and subacute SCI-

affected animals compared to controls (BOCK et al., 2013). 

 

A significant increase of APP-positive axons and spheroids was observed in acute 

and subacute stages of the disease compared to controls (BOCK et al., 2013). 

 

A significant up-regulation of GAP-43 in the spinal cord of dogs with acute and 

subacute SCI compared to controls was demonstrated (BOCK et al., 2013). 
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5 Discussion 

 

The aim of this study was to characterize axonal damage with emphasis on the 

axonal cytoskeleton and axonal transport mechanisms, further to detect and evaluate 

possible regenerative processes and their inhibition in two different central nervous 

disorders in dogs representing suitable, naturally occurring animal models for human 

diseases. 

Therefore, cerebellar tissue from naturally CDV-infected dogs with demyelinating 

leukoencephalitis and spinal cord tissue from dogs with spontaneous IVDD were 

used. By means of immunohistochemistry the antigen expression patterns of 

cytoskeletal proteins, motorproteins and inhibitory as well as promotional factors of 

axonal outgrowth during the disease course were analyzed. 

 

 

5.1 Demyelinating leukoencephalitis in canine diste mper 

 

5.1.1 CDV-infection and demyelination 

5.1.1.1 Evidence of antigen 

According to earlier investigations on CDV encephalitis (GAEDKE et al., 1999; 

SEEHUSEN and BAUMGÄRTNER, 2010), the antigen levels in this study reached 

their highest expression levels in the acute stages of the disease and decreased with 

further progression in parallel to an increasing inflammatory response. The 

predominant affection of astrocytes and the comparably low number of CDV-positive 

oligodendrocytes is an additional finding consistent with previous studies 

(VANDEVELDE et al., 1982). The fact that only a very low number of 

oligodendrocytes is affected (ZURBRIGGEN et al., 1998; SCHOBESBERGER et al., 

2002), mainly in early CDV-lesions, supports the hypothesis of myelin loss being 

rather a secondary event that may result in part by primary axonal damage (figure 

56). 

Even if persistence of viral antigen is present only in single chronic cases, most of 

the animals display severe signs of inflammation and demyelination in the chronic 
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stage of CDV encephalitis. These results support the hypothesis of an antigen-

independent, possibly immune-mediated bystander process in the late phase of the 

disease (GAEDKE et al., 1999). 

 

5.1.1.2 Demyelination 

The density of MBP-positive structures in the cerebellar white matter was 

investigated by morphometrical analysis. The results were extensively similar to 

previous studies (ZURBRIGGEN et al., 1998; BAUMGÄRTNER and ALLDINGER, 

2005). In detail, a significant and progressive decrease of the MBP-positive areas 

within the lesions was detectable beginning at group 4 (vacuolation). However, as the 

occurrence of optically empty vacuoles necessarily is accompanied by decreases in 

MBP positive area,  the results of group 4 may not inevitably need to be interpreted 

as an actual loss of myelin (i.e. demyelination). An effective demyelination however 

can be presumed beginning from group 5 (acute) with basically constant levels in 

groups 6 and 7 and a further drop in chronic lesions (group 8). The latter finding is 

consistent to observations in other animal models of demyelination that suggest a 

second cascade of demyelination developing on the basis of both axonal and 

oligodendroglial damage (TSUNODA and FUJINAMI, 2002).  

 

 

5.1.2 The axonal cytoskeleton 

To evaluate the impact of damage on the axonal skeleton, expression of 

phosphorylated and non-phosphorylated neurofilaments, alpha-acetylated tubulin 

and ß-tubulin III was investigated.  

Regarding pNF and nNF the results of this investigation are largely similar to 

previous reports and can be regarded as a hint for early axonal damage 

(SEEHUSEN and BAUMGÄRTNER, 2010), however, the underlying mechanisms still 

remain elusive. 

pNF is physiologically expressed in healthy axons (PERROT et al., 2008), thus 

commonly regarded as a useful marker for the overall axon density, which represents 

a baseline for the interpretation of axonal damage and loss. 
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The decreased pNF-expression in the cerebellar white matter of dogs with CDV 

encephalitis beginning from the very early disease phase and progressing to the 

chronic phase is extensively consistent with the results of previous investigations on 

CDV encephalitis (SEEHUSEN and BAUMGÄRTNER, 2010) and is highly similar to 

findings in other demyelinating animal models such as TME (KREUTZER et al., 

2012). The present results thus clearly substantiate the inside-out-theory of axonal 

damage (TSUNODA and FUJINAMI, 2002), as detectable impacts on the axonal 

cytoskeleton are occurring prior to demyelination (figure 56). The decrease of pNF in 

affected white matter areas of the cerebellum is suggestive of progressive axonal 

loss as for instance demonstrated in MS, CDV, and TME (SEEHUSEN and 

BAUMGÄRTNER, 2010; SCHIRMER et al., 2011; KREUTZER et al., 2012). 

Moreover, loss and deficient phosphorylation processes in neurofilaments initiate 

further changes in the axonal cytoskeleton, influencing the cross-bridging between 

NFs and MTs, axonal transport and additionally the density of MTs, the latter being 

assumed to stand in a fine balance to the NF network (CUENCA et al., 1987; 

PERROT et al., 2008). In this context, the early decrease of pNF density in the 

cerebellum of CDV affected dogs may represent an initial event of axonal damage, 

resulting in destabilization and impaired functionality (figure 56). 

Similarly, the early decrease of alpha-acetylated tubulin and, even earlier, of ß-

tubulin III-positive axons represent an initial, morphologically undetectable axonal 

injury. Consequently, the impact on these MTs may be the result of pNF loss. 

Nevertheless, also a primary process, independent of NF damage may lead to a 

primary and early axonal damage (TSUNODA and FUJINAMI, 2002).  

Early ultrastructural investigations in animals with CDV infection revealed evidence of 

cytoskeletal damage with an increase of neurofilaments (HIGGINS et al., 1982). 

Additional ultrastructural investigations to further characterize changes in 

neurofilaments and tubulins in axons of dogs suffering from leukoencephalitis thus 

appear highly promising to more detailedly characterize the morphologic correlates to 

the immunohistochemical results provided in the present study.  
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5.1.3 Axonal transport mechanisms 

As most axonal cytoskeletal constituents are synthesized in the perikarya of neurons, 

an efficient axonal transport represents a prerequisite for sustainable functionality 

(SOTELO and TRILLER, 2002).  

APP, which is known to be an early and sensitive marker for disturbances in fast 

anterograde axonal transport (GENTLEMAN et al., 1993; FERGUSON et al., 1997), 

has been evaluated in this study in order to estimate the extent of damage involving 

axonal transport mechanisms in the investigated lesions. 

The pattern and development of APP expression in this study is largely consistent 

with previous findings in CDV (SEEHUSEN and BAUMGÄRTNER, 2010) as well as 

in TMEV-induced demyelination (KREUTZER et al., 2012) and MS (FERGUSON et 

al., 1997). The early increase of APP-positive axons suggest an early and ongoing 

deficiency in axonal transport.  

In order to more detailedly evaluate the impact of injury on the transport mechanism 

itself and to recognize possible consequences of an impaired axonal conduction 

kinesin and dynein, motor proteins mediating the fast anterograde and retrograde 

axonal transport, respectively, have been investigated in this study. Even if NF 

transport is known to be a slow transport constituent, it has been shown that kinesin 

mediates fast anterograde transport of NFs in cultured growing axons, indicating that 

fast kinesin-mediated transport of NFs is also occurring in vivo (YABE et al., 1999). In 

consequence, the progressive decrease of kinesin-positive axons in the cerebellar 

white matter in dogs with CDV needs to be interpreted in the context of 

interdependence of MT dynamics and NF transport. Based on the fact, that the 

decrease of tubulins and pNF is detectable earlier in the time course than reduced 

kinesin expression, the latter might represent a consequence rather than the cause 

of cytoskeletal breakdown in CDV-encephalitis (figure 56). In contrast, findings in 

TMEV suggest an early onset of NF and motorprotein degradation followed by a 

decelerated damage of MTs (KREUTZER et al., 2012), indicating differences in 

pathogenetic mechanisms between these demyelinating diseases. In MS, both 

accumulation of APP due to impaired axonal transport (FERGUSON et al., 1997) and 
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disturbances in NF organization and phosphorylation (PETZOLD et al., 2008) are 

regarded as early signs of axonal damage, however, little is known about the detailed 

degradation sequence of cytoskeletal and motorproteins in the human disease. The 

findings in this study and the differences compared to the murine disease model 

point out that comparative investigations in different animal models of demyelination 

are promising with regard to extrapolation to the heterogeneous disease MS. 

Moreover, the differences indicate that a detailed analysis of axonal damage in MS 

itself is highly needed to more sophisticatedly understand the pathogenesis of the 

human disease.  

In addition to kinesin, dynein showed decreased expression levels beginning from 

the early phase of disease in the cerebellar white matter of dogs with CDV. This fact 

may contribute to an impaired NF transport in the retrograde direction leading to a 

dislocation of neurofilaments and thus aggravating defects of the axonal 

cytoskeleton. 

Furthermore, both kinesin and dynein phosphorylation have been proven to influence 

the binding between NFs and motorproteins (PERROT, et al., 2008), suggesting that 

the decrease of motorproteins presumably is a consequence of phosphorylation 

disturbances in the NF compartment as changes in NF expression have been 

detected earlier in the course of CDV encephalitis than the decrease of 

motorproteins. 

In parallel to the aforementioned motorproteins, the microtubule-binding protein Tau-

1, which is essential for MT stability and MT-motorprotein-interactions, showed a 

progressing decrease in CDV-lesions in the cerebellar white matter implicating a 

pathogenetic involvement in the transport disturbances. 
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Figure 56: Schematic display of the pathogenesis of  axonal injury and 

demyelination in distemper encephalitis 

Primary neuronal infection leads to severe disturbances in the neurofilament
compartment, followed by loss of microtubules and decreased axonal transport
capability. In these cases, demyelination is arising secondarily and can result in 
oligodendrocyte infection in the second place. 

Primary oligodendroglial infection or secondary infection as well as apoptosis or
loss of oligodendrocytes due to infection through the myelin sheaths leads to 
demyelination of uninjured axons and consequently to a secondary axonal loss.
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5.1.4 Inhibitors of axonal outgrowth  

Two inhibitors of axonal outgrowth, namely Nogo-A for the oligodendroglial and 

LINGO-1 for the axonal compartment, respectively, have been investigated in order 

to evaluate inhibitory mechanisms in virally induced axonal injury. 

Nogo-A is known to inhibit axonal regeneration by initiating growth cone 

destabilization early after injury (PERNET et al., 2012). The knowledge of this 

mechanism has lead to promising therapeutical approaches, such as either 

application of anti-NogoA antibodies or compounds interacting with the Nogo 

receptor (NgR), which enhances axonal repair in different models of axonal injury 

(THALLMAIR et al., 1998; RAINETEAU et al., 2001; LIEBSCHER et al., 2005; 

FREUND et al., 2006 and 2009; GONZENBACH et al., 2012). In this study, the 

number of Nogo-A-positive cells increased in the cerebellar white matter of animals 

with CDV encephalitis but did not show progressive development with the course of 

disease. Similarly, Nogo-A has shown to be pivotally involved in the pathogenesis of 

EAE. In EAE, decreased axonal pathology is observed after suppression of Nogo-A 

either by vaccination or by gene deletion (KARNEZIS et al., 2004). THEOTOKIS et 

al. (2012) showed that Nogo-A-expression is increased in the late phase of EAE and 

that its expression inversely correlates with the number of GAP-43 positive and thus 

regenerating axons, potentially suggesting a similar role in CDV. However, in 

contrast, in cuprizone-induced demyelination, the number of Nogo-A positive 

oligodendrocytes decreases in the chronic phase of disease (LINDNER et al., 2009).  

Because of these differences concerning the involvement of Nogo-A in different 

demyelinating diseases, further studies are highly needed. Based on the present 

results, a possible role of Nogo-A in the autoimmune mediated pathogenesis of the 

late phase of CDV-encephalitis needs to be considered. Additionally, Nogo-A might 

exert a direct inhibitory impact in the early and late phase of CDV, as it has been 

shown for other demyelinating diseases such as EAE (KARNEZIS et al., 2004). 

 

LINGO-1, which acts together with TROY and p75 in the NgR-signaling complex (MI 

et al., 2004; PARK et al., 2005; SHAO et al., 2005), is considered to be an essential 
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factor that impairs axonal growth in brain development and in response to injury. In 

contrast to findings in the adult rodent cerebellum and spinal cord, where large 

amounts of neurons display positive signals for LINGO-1 mRNA as determined with 

in situ hybridization (BARRETTE et al., 2007), no immunopositive neurons, glia, or 

axons were detectable in the corresponding CNS localizations of healthy dogs in this 

study. However, this discrepancy might be caused by the different detection 

methods, a lack of protein synthesis despite mRNA expression or species dependent 

differences. Thus, further studies are necessary to characterize LINGO-1 mRNA 

expression in canine CNS tissue. According to BARRETTE et al. (2007), LINGO-1 

mRNA is not expressed within the CNS white matter of uninjured mice, which is 

consistent to the fact that no protein expression was observed within the CNS white 

matter of healthy dogs.  

The pathogenetic relevance of LINGO-1 for regenerative mechanisms in CDV 

encephalitis seems to be highly questionable regarding the constantly low levels in all 

stages of the disease. 

 

5.1.5 Promotors of axonal outgrowth 

It has been shown that peripheral nerve injury induces an up-regulation of GAP-43 in 

the neuronal cell body, favouring growth cone formation and axonal regeneration 

(WOOLF et al., 1990). In the CNS, however, up-regulation of GAP-43 varies in 

dependence upon the localization and character of injury (GOTO et al., 1994) and 

does not necessarily lead to effective regeneration of transected axons.  

GAP-43 is synthesized in the cell body in a subpopulation of neurons and is 

subsequently transported towards the growth cone. In consequence, the findings in 

animals with CDV encephalitis in this study, where only a small number of 

intralesional axons displayed a weak GAP-43 immunoreactivity and only group 7 

reached significantly increased levels compared to controls, can be interpreted in 

part as the consequence of the previously demonstrated breakdown of the axonal 

cytoskeleton which leads to a failing transport of GAP-43  to the site of injury (BISBY, 

1988). Another possible explanation for the lack of GAP-43 in injured axons might be 
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the disability of the corresponding neuronal population to synthesize GAP-43 or the 

lethal injury of the projecting neuron in consequence of the virus infection.  

In conclusion, not only the lacking synthesis, but also a failing axonal transport of 

GAP-43 may contribute to the limited regenerative capacity of CNS axons in dogs 

with CDV encephalitis.  

 

EPO has been in the center of attention for a long period of time due to its ability to 

stimulate hematopoiesis. In the recent years, however, the discovery of its potent 

neurotrophic function has gained additional significance.  

In peripheral nerve injury, up-regulation of EPO and EPO-R has been demonstrated 

and is considered to be beneficial in functional recovery (TOTH et al., 2008; AHN et 

al., 2010; YIN et al., 2010). However, the role of endogenous EPO in CNS axon 

regeneration is widely unknown.  

While EPO-expression was increased in acute and subacute distemper lesions, 

EPO-R, which was evident in a large amount of uninjured axons, decreased 

progressively beginning in the acute disease phase. This dysregulated expression of 

EPO and EPO-R in cerebellar white matter axons appears paradoxical and may be 

caused by the general cytoskeletal breakdown in the late phase of CDV encephalitis. 

It can be interpreted, similarly to the delayed up-regulation of GAP-43 as a hint for 

insufficient regeneration attempts in CDV encephalitis. However, further studies are 

necessary to investigate and understand the oppositional development of axonal 

EPO and EPO-R expression in CDV encephalitis. The down-regulation of EPO-R in 

this disease also puts into question, whether endogenous or therapeutically 

substituted EPO is capable to exert beneficial effects. 

 

Expression of EPO transcription-activating molecule HIF-1α is known to increase in 

ischemic brain lesions (BERGERON et al., 1999; JIN et al., 2000; PASCUAL et al., 

2001) where it is considered to improve cell survival by enhanced glycolysis and 

reinforcement of vascularization in response to hypoxia. Its impact on axons 

themselves and their regeneration might be indirect via induction of EPO 

transcription, or also direct by the enhancement of glycolysis (XIAOWEI et a., 2006). 
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In humans, HIF-1α plays a key role in hypoxia-induced brain injury. Furthermore 

evidence of up-regulation of HIF-1α in MS normal appearing white matter has been 

demonstrated and is regarded as a mechanism of neuroprotection (GRAUMANN et 

al., 2003). Several therapeutic approaches with compounds enhancing HIF-1α 

accumulation or inhibiting its degradation in the CNS are under development 

(DOEPPNER et al., 2012) and could represent promising future strategies to improve 

axonal regeneration in canine diseases. In CDV encephalitis, axonal HIF-1α 

expression increases in the acute, subacute and chronic phase of disease, possibly 

representing a subpopulation of axons undergoing hypoxia, however, it remains 

questionable, whether this could represent an effective regenerative mechanism, as 

at these time points, axonal damage is already definitive. 

 

5.2 Spinal cord injury in consequence of canine int ervertebral disk 

disease 

5.2.1 The axonal cytoskeleton 

The expression of certain axonal cytoskeletal elements in the spinal cord of dogs 

suffering from IVDD has been investigated in previous studies. BOCK et al. (2013) 

reported an an impressive accumulation of pNF in cross-sectioned swollen axons 

and spheroids leading to an overall increased pNF positive area. Similar to CDV 

encephalitis, nNF expression was reported to be upregulated in dogs with acute an 

subacute injury, consistent with the assumption that nNF represents an early 

sensitive marker for disturbances in neurofilament phosphorylation (BOCK et al., 

2013; SEEHUSEN and BAUMGÄRTNER, 2010; KREUTZER et al., 2012). 

In order to more detailedly elucidate the role of axoskeletal alterations in IVDD 

related canine SCI alpha-acetylated tubulin- and ß-tubulin III-expression was 

investigated in the present study. The positive area for both markers did not differ 

between the spinal cord of dogs with IVDD and controls, suggesting that cytoskeletal 

alterations seem to be limited in this disease. Comparable to pNF, a subpopulation of 

swollen axons and spheroids in dogs with IVDD displayed a positive signal for the 

tubulins. These results may also indicate regenerative potential in a subpopulation of 



 Discussion  131

spinal cord axons, as MTs are largely expressed in growing axons (CUENCA et al., 

1987).  

 

5.2.2 Axonal transport 

BOCK et al. (2013) have demonstrated a significant increase in the number of APP-

positive axons in the spinal cord of dogs with IVDD implicating an early and extensive 

loss of efficient axonal transport, in both demyelinating and traumatic CNS diseases. 

In the present study, the spinal cord white matter of dogs with both acute and 

subacute SCI displayed an increased number of kinesin-positive axons in diseased 

animals. Though the previous findings of axonal APP expression (BOCK et al., 2013) 

are suggestive of impaired axonal transport mechanisms at the epicenter, the 

accumulation of motorproteins in spheroids at the site of injury is suggestive of an 

unaffected transport mechanism in proximal axon segments. However, this 

accumulation was present in spheroids as well as in normal sized axons, implicating 

disturbances in transport mechanisms already on a mild injury level. 

In contrast to the findings in the cerebellum, axonal dynein expression in the spinal 

cord of dogs with IVDD was solely increased in the late phase of the disease, 

whereas animals with acute injury did not express increased amounts of dynein 

compared to the controls. In context with the changes observed for kinesin 

expression, these findings may implicate an early and persisting impairment of the 

anterograde transport and a decelerated onset of failing retrograde transport. 

Furthermore, the latter may also impair efforts of regeneration as neurotrophic growth 

factors from the distal part of the axon do not reach the site of injury (TAKEMURA et 

al., 1996). In addition, these findings indicate a preserved distal axonal segment even 

in the late phase of IVDD associated SCI, as immunoreactivity of axons proves that 

transport of dynein towards the site of injury is not impaired. However, comparing the 

expression of kinesin and dynein in the spinal cord, a considerably higher number of 

axons showed immunoreactivity for kinesin in the course of the disease, indicating a 

more prominent affection of the anterograde transport than the retrograde. 

Regarding the expression of the microtubule-associated protein Tau-1, an increase 

of immunoreactivity in dogs with injury, demonstrated by a marked accumulation of 
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Tau-1 within swollen axons and spheroids, but additionally within morphologically 

unaffected axons was evident, implicating a parallel development to the associated 

cytoskeletal constituents and motorproteins in the course of disease. 

 

5.2.3 Inhibitors of axonal outgrowth 

Nogo-A, a potent inhibitor of axonal outgrowth, did not show significant differences in 

dogs with SCI compared to controls, which is consistent with the findings in 

experimental SCI in the rat (HUBER et al., 2002). It is suspected, that the inhibitory 

activity of Nogo-A rather arises from oligodendrocytes within the surrounding intact 

parenchyma than from glial cells or fibroblasts within the lesion itself (HUBER et al., 

2012). In this context, the inhibitory effect of Nogo-A on upstream neurons is 

considered to be mediated by an inhibition of their internal growth programme 

(ZAGREBELSKY et al., 1998; BUFFO et al., 2000; HUBER et al., 2002).  

Despite the constantly low levels of Nogo-A in canine and rodent SCI, its modulatory 

role for axonal outgrowth is undisputable (PERNET an SCHWAB, 2012). Several 

studies proved evidence of beneficial effects achieved by application of anti-Nogo-A 

antibodies in experimentally induced SCI (THALLMAIR et al., 1998; LIEBSCHER et 

al., 2005; FREUND et al., 2006, 2009; GONZENBACH et al., 2012), but recently also 

in clinical trials in humans (ZÖRNER and SCHWAB, 2010). Its possible therapeutic 

role in canine SCI, however, needs to be evaluated. 

 

While it has been shown that there are no substantial changes in expression of 

inhibitory factors such as NgR, LINGO-1 and p75 in projecting cerebral neurons after 

SCI in rodents (BARRETTE et al., 2007), an up-regulation of LINGO-1 mRNA was 

detected at the site of injury using immunohistochemistry and PCR in rats with SCI 

(MI et al., 2004). In this context, the comparably high amounts of LINGO-1 positive 

axons and spheroids in the injured canine spinal cord demonstrated in the present 

study are consistent with the findings in experimental studies (MI et al., 2004), 

suggesting a crucial role of LINGO-1 in the inhibition of axonal outgrowth after SCI. 

However, the fact that Nogo-A levels remained low in the course of this disease, 

casts doubt on the pathogenetic relevance of the up-regulation of LINGO-1 and 



 Discussion  133

underlines the importance of further investigations about the interaction of Nogo-A 

and its axonal receptors such as LINGO-1. 

Nevertheless, the knowledge of the role and function of LINGO-1 lead to suitable 

therapeutic approaches such as local or systemic application of LINGO-1 blocking 

molecules, resulting in improved functional recovery and axonal sprouting in rat SCI 

and EAE (JI et al., 2006; MI et al., 2007). Additionally, genetic knock-out of LINGO-1 

in EAE results in comparable effects (MI et al., 2007). Furthermore it enhances 

oligodendrocyte precursor cell differentiation and thus favours remyelination (MI et 

al., 2009). 

In conclusion, the present results indicate that inhibition of LINGO-1 at the site of 

injury could represent a promising therapeutic method to improve functional recovery 

following SCI. 
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5.2.4 Promotors of axonal outgrowth 

A previous study demonstrated that the number of GAP-43 positive axons, indicating 

outgrowth, is significantly increased in the spinal cord of dogs with SCI (BOCK et al., 

2013), which is in accordance to findings from previous studies using SCI in rodent 

models (CURTIS et al., 1993; LI et al., 1996). While the cause of failing regeneration 

attempts remain undetermined (BOCK et al., 2013), many contributing factors such 

as a misalignment of growing axons (KERSCHENSTEINER et al., 2005) or the 

influence of inhibitory molecules (OLBY, 2010; ZÖRNER et al., 2010), are discussed. 

In the present study, the expression of EPO and EPO-R was investigated, both 

known to contribute to and enhance axonal regeneration. These growth promoting 

molecules showed a parallel increased expression in the lesioned canine spinal cord, 

which is consistent with findings from ischemic brain damage in mice, where 

increased levels of both EPO and EPO-R have been detected (BERNAUDIN et al., 

1999). In connection to the previous findings on axonal GAP-43 expression (BOCK et 

al., 2013), the fact that EPO as well as EPO-R were evident within axons at the site 

of IVDD related injury can potentially be regarded as a sign of significant 

spontaneous regenerative attempts of injured spinal cord axons. In addition, the 

present results indicate a possible therapeutic potential of exogenously applied EPO. 

In fact, application of EPO and its derivatives lacking hematopoietic effects have 

shown to promote beneficial effects in several experimentally induced CNS disorders 

such as cortical infarction (SADAMOTO et al., 1998; BERNAUDIN et al., 1999), 

cuprizone-induced demyelination (HAGEMEYER et al., 2012), MS (EHRENREICH et 

al., 2007) and epilepsy (SEEGER et al., 2011). 

 

HIF-1α, similary known to enhance axonal regeneration, either directly or by 

interacting with EPO, showed increased levels in the injured canine spinal cord 

compared to controls. This is consistent with findings from SCI in rats (XIAOWEI et 

al., 2006). The regeneration promoting effects of HIF-1α are in part attributed to  

increased hypoxia tolerance and promotion of neovascularization (XIAOWEI et al., 

2006). 
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5.3 Measurement and interpretation of axonal damage  in the 

cerebellar and spinal cord white matter 

In order to understand the mechanisms of axonal injury, a large variety of disease 

models in different compartments of the central and peripheral nervous system are 

used; however, the heterogeneity of morphological as well as functional features in 

the different compartments must be considered when evaluating axonal injury. 

In contrast to sections of the cerebellum, in which axons are transected tangentially, 

transversally, diagonally or lengthwise, the axons of the investigated spinal cords are 

entirely transected transversially. This background knowledge is essential for 

interpretation of the findings, as there is substantial intermittent expression of axonal 

elements, e.g. neurofilaments (ROY et al., 2000; WANG et al., 2000). 

Furthermore, transversal sections enable the determination of the total number of 

immunoreactive and non-immunoreactive axons per area in the spinal cord, which is 

not applicable for the cerebellar arborizations.  

In conclusion, a direct and offhand comparison of the present results (i.e. protein 

expression in two different localizations of the nervous system) appears not feasible. 

Thus, analogies and differences in protein expressions during the course of the 

different diseases should be interpreted in the light of potential structural and 

method-based distinctions between cerebellum and spinal cord. However, a 

comparative analysis of the results gained in both models will certainly contribute to 

identify commonalities and differences in the pathogenesis of demyelinating vs. 

traumatic CNS diseases. Thus, the unravelling of different and common tendencies 

in the time course of both distemper leukoencephalitis and canine IVDD will help to 

more detailedly understand the role of axonal pathology in these both diseases.  
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5.4 Comparative review of the viral and traumatic p athogenetic model 

of axonal injury 

The provided investigations on two different canine diseases with CNS white matter 

injury illustrate that a large variety of factors contribute to the development of axonal 

injury, influence its course and can inhibit or promote regenerative efforts. 

While in both diseases axonal accumulation of APP has been demonstrated 

(SEEHUSEN and BAUMGÄRTNER, 2012; BOCK et al., 2013) and seems to 

represent a consistent and highly conserved finding in CNS diseases associated with 

axonopathy, potentially independent from the underlying disease entity, the results 

from the present study additionally put emphasis upon differences in the 

pathogenesis of axonal injury between the viral and traumatic disease.  

 

5.4.1 The mechanism of injury 

While primary or secondary virus-induced axonal injury takes place as a prolonged 

process with continuing damage, affecting long sections of the axons, traumatic 

spinal cord injury, for instance caused by IVDD, initially occurs as a sudden, localized 

injury with compression, contusion and occasionally even transection of axons in a 

rather small segment. Moreover, in experimentally induced axonal injury, the severity 

of the lesion plays an essential role in the further pathogenesis of axonopathy 

(POVLISHOCK and CHRISTMAN, 1995). However, similar to the widespread axonal 

injury during demyelinating diseases a priori, secondary injury in the spinal cord 

leads to a progressive and extending axonal damage and contributes to localized 

disturbances of neurofilaments and axonal transport (POVLISHOCK and 

CHRISTMAN, 1995). Despite evidence of dying back processes proximal to the 

injury site of axons (KERSCHENSTEINER et al., 2005), long proximal segments of 

the axons may remain intact, which seems also to be true for the distal segments, as 

there is still evidence of retrograde transport at the late phase of disease as 

demonstrated by increased expression of dynein in the subacute phase of SCI. This 

is an essential difference to the situation in CDV-associated axonopathy, where 

axonally transported virus and demyelination of large areas a priori lead to affection 



 Discussion  137

of long axon segments. Moreover, in CDV encephalitis, where the axonal damage 

appears less pronounced morphologically, the results of this study demonstrate 

severe functional impairments of the axonal cytoskeleton already in the early phase, 

which might prevent possible efforts of subsequent regeneration. However, one 

beneficial aspect of the early cytoskeletal defect might be the reduction of virus 

transport, leading to a spatial self-limitation of the virus spread as described for 

TMEV (TSUNODA et al., 2003). 

 

5.4.2 Outside-in versus inside-out model 

For traumatic CNS diseases such as SCI it is well known that axonal damage 

precedes oligodendrocyte apoptosis and demyelination, respectively, due to a trophic 

support loss of oligodendrocytes (BEATTIE et al., 2000) and is thus exemplary for 

the inside-out model of pathogenesis (TSUNODA and FUJINAMI, 2002). In contrast, 

the mechanisms in demyelinating CNS diseases appear more complex and are still 

discussed controversially. While in the past they have been regarded mainly as a 

primary demyelinating disorder, with secondary axonal injury (outside-in model; 

TSUNODA and FUJINAMI, 2002), recent studies suggest an early axonal damage 

preceding demyelination, similar to the processes in SCI (Inside-out model; 

TSUNODA and FUJINAMI, 2002; SEEHUSEN and BAUMGÄRTNER, 2010). This 

hypothesis is largely substantiated by the results of the present study, where 

cytoskeletal axonal damage has already been demonstrated in the normal appearing 

white matter and morphologically unaffected parenchyma, thus preceding obvious 

demyelination. However, even if primary axonal damage represents the initial event 

in CDV, secondary axonopathy additionally occurs due to the fact that one 

oligodendrocyte myelinates multiple axons (ouside-in; TSUNODA and FUJINAMI, 

2002). Thus, demyelination in part appears due to a failing connection between 

axons and oligodendroglial processes, presentation of autoantigenes, induction of 

oligodendrocyte apoptosis and activation of macrophages/microglia that 

subsequently lead to further injury of formerly unaffected axons. The ongoing loss is 

reflected by a continuous decrease of pNF-positive axons in the present study. This 

finding is consistent with pathogenetic models considered for TMEV (TSUNODA and 
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FUJINAMI, 2002) and with results from previous studies on CDV (SEEHUSEN and 

BAUMGÄRTNER, 2010). Conclusively, the present results largely substantiate the 

combination of both inside-out and outside-in pathogenetic models for the canine 

demyelinating disease. 

 

 

5.4.3 Inhibition and promotion of axonal regenerati on 

A large number of factors comprising changes in the axonal cytoskeleton and axonal 

transport mechanisms may influence regenerative processes in axons. In particular, 

accumulated neurofilaments and microtubules play a role in inhibition and promotion 

of axonal outgrowth, respectively. In consideration of the fact that neurofilament and 

MT expression is generally up-regulated in regenerating axons (CUENCA et al., 

1987; WONG and OBLINGER, 1990; JACOBS et al, 1997; PERROT et al., 2008), 

the findings of the present study may implicate a comparatively strong regenerative 

effort of axons in dogs with SCI compared to cerebellar axons in dogs with CDV, 

where the decreasing expression of MTs in cerebellar axons might be considered as 

an inhibitory factor for axonal regeneration. 

TAKEMURA et al. (1996) showed that up- or down-regulation of kinesin subunits 

does not have an impact on axonal regeneration, however, MOTIL et al. (2006) 

suggest that an accumulation of motorproteins in spheroids in fact represents an 

attempt to clear the site of injury from accumulated and disorganized NFs, which 

might be beneficial for further outgrowth attempts. The upregulation of axonal 

motorprotein expression in dogs with SCI may thus underline a promising 

endogeneous regenerative potential of axons. However, this fact does not seem to 

apply to axons in CDV encephalitis, where the cytoskeletal breakdown may inhibit 

regenerative attempts. 

Regarding molecules directly interacting with axonal outgrowth mechanisms, the 

LINGO-1 expression in the cerebellum stayed on a very low level in dogs with CDV, 

whereas dogs with SCI showed significantly increased values at the site of injury. To 

what extent these findings reflect a different pathogenetic involvement of LINGO-1 in 

these diseases or whether this represents a compartment-specific aspect remains 
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undetermined. However, the present results clearly indicate that LINGO-1 may not 

play a substantial role in the pathogenesis of CDV. 

In relation to the extensive disturbances affecting the axonal cytoskeleton and the 

axonal transport in CDV encephalitis, the persisting low numbers of GAP-43-positive 

axons in the injured cerebellar white matter might be related to a less preserved 

axonal cytoskeleton. This may consequently prevent axonal transport to the site of 

injury, while in the traumatically altered spinal cord comparatively less severe 

affection of the axonal cytoskeleton might still allow sufficient accumulation of GAP-

43 as demonstrated by BOCK et al. (2013).  

The fact that up-regulation of GAP-43 has further been demonstrated to be inducible 

in rodents by transplantation of stem cells and glial cells (ANDREWS and 

STELZNER, 2007; KAMADA et al., 2005) underline the promising nature of this 

molecule for therapeutical approaches in SCI. 

SCHIRMER et al. (2013) demonstrated a higher regenerative potential of axons in 

patients affected by MS than in patients with traumatic brain injury, represented by 

higher GAP-43 expression in demyelinated plaques. This is in clear contrast to the 

present study and the investigations of BOCK et al. (2013), which demonstrate that 

axonal GAP-43 expression is more prominent in canine SCI than in CDV 

encephalitis. SCHIRMER et al. (2013) suggest an impact of better phagocytic 

clearance mechanisms in MS than in traumatic brain injury as axonal GAP-43 

expression in MS correlates with the number of phagocytic cells. . Interestingly, the 

amount of phagocyting cells is also elevated in canine SCI (SPITZBARTH et al., 

2011), which might be a contributing factor to the higher levels of axonal GAP-43 

expression compared to CDV encephalitis. Indeed, clearance of myelin debris and 

thereby myelin-associated inhibitory factors of axonal outgrowth is an essential 

prerequisite to enable axonal outgrowth (VARGAS and BARRES, 2007). In this 

context, damage of the BBB, which might be present in cases of IVDD due to the 

sudden trauma might be beneficial, as it facilitates infiltration of macrophages at the 

initial phase (DE GIROLAMI et al., 2002). This subsequently leads to an early and 

effective clearance of inhibitory ECM molecules and myelin, thus facilitating axonal 

regeneration attempts (SOBEL and AHMED, 2001). Even if the BBB remains intact, 
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endogenous microglia essentially contribute to the clearance (SPITZBARTH et al., 

2011). In cerebellar lesions caused by CDV, in contrast, the infiltration of 

inflammatory cells, including phagocyting cells reaches its highest levels not before 

the late phase of the disease, so that clearance of inhibitory molecules might get 

effective later than promotors of axonal outgrowth such as GAP-43, EPO or HIF are 

up-regulated. Thus, the relatively earlier clearance of debris in SCI might function as 

a contributing factor to enhanced axonal regeneration. 

The discrepancies of the present study to the findings from SCHIRMER et al (2013) 

may additionally be attributed to species-specific but also anatomical or pathogenetic 

influences that contribute to the development of axonal injury.  

The findings in this study demonstrate an up-regulation of axonally expressed EPO in 

both virally and traumatically induced axonopathy, indicating an involvement of 

endogenous EPO in the pathogenesis of both diseases, possibly representing a 

regenerative effort of immunoreactive axons. It can be assumed that the benefit of 

this up-regulation is much higher in SCI compared to CDV, where the oppositional 

development of EPO and its receptor as well as the comparably low numbers of 

EPO-positive axons in general might be interpreted as failing regeneration attempts.  

Only a comparably low number of axons in the investigated cases of CDV 

encephalitis and SCI displayed a positive signal for HIF-1α, presumably reflecting the 

fact that only a fraction of the axons actually undergo hypoxia in both diseases. In the 

present study, special emphasis was put on the axonal compartment and the 

evaluation of axonally expressed, HIF-1α  however, the relevance of possible 

endothelial or neuronal up-regulation of HIF-1α and their impact on axonal 

regeneration in CDV and IVDD remains undetermined so far.  

Comprisingly, the results of the present study suggest a relatively higher regenerative 

potential of axons in SCI than in CDV encephalitis, which might in part be explained 

by differences in the neuroanatomy and the pathogenesis of the investigated 

diseases, respectively.  
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5.5 Conclusion 

The aim of this study was to characterize mechanisms of axonal injury and factors 

contributing to inhibition and promotion of axonal regeneration. In addition, a 

comparative review of two canine diseases comprising axonal injury, i. e. 

demyelinating versus degenerative/traumatic disease was performed in order to 

detect similarities and differences. 

While in both CDV and SCI cases, early axonal damage, characterized by 

accumulation of nNF and APP in injured axons is evident, the mechanisms 

contributing to these changes appear to show substantial disparities. While in CDV, 

long sections of axons show loss of cytoskeletal proteins as well as motorproteins, 

resulting in a total loss of axons, findings in SCI indicate relatively conserved long 

proximal axon segments with intact cytoskeleton and preserved axonal transport 

mechanisms despite a slight involvement of proximal parts close to the site of injury. 

The focal axonal transport blockage at the injury site subsequently results in axonal 

swelling and accumulation of neurofilamets, microtubules and motorproteins. While 

these aggregates can function as a mechanical barrier to axonal outgrowth, the 

present results also indicate beneficial aspects, as promotors of axonal regeneration 

have been detected in much higher levels at the sites of traumatic injury than in CDV 

lesions. On the other hand, the findings in CDV lesions indicate failing regeneration 

attempts, which might be attributed to the fact that promotional factors do not reach 

the site of injury due to a wide-ranging failure of axonal transport and cytoskeletal 

breakdown affecting long axonal segments. Concerning therapeutical concepts in the 

dog that might additionally in part be extrapolated to human disease, the results of 

this study suggest that blocking inhibitory factors or substituting growth-promotional 

factors in the therapy of canine SCI may be a promising approach. In CDV however, 

therapeutic attempts targeting axonal outgrowth or the suppression of molecules 

inhibiting axonal outgrowth appear less promising and the result indicate that 

beneficial effects might only be exerted if therapies are applied in a very early phase 

of the disease before the onset of the massive axonal damage. Additionally, the 

prevention of demyelination in order to avoid the cascade of secondary axonal injury  

could represent an interesting target. 
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Substantial progress has been made in understanding axonal pathology and in the 

detection of potential regenerative mechanisms, however, there is still need of further 

investigations. In both canine diseases, evaluation of transcriptional changes in the 

affected tissues could help to gain an in-depth insight into the molecular basis of 

pathogenetic mechanisms contributing to axonal de- and regeneration, respectively. 
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6 Summary 

 

A comparative investigation on the pathogenesis of axonal injury and the involvement 

of axonal transport mechanisms in viral and traumatic canine central nervous system 

diseases 

 

Charlotte Philippine Lempp 

 

Axonal injury is a pivotal element of demyelinating, inflammatory and traumatic 

central nervous system (CNS) injury. Besides its relevance in veterinary medicine, 

canine distemper virus (CDV) encephalitis and spinal cord injury (SCI) caused by 

intervertebral disk disease (IVDD) in dogs are regarded as suitable, naturally 

occurring animal models that share similarities with Multiple Sclerosis and human 

SCI, respectively. With respect to the pathogenesis of axonal injury in these canine 

diseases, recent studies have highlighted a crucial involvement of axonal alterations 

affecting the axonal cytoskeleton and transport mechanisms, respectively. The 

clinical relevance of the temporal development of axonal injury in both diseases is 

undisputable, however, the detailed underlying mechanisms of injury still remain 

enigmatic so far. 

Functionally successful regenerative mechanisms, which are evident in peripheral 

nerve injury, do not succeed in the central nervous system due to the inability of 

factors promoting axonal outgrowth to achieve effective regeneration which provides 

an inhibitory environment. However, numerous promising attempts have been made 

in other CNS disease models in order to enhance the efficacy of endogenous 

promotional factors or to suppress inhibitory factors, consequently providing a 

favourable microenvironment for axonal outgrowth. 

The present study aimed at a detailed and comparative analysis of axonal alterations 

in CDV encephalitis and IVDD in order to gain sophisticated insights into the 

pathogenesis of axonopathy in these canine diseases that might in part be 

extrapolated to the human disease counterparts.  
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Formalin fixed-and paraffin-embedded tissue from the cerebellum of naturally CDV-

infected dogs and from the spinal cord of dogs suffering from IVDD has been 

investigated morphologically on hematoxylin-eosin stained sections to characterize 

and classify lesions. A total of 120 lesions in the cerebellum of 17 dogs with CDV 

was classified into 7 groups with different disease stages and were compared to 8 

healthy controls. Dogs with IVDD were grouped into 9 dogs with acute, 8 dogs with 

subacute lesions, and 10 neurologically healthy animals which served as controls. 

Cytoskeletal proteins comprising phosphorylated and non-phosphorylated 

neurofilament (pNF and nNF), axonally transported amyloid precursor protein (APP) 

have been investigated quantitatively using immunohistochemistry in dogs with CDV 

encephalitis. The microtubules alpha-acetylated tubulin and ß-tubulin III, and the 

axonal motorproteins kinesin, dynein and the microtubule-associated protein tau-1 

have been evaluated quantitatively by means of immunohistochemistry in both dogs 

with CDV encephalitis and dogs with SCI. Furthermore, myelin basic protein (MBP) 

expression has been investigated quantitatively in dogs with CDV. In addition, 

quantitative analysis of the expression of molecules inhibiting axonal outgrowth, 

including neurite outgrowth inhibitor A (Nogo-A) and leucine rich repeat and lg 

domain containing 1 (LINGO-1) as well as of factors promoting axonal outgrowth 

comprising erythropoietin (EPO), its receptor (EPO-R), and hypoxia-inducible factor 

(HIF)-1α has been performed using immunohistochemistry. Moreover, expression of 

growth-associated protein (GAP)-43 was quantitatively evaluated in dogs with CDV in 

order to detect axonal outgrowth. Statistical anaylsis was performed using Kruskal-

Wallis Test with subsequent pair-wise comparisons using Mann-Whitney-U Test. P 

values below 0.05 were considered significant.  

In CDV encephalitis, a progressively decreased expression of cytoskeletal 

constituents (pNF, alpha-acetylated tubulin and ß-tubulin III) as well as of 

motorproteins (kinesin, dynein and tau-1) was detected beginning already in the early 

phase of the disease, accompanied by a parallel accumulation of axonally 

transported APP as well as nNF. In the spinal cord, in contrast, microtubules were 

evident in the injured and swollen axons, but without significant differences compared 

to the controls. Previous results demonstrated a significantly increased expression of 
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neurofilaments and APP in dogs with SCI. While kinesin and tau-1 displayed 

significantly higher expression in both the acute and subacute stages compared to 

controls, dynein was significantly increased only in the late phase of disease in dogs 

with SCI. 

Expression of both inhibitory as well as promotional factors affecting axonal 

outgrowth remained on low levels in CDV encephalitis. Nogo-A was increased 

beginning from the early phase of the disease, whereas LINGO-1 did not show any 

significant changes in the entire time course. GAP-43 as well as EPO and HIF-1α 

exhibited a delayed increase in the advanced phase of disease, while EPO-R 

showed progressively reduced axonal expression beginning at the acute phase. 

In the spinal cord of dogs with SCI, in contrast, there was an increasing expression of 

LINGO-1 of both acute and subacute groups compared to controls, but not of Nogo-

A. All of the investigated molecules promoting axonal outgrowth displayed increased 

levels in both the early and late phase of the disease. 

The results of the present study indicate substantial differences in the pathogenesis 

of axonal injury between the virus-induced demyelinating disease and the traumatic 

damage. There is evidence of early arising disturbances of the axonal cytoskeleton 

resulting in a defective axonal transport and finally leading to a total and presumably 

irreversible loss of axons in CDV encephalitis, axonal injury in SCI appears to 

primarily affect axonal transport systems with potentially reversible accumulation of 

both deleterious and promoting factors. This additionally implicates that axonal 

transport and the axonal cytoskeleton are rather preserved in proximal and distal 

segments. 

While the investigated inhibitory factors do not seem to play substantial role in the 

pathogenesis of axonopathy in CDV, axonally expressed LINGO-1 may be involved 

in axonal outgrowth inhibition in SCI and could represent a promising therapeutic 

target. 

Although there is evidence of regenerative attempts in CDV as demonstrated by 

detection of GAP-43-immunopositive axons, regeneration does not arise before the 

late phase of the disease and is preceded by substantial axonal injury, which 

presumably inhibits axonal regeneration in CDV encephalitis. In SCI, up-regulation of 
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promotional factors arises simultaneously to disturbances in the axonal cytoskeleton 

and transport systems, implicating a promising role in favouring regeneration. 
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7 Zusammenfassung 

 

Vergleichende Untersuchung über die Pathogenese axonaler Schädigung und die 

Beteiligung axonaler Transportmechanismen an viralen und traumatischen 

zentralnervösen Erkrankungen des Hundes. 

 

Charlotte Philippine Lempp 

 

Axonale Schäden sind wesentlich an demyelinisierenden, entzündlichen und 

traumatisch bedingten Erkrankungen des zentralen Nervensystems (ZNS) beteiligt.  

Neben ihrer Bedeutung für die Veterinärmedizin haben die durch das kanine 

Staupevirus (canine distemper virus, CDV) ausgelöste Staupeenzephalitis und die in 

Folge von Bandscheibenvorfällen entstehenden Rückenmarksschädigungen (spinal 

cord injury, SCI) des Hundes einen hohen Stellenwert als spontan auftretende 

Modellerkrankungen für die Multiple Sklerose (MS) und traumatische 

Rückenmarksverletzungen beim Menschen erlangt.  

Untersuchungen über die Pathogenese von Axonschädigungen ergaben Hinweise 

auf eine wesentliche Beteiligung des axonalen Zytoskeletts und axonaler 

Transportmechanismen an deren Entstehung. Während die klinische Bedeutung des 

entstehenden Axonschadens bei den genannten Erkrankungen unstrittig ist, bedarf 

das Verständnis der zu Grunde liegenden Mechanismen weiterer Aufklärung. 

Während regenerative Mechanismen nach Axonschäden im peripheren 

Nervensystem häufig zu einer funktionellen Wiederherstellung führen, sind Axone 

des ZNS auf Grund einer inhibitorischen wirkenden Umgebung und der 

mangelhaften Wirkung promotorischer Moleküle, nicht zu einer effektiven 

Regeneration in der Lage. Dennoch zeigten zahlreiche Untersuchungen an 

verschiedenen Tiermodellen, dass axonale Regeneration durch endogen applizierte 

promotorische oder die Suppression inhibitorischer Moleküle verbessert werden 

konnte. 

In dieser Studie sollten die axonalen Schäden bei der Staupeenzephalitis und bei 

Rückenmarksschäden vergleichend untersucht werden um weitere Einblicke in die 
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Pathogenese bei diesen Tiermodellen zu gewinnen und diese möglicherweise auf die 

Situation bei humanen Erkrankungen übertragen zu können. 

Formalinfixiertes und Paraffin-eingebettetes Gewebe aus dem Kleinhirn natürlich 

staupeinfizierter Hunde und aus dem Rückenmark von Hunden mit 

Bandscheibenvorfällen wurde morphologisch in einer Hämatoxylin-Eosin-Färbung 

untersucht und die Läsionen klassifiziert. Dabei wurden insgesamt 120 Herde im 

Kleinhirn von 17 Hunden mit einer Staupeenzephalitis in 7 Gruppen verschiedener 

Erkrankungsstadien und eine Kontrollgruppe (n=8) untersucht.  Bei den Hunden mit 

Rückenmarksverletzungen wurden eine Gruppe mit akutem Trauma (n=9), eine 

Gruppe mit subakuten Läsionen (n=9) und eine Kontrollgruppe (n=10) unterschieden.  

Im Folgenden wurden zytoskelettale Proteine (phosphoryliertes (pNF) und nicht-

phosphoryliertes (nNF) Neurofilament) und das axonal transportierte 

Amyloidvorläuferprotein (amyloid precursor protein, APP) bei Hunden mit einer 

Staupeenzephalitis immunhistologisch untersucht. Des Weiteren wurde mittels 

Immunhistologie die Expression von Mikrotubuli (alpha-azetyliertes Tubulin und ß-

Tubulin III), Motorproteinen (Kinesin und Dynein) und Mikrotubuli-assoziierten 

Proteins Tau-1 wurde bei Tieren mit Staupeenzephalitis bzw. mit 

Rückenmarksverletzungen untersucht. Darüber hinaus wurde die Expression des 

Myelin-basischen Proteins (MBP) in den Staupeläsionen immunhistologisch 

detektiert und, ebenso wie die zuvor genannten, quantitativ ermittelt. Die gleichen 

Methoden wurden zur Ermittlung der Expression inhibitorisch wirkender Moleküle 

(neurite outgrowth inhibitor A, Nogo-A und leucine rich repeat and lg domain 

containing 1, LINGO-1) angewandt. Gleiches galt für die promotorisch wirkenden 

Moleküle Erythropoietin (EPO), dessen Rezeptor (EPO-R) und den Hxpoxie-

induzierten Faktor (HIF)-1α. Darüber hinaus wurde bei Hunden mit einer 

Staupeenzephalitis die Expression von Wachstum-assoziiertem Protein (growth-

associated protein, GAP)-43 quantitativ ermittelt. 

Die Ergebnisse wurden mittels Kruskal-Wallis Test und nachfolgendem paarweisen 

Gruppenvergleich unter Verwendung des Mann-Whitney-U Tests statistisch 

untersucht. Dabei wurden p-Werte von unter 0,05 als statistisch signifikant bewertet. 
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In den untersuchten Staupeläsionen war ein progressiver Rückgang der Expression 

zytoskelettaler Bestandteile (pNF, alpha-azetyliertes Tubulin und ß-Tubulin III), 

ebenso wie der Transportproteine (Kinesin, Dynein und Tau-1) ab der frühen Phase 

der Erkrankung detektierbar. Dieser Rückgang wurde begleitet von einem signifikant 

vermehren Nachweis axonal transportierten APP und nNF. 

In den Rückenmarksläsionen waren die Mikrotubuli in Sphäroiden und 

geschwollenen Axonen nachweisbar, hier ergaben sich jedoch keine signifikanten 

Unterschiede im Vergleich zu der Kontrollgruppe. Frühere Studien ergaben in 

Rückenmarksläsionen eine signifikant erhöhte Expression von Neurofilamenten und 

APP im Vergleich zur Kontrolle. Während Kinesin und Tau-1 im akuten und 

subakuten Erkrankungsstadium signifikant erhöht waren, zeigte Dynein nur in der 

späten Phase eine signifikant erhöhte Expression. 

Sowohl die inhibitorisch wie auch die promotorisch wirkenden Faktoren wurden im 

Kleinhirn nur in geringen Mengen exprimiert. Nogo-A zeigte einen Anstieg der 

Expression ab der frühen Phase der Staupeenzephalitis, während bei LINGO-1 keine 

signifikanten Veränderungen über die Dauer der Erkrankung detektierbar waren. 

GAP-43, EPO und HIF-1α zeigten eine verzögert einsetzende erhöhte Expression in 

subakuten und chronischen Staupeläsionen. Axonal exprimiertes EPO-R wurde 

hingegen im Krankheitsverlauf in der akuten Phase einsetzend und progressiv 

vermindert exprimiert. 

Bei Hunden mit einer Rückenmarksverletzung konnte eine signifikant höhere 

Expression von LINGO-1 in akuten und subakuten Fällen im Vergleich zur 

Kontrollgruppe festgestellt werden, während sich für Nogo-A keine signifikanten 

Veränderungen darstellten.  

Sämtliche promotorisch wirkenden Moleküle waren im Rückenmark in beiden 

Phasen der Erkrankung im Vergleich zur Kontrollgruppe signifikant erhöht. 

Die Ergebnisse dieser Studie weisen auf wesentliche Unterschiede in der 

Pathogenese axonaler Schäden zwischen der Virus-induzierten, demyelinisierenden 

Erkrankung und der traumatischen Schädigung des Gewebes hin. Während es bei 

der Staupeenzephalitis zu einer früh einsetzenden Schädigung des axonalen 

Zytoskeletts mit Beeinträchtigung des axonalen Transportes kommt, der final in 
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einem vollständigen und wahrscheinlich irreversiblen Verlust des Axons resultiert, 

erscheint die Axonschädigung bei traumatischen Rückenmarksläsionen als ein 

fokaler, mit Desorganisation axonaler Transportmechanismen einhergehender, 

möglicherweise reversibler Insult mit Akkumulation sowohl schädlicher als auch 

förderlicher Moleküle. Zusätzlich implizieren diese Ergebnisse einen weitgehenden 

Erhalt des Zytoskeletts und der Transportmechanismen proximaler und distaler 

Axonsegmente bei traumatischen Rückenmarksläsionen. 

Während die untersuchten inhibitorischen Faktoren keine wesentliche Rolle in der 

Pathogenese axonaler Schäden bei der Staupeenzephalitis zu spielen scheinen, 

kann der vermehrte Nachweis von LINGO-1 im geschädigten Rückenmark ein 

interessanter therapeutischer Ansatzpunkt mit dem Ziel der Verhinderung seiner 

inhibitorischen Wirkung sein. 

Obwohl der vereinzelte Nachweis Gap-43-positiver Axone in Staupeläsionen als 

Hinweis auf regenerierende Axone gewertet werden kann, scheint die Tatsache, 

dass promotorisch wirkende Moleküle erst in der späten Erkrankungsphase und nach 

dem weitgehenden Verlust intakter axonaler Strukturen aufreguliert werden, zu 

einem Scheitern regenerativer Versuche zu führen. 

Bei traumatischen Rückenmarksverletzungen hingegen, kann die bereits früh in der 

Erkrankung erhöhte Expression regenerationsfördernder Moleküle, die zeitgleich mit 

dem Auftreten zytoskelettaler Schäden einsetzt, einen erfolgversprechenden Ansatz 

für axonale Regeneration darstellen. 
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9 Appendix 

 

9.1 Sources of chemicals, reagents and antibodies 

 

C. Roth GmbH & Co. KG, Karlsruhe, Germany 

Acetic acid-n-butyl ester (EBE), catalog no. 4600.7 

Ethanol, Rotipuran®, catalog no. 9065 

Mayer’s Hematoxylin solution, catalog no. T865 

Hematoxylin, catalog no. 3816 

Hydrogen peroxide 30%, Rotipuran® p.a., catalog no. A8070.1 

Hydrochloric acid, Rotipuran® 25% p.a., catalog no. 6331 

Methanol, Rotipuran®, 99, 9% p.a., catalog no. 4627.6 

Sodium chloride, catalog no. P029 

Sodium hydroxide, p.a., catalog no. 6771 

2-propanol (Isopropyl alcohol, isopropanol), Rotipuran®, catalog no. 6752 

Roticlear®, catalog no. A538.3 

Roti®-Histol, catalog no. A6640 

Roti® Histo kit II, catalog no. T160.2 

Hydrochloric acid, Rotipuran®, ≥25% p.a., catalog no. 6331.3 

Citric acid monohydrate, p.a., catalog no. 3958.1 

 

Covance (formerly Sternberger Monoclonals), Emeryvi lle, USA 

Cytoplasmic dynein monoclonal antibody, MMS-400R 

Pan-neuronal neurofilament marker monoclonal antibody, SMI-311R 

Pan-axonal neurofilament marker monoclonal antibody, SMI-312R 

 

Department of Veterinary Medicine (Vetsuisse-Fakult ät), University of Bern, 

Switzerland, Prof. Dr. A. Zurbriggen 

CDV D110 monoclonal antibody 
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Millipore (formerly Chemicon International), Temecu la, USA 

Anti-growth associated protein-43 (GAP-43) polyclonal antibody, AB5220 

Mouse anti-Alzheimer precursor protein A4 monoclonal antibody, MAB348 

Prediluted mouse anti-tau1 monoclonal antibody, IHCR1015-6 

Rabbit anti-myelin basic protein (MBP) polyclonal antibody, AB980 

Rabbit anti-neurite outgrowth inhibitor protein A (Nogo-A) polyclonal antibody, 

AB5664P 

 

R&D Systems, Minneapolis, USA 

Human erythropoietin antibody, polyclonal antibody, AB-286-N 

 

Santa Cruz Biotechnology Inc., Dallas, USA 

EpoR (C20), polyclonal antibody, sc-695 

Lingo-1 (F-22), polyclonal antibody, sc-130803 

 

Sigma-Aldrich, St. Louis, USA 

Anti-kinesin 5A, polyclonal antibody, K0889 

Bovine serum albumin (BSA), A-3059 

3,3’-Diaminobenzidin-tetrahydrochloride hydrate (DAB),32750 

Monoclonal anti-acetylated tubulin clone 6-11B-1, T6793 

Monoclonal anti-ß-tubulin isotype III clone SDL.3D10, T8660 

Rabbit serum R4505 

 

Vector Laboratories, Inc., Burlingame, USA (distrib utor: Biologo, Kronshagen, 

Germany) 

Biotinylated goat anti-rabbit immunoglobulin, catalog no. BA 1000 

Biotinylated goat anti-mouse immunoglobulin, catalog no. BA 9200 

Vectastain Elite ABC kit, catalog no. PK-6100  
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VWR™ International GmbH, Darmstadt (formerly Merck KGaA, Darmstadt, 

Germany) 

30% hydrogen peroxide, H2O2 (Perhydrol®) p.a, catalog no. 1.07209.0250 

Di-sodiumhydrogenphosphat-dihydrate, p.a., 1.06580.1000 

 

 

9.2 Sources for equipment and disposable items 

 

Carl Zeiss AG, Göttingen, Germany 

Transmitted-light microscope  

 

Gerhard Menzel Glasbearbeitungswerk GmbH & Co. KG, Braunschweig, 

Germany 

Super Frost® Plus microscopic slides, catalog no. 041300 

 

Jürgens, Bremen, Germany 

Magnetic stirrer Ika-Combimag RTC 

 

Kendro Laboratory Products GmbH (formerly Heraeus),  Langenselbold, 

Germany 

Heraeus drying oven UT 6 

 

Leica Microsystems Nussloch GmbH, Nussloch, Germany  

Automatic slide stainer, Leica ST 4040 

Microtome, Leica RM2035 

 

Medite Medizintechnik, Burgdorf, Germany 

Automatic cover slipper, Promounter RCM 2000 

 

Data weighing systems Inc., Elk Grove, USA 

Precision balance Sartorius portable PT210 
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C. Roth GmbH & Co. KG, Karlsruhe, Germany 

Rotiprotect® Nitril glaves, catalog no. P777.1 

 

Thermo Electron Ltd., Dreieich, Germany 

Shandon Coverplates®, catalog no. 72110013 

Shandon Sequenza® Slide Racks catalog no. 7331017 

 

W. Knittel Glasbearbeitungs GmbH, Braunschweig, Ger many 

Cover glass (24 x 50 mm) 

 

 

9.3 Solutions for immunohistochemistry 

 

3.3'-Diaminobenzidine tetrahydrochlorid solution (DAB) 

Prepare shortly before use 

0.1 g 3.3'-diaminobenzidine tetra hydrochloride 

200 ml PBS 

200 µl 30% hydrogen peroxide 

 

1 M sodium hydroxide 

40 g sodium hydroxide 

1000 ml distilled water 

 

Phosphate buffered saline (PBS) 

40 g sodium chloride 

8.97 g sodium hydrogen phosphate 

5000 ml distilled water 

With 1 M sodium hydroxide adjust pH value at 7.1 
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Citrate buffer, pH 6.0 

2.1 g of citric acid monohydrate 

1000 ml distilled water 

With 1 M sodium hydroxide adjust the pH value at 6.0 
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Table 4: p-values of the pairwise comparisons betwe en controls and groups 

with CDV encephalitis (Mann-Whitney-U-test) 

Groups  MBP pNF nNF APP α-Tub. ß-Tub.III  Dyn.  Kin.  Tau-1 
1 and 2  0.752 0.000 0.000 0.273 0.085 0.015 0.439 0.479 0.132 
1 and 3  0.226 0.000 0.000 0.000 0.040 0.001 0.098 0.595 0.873 
1 and 4  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.091 0.809 
1 and 5  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 and 6  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 and 7  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 and 8  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
2 and 3  0.275 0.123 0.437 0.019 0.941 0.196 0.544 0.140 0.140 
2 and 4  0.000 0.036 0.520 0.002 0.006 0.001 0.000 0.006 0.217 
2 and 5  0.000 0.035 0.012 0.000 0.000 0.001 0.000 0.000 0.000 
2 and 6  0.000 0.127 0.000 0.000 0.000 0.008 0.000 0.000 0.000 
2 and 7  0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
2 and 8  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
3 and 4  0.000 0.011 1.000 0.223 0.018 0.030 0.000 0.248 0.637 
3 and 5  0.000 0.000 0.050 0.000 0.000 0.131 0.000 0.000 0.000 
3 and 6  0.000 0.001 0.007 0.000 0.000 0.136 0.000 0.000 0.000 
3 and 7  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
3 and 8  0.000 0.000 0.003 0.006 0.000 0.001 0.000 0.000 0.000 
4 and 5  0.018 0.914 0.178 0.014 0.212 0.111 0.105 0.000 0.000 
4 and 6  0.041 0.981 0.045 0.001 0.049 0.374 0.021 0.000 0.000 
4 and 7  0.636 0.075 0.001 0.017 0.002 0.032 0.000 0.000 0.000 
4 and 8  0.000 0.000 0.014 0.166 0.046 0.251 0.000 0.000 0.000 
5 and 6  0.972 0.294 0.506 0.089 0.427 0.472 0.817 0.000 0.000 
5 and 7  0.104 0.054 0.100 0.677 0.068 0.000 0.033 0.000 0.000 
5 and 8  0.000 0.000 0.319 0.464 0.786 0.002 0.017 0.000 0.000 
6 and 7  0.058 0.000 0.308 0.362 0.183 0.001 0.083 0.000 0.232 
6 and 8  0.000 0.000 0.637 0.084 0.695 0.020 0.058 0.000 0.002 
7 and 8  0.000 0.000 0.538 0.360 0.082 0.169 0.414 0.000 0.001 
 

White field=significant (p<0.05); grey field=not significant (p>0.05). 1=control group; 2=normal 

appearing white matter (NAWM); 3=antigen without morphological lesions; 4=vacuolation with 

evidence of antigen; 5=acute lesions; 6=subacute lesions without inflammation; 7=subacute lesions 

with inflammation; 8=Chronic lesions; APP=amyloid precursor protein; α-Tub.=alpha-acetylated 

tubulin; ß-tub.III=ß-tubulin III; ; Dyn=dynein; Kin.=kinesin; MBP=Myelin basic protein; nNF=non-

phosphorylted neurofilament; pNF=phosphorylated neurofilament. 
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Table 4 (continued): p-values of the pairwise compa risons between controls 

and groups with CDV encephalitis (Mann-Whitney-U-te st) 

Groups  Nogo -A LINGO-1 GAP-43 EPO EPO-R HIF-1α 
1 and 2  0.212 0.422 0.387 0.422 0.159 0.838 
1 and 3  0.000 0.359 0.966 0.566 0.076 0.976 
1 and 4  0.000 0.898 0.521 0.598 0.898 0.638 
1 and 5  0.001 0.171 0.708 0.017 0.000 0.000 
1 and 6  0.000 0.075 0.359 0.031 0.000 0.001 
1 and 7  0.000 0.916 0.029 0.847 0.000 0.000 
1 and 8  0.016 0.520 0.144 0.463 0.000 0.000 
2 and 3  0.007 0.673 0.454 0.296 0.028 0.845 
2 and 4  0.007 0.387 0.235 0.235 0.170 0.555 
2 and 5  0.041 0.103 0.230 0.014 0.000 0.002 
2 and 6  0.014 0.022 0.156 0.009 0.000 0.004 
2 and 7  0.007 0.353 0.016 0.353 0.000 0.000 
2 and 8  0.423 0.116 0.029 0.116 0.000 0.000 
3 and 4  0.701 0.535 0.555 0.836 0.181 0.658 
3 and 5  0.356 0.134 0.808 0.156 0.000 0.001 
3 and 6  0.705 0.020 0.437 0.095 0.000 0.001 
3 and 7  0.609 0.284 0.076 0.745 0.000 0.000 
3 and 8  0.042 0.208 0.175 0,722 0.000 0.000 
4 and 5  0.261 0.455 0.710 0.230 0.000 0.011 
4 and 6  0.737 0.151 0.892 0.163 0.000 0.014 
4 and 7  0.998 0.934 0.531 0.681 0.000 0.001 
4 and 8  0.033 0.715 0.561 0.813 0.000 0.002 
5 and 6  0.357 0.557 0.557 0.790 0.002 0.631 
5 and 7  0.319 0.341 0.190 0.060 0.001 0.517 
5 and 8  0.246 0.653 0.297 0.246 0.000 0.468 
6 and 7  0.900 0.077 0.693 0.039 0.781 0.648 
6 and 8 0.071 0.193 0.759 0.131 0.070 0.637 
7 and 8  0.057 0.569 0.810 0.522 0.056 0.986 
 

White field=significant (p<0.05); grey field=not significant (p>0.05). 1=control group; 2=normal 

appearing white matter (NAWM); 3=antigen without morphological lesions; 4=vacuolation with 

evidence of antigen; 5=acute lesions; 6=subacute lesions without inflammation; 7=subacute lesions 

with inflammation; 8=Chronic lesions; EPO=Erythropoietin; EPO-R=Erythropoietin receptor; GAP-

43=growth-associated protein 43; HIF-1α=hypoxia-inducible factor 1α; LINGO-1= leucine rich repeat 

and lg domain containing 1; Nogo-A=neurite outgrowth inhibitor A. 
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Table 5: p-values of the pairwise comparisons betwe en controls and groups 

with intervertebral disk disease (Mann-Whitney-U-te st) 

Groups  α-Tub ß-Tub. III  Dyn.  Kin.  Tau-1 

1 and 2  0.161 0.673 0.661 0.000 0.001 

1 and 3  0.236 0.370 0.021 0.000 0.000 

2 and 3  0.606 0.382 0.015 0.815 0.167 

 

Groups  Nogo -A LINGO-1 EPO EPO-R HIF-1 α 

1 and 2  0.549 0.006 0.000 0.000 0.001 

1 and 3  0.762 0.012 0.001 0.000 0.000 

2 and 3  0.114 0.541 0.963 0.923 0.630 

 

White field=significant (p<0.05); grey field=not significant (p>0.05). 1=control group; 2=acute IVDD; 

3=subacute IVDD; α-Tub.=alpha-acetylated tubulin; ß-tub.III=ß-tubulin III; Dyn=dynein; 

EPO=Erythropoietin; EPO-R=Erythropoietin receptor; HIF-1α=hypoxia-inducible factor 1α; 

Kin.=kinesin; LINGO-1= leucine rich repeat and lg domain containing 1; Nogo-A=neurite outgrowth 

inhibitor A 
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9.4 Abbreviations 

 

ABC Avidin-Biotin-Peroxidase complex 

APP Amyloid precursor protein 

BBB Blood brain barrier 

BSA Bovine serum albumin 

°C Degree Celsius 

CDV Canine distemper virus 

cm centimeter 

CNS Central nervous system 

DAB 3. 3´-diaminobenzidine-tetrahydrochloride 

EAE Experimental allergic encephalomyelitis  

EBE Acetic acid-n-butyl ester 

ECM Extracellular matrix 

EPO Erythropoietin 

EPO-R Erythropoietin receptor 

GAP Growth-associated protein 

GaR-b Goat-anti-rabbit-biotin 

H&E Hematoxylin-eosin 

HIF Hypoxia-inducible factor 

IHC Immunohistochemistry 

IVDD Intervertebral disk disease 

LINGO-1 leucine rich repeat and lg domain containing 1 

M molar 

MAG  Myelin-associated glycoprotein 

min Minutes 

ml Milliliter 

µl Microliter 

MS Multiple Sclerosis 

NAWM Normal appearing white matter 

NgR Nogo receptor 
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nNF Non-phosphorylated neurofilament 

no Number 

Nogo-A Neurite outgrowth inhibitor A 

OMgp Oligodendrocyte myelin glycoprotein 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

pNF Phosphorylated neurofilament 

PNS Peripheral nervous system 

RNA Ribonucleic acid 

RT-PCR Reverse-transcriptase polymerase chain reaction 

SCI Spinal cord injury 

TME Theiler`s murine encephalomyelitis 

TMEV Theiler`s murine encephalomyelitis virus 

TNF Tumor necrosis factor 

TROY  Tumor necrosis factor receptor superfamily member expressed 

on the mouse embryo 
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