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Chapter I: Introduction  

 

High speed conduction of electrical impulses along the axons of the nervous system is 

achieved through insulation of the axons with myelin sheaths (Kandel et al. 2000). In the 

central nervous system (CNS), myelin is produced by oligodendrocytes (Bunge et al. 

1962; Peters 1964), each of which can myelinate up to 50 axonal segments (Giaume and 

Venance 1995). In the peripheral nervous system (PNS) myelinating glial cells are the 

Schwann cells. One Schwann cell can only myelinate one axonal segment (Bunge et al. 

1986). Human myelin consists of 70% lipids and 30% proteins, and it is rich in cholesterol 

and phospholipid (Kandel et al. 2000).  

Demyelination is the destruction of myelin sheaths. It is the main feature of diseases 

affecting the central nervous system such as multiple sclerosis, transverse myelitis, 

progressive multifocal leukoencephalopathy, Devic’s disease, and various 

leukodystrophies, and the peripheral nervous system, such as the Guillain-Barré 

syndrome and the Charcot-Marie-Tooth disease. Multiple sclerosis, being the main cause 

of neurological disability among young adults, is one of the most important demyelinating 

diseases of the CNS.   

Multiple sclerosis is considered to be an autoimmune disease affecting approximately 2.5 

million people worldwide. The disease was first coined by Jean-Martin Charcot in 1868 

(Charcot 1868), who named the condition “Sclérose en plaques”. Onset of multiple 

sclerosis is between 20 and 40 years (Sospedra and Martin 2005), and it is a disease 

twice as often affecting women than men. The estimated mean annual MS incidence rate 

in Europe is 4.3 cases per 100 000 (Pugliatti et al. 2006), with high variations between 

European countries. Its prevalence ranges between 2 and 150 per 100,000 worldwide 
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(Rosati 2001). A wide variety of neurological symptoms is linked to the disease, including 

sensory and motor symptoms, such as weakness, spasms, difficulty in moving, in 

coordination, and balance (Freeman 2001), problems in speech or swallowing (Merson 

and Rolnick 1998), visual problems (Kaur and Bennett 2007), cognitive dysfunction 

(Compston and Coles 2002), or chronic pain (Zajicek et al. 2003). 

 The cause of multiple sclerosis is still unknown. Various genes have been linked to 

increased susceptibility for the condition (Dyment et al. 2004), such as genes of the Major 

Histocompatibility Complex (MHC) (Olerup and Hillert 1991; Sotgiu et al. 2002). Also, 

various pathogens have been linked to the condition, such as the Eppstein-Barr virus 

(Lunemann et al. 2007), and the human herpesvirus group (Challoner et al. 1995). Non-

infectious environmental factors such as stress, smoking or decreased exposure to the 

sun (Marrie 2004; Ascherio and Munger 2007; Islam et al. 2007; van der Mei et al. 2003) 

are also linked to higher risk of developing multiple sclerosis. It is generally considered 

that a combination of genetic and environmental factors triggers an autoimmune reaction 

and development of the disease. 

Clinically, there are four main subtypes of multiple sclerosis, the relapsing remitting (RR 

MS), secondary progressive (SP MS), primary progressive (PP MS) and progressive 

relapsing (PR MS) (Lublin and Reingold 1996). 85-90% of multiple sclerosis patients 

suffer from the relapsing-remitting form of the disease. This subtype of the disease is 

characterized by alternating periods of symptom aggravation (relapse) and relatively 

symptom-free periods (remission). The secondary progressive subtype describes the 

patients with RR MS, who have no defined periods of remission anymore. Instead, their 

neurological condition gradually deteriorates. Approximately 19 years pass from diagnosis 

until relapsing-remitting patients enter the secondary progressive stage of the disease 
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(Rovaris et al. 2006). Primary progressive MS affects approximately 10% of all multiple 

sclerosis patients. Here, from the very onset of the disease no or minor remission phases 

are observed, and this subtype is characterized by a steady decline in neurological 

functions (Miller and Leary 2007). Progressive relapsing multiple sclerosis consists of 

steady neurologic decline with additional acute attacks. It affects 5% of the multiple 

sclerosis patiens (Dutta and Trapp 2007). 

The main characteristics of a multiple sclerosis lesion are multifocal loss of 

oligodendrocytes and formation of reactive glial scar (Lassmann et al. 2001). Lesions are 

primarily found in the white matter of periventricular areas of the brain stem, cerebellum, 

optic nerve, and spinal cord (Noseworthy et al. 2000). Initiation of a demyelinating insult 

consists of activation of the immune system. This is suggested to be caused by means of 

molecular mimicry, when an antigen is immunologically indistinguishable from a self-

antigen, causing breakdown of immune regulation and eventual inappropriate 

inflammation against myelin components (Compston and Coles 2002). Axonal 

degeneration is not the most characteristic feature of a multiple sclerosis lesion, but as an 

irreversible one it causes permanent neurological damages to the patients. Axonal 

degeneration is more extensive in the early stages of the disease (Kuhlmann et al. 2002), 

and chronic plaques exhibit 50-70% lower axonal density in comparison to unaffected 

tissue (Lassmann et al. 2001). 

In recent years, studies have shown that demyelination does not only occur in the white 

matter in multiple sclerosis. Formations of the gray matter such as the cerebral and 

cerebellar cortex, as well as the hippocampus have been shown to be affected in multiple 

sclerosis (Sicotte et al. 2008; Gilmore et al. 2009; Geurts et al. 2007; Papadopoulos et al. 

2009; Kutzelnigg et al. 2005; Kutzelnigg et al. 2007). The hippocampus is a complex 
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structure, part of the limbic system, implicated functionally in the processes of learning 

and memory (Squire et al. 2004; Moscovitch et al. 2006). Dysfunction of the hippocampus 

may therefore lead to cognitive deficits, which have been reported in 25-60% of multiple 

sclerosis patients. More particularly, impairments of conceptual reasoning, visuospatial 

perception, recent memory, and verbal fluency are mainly affected (Rao et al. 1991). 

In general, the CNS has the capacity to remyelinate after a demyelinating event. 

Spontaneous remyelination has been described in 50% of multiple sclerosis plaques 

(Lucchinetti et al. 1999), and it restores electrophysiological activity (Smith et al. 1981). 

Repair of this kind is associated with early or acute multiple sclerosis (Lucchinetti et al. 

1999; Lassmann 1983; Raine and Wu 1993). Remyelination extent has been found to be 

reduced with disease chronicity and to be influenced by the lesion localization 

(Goldschmidt et al. 2009). Completely remyelinated lesions are called “shadow plaques” 

(Lassmann 1983; Bruck et al. 2003). It has been recently shown that remyelination in a 

subset of patients is more extensive than previously thought (Patrikios et al. 2006; Patani 

et al. 2007; Albert et al. 2007). Remyelination is considered to be achieved through 

recruitment of oligodendrocyte precursor cells (OPC) to the demyelinated lesion and 

differentiation of these into mature oligodendrocytes (Franklin and Ffrench-Constant 

2008; Stangel and Trebst 2006). Remyelination though ultimately fails (Mi et al. 2009), 

and even though OPC are present in the demyelinated lesions (Chang et al. 2000; Maeda 

et al. 2001). It is considered likely that various factors playing a role in OPC recruitment 

and differentiation are affecting remyelination in multiple sclerosis lesions. Inhibition of 

oligodendrocyte-axon interaction is suggested as a factor contributing to the failure of 

remyelination (Franklin 2002; Lubetzki et al. 2005).  



Chapter I: Introduction  

 

  13 

The neural cell adhesion molecule (NCAM) is a cell-surface molecule abundant in the 

CNS involved in cell-cell and cell-extracellular matrix adhesion (Rutishauser 2008). The 

extracellular domain of NCAM consists of five immunoglobulin-like (Ig) domains. 

Alternative splicing provides a wide variety of NCAM mRNAs and isoforms (Reyes et al. 

1991). The main three isoforms of NCAM are the one of 180, 140, and 120kD. NCAM 

participates in cell-cell recognition, nervous system development, learning and memory, 

plasticity, and regeneration. The 180kD isoform of NCAM regulates neuron-neuron 

adhesion, while the other two isoforms are expressed by astrocytes and oligodendrocytes 

and their myelin sheaths (Massaro 2002; Maness and Schachner 2007).  

NCAM activity is regulated by posttranslational synthesis of polysialic acid (PSA), a 

homopolymer of α2–8-linked sialic acids on its fifth Ig domain. This long, linear, negatively 

charged glycopolymer that has been found on all three main NCAM isoforms disrupts the 

adhesive properties of NCAM, and regulates the distance between the surfaces of two 

cells (Rutishauser 1998). PSA is widely expressed during embryonic life and in 

development, but is found in few brain formations such as the hippocampus, the rostral 

migratory stream, and the subventricular zone (Seki and Arai 1993) during adulthood. 

These are formations related to nervous system regeneration and plasticity.  

PSA synthesis is regulated by two polysialyltransferases, St8siaII, which is predominantly 

active during embryonic and early postnatal life, and St8siaIV, predominantly active 

during adulthood (Hildebrandt et al. 2008). It has been shown that the predominant role of 

St8siaII lasts until the 15th postnatal day in mice (Oltmann-Norden et al. 2008). Through 

studies on St8siaII and St8siaIV null mice, it has been found that the two enzymes 

partially compensate for each other (Galuska et al. 2006). Studies on mice deficient for 

both polysialyltransferases, lacking PSA completely, and mice deficient for PSA and 
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NCAM showed that the major role of PSA lies in regulating NCAM activity (Weinhold et al. 

2005). 

PSA is a molecule that has been linked to remyelination in several ways. Primarily it has 

been found to be expressed by OPC in demyelinating lesions in chemically induced 

demyelination, and to have a role in OPC recruitment (Oumesmar et al. 1995). Also, it 

has been shown to be expressed on naked axons in chronically demyelinated lesions in 

multiple sclerosis (Charles et al. 2002). PSA is generally considered to be not only an 

inhibitor of remyelination, but also an inhibitor of physiological myelination (Fewou et al. 

2007; Charles et al. 2000). As neurologists are looking for new therapeutic targets for 

enhancing remyelination in multiple sclerosis, shedding some light on the role of PSA in 

de- and remyelination is important.  
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Abstract 

In multiple sclerosis demyelination not only affects the white matter, but also the grey 

matter of the brain. We have previously reported that in the murine cuprizone model for 

demyelination lesions occur in addition to the corpus callosum also in the neocortex and 

hippocampus. In the current study, we provide a detailed characterization of hippocampal 

demyelination in the cuprizone model. Male C57BL/6 mice were challenged with 0.2% 

cuprizone for 6 weeks. Defined structures within the hippocampus were investigated at 

week 0 (control), 3, 4, 4.5, 5, 5.5, and 6. Demyelination affected all hippocampal 

structures analyzed and was complete after 6 weeks of cuprizone treatment. Between the 

distinct hippocampal structures the temporal pattern of demyelination varied considerably. 

Furthermore, infiltration of activated microglia as well as astrogliosis was detected. In 

summary, cuprizone feeding provides a useful model for studying demyelination 

processes in the mouse hippocampus.  
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Introduction 

Multiple sclerosis (MS) is a chronic immune-mediated disease of the central nervous 

system (CNS) characterized by demyelinating plaques of the white matter and axonal 

damage. In recent years studies have shown that demyelination also affects the grey 

matter including the hippocampus (Geurts et al. 2007; Geurts et al. 2007; Papadopoulos 

et al. 2009; Sicotte et al. 2008; Papadopoulos et al. 2009; Sicotte et al. 2008). The 

hippocampus is a complex archicortical structure situated within the medial temporal lobe 

and is implicated functionally in processes of learning and memory. Dysfunction of the 

hippocampus may therefore lead to cognitive deficits, which have been reported in 25-

60% of MS patients (Rao et al. 1991; Rao et al. 1991).  

However, to date the complex pathomechanisms and functional consequences of 

demyelination in the hippocampus are still far from being well understood. Therefore 

rodent models like the commonly used cuprizone model help exploring the underlying 

mechanisms (Skripuletz et al. 2008). In this model of demyelination young adult mice are 

fed with the copper chelator cuprizone (bis-cyclohexanone oxaldihydrazone), which leads 

to a reproducible demyelination of the corpus callosum within weeks (Matsushima and 

Morell 2001). Previously, we have shown for the first time that cuprizone feeding led to 

demyelination of the hippocampus and increased seizure rates (Hoffmann et al. 2008). 

After removal of the toxin, spontaneous remyelination in the hippocampus occurred. To 

date there are no other models for hippocampal demyelination. Here, we analyzed the 

dynamics of cuprizone induced hippocampal demyelination in detail and concomitantly 

monitored microglia activation as well as changes of astroglia and neural precursor cells. 
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Materials and Methods 

Animals and induction of demyelination 

C57BL/6 male mice were obtained from Charles River (Sulzfeld, Germany). Animals 

underwent routine cage maintenance once a week and were microbiologically monitored 

according to Federation of European Laboratory Animal Science Associations 

recommendations (Rehbinder et al. 1996). Food and water were available ad libitum. All 

research and animal care procedures were approved by the Review Board for the Care of 

Animal Subjects of the district government (Lower Saxony, Germany) and performed 

according to international guidelines on the use of laboratory animals.  

Demyelination was induced by feeding 8-week-old male C57BL/6 mice 0.2% cuprizone 

(bis-cyclohexanone oxaldihydrazone, Sigma-Aldrich Inc., St. Louis, MO, USA) mixed into 

a ground standard rodent chow. For demyelination the cuprizone diet was maintained for 

6 weeks. At different time points (0=control, 3, 4, 4.5, 5, 5.5, and 6 weeks) mice were 

perfused with 4% paraformaldehyde (PFA) in phosphate buffer via left cardiac ventricle as 

previously described (Lindner et al. 2008a). A group size of four animals was investigated 

at all time points. The brains were removed, postfixed in 4% PFA and paraffin embedded. 

For light microscopy, 7 µm serial paraffin sections were cut and dried at 37°C overnight. 

Sections between bregma -1.70mm and bregma -2.46mm (according to mouse atlas by 

Paxinos and Franklin (Paxinos and Franklin 2001) were analyzed. 

Histology and Immunohistochemistry 

Histology for Luxol-fast blue periodic acid-Schiff base (LFB-PAS) and 

immunohistochemistry were performed as previously described (Lindner et al. 2008b). 
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Paraffin embedded sections were de-waxed, rehydrated and microwaved for 5 min in 10 

mM citrate buffer (pH 6.0). Sections were quenched with H2O2, blocked for 1 h in PBS 

containing 3% normal goat serum, 0.1% Triton X-100, and then incubated overnight with 

primary antibody. The following primary antibodies were used: for myelin proteins PLP 

(mouse IgG, Serotec, Düsseldorf, Germany, 1:500), for microglia Mac-3 (rat IgG, BD 

Pharmingen, Heidelberg, Germany, 1:500), for astrocytes GFAP (mouse IgG, Chemicon, 

Hampshire, UK, 1:200), for oligodendrocytes Nogo-A (rabbit polyclonal, Chemicon, 

1:750), for oligodendrocyte precursor cells (OPC) NG2 (rabbit polyclonal, Chemicon, 

1:200), nestin (mouse IgG, Chemicon, 1:200), and polysialic acid (PSA; mouse IgG mAb 

735, in a concentration of 10µg/ml (Frosch et al. 1985)). 

After washing, sections were further incubated with biotinylated anti-mouse IgG (H+L), 

anti-rat IgG (H+L), and anti-rabbit IgG (H+L) secondary antibodies (Vector Laboratories, 

Burlingame, UK, 1:500) for 1 h, followed by peroxidase-coupled avidin-biotin complex 

(ABC Kit, Vector Laboratories). Reactivity was visualised with diamino-3,3’benzidine 

(DAB, Dako Cytomation, Hamburg, Germany). 

For PSA staining no antigen retrieval was performed and Triton X-100 was omitted from 

the blocking solution. When specific cleavage of PSA was required, sections were 

incubated with endosialidase of Bacteriophage K1F (endoNF, (Stummeyer et al. 2005), at 

a concentration of 3µg/ml in PBS for 2h at 37oC before blocking.  

For double labelling for nestin and GFAP (rabbit polyclonal, Dako Cytomation, 1:200), 

anti-mouse IgG1 Alexa-555 conjugated (Invitrogen, Carlsbad, CA, USA, 1:500) and anti-

rabbit FITC conjugated (Dianova, Hamburg, Germany, 1:200) secondary antibodies were 
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used. Slides were covered using DAPI (Invitrogen) containing Mowiol (Calbiochem, San 

Diego, CA, USA). 

Quantification of cells  

Quantification of immunopositive cells was performed in the following hippocampal 

formations: CA1, CA2, and CA3 part of stratum oriens (SOR CA1-3), stratum lacunosum 

moleculare (SLM), stratum pyramidalis (SPYR), stratum radialis and mossy fibers 

(SRAD/MF), and hilus (see Fig. 1 A). Cell counting was performed for GFAP, Mac-3, 

nestin, NG2, and Nogo-A. Counting was performed in both left and right hippocampus 

and a mean value is given in the results. Using a magnification of x40 (Leica DMLB, 

Wetzlar, Germany) the following areas were investigated for the different regions: 0.375 

mm2 for SOR CA1-3, 0.1875 mm2 for SPYR, 0.3125 mm2 for SRAD/MF, 0.0625 mm2 for 

SLM, and 0.0625 mm2 for hilus. Values were expressed as number of cells per mm2. 

Statistical analysis  

Statistical analysis was performed using one-way analysis of variance (ANOVA) with the 

factor “time/week” followed by the Fisher-PLSD-test for post hoc comparison if 

appropriate. All data are given as means ± standard error of the mean (SEM). P values of 

the different ANOVAs are given in the Results section, while group comparisons derived 

from post hoc analysis are provided in the figures. Significant effects are indicated by 

asterisks (*P < 0.05; **P < 0.01; ***P < 0.001).  
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Results 

Demyelination of the Hippocampus is extensive 

Histochemical LFB staining was not sensitive enough to reveal hippocampal 

demyelination (data not shown). In contrast, PLP immunostaining uncovered that 

treatment with cuprizone affected myelin in the majority of the structures within the 

hippocampus (Fig. 1). Treated animals sacrificed at the same time points exhibited a 

consistent pattern of hippocampal demyelination: After 3 weeks of treatment with 

cuprizone the SPYR CA3 region was already vastly demyelinated (Fig. 1 D1). The 

stratum moleculare was less affected (Fig. 1 D2) while in the other investigated regions 

no demyelination was observed at this time point. Between weeks 3 and 4 massive 

demyelination took place, as at week 4 most formations within the hippocampus, such as 

stratum oriens, hilus, stratum radiatum, and the CA3 region were affected. At week 4, 

only a few regions retained myelin, the most unaffected being the stratum lacunosum 

moleculare (Fig. 1 E2). This formation lost the majority of its myelin between weeks 4 and 

5. At week 6 demyelination was complete in the hippocampus, with only minimal amounts 

of small bundles of myelinated fibers to be found in the stratum lacunosum moleculare, 

hilus and stratum oriens.  

While the majority of the hippocampal areas were severely affected by week 6 and 

showed no signs of recovery during cuprizone feeding, the hippocampal fimbria was not 

demyelinated at all investigated time points.  
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Figure 1. PLP expression in hippocampus during cuprizone treatment. 

In (A) depiction of main hippocampal areas is shown: SOR (stratum oriens) CA1, CA2 

and CA3, SPYR (stratum pyramidalis), MF (mossy fibers), SRAD (stratum radialis), SLM 

(stratum lacunosum moleculare), and hilus. In (B) the black line marked areas represent 

the demonstrated hippocampal areas of which images are shown in (C-G) (1 = CA3 

region including SOR, SPYR, and MF; 2 = CA1 region including SRAD, and SLM; 3 = 

hilus). The temporal pattern of demyelination varies between the distinct hippocampal 

areas. Scale bars: 400 µm (A and B), 100 µm (C1-G3). 

 

 

 

 

 

 

Oligodendrocytes and oligodendrocyte precursors 

In order to study mature oligodendrocytes during cuprizone treatment we used the marker 

Nogo-A (Kuhlmann et al. 2007). In control hippocampus a small number of Nogo-A 

positive cells was found (Fig. 2 A). During cuprizone treatment the amount of Nogo-A 

positive cells was significantly reduced in all the distinct hippocampal structures: SOR 

CA1-3 (p=0.0002), SLM (p=0.013), SRAD/MF (p<0.0001), hilus (p=0.0025), and SPYR 

(p=0.013) (Fig. 3 A1-5). 

In order to follow the dynamics of oligodendrocyte cell generation during cuprizone 

treatment we used the marker NG2. In untreated animals, there was a large amount of 

NG2 positive cells. No significant changes in NG2 positive cell numbers were observed 

between cuprizone treated animals and controls in all regions (data not shown). 
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Hippocampal demyelination is accompanied by extensive microglia infiltration 

While Mac-3 positive microglia were absent from control tissue (Fig. 2 C) a large number 

of Mac-3 positive cells were observed in the hippocampus after 3 weeks of cuprizone 

treatment (for all areas: p<0.001, Fig. 3 B1-5). Thereafter, the numbers of activated 

microglia decreased in the areas SOR, SPYR, hilus, and SRAD/MF. In the SLM an 

increase of Mac-3 positive cells up to week 4.5 was observed, followed by a gradual 

decline (Fig. 3 B2).  

Accumulation of astroglia in the hippocampus is observed during cuprizone treatment 

Changes in the number of astrocytes during cuprizone treatment were studied by GFAP 

immunostaining. In control tissues there was a large number of astrocytes residing in the 

hippocampus (Fig. 2 E). After 3 and 4 weeks of cuprizone treatment a significant increase 

in astrocyte numbers was observed in SOR (p<0.0001), SLM (p=0.045), and SPYR 

(p=0.025) (Fig. 3 C1-5, for SOR CA3 at week 3 see Fig. 2 F). In these regions of the 

hippocampus, the number of GFAP positive cells reached a peak after 3-4 weeks of 

cuprizone treatment followed by a decline to control levels after 5-6 weeks (Fig. 3 C1-5). 

GFAP positive cells in all hippocampal regions were larger and had thicker processes 

after 3 weeks of cuprizone treatment (Fig. 2 F). 
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Increased number of nestin positive cells during cuprizone administration 

Nestin is a marker for neural precursors in the hippocampus (Kempermann et al. 2004). 

In untreated animals the amount of nestin-positive cells in the hippocampus was low (Fig. 

2 G). Cuprizone administration led to the appearance of a large number of nestin-positive 

cells in the majority of the hippocampal regions evaluated (Fig. 3 D; for CA3 at week 3 

see Fig. 2 H). There were significant differences between treated and untreated mice in 

the following hippocampal areas (Fig. 3 D1,3,5): SOR CA1-3 (p=0.002), SRAD/MF 

(p<0.0001), and SPYR (p<0.0001). In the SRAD/MF and SPYR the amount of nestin-

positive cells reached a peak after 3 weeks of cuprizone treatment and then it was 

gradually reduced to almost normal levels. In the SOR CA1-3 nestin-positive cells were 

maximally increased after 4 weeks of cuprizone feeding. 

In addition, the morphology of the nestin-positive cells was altered. Unlike the controls, 

many of these cells had short and thick processes after cuprizone treatment (Fig.2 H), 

which is reminiscent to the morphology of astrocytes (see Fig.2 F). Therefore, to verify if 

these nestin-positive cells are astrocytes double labelling with GFAP was performed. 

Indeed after 3 weeks of cuprizone treatment 70% of the nestin-positive cells were also 

positive for GFAP (Fig. 2 I). 
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Figure 2. Cells in the CA3 region in response to cuprizone treatment. 

Immunohistochemistry for glial cells and neuronal stem cells during cuprizone induced 

demyelination in the hippocampus. Images from the CA3 hippocampal area are shown in 

each case in comparison: of control mice (left column) and mice after 3 weeks of 

cuprizone feeding (right column), which were immunohistochemically stained for Nogo-A 

for mature oligodendrocytes (A and B), Mac-3 for microglia (C and D), GFAP for 

astrocytes (E and F), nestin for neuronal stem cells (G and H). In (I) immunofluorescence 
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double stainings for GFAP (green) and nestin (red) show colocalization of GFAP and 

nestin in 70% of all nestin-positive cells. Double positive cells are indicated with arrows. 

Scale bars: 100 µm (A-H), and 50 µm (I). 

 

 

 

Figure 3. Cellular infiltration of the hippocampus formation during cuprizone feeding. 

Graphs represent cell quantification for Nogo-A (A1-5), Mac-3 (B1-5), GFAP (C1-5), and 

nestin (D1-5) in SOR CA1-3, SLM, SRAD/MF, hilus and SPYR areas. Significant effects 

versus controls are indicated by asterisks (*P< 0.05, **P< 0.01, and ***P< 0.001). 
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PSA is abolished in the granule cell layer of the hilus upon cuprizone administration 

PSA is a marker of neuronally committed precursors (Kempermann et al. 2004). In 

addition to newborn neurons of the granule cell layer of the dentate gyrus PSA is found 

on mossy fibers, alveus, and hippocampal fimbria (Seki and Arai 1991b). During our study 

we consistently observed PSA staining of fibers of the hippocampal commissure (Fig. 4 

B). So far, PSA expression on fibers of the hippocampal commissure or corpus callosum 

in adult rodents has only been reported for the rat brain (Ramirez-Castillejo et al. 2002; 

Seki and Arai 1991a). Therefore, specificity of this staining was confirmed by treating the 

sections with endoNF, an enzyme that cleaves PSA with high specificity (Stummeyer et 

al. 2005). After endoNF treatment PSA immunoreactivity was completely eliminated (data 

not shown). 

Upon cuprizone administration, PSA expression in the hippocampal commissure and the 

granule cell layer was drastically reduced (Fig. 4 C and G). By week 4, reduction of the 

staining in these two structures was prominent but not complete, and by week 6 staining 

in these two areas completely vanished. On the other hand, in the mossy fiber tract and 

hippocampal fimbria PSA immunoreactivity was only mildly reduced after cuprizone 

treatment (for mossy fibers see figure 4E). 
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Figure 4. PSA expression alterations during cuprizone treatment. 

In (A) the thick line marked areas represent the demonstrated hippocampal areas of 

which images are shown in B-G. Images are representative for four animals per time 

point. The hippocampal commissure is presented in (B) and (C). In (D) and (E) the mossy 

fibers are shown, while (F) and (G) represent the hilus and granule cell layer. Scale bars: 

400 µm (A), and 100 µm (B-G). 
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Discussion 

Here, we showed that demyelination of the hippocampal formation was prominent after 

feeding of young male C57BL/6 mice with the neurotoxicant cuprizone and was 

accompanied by microglia activation, astrogliosis and changes of neural precursor 

distribution. Although we recently described that cuprizone treatment led to demyelination 

of the hippocampus (Hoffmann et al. 2008) time course and extent of hippocampal 

demyelination has not yet been investigated in detail. Despite almost complete 

demyelination of grey and white matter structures of the hippocampus the temporal 

pattern of demyelination differed between distinct hippocampal structures. A zonal 

distribution of cuprizone induced demyelination was also observed in the corpus callosum 

(Stidworthy et al. 2003).  

Consistent with the findings on grey matter demyelinating lesions in the cortex (Skripuletz 

et al. 2008), LFB histological staining was not sensitive enough to reveal demyelination in 

the hippocampus. Instead, to visualize myelin alterations in the hippocampus we used 

immunostaining for PLP. It has previously been shown that demyelination in the 

hippocampus was reversed once the animals returned to normal chow for a few weeks 

(Hoffmann et al. 2008). This indicates that the cuprizone model is a useful tool for 

studying de- and remyelination in the hippocampal formation. 

Along with demyelination, microgliosis occurred in the hippocampal structures. This is in 

accordance with findings on microglia infiltration in cuprizone induced demyelination of 

the corpus callosum and cortex (Hiremath et al. 1998; Lindner et al. 2008b; Skripuletz et 

al. 2008). Microgliosis reached a peak in all structures but the SLM at week 3, while 

demyelination for these structures was observed at week 4. In contrast, in the SLM a 



Chapter II: Demyelination of the hippocampus is prominent in the cuprizone model 

31 

major loss of PLP immunoreactivity was only observed in week 5, and the peak of Mac-3 

positive cell numbers was observed here in week 4.5. Thus, microglia accumulation 

preceded demyelination by approximately 1 week. 

Astrogliosis also occurred in a number of hippocampal structures upon cuprizone 

administration. Again, these results are in accordance with astrogliosis observed in the 

corpus callosum and cortex in the cuprizone model (Lindner et al. 2008b; Skripuletz et al. 

2008). 

No alterations were found in the numbers of NG2 positive cells during cuprizone 

administration. This creates a paradox concerning the reported remyelination of the 

hippocampal formation after ceasing of the cuprizone treatment. We have shown that in 

untreated animals the density of Nogo-A positive mature oligodendrocytes in the 

hippocampal formation is low. We speculate that for reappearance of this small mature 

oligodendrocyte population, only a small amount of OPCs would suffice. This amount 

could derive from the NG2 positive cells unaffected during cuprizone administration that 

naturally reside in the hippocampus. 

PSA is a migration marker primarily found in young neurons and in oligodendrocyte 

precursor cells (Bartsch et al. 1990; Oumesmar et al. 1995; Trotter et al. 1989). Here, we 

showed that four distinct, PSA expressing areas within and adjacent to the main 

hippocampus formation (granule cell layer, MF, hippocampal commissure, and 

hippocampal fimbria) reacted differently during cuprizone treatment. One of the factors 

causing this variability could be differential myelination of the areas. It is known that 

hippocampal fimbria fibers and mossy fibers that express PSA are not myelinated (Seki 
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and Arai 1991b; Seki and Arai 1991b; Seki and Arai 1993). The role of PSA on fibers is 

not clear neither is the mechanism of PSA expression loss from the neurons of the 

granule cell layer after cuprizone administration. One possibility is a decrease of PSA 

expression on these newborn neurons due to an unspecific stress reaction. Neuronal cell 

death can be excluded, since it has been shown that granule cell layer neuronal death 

occurred only after 12 weeks of cuprizone treatment (Hoffmann et al. 2008). Studies 

performed on the granule cell layer of adult rats suggested that PSA plays a role in the 

spatio-temporal neuronal maturation of hippocampal progenitors (Burgess et al. 2008). 

The fact that newborn PSA-positive neurons of the subgranular zone were completely 

eliminated after 6 weeks of cuprizone treatment, together with the finding that 70% of the 

nestin-positive cells in the hippocampus are double positive for GFAP could suggest that 

neural precursors of the dentate gyrus either acquire an astrocytic fate under these 

pathological conditions, and possibly contribute to the astrogliosis or that neurogenesis is 

halted while astrocytes are recruited from other sources. Alternatively, it is known that 

reactive astrocytes may reexpress nestin (Lin et al. 1995). 

In conclusion, we demonstrated that the cuprizone model is a useful tool for studying 

hippocampal demyelination. Interestingly, the distinct areas within the hippocampus and 

immediately adjacent areas reacted in a different manner and suggested different 

mechanisms of tissue reactivity. 
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Abstract 

Polysialic acid (PSA) is a carbohydrate polymer added posttranslationally on the neural 

cell adhesion molecule (NCAM) affecting its adhesion properties. It has been suggested 

that the presence of polysialic acid in demyelinated lesions in multiple sclerosis could 

prevent axon-glia interactions inhibiting spontaneous remyelination. The enzyme St8siaIV 

is one of the two polysialyltransferases responsible for PSA synthesis, and it is 

predominantly active during adult life. Here we treated 8-10 week old St8siaIV deficient 

and wildtype mice for 5 weeks with cuprizone, which is a reliable model for de- and 

remyelination in the corpus callosum and the cortex. Developmental myelination of the 

St8siaIV knock-out mice was not disturbed and adult mice show normal myelin protein 

expression. Demyelination did not differ between transgenic and wildtype mice, however, 

early myelin protein re-expression and thus remyelination was accelerated during the first 

week after withdrawal of the toxin. This was due to enhanced OPC differentiation rather 

than OPC recruitment. These data are proof of principle that PSA expression indeed 

interferes with remyelination in vivo and that modulation of PSA may improve 

regeneration. 
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Introduction 

Multiple sclerosis (MS) is the most common among demyelinating diseases of the central 

nervous system (CNS), affecting approximately 2.5 million people worldwide. The 

histopathological characteristics are demyelinating plaques, inflammatory infiltrates, 

astrocytic activation, and subsequent axonal damage (Lucchinetti et al. 2001; Frohman et 

al. 2006). Regeneration of myelin sheaths can occur spontaneously in some multiple 

sclerosis lesions, nevertheless, it is often severely reduced and repair rendered 

inadequate (Patrikios et al. 2006). Remyelination requires recruitment of oligodendrocyte 

precursor cells (OPC) to the demyelinated lesion and their differentiation into mature 

oligodendrocytes (Franklin and Ffrench-Constant 2008; Stangel and Trebst 2006). It has 

been suggested that inhibition of oligodendrocyte-axon interaction could be a factor 

contributing to remyelination failure (Franklin 2002; Lubetzki et al. 2005). 

The neural cell adhesion molecule (NCAM) has been linked to many fundamental 

processes in nervous system development, regeneration, and plasticity (Maness and 

Schachner 2007). NCAM is a member of the immunoglobulin superfamily of proteins and 

all of its three major isoforms (120, 140 and 180 kDa) can be modified by post-

translational attachment of polysialic acid (PSA), a linear homopolymer of α2–8-linked 

sialic acids. This glycosylation gives anti-adhesive properties to NCAM (Rutishauser 

2008). Even though PSA is widely expressed in the CNS after birth, it is restricted to only 

few structures of the adult brain, such as the hippocampus, the rostral migratory stream, 

and the subventricular zone, where its expression has been linked to plasticity and 

neurogenesis (Angata and Fukuda 2003; Seki and Arai 1993). In addition, PSA is 

considered to inhibit myelination (Fewou et al. 2007; Charles et al. 2000). It has also been 
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suggested as a possible inhibitor of remyelination in MS, as it is re-expressed on 

demyelinated axons in chronically demyelinated lesions (Charles et al. 2002). 

The two polysialyltransferases St8siaII (STX) and St8siaIV (PST) are independently 

capable of synthesizing polySia on NCAM. In rodents, St8siaII is predominantly 

responsible for PSA synthesis during embryonic and early postnatal life, while St8siaIV is 

predominantly active in adult animals (Hildebrandt et al. 2008). In St8siaIV deficient mice, 

St8siaII compensates for the lack of St8siaIV during development but in adulthood 

St8siaIV-/- animals have a reduced capacity for PSA synthesis (Oltmann-Norden et al. 

2008; Galuska et al. 2006; Eckhardt et al. 2000). Here we studied the role of PSA in de- 

and remyelination by subjecting ST8siaIV deficient mice to cuprizone treatment. This is a 

reliable model for de- and remyelination that is based on oligodendrocyte death caused 

by feeding mice with the copper chelator cuprizone (bis-cyclohexanone oxaldihydrazone). 

Once the toxin is withdrawn from the chow, remyelination occurs spontaneously 

(Matsushima and Morell 2001; Torkildsen et al. 2008). 

 

 

 

Materials and Methods 

Animals  

St8siaIV+/+ wildtype and St8siaIV-/- knock-out strains on C57BL/6J background 

(Bl/6.129Ola-St8siaIVTMTg1) were used. Verification of the wildtype or knock-out genotype 

was performed by PCR as previously described (Weinhold et al. 2005). Animals 

underwent routine cage maintenance and were microbiologically monitored according to 

Federation of European Laboratory Animal Science Associations recommendations 
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(Rehbinder et al. 1996). Food and water were available ad libitum. All research and 

animal care procedures were approved by the Review Board for the Care of Animal 

Subjects of the district government (Lower Saxony, Germany) and performed according 

to international guidelines on the use of laboratory animals.  

 

 

Cuprizone Treatment 

Demyelination was induced by feeding 8 to 10-week-old male mice a diet containing 0.2% 

cuprizone (bis-cyclohexanone oxaldihydrazone, Sigma-Aldrich Inc., St.Louis, MO, USA) 

mixed into ground standard rodent chow. For demyelination the cuprizone diet was 

maintained for 5 weeks. After different time points (0 = control, 4, 4.5, 5, 5.5 and 6) 

animals were perfused with 4% paraformaldehyde (PFA) in phosphate buffer via left 

cardiac ventricle as previously described.(Lindner et al. 2008a) Brains were removed, 

postfixed in 4% PFA and paraffin embedded. For light microscopy, 7 µm serial paraffin 

sections were cut and dried at 37°C overnight. A group size of four animals per genotype 

(St8siaIV+/+ and St8siaIV-/-) was investigated at all time points. Evaluation of 

demyelination was performed on sections between bregma -1.50mm and -2.00mm 

(Paxinos and Franklin 2001). 

 

Histology and Immunohistochemistry 

Histology and immunohistochemistry were performed as previously described (Lindner et 

al. 2008b). In brief, sections were stained for myelin with Luxol-fast blue periodic acid-

Schiff base (LFB-PAS). For immunohistochemistry, paraffin embedded sections were de-

waxed, rehydrated and microwaved for 5 min in 10 mM citrate buffer (pH 6.0). Sections 
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were quenched with H2O2, blocked for 1 h in PBS containing 3% normal goat serum, 0.1% 

Triton X-100, and then incubated overnight with primary antibody. The following primary 

antibodies were used: for myelin proteins PLP (1:500, mouse IgG, Serotec, Düsseldorf, 

Germany), MBP (1:1000, mouse IgG, Covance Research Products, Berkeley, CA, USA), 

and myelin oligodendrocyte glycoprotein (MOG) (1:2 hybridoma supernatant, generous 

gift by C. Linington). For mature oligodendrocytes Nogo-A (1:750, rabbit polyclonal, 

Chemicon), for OPC NG2 (1:200, rabbit polyclonal, Chemicon), for microglia Mac-3 

(1:500, rat IgG, BD Pharmingen, Heidelberg, Germany), for astrocytes GFAP (1:200, 

mouse IgG, Chemicon), and for PSA (mouse IgG mAb 735, in a concentration of 10µg/ml 

(Frosch et al. 1985)). When staining for PSA no antigen retrieval was performed and 

Triton X-100 was omitted from the blocking solution. After washing, sections were further 

incubated with biotinylated anti-Mouse IgG (H+L), anti-Rat IgG (H+L) and anti-Rabbit IgG 

(H+L) secondary antibodies (1:500, Vector Laboratories, Burlingame, UK) for 1 h, 

followed by peroxidase-coupled avidin-biotin complex (ABC Kit, Vector Laboratories). 

Reactivity was visualized with diamino-3,3’benzidine (DAB, peroxidase substrate kit, 

Vector Laboratories). To control specificity of PSA staining sections were incubated with 

endosialidase of Bacteriophage K1F (endoNF) (Stummeyer et al. 2005) at a 

concentration of 3µg/ml in PBS for 2h at 37oC before blocking. After endoNF treatment 

PSA immunoreactivity was completely eliminated. 

 

Evaluation of Myelination 

To investigate developmental myelination of the St8siaIV-/- strain four age points were 

selected, namely postnatal days 2, 8, 21, and 56 (P2, P8, P21, and P56, respectively). 

Brains from four animals per genotype (St8siaIV+/+ and St8siaIV-/-) were removed as 
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described above. Paraffin sections from the brains between bregma -1.50mm and -

2.00mm (Paxinos and Franklin 2001) for P56 mice, and equivalent brain level for the 

younger mice) were used to study developmental myelination in the corpus callosum, 

cortex, and hippocampus. Paraffin sections from the brains between bregma 2.70mm and 

2.50mm (according to mouse atlas for P56 mice, and equivalent brain level for the 

younger mice) were used to study developmental myelination in the frontal cortex.  

Sections were stained for LFB-PAS and immunostained for the myelin marker PLP, MBP, 

and MOG. In P56 mice evaluation of myelin stainings took place with myelin scoring for 

all myelin marker in the corpus callosum and for MBP and PLP the cortex. Myelination of 

the corpus callosum was evaluated by three blinded observers using a scoring system 

described before (Lindner et al. 2008a) with score 0 for no myelin (complete 

demyelination) to score 3 for fully myelinated corpus callosum. Scoring for cortical 

myelination was from 0 for no myelin to 4 for complete myelination in the cortex 

(Skripuletz et al. 2008). Hippocampus at P56 and cortex, corpus callosum and 

hippocampus myelin at P21, P8, and P2 were evaluated by observation of the staining 

pattern. Myelin scoring was performed using a light microscope (Leica DMLB, Wetzlar, 

Germany). 

Determination of myelination in the corpus callosum and cortex during cuprizone 

treatment at different time points was also performed by myelin scoring as described 

above. Hippocampal demyelination has been described before (Koutsoudaki et al. 2009; 

Norkute et al. 2009) and in this study the demyelination pattern of the hippocampus, as 

determined by MBP and PLP staining, was studied for differences between St8siaIV+/+ 

and St8siaIV-/- mice for all time points. Changes in PSA expression were also recorded. 
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 Quantification of Cells  

For evaluation of cuprizone treatment effects, quantification of immunopositive cells in the 

corpus callosum was performed for the following marker: Nogo-A (mature 

oligodendrocytes), NG2 (OPC), Mac-3 (microglia), and GFAP (astrocytes) in a total area 

of 0.1875mm2, including areas on the left, middle and right part of the formation. 

Quantification of cells in the cortex took place in a total area of 0.25mm2, including all 

cortical cellular layers (Fig. 4E), on the left and right hemispheres. Nogo-A and NG2 

positive cells were quantified in the corpus callosum for all age points as well. For P2 and 

P8, immunopositive cells were counted within an area of at least 0.09375mm² along the 

corpus callosum. In P8, cellular density of MBP positive cells was also measured. Only 

cells with identified nuclei (after counterstaining with hematoxylin) were counted, using a 

magnification of x40 (Leica DMLB, Wetzlar, Germany). Values were expressed as 

number of cells per mm2. 

 

Statistical Analysis  

Statistical analysis was performed using one-way analysis of variance (ANOVA) with the 

factor “time/week” followed by the Fisher-PLSD-test for post hoc comparison if 

appropriate. All data are given as arithmetic means ± standard error of the mean (SEM). 

P values of the different group comparisons derived from post hoc analysis are given in 

the results section. In the figures, significant effects are indicated by asterisks (*P < 0.05; 

**P < 0.01; ***P < 0.001). The same statistical analysis was performed for the 

developmental myelination study, where appropriate. 
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Results 

Myelination in St8siaIV-/- Mice 

In order to evaluate if developmental myelination is disturbed in St8siaIV-/- mice, we 

investigated the myelination pattern by LFB, PLP, MBP, and MOG stainings. As judged 

by myelin scoring for the corpus callosum and cortex, adult (P56) St8siaIV+/+ and 

St8siaIV-/- mice expressed the same level of myelin proteins. Similarly, there was no 

difference in the hippocampus at P56. In P8 mice we observed reduced PLP expression 

in the cortex and frontal cortex of St8siaIV-/- mice as compared to wildtype controls (Fig. 

1). However, no differences were observed in the LFB staining or MBP, PLP, and MOG 

expression in the corpus callosum or hippocampus at that age. Moreover, the cellular 

density of MBP positive cells in the corpus callosum in P8 did not differ between wildtype 

and St8siaIV-/- mice (162.7±31.2 for St8siaIV+/+ and 117.3±32.9 for St8siaIV-/-). Likewise, 

there were no differences in myelin protein expression the cortex, corpus callosum, 

hippocampus, and frontal cortex in P2 and P21 mice (data not shown). 
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Figure 1. PLP and MBP expression in the cortex and frontal cortex of St8siaIV+/+ and 

St8siaIV-/-mice in P8. 

The upper panel indicates the cortical area shown in the lower panels. In A, PLP and 

MBP expression in the St8siaIV wildtype and St8siaIV-/- cortex in P8 is shown. Note that 

PLP expression is higher in the wildtype animals while MBP expression is the same 

between the two strains. 

B shows the PLP and MBP expression in the frontal cortex of St8siaIV wildtype and 

St8siaIV-/- mice at P8. Again, PLP expression is higher in the wildtype animals while MBP 

expression is the same between the two strains. Sections are counterstained with 

hematoxylin. Scale bars: 100µm 
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To address possible changes in the numbers of OPC or mature oligodendrocytes during 

development, the numbers of NG2 and Nogo-A positive cells in the corpus callosum were 

comparatively analyzed at P2, P8, P21 and P56. We neither found significant quantitative 

differences between wildtype and St8siaIV-/- mice at any of these ages (Table 1), nor 

changes in the expression pattern of these markers in the hippocampus, and frontal 

cortex.  

 

TABLE 1. Cell quantification in the corpus callosum during developmental myelination. 

 NG2+ cells Nogo-A+ cells 

 St8siaIV+/+ St8siaIV-/- St8siaIV+/+ St8siaIV-/- 

P2 512 ± 44.2 594.7 ± 40.5 0 0 

P8 496 ± 30.9 544 ± 59.9 0 0 

P21 273.3 ± 55 250.7 ± 26.8 210.3 ± 32.5 176 ± 29.8 

P56 570.7 ± 146.5 298 ± 59.7 638.7 ± 99 609.3 ± 81.2 

Quantification of NG2-positive OPC and Nogo-A-positive mature oligodendrocytes in the 

corpus callosum during developmental myelination. Quantification took place using a 

magnification of x40 (Leica DMLB, Wetzlar, Germany). Values are given as arithmetic 

means of cells per mm2 ± SEM. 
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St8siaIV-/- Mice Remyelinate faster than Wildtype Animals after Cuprizone induced 

Demyelination 

De- and remyelination during and after cuprizone treatment was evaluated by myelin 

scoring in the corpus callosum for the LFB staining and immunohistochemical stainings 

for MBP, PLP, and MOG proteins. St8siaIV-/- mice respond to cuprizone treatment as 

expected, showing marked demyelination of the corpus callosum during the five weeks of 

cuprizone feeding and re-expression of myelin proteins after cuprizone withdrawal (Fig. 

2). Compared to wildtype animals remyelination was faster in St8siaIV-/- mice after 

withdrawal of cuprizone at weeks 5.5 and 6 (four  and seven days after the end of toxin 

administration, respectively). For each of the markers studied, significant differences 

between wildtype and knock-out were found for one of these two time points. In particular, 

the histological LFB staining as well as immunoreactivity for MOG were enhanced in 

St8siaIV deficient mice at week 5.5 (p=0.01 and p=0.004; Fig. 2D and 2E, respectively), 

while PLP and MBP signals were higher at week 6 (p=0.03, and p=0.02; Fig. 2F and 2G, 

respectively). Together, these data indicate higher myelin content during remyelination of 

the corpus callosum in ST8SiaIV deficient mice.  
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Figure 2. Myelin protein expression in the corpus callosum of St8siaIV+/+ and St8siaIV-/-

mice during cuprizone treatment. 

A indicates the area of the corpus callosum shown in B and C.  

B: LFB staining in the knock-out and wildtype corpus callosum in control, weeks 5, 5.5, 

and 6. Scale bars: 100µm 

C: PLP expression in the knock-out and wildtype corpus callosum in control, weeks 5, 5.5, 

and 6. Scale bars: 100µm. 

D-G: Comparison of the myelin and myelin protein expression in the corpus callosum of 

St8siaIV+/+ and St8siaIV-/-mice during cuprizone treatment: LFB (D), MOG (E), PLP (F), 

and MBP (G). A score of 3 represents normal myelin expression and a score of 0 

complete demyelination. 

 

 

 

 

Cortical De- and Remyelination of St8siaIV+/+ and St8siaIV-/-Animals during Cuprizone 

Treatment 

Cortical demyelination was evaluated using myelin scoring for MBP and PLP stainings. 

As seen in Fig. 3, there was only partial demyelination after five weeks of cuprizone 

feeding in both strains. Furthermore, demyelination in the wildtype animal seems to 

continue even after withdrawal of the toxin (p=0.01 for PLP expression between weeks 5 

and 6 of St8siaIV+/+). At week 5.5, four days after the end of cuprizone treatment, there 

was more PLP and MBP expressed in the cortex of St8siaIV-/- animals compared to 

wildtype (p=0.03 for PLP and p=0.0005 for MBP, Fig. 3C and 3D respectively). 
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Figure 3. Myelin protein expression in the cortex of St8siaIV+/+ and St8siaIV-/- mice during 

cuprizone treatment. 

A indicates the area of the cortex shown in the images in B.  

B: PLP expression in the knock-out and wildtype cortex in controls and week 5.5. Scale 

bars: 200µm. C: PLP expression in the cortex of St8siaIV+/+ and St8siaIV-/-mice during 

cuprizone treatment. D: MBP expression in the cortex of St8siaIV+/+ and St8siaIV-/-mice 

during cuprizone treatment.  A score of 3 represents normal myelin expression and a 

score of 0 complete demyelination. 
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OPC and Mature Oligodendrocytes in the Corpus Callosum and Cortex during Cuprizone 

Treatment  

Quantification of NG2-positive OPC and Nogo-A-positive mature oligodendrocytes in the 

corpus callosum revealed no significant differences between the knock-out and the 

wildtype animals. Accumulation of NG2 positive cells and reversible depletion of Nogo-A 

positive cells during cuprizone treatment were the same for both strains (Fig. 4B and 4A, 

respectively). In the cortex, however, a significantly higher amount of mature 

oligodendrocytes was found in the St8siaIV-/- mice in comparison to the wildtype controls, 

only 4 days after ceasing of the cuprizone treatment (week 5.5; Fig. 4F). In contrast, the 

density of NG2 positive OPCs, although slightly increased towards the end of the 

treatment in the St8siaIV-/- mice, was not significantly different between the two strains in 

the cortex (week 5; Fig. 4G). 

 

Glial Response during Cuprizone Treatment 

Quantification of Mac-3-positive cells within corpus callosum and cortex pointed towards 

an accumulation of activated microglia in both, St8siaIV+/+ and St8siaIV-/- mice during 

cuprizone administration, which subsided as soon as treatment with the toxin was 

stopped (Fig. 4C, H). In St8siaIV-/- mice, the density of activated microglia was 

significantly higher after 4 weeks of treatment in the corpus callosum and after 4.5 weeks 

in the cortex (p<0.05 for both; Fig. 4C, H). At all time points studied, quantification of 

GFAP positive cells showed extensive accumulations of astrocytes in corpus callosum 

and cortex of both, wildtype and knock-out animals (Fig. 4D and 4I). There were no 

significant differences between St8siaIV+/+ and St8siaIV-/- animals except for week 5.5, 
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when the knock-out strain displayed a higher density of GFAP positive cells in the cortex 

(p<0.05) (Fig. 4I). 

 

 

Figure 4. Cell quantification in St8siaIV+/+ and St8siaIV-/-mice during cuprizone treatment. 

Upper panel: Comparison of Nogo-A (A), NG2 (B), Mac-3 (C), and GFAP (D) positive 

cells in the corpus callosum of St8siaIV+/+ and St8siaIV-/- mice during cuprizone 

treatment.  
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Lower panel: Cell quantification in the cortex. In E shows the cortical area where cell 

quantification was performed. Comparison of Nogo-A (F), NG2 (G), Mac-3 (H) and GFAP 

(I) positive cells in St8siaIV+/+ and St8siaIV-/- mice during cuprizone treatment.  

 

 

 

PSA Expression during Cuprizone Treatment 

Differences in PSA expression between untreated wildtype and St8siaIV deficient animals 

included loss of staining in the mossy fiber tract (Fig. 5D), and the dendrites and axons of 

the stratum oriens neurons within the hippocampus for the knock-out animals. Also, 

diffuse staining of the inner cortical layers found in the wildtype mice was not observed for 

the St8siaIV-/- strain (Fig. 5B). These differences have been previously reported (Eckhardt 

et al. 2000). 

During cuprizone treatment marked changes of PSA expression were observed in 

wildtype and St8siaIV-/- mice. Immunoreactivity of cells in the subgranular zone of the 

dentate gyrus, which is maintained in St8siaIV-/- mice (Eckhardt et al. 2000) was 

completely abolished. One week after withdrawal of the cuprizone treatment (week 6) 

partial recovery of the PSA expression on the newborn neurons of the granule cell layer 

was observed in both strains (Fig. 5D). In addition, expression of PSA on fibers of the 

hippocampal commissure (Koutsoudaki et al. 2009) not affected in untreated St8siaIV-/- 

mice but vastly reduced in both lines after cuprizone treatment (Fig. 5C). Neocortical 

staining found in the wildtype animals is slightly reduced after cuprizone treatment, as 

well as after 7 days of recovery (Fig. 5B) 
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Figure 5. PSA expression in St8siaIV+/+ and St8siaIV-/-mice during cuprizone treatment. 

A indicates the areas of the brain shown in the images in B, C, and D. 

B: PSA expression in the in the knock-out and wildtype cortex in controls, and weeks 5 

(demyelination) and 6 (remyelination) of cuprizone treatment. Hematoxylin 

counterstaining. Scale bars: 200µm. 

C: PSA expression in the in the knock-out and wildtype hippocampal commissure in 

controls, and weeks 5 (demyelination) and 6 (remyelination) of cuprizone treatment. 

Hematoxylin counterstaining. Scale bars: 100µm. 

D: PSA expression in the in the knock-out and wildtype granule cell layer in controls, and 

weeks 5 (demyelination) and 6 (remyelination) of cuprizone treatment. Arrows indicate the 

PSA-expressing young neurons of the granule cell layer. Hematoxylin counterstaining. 

Scale bars: 100µm.  

 
 

 
Discussion 

Here we show that reduced synthesis of the carbohydrate polymer PSA is associated with 

accelerated remyelination after toxin-induced demyelination. Mice deficient for St8siaIV, 

one of the two enzymes responsible for PSA synthesis, exhibited faster reexpression of 

myelin proteins than the wildtype animals after 5 weeks of cuprizone treatment. These 

new data corroborate the hypothesis that PSA is an inhibitor of remyelination in vivo 

(Charles et al. 2002). 

At most stages of postnatal development the physiological myelination pattern in the brain 

of St8siaIV deficient mice was normal. Only at postnatal day 8, reduced PLP expression 

in the cortex of St8siaIV-/- mice was detected. This outcome was not surprising, since 

St8siaII is the polysialyltransferase predominantly responsible for PSA synthesis during 

the first 15 days postnatally (Oltmann-Norden et al. 2008). Important in the context of the 
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current study, analyses of myelin staining indicated a normal level and pattern of 

myelination in the St8siaIV deficient animals. Thus, at the beginning of cuprizone 

treatment myelination of St8siaIV-/- mice was comparable to the wildtype. 

Remyelination of denuded axons restores saltatory conduction and prevents axonal 

damage (Stangel 2008; Rodriguez 2003). Therefore enhancement of remyelination is 

currently one of the main aims in multiple sclerosis research. The cuprizone model is 

widely used to study experimental remyelination in rodents (Lindner et al. 2008a; 

Matsushima and Morell 2001; Torkildsen et al. 2008; Skripuletz et al. 2009a). 

Spontaneous remyelination occurs in the white matter of the corpus callosum after 

withdrawal of the toxin. In the current study we found significant differences between 

St8siaIV deficient and wildtype mice during recovery from the 5-week cuprizone 

treatment, as the knock-out mice exhibited stronger expression of the myelin markers 

PLP, MBP, and MOG, as well as stronger LFB staining in the corpus callosum. 

Recruitment of OPC and maturation of OPC into myelin-producing oligodendrocytes are 

considered to be the main events in remyelinating lesions in multiple sclerosis (Franklin 

and Ffrench-Constant 2008; Stangel and Trebst 2006). In developmental myelination as 

well as in experimentally induced demyelinated lesions OPCs are PSA-positive (Trotter et 

al. 1989; Oumesmar et al. 1995). During maturation, however, OPC downregulate PSA 

expression (Trotter et al. 1989; Bartsch et al. 1990), which seems to be a prerequisite for 

myelin formation. More recently, this was corroborated by showing that forced expression 

of St8siaIV under control of the PLP promoter prevents downregulation of PSA during 

oligodendrocyte maturation and is associated with reduced myelin formation in the 

forebrain (Fewou et al. 2007). In the current study no differences in OPC numbers were 

found between St8siaIV+/+ and St8siaIV-/- mice in the corpus callosum in all time points of 
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cuprizone treatment and recovery. Thus, after ceasing of the toxin-containing diet, the 

same amount of OPC has a different efficiency in forming myelin in the corpus callosum 

of the two lines. We suggest that reduced PSA in the St8siaIV-/- mice supports OPC 

maturation and subsequently increased myelin production during recovery from 

cuprizone. 

This is further supported by the increased myelin protein expression observed in the 

cortex of the St8siaIV deficient mice compared to wildtype animals during recovery from 

cuprizone. In contrast to corpus callosum, however, we also found more mature 

oligodendrocytes in the cortex of the St8siaIV-/- animals 4 days after return to normal 

chow. This, in combination with the fact that OPC numbers in the cortex did not differ 

significantly between wildtype controls and knock-out animals at any time point examined, 

underlines the suggestion that reduced PSA expression affects OPC maturation rather 

than OPC recruitment. 

Higher density of mature oligodendrocytes for the knock-out animals during recovery from 

cuprizone was not found in the corpus callosum. This might be due to regional differences 

and variable tissue reactivity (Gudi et al. 2009). E.g. n the cortex wild type mice express 

PSA while St8siaIV deficient mice do not (Eckhardt et al. 2000; Chung et al. 1991). 

PSA expression in the corpus callosum and adjacent hippocampal commissure was the 

same in untreated mice of the two strains, and was equally reduced during cuprizone 

treatment. Therefore, this expression must be due to St8siaII activity, and it cannot be 

affecting remyelination efficacy in the corpus callosum. In the cortex though, PSA 

expression has been known to be a result of the St8siaIV activity and accordingly cannot 

be found in St8siaIV deficient mice (Eckhardt et al. 2000; Hildebrandt et al. 1998). Thus, 

reduced PSA expression in the cortical lesion can be directly linked to higher myelin 
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protein expression in the St8siaIV knock-out animals during recovery from the cuprizone 

treatment. 

After 5 weeks of cuprizone treatment cortical demyelination was not complete and 

withdrawal from cuprizone treatment was not accompanied by spontaneous 

remyelination. It is known that complete cortical demyelination requires 6 weeks of 

cuprizone treatment, and that after this period of time spontaneous remyelination in the 

cortex occurs (Skripuletz et al. 2008; Gudi et al. 2009). In our study, incomplete 

demyelination could be one reason why remyelination in the cortex did not evolve as one 

would expect. It is also possible that 5 weeks of cuprizone treatment leads to non-

reversible oligodendrocyte damage that continues to full demyelination before 

remyelination can occur. 

The activation of astroglia and microglia in the corpus callosum and cortex during 

cuprizone treatment as found in the current study has been described before (Skripuletz 

et al. 2008; Hiremath et al. 1998; Remington et al. 2007). Higher density of microglia was 

observed in the corpus callosum and cortex of the knock-out animals in weeks 4.5 and 4 

respectively. As our study focused on de- and remyelination we have not studied the 

relation between reduced PSA expression and slightly higher microglia accumulation in 

the St8siaIV deficient mice in the particular time points. It does not seem that this event 

directly affects remyelination efficacy in the knock-out strain in weeks 5.5 and 6.  

In conclusion, we show that mice lacking St8siaIV polysialyltransferase have an 

accelerated onset of remyelination after cuprizone-induced demyelination. Our results 

suggest that this is due to OPC differentiation rather than OPC recruitment. The proof of 

principle that remyelination is facilitated in the absence of ST8SiaIV may open new 

therapeutic options for diseases like multiple sclerosis where remyelination fails.  
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Chapter IV: General Discussion 
 
 
In this study hippocampal demyelination in the cuprizone model was described and the 

role of Polysialic acid in de- and remyelination was further investigated. The fact that 

cuprizone treatment causes demyelination of the hippocampus has been previously 

reported (Hoffmann et al. 2008). In the first part of our study loss of myelin in the 

hippocampus as well as the cellular response to cuprizone administration in C57BL/6 

mice were described in detail. It was shown that demyelination of the hippocampus after 6 

weeks of treatment with 0.2% cuprizone was prominent. Distinct formations within the 

hippocampus had a variable temporal pattern of demyelination, reaching complete 

demyelination at different time points. A zonal distribution of demyelination in the 

cuprizone model has also been described for the corpus callosum (Stidworthy et al. 

2003). Moreover, astroglia accumulation and microglia infiltration were observed within 

the various hippocampal structures. This is in accordance with microglia and astroglia 

accumulation reported in cortical, cerebellar, and corpus callosum cuprizone-induced 

demyelination (Skripuletz et al. 2008; Lindner et al. 2008b; Gudi et al. 2009; Skripuletz et 

al. 2009b; Norkute et al. 2009; Hiremath et al. 1998; Remington et al. 2007). 

Accumulation of nestin-positive cells was also described in the cuprizone-treated 

hippocampus and it has been linked to reactive astrogliosis. Changes in the expression of 

PSA during demyelination of the hippocampus were also recorded. PSA is a marker of 

neuronally-committed precursors (Kempermann et al. 2004). Distinct hippocampal 

formations within the hippocampus reacted differentially to cuprizone administration. PSA 

staining on the hippocampal commissure as well as on the young neurons of the 

subgranular layer of the dentate gyrus was completely abolished after 6 weeks of 
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treatment. On the other hand it was only faintly reduced on the fibers of the mossy fiber 

tract.  

Our results, where comparable, were similar to the ones reported in another study on 

cuprizone-induced hippocampal demyelination (Norkute et al. 2009). Only one significant 

difference existed between the two studies. While we reported hippocampal microgliosis 

during cuprizone treatment, Norkute et al. did not. As the mouse strain in both cases was 

C57BL/6, differences cannot be attributed to strain dependency. Cuprizone feeding 

conditions and animal ages were also similar. Microglia detection though was performed 

using different markers. Norkute et al. used Iba-1 and F4/80, macrophage-microglia 

markers that are expressed in resting microglia, while their expression is upregulated in 

activated microglia (Imai et al. 1996; Ohsawa et al. 2004; Chen et al. 2005; Austyn and 

Gordon 1981). We studied microglia activation through immunolabeling for Mac-3, a 

lysosomal antigen, which is also used for detecting inflammatory macrophages and 

activated microglia. It is possible that the difference pinpointed between the two studies is 

a result of the above markers recognizing different subpopulations within the activated 

microglia pool. In multiple sclerosis tissue, when lesions were classified according to 

location, microgliosis was rare in intrahippocampal lesions, while moderate microglia 

infiltration was observed in mixed intrahippocampal-perihippocampal lesions (Geurts et al. 

2007). In another study microglia infiltration extent was used in order to classify 

hippocampal lesions according to their activation stage. No microglia accumulation was 

considered to characterize inactive lesions, while reduced amount of activated microglia 

in the centre and high cellular density in the lesion edge was considered to characterize 

chronic active lesions. Finally, strong microglia infiltration was found in one lesion that 

was considered acute active (Papadopoulos et al. 2009). It is obvious that microglia 
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accumulation in multiple sclerosis lesions within the hippocampus is among others 

affected by the stage of activity and location, and trying to make parallels between 

multiple sclerosis and experimentally-induced lesions in this case is difficult. 

In general, our study offered a better insight on the events defining toxin-induced 

demyelination. Demyelinated lesions described in the hippocampus of multiple sclerosis 

patients (Papadopoulos et al. 2009; Geurts et al. 2007; Sicotte et al. 2008) have been 

thought to contribute to cognitive function impairments known to occur in many multiple 

sclerosis patients (Rao et al. 1991). Subsequently, better understanding of their 

pathogenesis is of great importance. Here we outlined cellular events during cuprizone-

induced hippocampal demyelination and showed the usefulness of the murine cuprizone 

model in studying hippocampal demyelinated lesions. These results can be used as 

reference for investigations of hippocampal demyelination in future studies. 

The second part of the study attempted to further explore the role of PSA expression in 

remyelination after a demyelinating event. As PSA is re-expressed on the denuded axons 

of demyelinated lesions in multiple sclerosis, while the adjacent intact white matter has no 

PSA-expressing axons, PSA is considered to be an inhibitor of remyelination (Charles et 

al. 2002). Further elucidation of its function in the lesion is required. Mice deficient for 

St8siaIV, one of the two enzymes responsible for PSA synthesis on NCAM were 

submitted to cuprizone treatment and their de- and remyelination were compared to 

wildtype mice. It was shown that reduced PSA synthesis is associated with a faster onset 

of remyelination in the corpus callosum and higher myelin content in the cortex as soon 

as cuprizone is withdrawn from the rodent chow. This adds to the data supporting an 

inhibitory role for PSA in remyelination in vivo. As quantification of NG2-positive OPC in 

the demyelinated lesions does not differ between wildtype and deficient mice, it is 
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suggested that reduced PSA expression does not affect OPC recruitment, but rather their 

maturation to myelin-producing oligodendrocytes. This is also supported by the fact that in 

the cortex, 4 days after withdrawal of cuprizone, Nogo-A-positive mature 

oligodendrocytes were more abundant in the St8siaIV-/- than in the St8siaIV+/+ mice. PSA 

expression changes exhibit no differences between the two strains. In the St8siaIV-/- 

animals, PSA has not been found to be expressed in the cortex, dendrites and axons of 

the stratum pyramidalis neurons of the hippocampus, or the hippocampal mossy fiber 

tract, as shown before (Eckhardt et al. 2000). Knock-out animals though express PSA on 

the hippocampal commissure fibers, newborn neurons of the subgranular zone in the 

dentate gyrus, and diffusely on the stratum lacunosum moleculare as wildtype animals 

do. These formations exhibit complete or slight loss of PSA staining during cuprizone 

treatment, which is similar to both strains. Hippocampal demyelination is also similar in 

extent and temporal pattern between the wildtype and St8siaIV deficient mice. Finally, the 

investigation of developmental myelination of the St8siaIV-/- mice showed no significant 

alterations to the wildtype strain. 

This study provided further data supporting the assumption that PSA expression 

interferes with remyelination in vivo.  It is shown that modulation of PSA may improve 

regeneration processes and that PSA could act as a target in future regeneration 

treatments. 
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Summary 

 

Multiple sclerosis is an autoimmune demyelinating disease affecting 2.5 million people 

worldwide. The disease is characterized by multifocal inflammation, oligodendrocyte 

death, reactive gliosis, and axonal degeneration. Lesions are usually found in the white 

matter of the brain and spinal cord. Nevertheless lesions have also been often recorded 

in gray matter areas of the brain such as the hippocampus. Demyelinated plaques in the 

hippocampus have been linked to cognitive deficits observed in 25-60% of multiple 

sclerosis patients.  

Cuprizone is a copper chelator which when administered to rodents reproducibly causes 

oligodendrocyte death and induces prominent demyelination in the corpus callosum within 

weeks. Remyelination occurs spontaneously after cuprizone is withdrawn from the rodent 

chow. Administration of cuprizone is thus used as a reliable animal model in studying 

demyelination as well as remyelination.  

Previous studies have shown that the hippocampus is also affected by cuprizone 

administration. In this study we described in detail hippocampal demyelination in the 

cuprizone model. We showed that after 6 weeks of 0.2% cuprizone treatment in C57BL/6 

mice hippocampal demyelination was prominent. Also, distinct formations within the 

hippocampus had a variable temporal demyelination pattern. Demyelination in the 

hippocampus was accompanied by accumulation of astroglia, microglia, as well as 

accumulation of nestin-positive cells.  

Spontaneous remyelination has been described in multiple sclerosis plaques, and it has 

been found to restore electrophysiological activity. Remyelination requires first 
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recruitment of oligodendrocyte precursor cells and later differentiation of these into 

mature oligodendrocytes.  

The neural cell adhesion molecule (NCAM) is playing a major role in cell-cell recognition 

in the nervous system. Its function is regulated by posttranslational addition of polysialic 

acid (PSA) on it by two polysialyltransferases, St8siaII and St8siaIV. St8siaIV is the 

enzyme predominantly active in adult mice. PSA regulates NCAM function by disrupting 

its adhesive properties. PSA is widely expressed during development, but its expression 

is limited to very few brain formations in adulthood. Its re-expression on permanently 

demyelinated axons in multiple sclerosis lesions renders PSA a possible remyelination 

inhibitor. 

We showed that cuprizone treatment affects PSA expression in the brain. More 

particularly a 6-week cuprizone administration leads to reduction of PSA expression in the 

fibers of the mossy fiber tract, while it completely disappears from fibers of the 

hippocampal commissure and from the young neurons of the subgranular cell layer of the 

dentate gyrus. 

To further study the role of PSA in remyelination, St8siaIV deficient mice were submitted 

to cuprizone treatment. We observed that reduced PSA synthesis is associated with a 

faster onset of remyelination in the corpus callosum and the cortex after withdrawal of the 

cuprizone treatment. This data show that PSA modulates demyelination in vivo and thus it 

could serve as a target for new regenerative treatments for multiple sclerosis. 
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Zusammenfassung 

 

Multiple Sklerose (MS) ist eine autoimmun vermittelte demyelinisierende Erkrankung des 

zentralen Nervensystems (ZNS), von der weltweit 2.5 Millionen Menschen betroffen sind. 

Die Erkrankung wird durch multifokale Entzündung, Zelltod von Oligodendrozyten, 

reaktive Gliose und axonale Degeneration charakterisiert. Die Läsionen befinden sich 

gewöhnlich in der weißen Substanz des Gehirns und des Rückenmarks. Neuere Arbeiten 

zeigen jedoch, dass Läsionen auch in der grauen Substanz des Gehirns, wie dem Kortex 

oder Hippocampus häufig zu finden sind. Kognitive Defizite, die bei 25-60% der MS-

Patienten beobachtet werden, sind mit den demyelinisierten Plaques im Hippocampus in 

Verbindung gebracht worden. 

Durch Zugabe des Kupferchelators Cuprizone zum Futter kommt es bei Nagetieren 

innerhalb weniger Wochen zu einer reproduzierbaren Oligodendrozytenschädigung und 

einer ausgeprägten Demyelinisierung im Corpus Callosum. Die Remyelinisierung wird 

spontan nach dem Absetzten des Cuprizone eingeleitet. Die Verabreichung von 

Cuprizone ist ein zuverlässiges Tiermodell, das die Untersuchung der De- und 

Remyelinisierung erlaubt.  

Vorherige Studien haben gezeigt, dass der Hippocampus durch die Verabreichung von 

Cuprizone beeinflusst wird. In dieser Studie beschreiben wir detailliert die hippocampale 

Demyelinisierung im Cuprizone Modell. Wir haben gezeigt, dass nach der Fütterung von 

0.2% Cuprizone eine prominente hippocampale Demyelinisierung in C57BL/6 Mäusen 

erreicht wird. Zusätzlich konnte aufgezeigt werden, dass bestimmte Strukturen im 

Hippocampus ein variables temporales Demyelinisierungsmuster aufweisen. Die 
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Demyelinisierung im Hippocampus wird von einer Anhäufung von Astrozyten, Mikroglia 

und Nestin-positiver Zellen begleitet. 

Eine Remyelinisierung in MS-Plaques tritt zwar regelhaft auf, ist aber oft inkomplett. Die 

Remyelinisierung erfordert die Rekrutierung von Oligodendrozyten-Vorläuferzellen und 

die anschließende Differenzierung dieser Zellen zu reifen, myelinbildenden 

Oligodendrozyten.  

Das neurale Zelladhäsionsmolekül (NCAM) spielt eine bedeutende Rolle in der Zell-Zell 

Interaktion im Nervensystem. Seine Funktion wird durch die posttranslationale 

Anlagerung der  Polysialinsäure (PSA) reguliert, die durch zwei Polysialyltransferasen 

(St8siaII, St8siaIV) erfolgt. St8siaIV ist vorwiegend in adulten Mäusen aktiv. PSA reguliert 

die Funktion von NCAM, indem es seine Adhäsionsfähigkeit behindert. PSA wird während 

der Entwicklung in vielen Geweben exprimiert, während im Erwachsenenalter die 

Expression auf wenige Bereiche im Gehirn limitiert ist. Durch die Reexpression von PSA 

auf permanent demyelinisierten Axonen in MS-Läsionen kann dieses Molekül als 

möglicher Inhibitor der Remyelinisierung  betrachtet werden.  

Wir haben gezeigt, dass die Verabreichung von Cuprizone die PSA-Expression im Gehirn 

beeinflusst. Insbesondere führt die 6-wöchige Fütterung von 0.2% Cuprizone zu einer 

Reduktion der PSA-Expression in den Fasern des mossy fiber tract, während die 

Expression in den Fasern der hippocampalen Kommissur und in den jungen Neuronen 

der subgranulären Zellen des Gyrus dentatus vollständig verloren geht.  

Unsere Ergebnisse zeigen, dass die verminderte PSA-Synthese mit einer früher 

einsetzenden Remyelinisierung im Corpus Callosum und Kortex nach Absetzten des 

Cuprizone in Zusammenhang gebracht werden kann. Der Effekt scheint durch eine 

schnellere Differenzierung von Oligodendrozytenvorläuferzellen zu reifen 
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Oligodendrozyten vermittelt zu sein. Diese Ergebnisse zeigen, dass PSA die 

Remyelinisierung, in vivo, moduliert und als eine mögliche Zielstruktur für die MS-

Therapie in Frage kommt.   
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