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Zusammenfassung 
 

1) Hintergrund und Ziele 

Cytidin-5'-diphosphocholin (CDP-Cholin) erlangte dank seiner neuroprotektiven und 

regenerativen Eigenschaften eine gewisse Bedeutung als Begleittherapie bei 

neurodegenerativen und neurovaskulären Erkrankungen. Exogen zugeführtes CDP-

Cholin weist eine hohe Bioverfügbarkeit und ein günstiges Toxizitäts- und 

Verteilungsprofil auf, wobei es auch die Blut-Hirn-Schranke überwindet. Sein 

Potential bei neuro-inflammatorischen Erkrankungen sollte auf Grund dieser 

Eigenschaften weiter untersucht werden. Studien auf der Basis eines Tiermodells 

ähnlich der Multiplen Sklerose (MS), der experimentellen autoimmunen 

Enzephalomyelitis (EAE), zeigten eine Linderung der Symptome der MOG-EAE 

sowohl in einem präventiven als auch in einem therapeutischen Ansatz. Die 

histologische Untersuchung von Rückenmarksläsionen erkrankter Mäuse zeigte, 

dass CDP-Cholin bei den Tieren die axonale Dichte erhielt und die Demyelinisierung 

reduzierte. Die Gewebsinfiltration war besonders im Hinblick auf Makrophagen 

erniedrigt. Auf dieser Basis wurde in der vorliegenden Arbeit der potentielle Einfluss 

von CDP-Cholin auf unterschiedliche Makrophagen-Effektorfunktionen in vitro 

untersucht. 

 

2) Methoden 

Peritonealmakrophagen wurden aus C57BL/6j-Mäusen gewonnen und mit LPS 

stimuliert. Die Testbedingungen umfassten die Zugabe von CDP-Cholin, Cholin, 

Cytidin oder Phosphatidylcholin, die teilweise mit cholinergen und purinergen 

Rezeptorantagonisten sowie einem Phospholipaseblocker kombiniert wurden. Aus 

diesen Zellkulturansätzen erfolgte die Bestimmung der Zytokinsekretion mittels 

enzymgekoppelter Antikörper („Enzyme Linked Immunosorbent Assay“, ELISA) und 

die indirekte Ermittlung der Stickstoffmonoxidkonzentration („nitric oxide“, NO) mit 

Hilfe der Griess-Reaktion. Phagozytotische Aktivität, Reinheit und Viabilität wurden 

mittels floureszenzvermittelter Durchflusszytometrie (FACS) überprüft. Durch real 

time PCR wurde die Zytokin-RNA-Expression der unterschiedlichen 

Testbedingungen verglichen. Des Weiteren wurde im Rahmen des Projektes der 

klinische Verlauf einer durch Myelin-Oligodendrozyten-Glycoprotein (MOG) 

ausgelösten und mit Cytidin behandelten EAE aufgezeichnet sowie die histologische 

Analyse eines EAE-Experiments mit präventiver CDP-Cholin-Behandlung um die 

Untersuchung der oligodendroglialen Marker CNPase und Nogo A erweitert. 
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3) Ergebnisse und Beobachtungen 

Die Versuche zeigten, dass CDP-Cholin und Cholin die Zytokin-/Chemokin-

konzentrationen von MIP-1α, TNFα, IL-1  und MCP-1 in Zellkulturüberständen 

primärer Makrophagen herabsetzen. Durch Zugabe von Cytidin wurden auch 

signifikant niedrigere Konzentrationen von IL-6, RANTES und dem anti-

inflammatorischen IL-10 erreicht. Bei der Zytokin-RNA-Expression konnten keine 

Veränderungen gemessen werden. Weder cholinerge/purinerge Rezeptor-

antagonisten noch Phospholipaseblocker konnten die auf Proteinebene 

beobachteten Effekte aufheben. Die Ausschüttung von NO war lediglich bei Zellen 

beeinträchtigt, die mit Cytidin behandelt wurden. Die frühe phagozytotische Aktivität 

wurde durch CDP-Cholin verstärkt, während sie durch Cytidin nach 24 Stunden 

gesenkt wurde. Die Zellviabilität wurde durch Cytidin nach 42 Stunden reduziert. 

Intraperitoneal appliziertes Cytidin linderte die EAE-Symptomatik nicht. Mit CDP-

Cholin behandelte Tiere zeigten eine erhöhte Dichte von 

Oligodendrozyten/Oligodendrozyten-Vorläuferzellen in Rückenmarksschnitten. 

 

4) Praktische Schlussfolgerungen 

Die Ergebnisse dieser Arbeit liefern erste Hinweise, dass CDP-Cholin auch bei 

autoimmunen neuroinflammatorischen Erkrankungen positive Effekte, 

beispielsweise durch den Schutz von Oligodendrozyten oder einen direkten Eingriff 

in Makrophagenfunktionen, ausüben könnte. Die Zusammenschau mit publizierten 

Arbeiten lässt vermuten, dass seine neuro-/glioprotektiven und regenerativen 

Eigenschaften die anti-inflammatorischen Effekte überwiegen. Die Wirkungen von 

CDP-Cholin lassen sich nicht vollständig durch seine molekularen Bausteine Cytidin 

und Cholin nachstellen. Insbesondere Cytidin zeigt trotz potenter Effekte in der 

Makrophagenkultur keine Wirkung in der EAE. Diese Ergebnisse stellen CDP-

Cholin, eine Substanz mit günstigem Nebenwirkungsprofil und hoher oraler 

Bioverfügbarkeit, als einen interessanten Kandidat für eine Begleittherapie der 

etablierten Immuntherapien bei Multipler Sklerose heraus. 
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Summary 
 

1) Background and objective of the project 

Cytidine-5'-diphosphocholine (CDP-choline) has gained some importance as an 

add-on therapy in neurodegenerative, neurovascular and traumatic brain disorders 

due to its neuroprotective and regenerative properties. Exogenously applied CDP-

choline displays a very high bioavailability and readily disperses throughout the 

organism, also crossing the blood-brain barrier. Along with a favorable toxicity 

profile, these characteristics render CDP-choline an interesting candidate to 

investigate its potential in neuroinflammatory diseases. Recent experiments within 

the group based on experimental autoimmune encephalomyelitis (EAE), a widely 

used animal model close to multiple sclerosis (MS), documented a robust 

amelioration of the clinical symptoms of MOG-EAE in a preventive as well as a 

therapeutic regimen. These findings were confirmed by a histological follow-up 

analysis of white matter lesions of the spinal cord. Axonal density was preserved, 

whereas demyelination was reduced in animals treated with CDP-choline. 

Leukocyte infiltration was diminished as well, which was most pronounced in 

macrophages. Based on these findings, the potential direct influence of CDP-choline 

on various macrophage effector functions in vitro was investigated in this project.  

 

2) Methods 

Peritoneal macrophages were extracted from C57BL/6j mice and activated with 

LPS. CDP-choline, choline, cytidine or phosphatidylcholine were added to samples, 

partly combined with cholinergic and purinergic receptor antagonists and a 

phospholipase blocker, and subjected to quantitative analyses of various cytokines 

via enzyme linked antibodies (“Enzyme Linked Immunosorbent Assay”, ELISA). 

Levels of nitric oxide (NO) were measured via the Griess reaction. Phagocytic 

activity, purity and viability were determined by fluorescence activated cell sorting 

(FACS). Cytokine RNA expression was measured by real time PCR and compared 

among several test conditions. Furthermore, the course of MOG (myelin 

oligodendrocyte glycoprotein)-induced EAE in animals treated with intraperitoneally 

injected cytidine was documented and the histological analysis of the preventive 

CDP-choline EAE regimen was extended by the oligodendroglial markers CNPase 

and Nogo A. 
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3) Results 

The experiments showed that CDP-choline and choline decreased secretion levels 

of the cytokines/chemokines MIP-1α, TNFα, IL-1  and MCP-1 in primary 

macrophage cell culture supernatants. Cytidine also significantly lowered secretion 

levels of IL-6, RANTES and the anti-inflammatory cytokine IL-10. No changes in 

cytokine RNA expression were measured. At the protein level, neither 

cholinergic/purinergic antagonists nor the phospholipase blocker abrogated the anti-

inflammatory effects of the tested substances. NO production was only impaired in 

cells treated with cytidine. CDP-choline promoted early phagocytic activity, while 

cytidine reduced phagocytic activity after 24 hours. Cell viability was reduced by 

cytidine after 42 hours. Intraperitoneally applied cytidine failed to reveal any 

alleviation of EAE symptoms. Higher oligodendrocyte densities in spinal cord 

sections were revealed in animals treated with CDP-choline.  

 

4) Discussion and conclusion 

These findings suggest that CDP-choline may positively influence autoimmune 

neuroinflammation by multiple actions, including protective effects on 

oligodendrocytes and a direct interference with macrophage effector functions. 

Combining these findings with published data, it can be concluded that its neuro-

/glioprotective and regenerative properties may outweigh its anti-inflammatory 

effects. CDP-choline’s molecular components, choline and cytidine, do not reveal 

the same effects as CDP-choline. Especially cytidine does not show any positive 

influence on the course of EAE, although it effectively reduces pro-inflammatory 

actions of macrophages in vitro. Given its beneficial safety profile and high 

bioavailability, CDP-choline may be an interesting candidate as an oral add-on 

therapy in multiple sclerosis.  
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1. Introduction 

1.1 CDP-choline 

Cytidine-5'-diphosphocholine (citicoline or CDP-choline) is an endogenously 

synthesized nucleotide composed of ribose, pyrophosphate, cytosine and choline 

(see Fig. 1.), which enters three major metabolic pathways. It is a rate-limiting 

intermediate in the biosynthesis of phosphatidylcholine (see Fig. 3.), the most 

abundant component of the cell membrane, and also a precursor of betaine and 

acetylcholine synthesis (3, 57, 59, 112). 

 

 

 

 

Fig. 1. Structure of cytidine-5'-diphosphocholine (figure taken from (57)) 

 

Fig. 2. Relationship between CDP-choline and choline metabolism, cerebral phospholipids 

and acetylcholine (figure taken from (90)) 

Following both oral and intravenous application, CDP-choline is rapidly hydrolyzed 

and releases its main components, choline and cytidine (57, 68). Its bioavailability in 
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both routes is approximately the same due to the fact that CDP-choline is virtually 

completely absorbed in the small intestine. Once it reaches the blood stream, it is 

widely spread throughout the whole body and also crosses the blood-brain barrier 

(20, 57, 90). Intravenously administered CDP-choline cannot be taken up into cells 

intactly. Its uptake involves a cleavage of the molecule into phosphocholine and 

cytidine monophosphate (85). CDP-choline is intracellularly resynthesized from 

cytidine triphosphate and choline monophosphate, catalized by the cytidine 

triphosphate-phosphocholine cytidyltransferase (PCCT or CCT) (57). 

 

 

 

 

 

 

 

 

 

Fig. 3. The Kennedy pathway: intracellular synthesis and metabolism of phosphatidylcholine. 

CMP: cytidine monophosphate, CTP: cytidine triphosphate, CCT: phosphocholine 

cytidylyltransferase, CPT: DAG:CDP-choline cholinephosphotransferase. 

CDP-choline has come into focus due to its beneficial neuroprotective and 

regenerative effects in the treatment of head trauma, neurodegenerative and 

neurovascular diseases (55). In Europe CDP-choline is licensed for use in stroke, 

head trauma and neurological disorders, including Alzheimer and Parkinson disease 

(24). Furthermore, it is recommended as a dietary supplement. As it is produced 

naturally in the body it has a favorable toxicity profile. Up to 2000mg per day are 

currently prescribed without adverse reactions. Rare cases of side effects include 

minor epigastric pain, nausea, rash, headache and dizziness. Thus it can be 

considered a very well-tolerated and safe drug (2, 23, 57). 
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A large number of studies reported on the positive effects of CDP-choline on 

neuronal damage after ischemia, brain edema, behavioral disorders as well as 

functional disregulations (2). It also reduced mortality, accelerated recovery and 

improved the overall outcome for patients in relation to their cognitive abilities (6, 34, 

55). Although CDP-choline promoted neuronal regeneration, according to the ICTUS 

(Citicoline in the treatment of acute ischemic stroke) trial, it was not found to be 

efficacious in the treatment of moderate to severe acute ischemic stroke in humans 

(22). According to the COBRIT (Citicoline Brain Injury Treatment Trial), the use of 

CDP-choline compared to placebo also did not result in improvement in cognitive or 

functional status among patients with traumatic brain injury (118).  

It has been experimentally shown that CDP-choline increases norepinephrine and 

dopamine levels and helps to regain the function of their receptors in the CNS. 

Therefore, it may improve learning and ameliorate senile cognitive and memory 

impairment in aging mice (42, 90) as well as humans (35). Recent research has also 

found that CDP-choline enhances the ability to focus and increases mental energy. 

Hence it might be a useful drug in the treatment of attention deficit order (93).  

During infections, sepsis and cerebral malaria, where remodeling and damage of 

endothelial cell membranes play a critical role in the pathogenesis, CDP-choline can 

be applied as a membrane protector because it promotes the synthesis of 

phosphatidylcholine (10, 57, 117). Phosphatidylcholine is a central player in the 

arachidonic acid pathway and thus in apoptosis, in the regulation of cytokine 

production and in coagulation (1, 57).  

Although the effects of CDP-choline have been thoroughly reviewed in numerous 

studies, the proposed explanations exhibit a wide range of possible mechanisms. 

They include the stimulation of the synthesis of phosphatidylcholine and other 

membrane components, the prevention of fatty acid release, anti-apoptotic effects, 

increased glutathione synthesis and restoration of the Na+-K+-ATPase (55). The 

variety of these effects strongly suggests that its mechanism of action is not fully 

understood yet and remains to be elucidated in the future. 

 

1.2 Cytidine 
 

Cytidine is one of the two major components of CDP-choline that develops as soon 

as CDP-choline reaches the blood stream, due to hydrolyzation. Although plenty of 
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research can be found on the importance of cytidine nucleosides for DNA synthesis 

and metabolism, very little is known about the effects of exogenously administered 

cytidine.   

 

 

 

 

Fig. 4. Structure of cytidine 

In vivo, cytidine is converted into CMP (cytidine monophosphate), and step by step 

into CDP (cytidine diphosphate) and finally CTP (cytidine triphosphate). It can then 

be utilized to form cytidine nucleotides such as CDP-choline or CDP-ethanolamine, 

or it may directly support the cytidine triphosphate-phosphocholine 

cytidyltransferase (PCCT), the rate-limiting enzyme of phosphatidylcholine synthesis 

(56, 57, 104). Acting through CTP, exogenously applied cytidine can thus affect the 

synthesis rate as well as total levels of the cell membrane phospholipids 

phosphatidylcholine, phosphatidylethanolamine and phosphatidylserine (56, 105). 

According to one of the very few studies published on exogenously applied cytidine, 

extracellular concentrations above 50 µM cause intracellular cytidine levels to 

increase at a linear rate, most likely suggesting a simple diffusion mechanism or a 

low-affinity transport system (56). 

Cells incubated with cytidine show augmented levels of CTP, CDP and UTP. The 

addition of cytidine to cell culture medium also produces significantly elevated levels 

of CDP-choline, one of the rate-limiting components of phosphatidylcholine 

synthesis. Choline incorporation could be enhanced as well, which contributes to 

higher levels of membrane synthesis (56, 105). Low concentrations of free cytidine 

in CNS tissues are likely to infringe on the rate of phospholipid metabolism (69, 70). 

Unpublished observations suggest that more than 30% of intravenously injected 

cytidine also cross the blood-brain barrier (56). Initiated by nucleoside transporters, 

circulating cytidine can be turned into brain CTP, thus contributing to brain 

phosphatidylcholine and phosphatidylethanolamine synthesis (17). 
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1.3 Multiple sclerosis and its animal model EAE 

Multiple sclerosis (MS) is one of the most common diseases of the central nervous 

system. Among approximately 2.5 million patients worldwide are mainly young 

people, women more often than men (81). About 80-90% of patients suffer from a 

relapsing-remitting form, which – if not adequately treated - will eventually develop 

into a secondary progressive disease, whereas in 10-20% MS shows a progressive 

course right from the onset (50). Multiple sclerosis is a very heterogeneous disease 

with a great variety of clinical and pathophysiological phenotypes, not only in relation 

to the unpredictable course of the disease, but also regarding genetics and 

mechanisms involved in its pathology. Especially patients with relapsing disease 

frequently exhibit white matter lesions accompanied by inflammation and 

demyelination, although a remarkable inter-individual heterogeneity can be 

observed in terms of axonal damage and repair mechanisms (43, 65). MS is highly 

prevalent in Caucasians, suggesting a genetic component of the disease (18). 

However, epidemiological studies have provided evidence for a crucial role of the 

environment as well (8, 50, 66).  

Multiple lines of evidence support a primary immune-driven etiology of MS. 

Components of the innate immune system, especially macrophages, have also been 

identified as important factors contributing to the pathogenesis of MS. 

Histopathological acute lesions comprise inflammation, demyelination, gliosis and 

axonal damage (19, 66, 94). Acute lesions exhibit infiltration of B cells and T cells as 

well as macrophages and microglia. However, axonal lesions have also been 

observed even in the absence of inflammation, which raises the question whether in 

some cases of MS neurodegeneration is a primary or inflammation-independent 

process (50). Yet, the origin of acute lesions in most cases of MS is considered to 

be an autoaggressive cascade of inflammation. Why and how this detrimental 

process is triggered remains widely unknown. First of all, autoreactive cells have to 

escape negative selection in the thymus in order to reach circulation (62). Following 

release, they need to be activated in the periphery and gain the ability to cross the 

blood-brain barrier. If autoreactive cells get this far, spontaneous CNS autoimmunity 

may still be impeded by regulatory T cells (64). However, recent evidence revealed 

that regulatory T cells fail to control autoimmune inflammation in the CNS (60) and 

that T cell regulation is malfunctioning in multiple sclerosis patients (109). 

Unhindered anti-myelin lymphocytes can thus damage brain and peripheral myelin, 

leading to classical symptoms of multiple sclerosis (43). 
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Most of what is known so far about the development of MS and its course over time 

is derived from studies based on the EAE model. The first models of experimentally 

induced encephalomyelitis date back to the 1920s, where the pathogenesis of post 

vaccinal encephalomyelitis was investigated (66). EAE is an inflammatory disorder 

of the CNS, which is induced by inoculation of susceptible animals with antigen and 

Freund’s adjuvant (113). It has been established as an exemplary autoimmune 

reaction that is caused mainly by a TH1 cell response to the inoculated antigens 

(50). Although EAE models can be implemented in many different rodent species 

today, in some mouse strains regulatory T cells need to be depleted first via 

intraperitoneal application of pertussis toxin in order to aggravate autoimmune 

reactions. The most common EAE inductor nowadays is MOG, which is a part of the 

outer myelin layer and therefore an effective target for the induction of 

autoaggressive T cells as well as autoantibodies (66). 

EAE is a model mimicking many features of MS and sharing some clinical and 

pathological features (67). It has also played an important role in the development of 

current MS therapies, including glatiramer acetate and natalizumab (66). However, 

the EAE model has its limits as there is more to the pathogenesis of MS than a TH1 

response to myelin. Even though higher antibody titers to myelin antigens can be 

observed in patients with MS, they are also seen in healthy people (40). Moreover, 

autoreactive T cells are not necessarily harmful since they belong to the normal T 

cell repertoire (78). In conclusion, these findings suggest that the immune reactions 

in humans with MS are much more complex than in EAE.  

Until today the causative event that triggers the development of MS remains 

unknown. There are several hypotheses which aim to explain this process, like the 

autoimmune hypothesis, the infection hypothesis or the degeneration hypothesis. 

They all share the idea that certain proteins are released into the periphery, where 

they launch the activation of immune cells in the lymphatic tissue. The trigger could 

either be a cross-reactive antigen, a pathogen or a protein which stems from 

degeneration in the CNS (50).  

Since clear evidence is still lacking, none of these theories can be proved. But what 

matters most is that we are able to develop new specific therapies for MS patients 

because there is still a great need to improve their disability. In order to devise novel 

therapeutic concepts, however, we may have to better understand the molecular 

mechanism of the pathogenesis of MS first. 
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1.4 Macrophages and their role in inflammation 

Macrophages represent a crucial part of the innate immune system. Along with 

neutrophils, eosinophils and natural killer cells, they belong to the physiological first-

line defense system. As phagocytic cells they can engulf and digest pathogens or 

cellular debris (115) and release various cytokines (for a detailed description of 

some major macrophage cytokines and chemokines refer to: Appendix, Table. 1.a, 

p. 85) which mainly regulate inflammatory responses and cell migration (73, 98, 

108). Furthermore, they are able to modulate wound healing, matrix remodeling and 

angiogenesis. The overall function of macrophages can thus be described as 

guardians of tissue homeostasis (108).  

Bone marrow derived monocytes which have entered the peripheral blood stream 

serve as progenitors for differentiated tissue myelocytes, including macrophages, 

microglia and dendritic cells. They circulate in the peripheral blood for up to 72 hours 

and migrate into tissues upon attraction by monocyte chemoattractant stimuli. As 

resident macrophages they remain in the tissue for several weeks. The first cytokine 

which a monocyte is exposed to determines its subsequent differentiation program 

and its profile of cytokine responsiveness (108). However, transdifferentiation is still 

possible, as macrophages reveal a certain plasticity (53) and large functional 

heterogeneity (97). 

Most pathogens and some endogenous stimuli such as TNFα (tumor necrosis factor 

alpha), IFN  (interferon gamma) or GM-CSF (granulocyte-macrophage colony-

stimulating factor) induce so-called “classical” pro-inflammatory M1 macrophages. 

This leads to the initiation of inflammation via the release of pro-inflammatory 

cytokines and chemokines, as well as an enhanced synthesis of reactive oxygen 

and nitrogen species. The induced expression of NOS-2 (nitric oxide synthase-2) by 

activated macrophages accounts for one of the main cytotoxic and pro-apoptotic 

mechanisms of the innate immune system (16). Along with the restriction of iron and 

other nutrients, macrophages are thus enabled to efficiently kill bacteria and viruses 

(16, 73). M1 macrophages are also characterized by the expression of MHC (major 

histocompatibility complex) class II which allows them to present engulfed 

extracellular antigens to TH2 cells (108).  

Mediators such as IL-4 (interleukin-4), IL-13 or M-CSF (macrophage colony-

stimulating factor) promote the so called “alternative activation” towards Mβ 

macrophages which exhibit anti-inflammatory cytokine profiles. Increased 

productions of IL-10 and TGF  (transforming growth factor beta) have been found to 
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inhibit productions of TNFα and IL-1  (14), which plays an important role in terms of 

regaining tissue homeostasis. Moreover, M2 macrophages execute anti-oxidative 

and immunosuppressive functions, inhibit T cell proliferation (72, 108) and provoke 

an up-regulation of lipid metabolism (107). Accordingly, M2 macrophages give aid to 

the resolution of inflammation. Recent data, however, suggests that M2 

macrophages may also be responsible for aggravated autoimmune diseases, due to 

the presentation of self-tissue to T cells. They may therefore exacerbate immune 

complex-mediated pathology and fibrosis. This may be relevant not only for the 

pathogenesis of arthritis or systemic lupus erythematosus, but possibly also for EAE 

or MS. Yet, only a few studies attempting to specifically examine the role of M2 

macrophages in autoimmune disorders have been conducted so far (33). 

Regarding EAE pathology of MOG-EAE in BL/6 mice, it should be noted that – 

although autoantigen-specific T and B cells may represent the hallmarks of the 

autoimmune disease – macrophages and neutrophils constitute the majority of 

infiltrating cells during the acute peak of inflammation (33) and account for a great 

deal of tissue destruction. Nevertheless, macrophages and their cytokines bear the 

ability to influence tissue integrity and inflammation both in a protective and a 

detrimental way. Harnessing their beneficial properties should be considered an 

approach to promote regenerative processes in autoimmune demyelination in the 

future.  

 

1.5 Preliminary data and background of the project 

 

CDP-choline has become a potential addition to the therapeutic spectrum of various 

neurodegenerative and neurovascular diseases (23, 57). As a membrane protector 

and important stimulus for enhanced phosphatidylcholine synthesis (10, 57, 117), 

CDP-choline may have the potential to exert beneficial effects on the course of 

multiple sclerosis, where membrane damage, gliosis, inflammation and 

demyelination play a key role (19). Based on this assumption, EAE experiments 

were conducted with exogenously applied CDP-choline in a preventive and a 

therapeutic regimen. In the preventive approach, where CDP-choline was fed since 

the day of the immunization, a robust alleviation of EAE symptoms throughout the 

course of the disease was demonstrated. Furthermore, the onset of the disease was 

delayed by approximately four days and the disease incidence was lower (see Fig. 

5.). In the therapeutic approach, CDP-choline was given starting from the onset of 
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symptoms. The beneficial effects of CDP-choline were less eminent in this case, but 

still significant, especially at the maximum of the disease (see Fig. 6.). 

 

EAE preventive regimen 

 

 control 

                                                                                                       CDP-choline 

           

 

 

 

 

 

 

                   

Fig. 5. CDP-choline ameliorates clinical symptoms of MOG-EAE in a preventive regimen. 

EAE was induced with MOG35-55 (myelin oligodendrocyte glycoprotein, amino acids 35-55) 

Complete Freund’s Adjuvant and pertussis toxin. 500 mg/kg/day of CDP-choline were given 

per os since the day of immunization. EAE score of each animal was determined according 

to the EAE scoring system (see Table. 3., p. 31). n(control/CDP-choline)=6 vs 6. Mann-

Whitney-Test: day 13: p=0.015, day 14: p=0.015, day 15: p=0.026, day 16: p=0.041, day 19: 

p=0.015, day 20: p=0.015, day 21: p=0.002, day 22: p=0.004, day 23: p=0.004, day 24: 

p=0.002, day 25: p=0.002, day 26: p=0.002, day 27: p=0.002. 
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Fig. 6. CDP-choline alleviates clinical symptoms of MOG-EAE in a therapeutic approach. 

EAE was induced by application of MOG35-55 Complete Freund’s Adjuvant and pertussis 
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toxin. 500 mg/kg/day of CDP-choline were given per os starting from the onset of symptoms 

(day 10 after the immunization). EAE score of each animal was determined according to the 

EAE scoring system. n(control/CDP-choline)=3 vs 5. Mann-Whitney-Test: day 17: p=0.036, 

day 18: p=0.036. 

 

Following the EAE experiments, histological ex vivo studies of spinal cord sections 

were conducted. Axonal density, demyelination and inflammatory infiltration as well 

as T cell and macrophage infiltration were analyzed. The data revealed that in 

animals treated with CDP-choline axonal densities in the spinal cord were 

preserved, while demyelination of axons was greatly reduced. Inflammatory 

infiltration, and especially infiltration regarding macrophages, was highly diminished, 

whereas T cell infiltration was not significantly affected (see Fig. 7.). In view of these 

data, the question arose whether CDP-choline directly or indirectly interferes with 

macrophage infiltration and macrophage effector functions to influence the course of 

EAE. 

 

A                                                             B  

 

 

 

 

 

 

 

 

 

C                                                                D         

    

 

 

 

 

 

 

 

 

 

 



15 

 

E 

 

 

 

 

 

 

 

 

 

 

Fig. 7. CDP-choline reduces inflammatory infiltration, macrophage infiltration and 

demyelination, while preserving axonal densities. Histological analysis of spinal cord 

sections obtained on day 26 of EAE under preventive CDP-choline treatment. Spinal cords 

were embedded in paraffin and dissected, using a microtome. Tissue sections were 

subjected to various staining methods. (A) Bielschowsky’s silver stain. (B) H&E stain. (C) 

LFB&PAS stain. (D) Blinded quantification of CD3 immunohistochemistry. (E) Mac3 

immunohistochemistry. 

 

In addition, T cell targeted experiments – an ex vivo FACS analysis of mixed 

splenocytes and a T cell proliferation assay within re-stimulated mixed splenocytes – 

were conducted. Ex vivo flow cytometry analysis revealed that the T cell subset 

distribution in splenocytes was not influenced by CDP-choline (see Fig. 8.A). 3H 

thymidine incorporation, a marker for proliferation in re-stimulated splenocytes, was 

also not affected by CDP-choline (see Fig. 8.B). 
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Fig. 8. CDP-choline does not influence T cell proliferation and lymphocyte subset distribution 

upon analysis of mixed splenocytes. Spleens were extracted from animals after preventive 
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application of CDP-choline regimen (control group vs CDP-choline/intervention group) on 

day 9 after the induction of MOG-EAE. Mixed splenocytes were obtained from homogenized 

whole spleens. (A) Cells were stained, adding Fc-Block and anti-CD3-PE-Cy5, anti-CD4-

FITC  and anti-CD8a PE. Quantitative data were obtained by ex vivo FACS analysis. (B) 

Mixed splenocytes obtained as in A were stimulated with MOG peptide 35-55 (MOG: 1, 20, 

100 μg/ml) and incubated for 56 hours before pulsing with 3H-dT (tritiated thymidine) for 16 

hours. Cells were collected on fiberglass filter paper and radioactivity due to 3H thymidine 

incorporation was measured with a scintillation counter. p<0.001. 

 

1.6 Objective 

 

As the histological analyses indicate, macrophages were modulated by CDP-choline 

treatment in EAE. Since CDP-choline enters a number of metabolic pathways, its 

biological actions shall be further investigated in a more defined setting of primary 

cell culture in vitro. In particular, the influence of CDP-choline on EAE-relevant 

pathogenic effector functions of peritoneal macrophages such as cytokine release, 

ROS production and phagocytic activity were to be studied. Furthermore, precise 

pathways that may convey these effects were probed by pharmacological 

intervention. In contrast to most published studies, this MD project thus aimed to 

document immunomodulatory instead of neurobiological actions of CDP-choline. 

However, the MD thesis was conducted as part of a collaboration between the 

groups of Prof. R.A. Linker (Erlangen), investigating CDP-choline in EAE, and Prof. 

M. Stangel (Hannover) investigating CDP-choline in an inflammation-independent 

model of demyelination/remyelination, focusing on oligodendrocyte biology. The 

combined effort may reveal the mechanisms of action of CDP-choline in these 

disease models and render it a promising candidate for add-on therapies in chronic 

inflammatory CNS diseases. 
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2. Materials 
 

Material                                                                                               Supplier          
 
 
 
Animals 
 
C57BL/6j Mus musculus                                                                          Charles River 

(Sulzfeld, Germany) 
 

Bioreagents 
 

7-AAD-Viability Staining Solution                                                              eBioscience 
(San Diego, USA) 

 
Alexa Fluor 647 Rat Anti-Mouse CD11b                                              BD Biosciences 

 (San Jose, USA) 
 
Anchored oligo-dT                                                                                 Thermo-Fisher 

                                                                                       (Schwerte, Germany) 
 

APC Rat IgG2a k isotype control                                                         BD Biosciences 
 
Bio anti-mouse IgG                                                                        Vector Laboratories 

(Burlingame, USA) 
 
CD 11b Micro Beads mouse                                                         Miltenyi Biotech Inc. 

(Bergisch Gladbach, Germany) 
 
Complete Protease Inhibitor Cocktail Tablets                                                    Roche 

(Mannheim, Germany) 
                 
DNase1 amplification grade: 

- DNase1 (100 U) Invitrogen 
- 10x DNase1 Reaction buffer Invitrogen 
- 25 mM EDTA Invitrogen 
- dNTPs Invitrogen 

 (Karlsruhe, Germany) 
 

eFluor 450 fixable viability dye                                                                  eBioscience 
            
ELISA-Kits mouse (Standard, Capture antibody, Detection antibody, SAV-HRP): 

- Interleukin-1  R & D Systems 
- Interleukin-6 R & D Systems 
- Interleukin-10 R & D Systems 
- MCP-1 R & D Systems 
- MIP-1α R & D Systems 
- RANTES R & D Systems 
- TNFα R & D Systems 

 (Wiesbaden-Nordenstadt, Germany) 
 
Fluoresbrite Carboxylate YG 0.75 Micron Microspheres                         Polysciences 

(Warrington, USA) 
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Glycogen                                                                                                 Sigma Aldrich 
(Steinheim, Germany) 

 
Goat anti-rabbit IgG bio                                                                  Vector Laboratories 
 
Griess Reagent System                                                                                 Promega 

(Madison, USA) 
 
MasterMix UDG                                                                                             Invitrogen 
 
Ms X CNPase primary antibody                                                                       Millipore 

(Temecula, USA) 
 
Nogo A primary antibody (H-300)                                        Santa Cruz Biotechnology 

(Santa Cruz, USA) 
 
Purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fc Block)                BD Biosciences 
 
ROX reference Dye                                                                                       Invitrogen 
 
RT-PCR Primer: 

- -Actin  Applied Biosystems 
- CCL3 (MIP-1α)  Applied Biosystems 
- MCP-1  Applied Biosystems 
- TNFα  Applied Biosystems 
 (Darmstadt, Germany) 

 
SuperscriptII:  

- RTase SuperscriptII 10.000 U Invitrogen 
- 5x First-Strand buffer Invitrogen 
- 100 mM DTT Invitrogen 

 
TMB (tetramethylbenzidine)                                                                  BD Biosciences 
 
 
Buffer 
 
0.1 M Citric Acid Buffer 
 
0.1 M Sodium Citrate Buffer 
 
10x PBS:  

- NaCl 160 g (1.37 M)                                                                       
- KCl 4 g (27 mM)                                                                          
- Na2HPO4*2H2O 35.6 g (100 mM)                                                 
- KH2PO4 4.8 g (18 mM)                                                            
- ad 2 l H2O 

 
1x Krebs’ Ringers PBS: 

- 1.0 mM calcium 
- 1.5 mM magnesium 
- 5.5 mM glucose 
- ad PBS 
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POD block: 
- 8 ml methanol 
- 1.2 ml 2 M NaN3 
- 2 ml 3% H2O2 

 
1x Ripa (cell lysis buffer): 

- 25 mM Tris 
- 0.5 mM sodium deoxycholate 
- 150 mM sodium chloride 
- 1% Triton X-100 
- Complete Protease Inhibitor Cocktail 100 µM/ml 

 
1x TBS: 

- 60 ml 5 M sodium chloride 
- 100 ml 1 M Tris pH 7.4 
- ad 2 l distilled water 

 
 
Cell culture 
 
R0-Medium:  

- RPMI 1640                                                                                                     
- 1% Penicillin (10000 U/ml) / Streptomycin (10 mg/ml)       
- 1% L-glutamine                                                                                    
- 1% Non-essential amino acids (NEA)                                                 
- 1% sodium pyruvate                                                                                  

 
ReMed:  

- R0-Medium                                                                                             
- 5% heat inactivated FCS (Fetal Calf Serum)                                               
- 4μl/1ml ß-Mercaptoethanol (0.2%)                                               

 
R10: 

- R0-Medium 
- 10% heat inactivated FCS (Fetal Calf Serum)                                             

 
                            
Chemicals 
 
AB complex (POD) solution A and B (PK-4000)                            Vector Laboratories 
 
Ammonium chloride (0.14 M)                                                                  Sigma Aldrich 
 
Atropine sulphate                                                                   B. Braun Melsungen AG 

(Melsungen, Germany) 
 
ß-Mercaptoethanol (0,2%)                                                                      Sigma Aldrich  
 
BSA (Bovine Serum Albumin)                                                                        Carl Roth 

(Karlsruhe, Germany) 
 
Calcium chloride dihydrate                                                                                   VWR 

(Darmstadt, Germany) 
 
CDP-choline                                                                            T.Skripuletz, M.Stangel                           

(Hannover, Germany) 
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Chloroform                                                                                              Sigma Aldrich  
 
Choline chloride                                                                                      Sigma Aldrich 

 
Cytidine                                                                                                   Sigma Aldrich 
 
DAB tablet                                                                                                            VWR 
 
D(+)Glucose monohydrate                                                                                   VWR 

 
Dimethyl sulfoxide (DMSO)                                                                            Carl Roth 
 
Disodium hydrogen phosphate                                                                             VWR            
 
Distilled water DNase/ RNase Free                                                              Invitrogen 
 
DPBS                                                                                             PAN Biotech GmbH 
 (Aidenbach, Germany) 
 
EDTA (ethylenediamine tetraacetic acid)                                                             VWR                           
 
Entellan                                                                                                                 VWR                          
         
Ethanol 75%                                                                                                         VWR  
 
Ethanol absolute                                                                                                   VWR 
 
FCS (Fetal Calf Serum) heat inactivated                                                              PAA 

(Cölbe, Germany) 
 
Hematoxylin solution                                                                                            VWR 
                                                                                          
Heparin sodium 25000 injection solution                                          ratiopharm GmbH 

(Ulm, Germany) 
 
Hexamethonium chloride                                                                        Sigma Aldrich 
 
Hydrochloric acid                                                                                                  VWR 
 
Hydrogen peroxide                                                                               BD Biosciences  
 
Isopropanol                                                                                                  AppliChem 

(Darmstadt, Germany) 
 
Isopropyl alcohol                                                                                                   VWR  
  
L-α-Phosphatidylcholine                                                                          Sigma Aldrich 
 
L-Glutamine                                                                                                    Invitrogen 
 
LPS (lipopolysaccharide)  Sigma Aldrich 
 
rm IFNgamma    Immunotools 

(Friesoythe, Germany) 
 
rm TNFα                                                                                                   Immunotools 
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Magnesium chloride                                                                                Sigma Aldrich 
 

Methyllycaconitine citrate salt hydrate                                                    Sigma Aldrich 
 
Non-essential Amino acids (NEA)                                                                 Invitrogen  
 
Paraffin                                                                                                               Medite 

(Burgdorf, Germany) 
 
Penicillin (10000 U/ml) / Streptomycin (10 mg/ml)                        PAN Biotech GmbH 
 
Potassium chloride                                                                                               VWR 
 
Potassium dihydrogen phosphate                                                                        VWR                           
  
RPMI 1640                                                                                                             PAA 
 
SCH 442416                                                                                           Sigma Aldrich 
 
Sodium chloride                                                                                                    VWR 
 
Sodium deoxycholate                                                                             Sigma Aldrich 
 
Sodium pyruvate                                                                                           Invitrogen 
 
Theophylline                                                                                           Sigma Aldrich 
 
Tris-Base (Trizma)                                                                                  Sigma Aldrich 
 
Triton X-100        AppliChem 
 
TRIzol                                                                                                            Invitrogen  
 
Tween 20                                                                                                     AppliChem 
 
Trypan blue                                                                                             Sigma Aldrich  
 
U-73122                                                                                                  Sigma Aldrich 
 
Xylol                                                                                                                      VWR  
 
 
Devices 
       
7900 HT Sequence Detection System                                          Applied Biosystems 

 
Apple iPad                                                                                                           Apple 

(Cupertino, USA) 
 

BD FACSCanto II                                                                                 BD Biosciences 
 
Centrifuge 5430 R                                                                                        Eppendorf 

(Hamburg, Germany) 
 
Centrifuge 5810 R                                                                                        Eppendorf 
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Cut 4055                                                                                                         Olympus 
(Hamburg, Germany)      

 
Douncer                                                                                                      Hartenstein 

(Würzburg, Germany) 
  

EG 1160                                                                                                               Leica 
(Solms, Germany) 

                          
Heating block (BTD)                                                                         Grant Instruments 

(Cambridge, Great Britain) 
 

Incubating Mini Shaker                                                                                         VWR 
 
MACS Separator                                                                             Miltenyi Biotec Inc. 
 
Microscope (Olympus BH-2)                                                                           Olympus                          

 
Microscope (Olympus BX51)                                                                          Olympus 

 
Nanodrop 1000 Spectrophotometer                                                  Thermo Scientific 
 
Neubauer counting chamber (0.1mm, 0.0025mm2)                                    LaborOptik 

   (Friedrichsdorf, Germany) 
 
Pipettes                                                                                                        Eppendorf  
 
Steamer (Multi Gourmet)                                                       Braun GmbH  

(Kronberg, Germany)  
 
Sterile bench (Herasafe)                                                                                 Heraeus 

                                                                                             (Hanau, Germany)  
 
Tecan Sunrise Absorbance Microplate Reader                                                  Tecan        

   (Grödig, Austria) 
 
 
Disposable materials 
  
12 well plate                                                                                 Becton Dickinson 
 (Le Pont De Claix, France) 
 
48 well plate                                                                                 Becton Dickinson 
 
96 well plate                                                                                                     VWR  
 
Cannulas (0.9 x 40 mm)                                                                   BD Biosciences    
 
Cover glasses (24x60 mm)                                                                Menzel Gläser 
 (Braunschweig, Germany) 
                                                                              
Disposable syringe (10 ml)                                                              BD Biosciences  
 
Eppendorf tubes (1,5/2 ml)                                                                          Sarstedt  
                                                                 (Nümbrecht-Rommelsdorf, Germany) 
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Falkon tubes (15/50 ml)                                                                               Sarstedt  
 
Flow Cytometry tubes                                                                                 Sarstedt 
 
Histosettes                                                                                                   Simport 
 (Beloeil, Canada) 
 
MACS Columns LS                                                                    Miltenyi Biotec Inc. 
 
Microscopic slides                                                                             Menzel Gläser 
 
Pipette tips                                                                                                  Sarstedt 
 
Tissue Culture Dish                                                                                    Sarstedt 
 

               
Software 
 
Adobe Photoshop                                                                                               Adobe 

(München, Germany) 
 
Analysis Image Processing Software Cell^P                                                  Olympus 
 
BD FACSDiva Software                                                                       BD Biosciences 
 
Excel                                                                                                       Microsoft INC. 

 (Redmond, USA) 
 
Graph Pad Prism                                                                   Graph Pad Software INC. 
 (San Diego, USA)  

 
Image J                                                                               National Institute of Health 

(Bethesda, USA) 
 

ND-1000 V3.7.0                                                                      Nanodrop Technologies 
(Wilmington, USA) 

 
SDS Zero G Software INC. 

(San Francisco, USA) 
 

X-Read-Plus                                                                                                        Tecan 
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3. Methods 

3.1 In vitro studies 

3.1.1 Isolation of peritoneal macrophages and spleens 

 

All animal procedures (organ harvest) were completed by authorized persons and in 

strict adherence to the German animal protection law. C57BL/6j mice were used for 

in vitro peritoneal macrophage, spleen and monocyte studies. All mice were wild 

type, about 6-12 weeks old and both male and female. On a per-experiment basis 

only one gender was used to prevent cross-gender differences on the immune 

response. 

 

Mice were deeply anaesthetized by ketamine (100mg/kg) / xylazine (10 mg/kg), 

euthanized by deep CO2 narcosis and mounted on a styrofoam block. The outer 

skin was cut and 10 ml of ice-cold sterile PBS were injected into the peritoneal 

cavity.  After gently massaging the peritoneum, the fluid was drained, using a 10 ml 

syringe with a 20 g needle, and collected in pre-cooled falcon tubes. Spleens were 

taken out and stored in pre-cooled PBS solution, until they were homogenized in 15 

ml PBS, using a glass douncer. Both peritoneal cells and spleen cells were 

centrifuged at 400 x g for 10 minutes and resuspended in 10 ml of PBS. Cells were 

counted using a Neubauer cell counter. The number of cells was determined by the 

following formula: counted cells * 104 * dilution factor * volume (ml). About 20-40 

million peritoneal cells and 600-900 million spleen cells were yielded from 6 animals. 

Peritoneal cells were then resuspended in 4 ml of 0.14 M NH4Cl for erythrocyte 

lysis.  After incubation at room temperature for 10 minutes, 30 ml of PBS were 

added to the solution and cells were centrifuged at 400 x g for 10 minutes.  

 

3.1.2 MACS separation 

 

Homogenized spleen cells were then either directly utilized for cell culture or 

monocytes were extracted via magnetic cell sorting first (for further reference see 

magnetic cell sorting with CD11b micro beads protocol from Miltenyi Biotec). For 

MACS separation, cells were centrifuged at 300 x g for 10 minutes and the 

supernatant was removed completely. Up to 107 cells were suspended in 90 µl of 

PBS and mixed with 10 µl of CD11b micro beads. The suspension was incubated 

for 15 minutes at 4°C, washed with 2 ml of PBS and centrifuged at 300 x g for 10 

minutes. The supernatant was pipetted off and cells were resuspended in 500 µl of 
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PBS. The cell suspension was then rinsed through a magnetic separation column. 

Unlabeled cells passing through the column were discarded and the column was 

washed with PBS. Magnetically labelled cells were harvested by removing the 

column from the separator and flushing it with 5 ml of PBS. From six animals 

approximately 20 million monocytes were obtained.  

 

3.1.3 Cell culture 

 

After centrifugation, cells were resuspended in R10 medium (RPMI 1640 medium 

supplemented with 10% heat-inactivated FCS, 1% NEA, 1% sodium pyruvate, 1% 

penicillin/streptomycin and 1% glutamine). Peritoneal macrophages were seeded at 

500000 per well into 48-well tissue culture plates. Wells were incubated with 100 

ng/ml of LPS (lipopolysaccharide) and with or without one of the following 

substances: CDP-choline (10 mM, 1 mM, 0.1 mM), cytidine (10 mM), choline (10 

mM), cytidine + choline (10 mM each) and phosphatidylcholine (10 µM). Cells were 

harvested after 6, 18 and 48 hours for cytokine analysis and after 30 minutes, 1 

hour, 3 and 6 hours for RNA analysis.  

 

Fig. 9. Pipetting scheme for murine macrophage cell culture in a 48 well plate. 

 

The phospholipase blocker U-73122 was applied at a concentration of 10 nM. It was 

either added to wells instead of a test substance as a control or mixed with CDP-

choline (10 mM). The cell surface receptor antagonists atropine (50 µM), 

hexamethonium (100 nM, 50 nM, 10 nM), methyllycaconitine (300 nM, 50 nM, 30 

nM), theophylline (100 µM, 30 µM, 10 µM) or SCH 442416 (1 µM, 50 nM) were used 

alone as a control or with the addition of choline or cytidine (10 mM each). Cells 

were always pre-incubated with cell surface receptor antagonists and LPS (100 

ng/ml) for at least 15 minutes, before adding choline or cytidine. 
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Name of antagonist Effect 

U-73122 specific phospholipase A2 and 

phospholipase C blocker 

atropine muscarinic acetylcholine receptor 

antagonist  

hexamethonium unspecific nicotinic acetylcholine 

receptor antagonist 

methyllycaconitine selective α7 nicotinic acetylcholine 

receptor antagonist 

theophylline unspecific adenosine receptor 

antagonist 

SCH 442416 selective A2a adenosine receptor 

antagonist 

 

Table. 1. Applied antagonists and their effects. 

 

 

CDP-choline    choline                        cytidine 

        +                                                    +                                                      + 

U-73122 atropine/            theophylline/ 

     hexamethonium/                            SCH 442416 

              methyllycaconitine 

 

Fig. 10. Pipetting scheme for antagonists. 

 

3.1.4 Purity and viability tests via FACS analysis 

 

To assess the purity of the peritoneal lavage, i.e. the percentage of macrophages, a 

CD11b staining was performed, visualizing CD11b antigen positive cells. After 

incubation in cell culture medium supplemented with 100 ng/ml of LPS and with or 

without CDP-choline (10 mM) or cytidine (10 mM) for 18 hours, cells were harvested 

and centrifuged at 400 x g for 10 minutes. Supernatants were pipetted off for later 

use in ELISA, whereas sedimented cells were resuspended in 500 µl of PBS and 

filled into FACS tubes. Each sample was split into two tubes, one for staining and 

one for an unstained isotype control. Cells were resuspended in 2 ml of PBS and 

spun twice at 400 x g for 10 minutes. The cell solution was divided into two FACS 

tubes. 0.5 µl of Fc block was added and solutions were incubated for 10 minutes. 



27 

 

Finally, 0.5 µl of anti-mouse CD11b antibodies (Alexa Fluor 647 linked) were added 

to one tube, while 0.5 µl of isotype control antibody solution were added to the other. 

Following incubation for 30 minutes, cells were washed with PBS. The percentage 

of CD11b antigen positive cells was determined via fluorescence activated cell 

sorting (APC channel). 

 

Viability of cells was measured by application of a DNA stain (7-AAD). Having 

incubated in cell culture for 6 hours, cells were harvested and centrifuged at 400 x g 

for 10 minutes. Supernatants were pipetted off. Cells were resuspended in 500 µl of 

PBS, transferred to FACS tubes and filled with 2 ml of PBS. The solution was then 

centrifuged at 400 x g for 10 minutes and supernatants were decanted. Sedimented 

cells were resuspended in 100 µl of residual PBS and incubated with 5 µl of 7-AAD 

viability staining solution for 5 minutes in the dark. Viability of samples was 

determined via fluorescence activated cell sorting (PerCP channel). 

 

3.1.5 Determination of cytokine levels via ELISA 

 

In order to assess cytokine production, cell culture supernatants were used to 

perform an enzyme-linked immunosorbent assay (ELISA). ELISAs were conducted 

according to specific ELISA protocols for each cytokine. The standard protocol for 

most ELISA kits from R & D systems is described as an example in the following. 

96-well microplates were coated, using 50 µl per well of diluted (1:180) capture 

antibody in PBS. Plates were covered with an adhesive strip and incubated over 

night at room temperature. Before adding 200 µl per well of blocking buffer (PBS 

supplemented with 1% BSA), plates were washed with PBS, containing 1% of 

Tween 20. After blocking of wells for at least one hour, 50 µl of standard or sample 

were added. Standards were diluted in reagent diluent (1% BSA in PBS). Standards 

and samples were incubated for two hours and the plate was washed with PBS with 

0.05% of Tween-20. 50 µl of 1:180 diluted detection antibody (in reagent diluent) 

were added per well. After two hours of incubation, the plate was washed and 50 µl 

of 1:200 diluted Streptavidin-HRP (in reagent diluent) were dispensed to each well. 

Plates were incubated for 20 minutes in the dark and washed. 100 µl of substrate 

solution (1:1 diluted H2O2 and tetramethylbenzidine) were added to each well. After 

incubation in the dark for 15 – 30 minutes (individually adjusted to maximize signal-

to-noise ratio), 50 µl per well of stop solution (1M HCl) were added. The optical 

density of each well was immediately measured, using a Tecan Sunrise absorbance 
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microplate reader. The reader was set to 450 nm with a wavelength correction set to 

570 nm.  

 

In order to measure intracellular levels of IL-1ß, sedimented cells were lysed by 

applying 40 µl of Ripa cell lysis buffer per 5x105 cells (25 mM Tris buffer, 0.5 mM Na 

deoxycholate, 150 mM NaCl supplemented with 1% Triton X-100 and 100 µM/ml of 

a complete protease inhibitor cocktail) and thorough vortexing. Lysates were stored 

at -80°C until further use. For ELISA assays, cell solutions were routinely diluted 

with 400 µl of assay diluent (PBS with 1% BSA).  

 

3.1.6 Griess reaction 

 

To measure nitrite in cell culture supernatants, a Griess reagent system kit was 

used according to the manufacturers protocol (Promega # TB229). The Griess 

reaction is a diazotization that forms a magenta colored azo compound in the 

presence of nitrite in a concentration dependent manner. Thereby NO2-, one of the 

breakdown products of NO can be colorimetrically measured.  

A nitrite standard reference curve with a high standard of 100 µM was prepared. 

The provided nitrite standard stock solution was diluted 1:1000 in R10 medium and 

a serial twofold dilution was performed immediately. 50 µl of standard or 

experimental sample were added to each well of a 96-well plate. CDP-choline, 

choline, cytidine and phosphatidylcholine were tested at usual concentrations. 50 µl 

of sulfanilamide solution were dispensed to all wells and incubated for 10 minutes in 

dark. Then 50 µl of NED solution were added to wells and incubated for 10 minutes, 

protected from light. Absorbance was measured at a maximum of 550nm for the 

magenta colored azo compound and at a correction wavelength of 650nm.  

 

3.1.7 Phagocytosis 

 

Peritoneal macrophages were isolated, counted and dissolved into R10 medium. 

Wells contained 500000 cells and were treated with or without 100 ng/ml of LPS. 

CDP-choline, choline, cytidine, phosphatidylcholine (at usual concentrations, see 

section 3.1.3, p. 25) or pure R10 medium was then dispensed to wells, leading to a 

final well volume of 1 ml. Supernatants were carefully taken off after 18 hours of 

incubation at 37°C and cell culture media were changed before the start of the 

assay. 100 µl of CDP-choline, choline, cytidine or phosphatidylcholine diluted in 
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RPMI 1640 medium were added to all wells that were previously incubated with the 

same substance. Control wells were filled up with 100 µl of RPMI 1640 without 

supplementation.  

Prior to the phagocytosis assay, particles were opsonized. Whole blood was 

obtained from euthanized mice by aspiration from the left ventricle, mixed with 100 

µl of Heparin (25k units/ml) and centrifuged at 2000 x g and 4°C for 5 minutes. The 

upper phase, i.e. the serum, was then carefully pipetted off, pooled and diluted to 

50% with Krebs’ Ringers PBS. 8 µl of provided particles (Fluoresbrite Carboxylate 

YG 0.75 Micron Microspheres) were added to the mixture of 500 µl, with a particle 

density adjusted to about 1010 particles per ml. The solution was mixed and 

incubated on an orbital shaker for 30 minutes at 37°C, with gentle agitation. After 

incubation, opsonized particles were diluted with RPMI 1640 medium. 100 µl of the 

solution was then added to wells. 

Cell culture plates were then incubated at 37°C for 30 minutes, 2, 6, 24 and 48 

hours. As a negative control, a sample with LPS but without any other test 

substances was incubated at 4°C instead. At the end of incubation times, 

phagocytic activity was stopped by aspirating well contents and pouring them into 

FACS tubes containing 2 ml of ice cold PBS. Solutions were mixed thoroughly and 

centrifuged at 400 x g and 4°C for 5 minutes. Tubes were decanted and washed 

twice with cold PBS. Cells were resuspended in 200 µl of cold PBS and stored on 

ice. Prior to FACS analysis, 5 µl of 7-AAD viability staining solution were dispensed 

into tubes and incubated for 5 minutes. Cell solutions were studied via FACS (FITC 

and PerCP channel). 

 

3.1.8 RNA isolation, reverse transcription and RT-PCR 

 

For RNA isolation, sedimented cells were homogenized in 500 µl of Trizol reagent. 

To perform a phenol-chloroform extraction, 100 µl of chloroform were added. All 

samples were shaken thoroughly and incubated at room temperature for a few 

minutes. Centrifugation at 12000 x g and 4°C for 10 min yielded biphasic samples. 

150 µl of the upper aqueous phase were then carefully pipetted off. Aqueous phase 

samples were mixed with 1 µl of glycogen and 200 µl of isopropyl alcohol. The RNA 

precipitate was sedimented by centrifugation at 12000 x g and 4°C for 10 min. 

Supernatants were removed and discarded. Sedimented RNAs were washed with 

500 µl of 75% ethanol and centrifuged at 7500 x g and 4°C for 10 minutes. 

Supernatants were discarded and RNAs were air-dried briefly by inverting the cups 
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above clean paper towels for 15 minutes. RNA sediments were then re-dissolved in 

20 µl of RNase-free water at 30°C for 15 minutes and stored at -80°C. 

Prior to reverse transcription, the RNA content of samples was measured using a 

“nanodrop” spectrophotometer. For reverse transcription, 2 reaction tubes per RNA 

sample were prepared and filled with 8 µl of the respective RNA template. After 

each step reaction tubes were vortexed thoroughly. A mixture of 1 µl of 10x DNase1 

reaction buffer and 1 µl of DNase1 per reaction tube were added and incubated for 

15 minutes at room temperature. A cocktail of 1 µl of EDTA (25 mM), 1 µl of 

anchored oligos and 2.5 µl of RNase-free water was added to each reaction tube 

and incubated for 10 minutes at 70°C. Reaction tubes were then quickly stowed in a 

box filled with ice and chilled. 5 µl of 5x first strand buffer, 2.5 µl of DTT (100 mM) 

and 2 µl of dNTPs (10 mM) were added to each reaction tube. Following incubation 

for 10 minutes at room temperature, reaction tubes were transferred to a heating 

block at 42°C. After 2 minutes 1 µl of SuperscriptII RTase was added to one of two 

reaction tubes per sample. The purity of each sample could thus be checked later by 

measuring the negative control samples without SuperscriptII RTase. Reaction 

tubes were now incubated for 90 minutes at 42°C, until the reaction was stopped by 

incubating for 10 minutes at 70°C.  

386 well plates were used for real time PCR studies. Prior to application, RNA 

samples were diluted 1:50 in RNase-free water and mixed well. 5 µl of RNA 

template were pipetted into the wells and plates were centrifuged at 1000 x g for 1 

minute. 5 µl per well of 2x UDG mastermix and 0.2 µl per well of ROX dye were 

mixed and divided into several reaction tubes. 0.5 µl per well of specific primers 

were then added to the reaction tubes. 5 µl of the cocktail consisting of mastermix, 

ROX dye and specific primers were now pipetted into wells, leading to a final volume 

of 10 µl. Amplification was performed on a SDS 7900 real time cycler, with 50 cycles 

and continuous data collection using standard settings. RNA levels of MIP-1α, MCP-

1, TNFα and -actin were measured. Target gene expression levels were 

normalized on ß-actin expression. 

 

For this process the following cycler program was applied: 

T (°C) T repeats 
50 2 minutes 1 
95 10 minutes 1 
95 15 seconds 50 
60 1 minute 50 

 

Table. 2. Cycler program for RT-PCR. 
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3.2 In vivo studies – exogenous cytidine application in EAE 

 

All animal procedures described in the following were performed in accordance with 

the German animal protection law and by authorized personnel only.  

At day 0 mice were inoculated with 200 µg of MOG35-55 (myelin oligodendrocyte 

glycoprotein, amino acids 35-55) and 200 µg of Complete Freund’s Adjuvant (CFA). 

After anesthesia of mice with 8 mg/kg of xylazine and 80 mg/kg of ketamine, 50 µl of 

the MOG-CFA emulsion were injected subcutaneously on the lower back on both 

sides of the tail base.  After this procedure and 48 hours later, 200 ng of pertussis 

toxin (PTX) were administered intraperitoneally.  

 

Mice of the intervention group were injected daily with 10 mg of cytidin dissolved into 

200 µg of sterile PBS, i.e. each animal was treated with 500 mg/kg/day. The 

therapeutic intervention was started at the day of the immunization. Mice belonging 

to the control group received the same volume of sterile PBS, without cytidine. Mice 

that did not develop symptoms of EAE in response to MOG inoculation were 

excluded from the data analysis.  

 

Symptoms of EAE usually develop about 10 days after the immunization. From day 

9 post-immunization, mice were weighed daily as well as inspected for clinical 

symptoms according to the following scoring system: 

 

score clinical symptoms 

0 no symptoms 
1 tag of mouse tail is limp 
2 at least 2/3 of the tail is limp 
3 limp tail, slight ataxia when walking 
4 ataxia, hind legs collapse under body weight  
5 severe ataxia, slight paraparesis of extremities 
6 paraparesis of extremities 
7 paraplegia of extremities 
8 tetraparesis of extremities 
9 moribund, heavy breathing 
10 dead 

 
Table. 3. EAE scoring system (67). 
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3.3 Histological analysis 

3.3.1 Transcardial perfusion and preparation of tissue sections 

 

At day 26 after the immunization mice were deeply anaesthetized by 

ketamine/xylazine, euthanized by CO2 asphyxiation and mounted on a styrofoam 

block. The thorax was cut open and fixed, revealing the heart. Using a 10 ml syringe 

and a 20 g needle, a solution containing 4% of paraformaldehyde (PFA) was 

injected into the left ventricle, while the right atrium was lacerated with small 

scissors. The perfusion with 4% of PFA was continued, until the liver showed a 

white coloring. Following perfusion, the brain, the spinal cord and the spleen were 

dissected and fixated in 4% of PFA for two hours. The brain was divided into three 

coronary sections, whereas the spinal cord was cut transversally into three cervical, 

three thoracic and three lumbar segments. All sections were placed into 

“histosettes” (see section 2., p. 23). As a positive control, a segment of the spleen 

was added to each histosette.  

 

In order to dehydrate the sections, ethanol with ascending concentrations (50%, 

70%, 80%, 90%, 96%, 2x 100%, 2x xylol, hot paraffin) was added to the tissues. 

This procedure was performed by an automatic dehydration carousel. Tissue 

sections were then transferred to a tissue embedding system, applying paraffin to 

preserve the organic structure. Using a microtome, spinal cord sections were cut 

into 4 µm slices. Afterwards, paraffin slices were stretched in a bath of 

demineralized water at 37°C, put on microscopic slides and dried over night at 37°C. 

 

3.3.2 CNPase and Nogo A staining 

 

Paraffin sections were deparaffinized and rehydrated, applying xylol and ethanol in 

descending concentrations (2x xylol 10 minutes each, 2x 99% ethanol, 90% ethanol, 

80% ethanol, 70% ethanol, 50% ethanol 3 minutes each, 3x aqua dist. 3 minutes 

each). Sections were boiled in 0.1 M citric acid buffer for 30 minutes. After cooling 

down for 15 minutes, sections were washed with aqua dist. and TBS (CNPase) / 

PBS (Nogo A). All sections were blocked with 10% BSA/TBS (CNPase) / BSA/PBS 

(Nogo A) for 30 minutes at room temperature. After this, 200 µl of the primary 

antibody diluted 1:7500 in 1% BSA/TBS (CNPase) / diluted 1:100 in 1% BSA/PBS 

(Nogo A) were added to all sections, except for the negative controls. Sections were 

incubated over night at 4°C. Sections were washed with TBS (CNPase) / PBS 
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(Nogo A) and 200 µl of POD block were pipetted onto sections and incubated for 13 

minutes at room temperature. Sections were washed and 200 µl of the secondary 

antibody diluted 1:200 in 1% BSA/TBS (CNPase) / BSA/PBS (Nogo A) were added. 

After 45 minutes of incubation, sections were washed and an AB complex (POD) 

was diluted 1:100 in TBS (CNPase) / PBS (Nogo A), pre-incubated for 15 minutes 

and added to sections. After 35 minutes of incubation, sections were washed. For 

the DAB reaction one DAB tablet was dissolved in 1 ml of TBS (CNPase) / PBS 

(Nogo A), supplemented with 75 µl of 3% H2O2 and filtrated. The DAB reaction 

solution was added to sections and incubated for 5 minutes (CNPase) / 2 minutes 

(Nogo A). Afterwards, sections were washed with distilled water and dyed in filtrated 

hematoxylin solution for 10 minutes. Sections were washed with distilled water and 

hydrated in tap water and dehydrated with ascending concentrations of ethanol and 

xylol (as described above). Finally, sections were mounted with entellan. 

 

3.3.3 Evaluation of CNPase and Nogo A staining 

 
Two transversal sections of each segment of the spinal cord (cervical, thoracic, 

lumbar/sacral) were examined for each animal. Pictures of spinal cord sections were 

taken by Analysis Image Processing Software on a PC that was linked to an 

Olympus microscope with a standardized eyepiece, containing a 90 pixel (=1/64 

mm2) square grid. Multiple frames were aligned to render total cross sections in high 

resolution (MIA plugin, Cell^P software). Images of spinal cord sections were then 

processed in Image J on a PC and transferred to an iPad. Using a touchscreen pen 

on the iPad, lines were drawn manually around the transversal sections, around the 

central gray matter and around all damaged/demyelinated areas in the white matter. 

Areas within whole spinal cord sections were measured as well as gray matter areas 

and demyelinated white matter areas.  

 

For the evaluation of the CNPase staining, gray matter areas were subtracted from 

whole areas in order to calculate areas of white matter. A ratio demyelinated white 

matter / total white matter was calculated for all sections and the percentages of 

demyelinated white matter were compared between the different sections. 

For the evaluation of the Nogo A staining, demyelinated areas were stratified into 

areas of small (<0.035 mm2) and large (>0.035 mm2) white matter damage. Nogo A 

positive cells were counted in normal appearing white matter and inside small and 

large lesions of all sections.  Counts were normalized to an area of 1 mm2. 
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3.4 Data processing and Statistics 

 

Raw data of all experiments based on photometric measurement (ELISA and Griess 

reaction) were analyzed using Microsoft Excel and GraphPad Prism. To convert 

absorption into concentration data, calibration curves were obtained using the 

spline-fit function in Graph Pad Prism. Normal distribution of data was assessed by 

a D'Agostino & Pearson omnibus normality test, and significance level between 2 

groups calculated by student´s T tests. 

 

Data obtained via FACS analysis, i.e. phagocytic activity, purity and viability tests, 

were analyzed using BD FACSDiva Software. Gates were adjusted based on 

unstained or isotype stained control samples to distinguish phagocytic/non-

phagocytic cells, CD11b positive/negative cells and 7AAD-positive/negative cells. 

Percentages of gated cells were analyzed in Graph Pad Prism, calculating student´s 

T tests.  

 

Data of real time PCR experiments were processed using SDS software. Target 

gene expression levels were normalized on ß-actin expression, their relative 

expression was calculated in SDS according to the ∆∆CT method (89). Obtained 

relative expression values were further analyzed in Graph Pad Prism, calculating 

student’s T tests.  

 

To analyze non parametric EAE scores, Mann-Whitney tests were calculated in 

Graph Pad Prism at individual days, comparing control and interventional group.  

 

The CNPase staining was analyzed by calculating the ratio of demyelinated area 

over total area of white matter for each spinal cord cross section (6 sections per 

animal). The ratios were compared between groups, calculating a Mann-Whitney 

test in Graph Pad Prism. 

 

The Nogo A staining was analyzed comparing average cell counts between groups, 

(control vs intervention) calculating Mann-Whitney tests in Graph Pad Prism.  Cell 

counts were analyzed separately for normal appearing white matter, small and large 

lesions (also refer to section 3.3.3 Evaluation of CNPase and Nogo A staining, p. 

33). 
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Data were regarded as significant or non-significant according to the following levels 

of significance: p > 0.05 non-significant (ns), p < 0.05 significant (*), p < 0.01 highly 

significant (**), p < 0.001 highly significant (***). 
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4. Results 

4.1 In vitro studies 

4.1.1 The effects of CDP-choline on splenocyte and macrophage 
cytokine release 

4.1.1.1 CDP-choline has no effect on mixed splenocytes and CD11b 
positive splenic myelocytes 

 

Since monocytes/macrophages can display a broad range of phenotypes, 

depending on their tissue residency (92), the potential effects of CDP-choline 

treatment were tested in various splenocyte and macrophage cultures. First, the 

effects on mixed splenocytes and purified CD11b positive splenic myelocytes were 

studied. Given the high bioavailability and good tolerability of CDP-choline in vivo, a 

broad concentration range of CDP-choline was screened in splenocyte cultures to 

identify effective concentrations in vitro. However, concentrations of up to 10 mM of 

CDP-choline did not influence cytokine production in mixed spleen cell cultures and 

in purified CD11b positive splenic myelocytes (see Fig. 11.).  

 

 A                                                          B 

 

 

 

 

 

 

 

 

Fig. 11. (A) CDP-choline did not exert any effects on CD11b positive splenic myelocytes. 

Cells were extracted from whole spleen homogenates via MACS. Cell culture medium was 

supplemented with or without 100 ng/ml of LPS ± CDP-choline (1, 10 mM). Cells were 

harvested after 18 hours of incubation at 37°C. Cell culture medium: ReMed, n=3. (B) CDP-

choline does not affect mixed splenocytes. Cell culture medium was supplemented with 100 

ng/ml of LPS ± CDP-choline (10 mM). Cells were harvested after 4 days of incubation at 

37°C. Cell culture medium: R10. n=4. 
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4.1.1.2 Peritoneal exudate cells contain high numbers of viable 
macrophages 
 

To complement the experiments on splenocytes, the effects of CDP-choline on 

mouse peritoneal macrophages were tested. Before starting the experiments, the 

percentage of macrophages in mouse peritoneal lavage was assessed, using 

CD11b as a marker. In the mouse, the CD11b antigen is mainly expressed on 

monocytes, macrophages and microglia. In this case, it was therefore used as a 

marker for macrophages. 

On a per-experiment basis, the same batch of pooled peritoneal exudate cells was 

used to ensure comparability between test and control condition. Different batches 

of peritoneal exudate cells were also routinely tested for their content of CD11b 

positive tissue macrophages by flow cytometry. In the representative example 

shown below, 46.6% of all cells were CD11b positive (see Fig. 12.).  
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Fig. 12. Peritoneal lavage provided sufficient quantities of CD11b positive cells. Cell culture 

medium (ReMed) was supplemented with 100 ng/ml of LPS. Cells were harvested after 18 

hours of incubation at 37°C, washed and measured via FACS (APC channel). Not defined by 

gate: fragmented cells. P1: CD11b positive cells. P7: CD11b negative cells. (A) control 

sample. One out of two experiments is shown. CD11b positive cells: 46.4%. CD11b negative 

cells: 37.0%. (B) iso control sample. One out of two experiments is shown. CD11b positive 

cells: 0.2%. CD11b negative cells: 78.7%. 
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4.1.1.3 The effective concentration of CDP-choline in macrophage 
cultures is 10 mM 

 

For peritoneal macrophage cultures, tested concentrations of CDP-choline ranged 

between 0.1 mM and 10 mM. The amount of the macrophage chemokine 

macrophage inflammatory protein 1α (MIP-1α) was significantly reduced in culture 

supernatants of peritoneal macrophages treated with CDP-choline concentrations of 

10 mM, whereas dosages of 0.1 mM or 1 mM failed to exert any effects (see Fig. 

13.A). The quantity of the pro-inflammatory cytokine interleukin-1 beta (IL-1 ) in 

macrophage cell lysates was also diminished after addition of 10 mM of CDP-

choline (see Fig. 13.B). Cell lysates were used in this case since IL-1  is not readily 

released from LPS-treated macrophages (88). To verify the efficacy of LPS 

stimulation, supernatants/ cell lysates obtained from untreated cells were also 

routinely measured, confirming the critical role of LPS (data not shown).  

 

A        B 

 

 

 

 

 

 

 

 

 

Fig. 13. Dosage titration of CDP-choline revealed an effective in vitro dose of 10 mM. Cell 

culture medium (R10) was supplemented with 100 ng/ml of LPS ± CDP-choline (0.1, 1, 10 

mM). Cells were harvested after 18 hours of incubation at 37°C. Results of two independent 

experiments were pooled. (A) MIP-1α ELISA of supernatants. n=6, p=0.0γ8. (B) IL-1  ELISA 

of cell lysates. n=5, p=0.049.          

 

 

4.1.1.4 CDP-choline does not influence macrophage viability 

 

To exclude that reductions in MIP-1α and IL-1  release by CDP-choline were a 

consequence of cytotoxic effects, the viability of cultured peritoneal macrophages 

was tested at the time of asservation. The viability of cells treated with CDP-choline 

was approximately the same as seen in the control condition (see Fig. 14.). 
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Additional viability tests were performed with a number of substances applied to 

primary cell cultures in this project (refer to Appendix, Table. 2.a and Fig. 1.a, p.  

86/87).  

 

 

 

 

 

 

 

Fig. 14. CDP-choline did not compromise cell viability. Cell culture medium (R10) was 

supplemented with 100 ng/ml of LPS ± CDP-choline (10 mM). Cells were incubated for 6 

hours at 37°C. 7-AAD viability staining was applied and quantification of viable cells was 

implemented by FACS analysis. control: n=6, CDP-choline: n=3. 

 

4.1.1.5 CDP-choline reduces cytokine release of peritoneal 
macrophages 

 

The finding that CDP-choline leads to a reduction in macrophage-derived MIP-1α 

and IL-1  (see section 4.1.1.3, p. 37), demanded deeper investigation. Hence, the 

effects of CDP-choline and its bioactive constituents, cytidine (refer to section 4.1.5, 

p. 48) and choline (refer to section 4.1.4, p. 46) were studied, measuring a broad 

panel of macrophage derived cytokines.  Regarding MIP-1α release, a significant 

decrease was seen in cells treated with CDP-choline or one of its components, 

choline or cytidine. The largest reduction in cytokine release was observed in 

samples incubated with both choline and cytidine at the same time. CDP-choline 

and choline were similarly effective, while treatment with cytidine led to a superior 

reduction of MIP-1α release (Fig. 15.).  
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Fig. 15. MIP-1α release was reduced by the addition of CDP-choline or its components, 

choline and cytidine. Cell culture medium (R10) was supplemented with 100 ng/ml of LPS ± 

CDP-choline (10 mM), choline (10 mM) or cytidine (10 mM). Cells were harvested after 6 

hours of incubation at 37°C. Data of 4 independent experiments were pooled. control: n=26, 

CDP-choline: n=25, p=0.017, choline: n=20, p=0.008, cytidine: n=20, p<0.001, choline + 

cytidine: n=3, p=0.02. 

 

Besides MIP-1α, the macrophage chemokines MCP-1 (monocyte chemotactic 

protein-1) and RANTES (Regulated on Activation, Normal T cell Expressed and 

Secreted) were decreased in cell culture supernatants (see Fig. 16.A-C). In addition 

to these myelocyte chemokines, CDP-choline decreased concentrations of the 

potent pro-inflammatory cytokine, TNFα, but did not mitigate levels of IL-6 or of the 

regulatory cytokine IL-10 (see Fig. 16.D-F). 
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Fig. 16. CDP-choline reduced cytokine and chemokine release of mouse peritoneal 

macrophages. Cell culture medium (R10) was supplemented with 100ng/ml of LPS ± CDP-

choline (10mM). (A) MIP-1α ELISA. Cells were harvested after 6 hours of incubation at 37°C. 

Data of 4 independent experiments were pooled. control: n=26, CDP-choline: n=25, p=0.017 

(B) MCP-1 ELISA. Cells were harvested after 6 hours of incubation at 37°C. Data of 2 

independent experiments were pooled. control: n=7, CDP-choline: n=7, p=0.002. (C) 

RANTES ELISA. Cells were harvested after 6 hours of incubation at 37°C. One out of two 

experiments is shown. n=3, CDP-choline: p=0.034. (D) TNFα ELISA. Cells were harvested 

after 6 hours of incubation at 37°C. Data of 3 independent experiments were pooled. n=9. 

CDP-choline: p<0.001. (E) IL-6 ELISA. Cells were harvested after 48 hours of incubation at 

37°C. n=4. (F) IL-10 ELISA. Cells were harvested after 48 hours of incubation at 37°C. n=4.  

 

4.1.2 The effect of CDP-choline on macrophage ROS production and 
phagocytosis 

4.1.2.1 CDP-choline does not affect NO production  

 

Beside CDP-choline’s influence on cytokine release, other macrophage functions 

such as production of reactive oxygen species (ROS) were investigated. For this 

purpose, nitric oxide release was indirectly measured in cell culture supernatants, 

using the Griess reaction. However, CDP-choline did not cause any changes in the 

ROS production of LPS-stimulated macrophages (see Fig. 17.). 

 

 

 

 

 

 

 

 

Fig. 17. CDP-choline did not affect macrophage ROS production. Griess Reaction. Cell 

culture medium was supplemented with 100 ng/ml of LPS ± CDP-choline (10 mM). Cells 

were harvested after 48 hours of incubation at 37°C. Data of 2 independent experiments 

were pooled. n=7.  

 

4.1.2.2 CDP-choline enhances early phagocytic activity  

 

Another major macrophage function – phagocytosis – was also investigated. In this 

experiment, the percentage of phagocytic cells was determined by FACS analysis, 
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visualizing embodied fluorescent yellow-green beads (see Fig. 18.). After two hours 

of phagocytotic activity, no differences were seen between positive control samples 

and samples treated with CDP-choline. CDP-choline significantly raised the 

percentage of phagocytic cells after six hours (p= 0.005), although this effect was no 

longer significant after 24 or 48 hours. After two hours of phagocytic activity, the 

percentage of cells containing three or more beads was around 30% in both groups. 

In the control group, a plateau was already reached after 24 hours, whereas in the 

CDP-choline group the highest phagocytic activity was seen after 48 hours (see Fig. 

20.). Scatter plots of the control group and the CDP-choline group after 48 hours 

reveal a higher visual dot density in the CDP-choline group (see Fig. 19).  

 

 

                                                      

  

 

 

 

 

 

Fig. 18. Mouse peritoneal macrophages with engulfed yellow-green beads (Giemsa stain in 

conjunction with Fluoresbrite Carboxylate YG 0.75 Micron Microspheres). Cell culture 

medium was supplemented with 100 ng/ml of LPS ± CDP-choline. After 18 hours of pre-

incubation, the phagocytosis assay was initiated by the addition of opsonised beads. Cells 

were fixed and stained after 24 hours.  
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Fig. 19. Scatter plots illustrating gating method and comparison of phagocytic activity 

between control samples and samples treated with CDP-choline. In the example depicted 

above, increased numbers of highly phagocytic cells (P3) were detected under CDP-choline 

treatment. Cell culture medium was supplemented with 100 ng/ml of LPS ± CDP-choline (10 

mM). After 18 hours of pre-incubation, the phagocytosis assay was initiated by the addition 

of opsonised beads. Quantification of phagocytic cells was implemented by FACS analysis 

after 48 hours. Q2-3: phagocytic cells in total, Q4-3: non-Phagocytic cells, blue: phagocytic 

cells containing 3 or more beads, dark green: phagocytic cells containing 1 bead. (A) control 

sample. One out of 6 experiments is shown. Phagocytic: 46.5% (3+ beads: 41.6%, 1 bead: 

2.9%), non-phagocytic: 53.5%. (B) CDP-choline sample. One out of 6 experiments is shown. 

Phagocytic: 57.3% (3+ beads: 52.7%, 1 bead: 2.6%), non-phagocytic: 42.7%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 20. CDP-choline temporarily enhanced phagocytic activity. Cell culture medium was 

supplemented with 100 ng/ml of LPS ± CDP-choline (10 mM). After 18 hours of pre-

incubation, the phagocytosis assay was initiated by the addition of opsonised beads. 

Quantification of phagocytic cells was implemented by FACS analysis after 2, 6, 24 and 48 

hours. Only phagocytic cells containing 3 or more beads were included. n=4. CDP-choline (6 

hours): p= 0.005.  

 

4.1.3 Exploration of possible mechanisms of action of CDP-choline 

4.1.3.1 CDP-choline does not affect cytokine mRNA expression 

 

The following sections describe the investigation of possible mechanisms of action 

of CDP-choline. It was first tested whether these actions eventually converge on the 

level of gene regulation. Thus, mRNA levels of affected cytokines were compared 

between treated and untreated LPS stimulated macrophages by semiquantitative 
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realtime PCR.  This analysis revealed no alterations in mRNA expression of the 

cytokines MIP-1α, TNFα or MCP-1 (see Fig. 21.). 
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Fig. 21. mRNA expression was not affected by CDP-choline. Cell culture medium was 

supplemented with 100 ng/ml of LPS ± CDP-choline. Cells were harvested after 2 hours of 

incubation at 37°C. Following RNA isolation and reverse transcription, relative mRNA levels 

were determined by real time PCR. (A) MIP-1α. n=3. (B) TNFα. n=3. (C) MCP-1. n=3.  

 

4.1.3.2 CDP-choline has no effect on the intracellular cytokine pool  

 

It was then tested whether the reduction of extracellular cytokine levels could be 

explained by a depletion of cytoplasmic cytokine pools, using macrophage cell 

lysates. Here, CDP-choline did not significantly alter cytokine levels measured from 

cell lysates (see Fig. 22.). 
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Fig. 22. CDP-choline did not affect cytokine levels of cell lysates. Cell culture medium was 

supplemented with 100 ng/ml of LPS ± CDP-choline (10mM). Cells were harvested after 6 

hours of incubation at 37°C and centrifuged. Supernatants were pipetted off, while cells were 

lysed, using Ripa cell lysis buffer. (A) MIP-1α ELISA of cell lysates. One out of two 

experiments is shown. n=3. (B) IL-1  ELISA. Data of 3 independent experiments were 

pooled. control: n=7, CDP-choline: n=10. 
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4.1.3.3 Phosphatidylcholine supplementation does not recapitulate 

effects of CDP-choline treatment 

 

In principle, CDP-choline application leads to an enhanced intracellular synthesis of 

phosphatidylcholine (3). In order to test whether increased availability of 

phosphatidylcholine may contribute to effects of CDP-choline treatment, primary 

peritoneal macrophages were cultured as usual and the cell culture medium was 

supplemented with 10 µM of phosphatidylcholine. This treatment reduced levels of 

MIP-1α, whereas levels of TNFα, IL-6 or IL-10 were not affected (see Fig. 23.). In 

summary, exogenous supplementation of phosphatidylcholine did not fully 

recapitulate the effects of CDP-choline on cytokine release. 
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Fig. 23. Phosphatidylcholine treatment did not robustly reduce cytokine release. Cell culture 

medium was supplemented with 100 ng/ml of LPS ± phosphatidylcholine (10 µM). (A) MIP-

1α ELISA. Cells were harvested after 6 hours of incubation at 37°C. Data of 4 independent 

experiments were pooled. control: n=26, phosphatidylcholine: n=14, p=0.028. (B) TNFα 

ELISA. Cells were harvested after 6 hours of incubation at 37°C. Data of 3 independent 

experiments were pooled. n=9. (C) IL-6 ELISA. Cells were harvested after 48 hours of 
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incubation at 37°C. n=4. (D) IL-10 ELISA. Cells were harvested after 48 hours of incubation 

at 37°C. n=4. 

 

4.1.3.4 Phospholipase blockers do not reverse reductions in cytokine 
release under CDP-choline treatment  

 

The observed effects of CDP-choline may also be due to interference with the 

phospholipase A2 triggered release of pro-inflammatory mediators such as 

lysophosphatidylcholine and free arachidonic acid (26). Hence a pharmacological 

phospholipase inhibitor was applied along with CDP-choline in a primary 

macrophage culture and extracellular levels of MIP-1α were measured. The 

phospholipase A2 and C blocker U73122, however, failed to significantly abrogate 

the effects of CDP-choline (see Fig. 24.). 

 

                                                             

 

 

 

 

 

 

 

 

 

 

Fig. 24. The phospholipase A2 and C inhibitor U73122 did not reverse reductions in cytokine 

release in samples treated with CDP-choline. Cell culture medium was supplemented with 

100 ng/ml of LPS ± CDP-choline (10 mM). The phospholipase A2 and C inhibitor U73122 (10 

nM) was applied both alone and in combination with CDP-choline. Cells were harvested after 

6 hours of incubation at 37°C. MIP-1α ELISA. Data of 2 independent experiments were 

pooled. n(control)=13, n(CDP-choline)=12, n(U-73122 + CDP-choline)=6, n(U-73122)=5. 

CDP-choline: p=0.025.  
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4.1.4 The effect of choline on macrophage effector functions 

4.1.4.1 Choline reduces macrophage cytokine release  

 

Since CDP-choline quickly hydrolyzes in vivo, its metabolites choline and cytidine 

(refer to section 4.1.5, p.48) were also tested along with CDP-choline in 

macrophage cell cultures. The first component of CDP-choline, choline, reduces 

macrophage cytokine release to a similar extent as CDP-choline, significantly 

diminishing levels of MIP-1α, MCP-1, TNFα and IL-6. The levels of RANTES and the 

regulatory cytokine IL-10 were not affected by choline (see Fig. 25.). 

 

A                                                                B 

 

 

 

 

 

 

 

 

C                                                                D 

 

 

 

 

 

 

 

 

E                                                                 F 

 

 

 

 

 

 

 

 



48 

 

Fig. 25. Choline reduced macrophage chemokine and cytokine release. Cell culture medium 

(R10) was supplemented with 100 ng/ml of LPS ± choline (10 mM). (A) MIP-1 ELISA. Cells 

were harvested after 6 hours of incubation at 37°C. Data of 4 independent experiments were 

pooled. control: n=26, choline: n=20, p=0.008. (B) MCP-1 ELISA. Cells were harvested after 

6 hours of incubation at 37°C. Data of 2 independent experiments were pooled. control: n=7, 

choline: n=4, p=0.001. (C) RANTES ELISA. Cells were harvested after 6 hours of incubation 

at 37°C. One out of two experiments is shown. n=4. (D) TNFα ELISA. Cells were harvested 

after 6 hours of incubation at 37°C. Data of 3 independent experiments were pooled. n=9. 

choline: p<0.001. (E) IL-6 ELISA. Cells were harvested after 48 hours of incubation at 37°C. 

n=4. choline: p=0.01. (F) IL-10 ELISA. Cells were harvested after 48 hours of incubation at 

37°C. n=4.  

 

Regarding cytokine release, choline was able to partly recapitulate effects of CDP-

choline. Given the structural similarities between choline and acetylcholine, it was 

investigated whether this action could be mediated by acetylcholine receptors on the 

cell surface. Therefore, antagonists of several acetylcholine receptor subtypes were 

applied in combination with choline. Atropine represents a muscarinic acetylcholine 

receptor antagonist. Hexamethonium is believed to be an unspecific competitive 

antagonist, whereas methyllycaconitine represents a specific competitive α7 

nicotinic acetylcholine receptor antagonist. However, neither the muscarinic 

(atropine), nor one of the nicotinic acetylcholine receptor antagonists 

(hexamethonium and methyllycaconitine) inhibited the actions of choline (see Fig. 

26). Concentrations of hexamethonium and methyllycaconitine were based on 

previous studies on peritoneal macrophages (25). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 26. Cholinergic receptor antagonists did not prevent reductions in cytokine release in 

samples treated with choline. Cell culture medium was supplemented with 100 ng/ml of LPS 

± choline (10 mM). Pharmacological antagonists were applied both alone and in combination 

with choline. The muscarinic acetylcholine receptor antagonist atropine (50 µM), the 
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unspecific nicotinic acetylcholine receptor antagonist hexamethonium (50 nM) and the 

selective α7nAChR antagonist methyllycaconitine (50 nM) were applied. Cells were 

harvested after 6 hours of incubation at 37°C. MIP-1α ELISA. n=3. choline: p=0.05, choline + 

atropine: p=0.037, choline + methyllycaconitine: p=0.007. 

 

In line with the observations from CDP-choline treatments, choline also did not affect 

mRNA levels of the inflammatory mediators MIP-1α, TNFα and MCP-1 (see Fig. 

27.). 
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Fig. 27. mRNA expression in peritoneal macrophages was not affected by choline. Cell 

culture medium was supplemented with 100 ng/ml of LPS ± choline (10 mM). Cells were 

harvested after 2 hours of incubation at 37°C. Following RNA isolation and reverse 

transcription, relative mRNA levels were determined by real time PCR. (A) MIP-1α. n=3. (B) 

TNFα. n=3. (C) MCP-1. n=3.  

 

4.1.5 The effect of cytidine on macrophage effector functions 

4.1.5.1 Cytidine reduces levels of macrophage-derived cytokines  

 

By the addition of cytidine, the second component of CDP-choline, levels of the pro-

inflammatory cytokines MIP-1α, MCP-1, RANTES, TNFα and IL-6 were decreased. 

In contrast to CDP-choline and choline, cytidine also reduced amounts of the 

regulatory cytokine IL-10 in cell culture supernatants (see Fig. 28.). 
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Fig. 28. Cytidine reduced macrophage chemokine and cytokine release. Cell culture medium 

(R10) was supplemented with 100 ng/ml of LPS ± cytidine (10 mM). (A) MIP-1α ELISA. Cells 

were harvested after 6 hours of incubation at 37°C. Data of 4 independent experiments were 

pooled. control: n=26, cytidine: n=20, p<0.001. (B) MCP-1 ELISA. Cells were harvested after 

6 hours of incubation at 37°C. Data of 2 independent experiments were pooled. control: n=7, 

cytidine: n=4, p<0.001. (C) RANTES ELISA. Cells were harvested after 6 hours of incubation 

at 37°C. One out of two experiments is shown. n=4. cytidine: p=0.04. (D) TNFα ELISA. Cells 

were harvested after 6 hours of incubation at 37°C. Data of 3 independent experiments were 

pooled. n=9. cytidine: p<0.001. (E) IL-6 ELISA. Cells were harvested after 48 hours of 

incubation at 37°C. n=4. cytidine: p=0.001. (F) IL-10 ELISA. Cells were harvested after 48 

hours of incubation at 37°C. n=4. cytidine: p=0.001. 

 

Moreover, cytidine also reduced cytokine levels in cell lysates. ELISAs of cell lysates 

demonstrate a significant decrease of MIP-1α and IL-1  levels caused by the 

addition of cytidine (see Fig. 29.). 
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Fig. 29. Cytidine also reduced cytokine levels of cell lysates. Cell culture medium was 

supplemented with 100 ng/ml of LPS ± cytidine (10mM). Cells were harvested after 6 hours 

of incubation at 37°C and centrifuged. Supernatants were pipetted off, while cells were lysed, 

using Ripa cell lysis buffer. (A) MIP-1α ELISA of cell lysates. One out of two experiments is 

shown. n=3. cytidine: p=0.002. (B) IL-1  ELISA. Data of 3 independent experiments were 

pooled. control: n=7, cytidine: n=4, p=0.001. 

 

4.1.5.2 NO production is impaired by cytidine 

 

Given its potent effects on macrophage cytokine production, cytidine was also 

applied in macrophage ROS and phagocytosis assays. Here, in contrast to CDP-

choline, cytidine lowered macrophage NO production, as measured by the Griess 

reaction (see Fig. 30.). 

 

 

 

 

 

 

 

Fig. 30. Cytidine decreased macrophage ROS production. Cell culture medium was 

supplemented with 100 ng/ml of LPS ± cytidine (10 mM). Cells were harvested after 48 

hours of incubation at 37°C. Data of 2 independent experiments were pooled. n=7. cytidine: 

p <0.001. 

 

4.1.5.3 Cytidine reduces phagocytic activity after 24 hours 

 

Next, the phagocytic activity of cells treated with cytidine was investigated, applying 

fluorescent beads in conjunction with flow cytometry (compare section 4.1.2.2, p. 
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40). Since phagocytic myelocytes have a high granularity and size, they can be 

readily visualised in flow cytometry scatter plots set to forward/sideward scatter (see 

P1 in Fig. 31.A+B). Small cell fragments (see black area in Fig. 31.A+B) were 

excluded from further analysis. To quantify phagocytic cells, these were visualized in 

the FITC-channel to measure the fluorescence intensity caused by ingested “yellow-

green” beads (see Fig. γ1.C+D). Notably, the representative scatter plots of cytidine 

treated samples and control samples shown in figure 31 revealed a robust decrease 

in absolute numbers of granular cells in the sideward scatter channel as well as a 

robust decrease of phagocytic cells in the FITC channel.  

 

In summary, cytidine provokes no significant alterations in the frequencies of 

phagocytic cells after 6 or 48 hours. It does, however, affect phagocytosis after 24 

hours, accounting for a reduced uptake of opsonized beads (see Fig. 31.A+B).  

After two hours of phagocytic activity, the percentage of cells containing three or 

more beads was around 30% in both groups. In the control group, a plateau was 

reached after 24 hours, whereas in the cytidine group only a few percent were 

gained in the first 24 hours. The highest percentage can be found after 48 hours 

(see Fig. 32.). The percentage of phagocytic cells after 48 hours was similar to the 

control group and also to the CDP-choline group (see Fig. 20., p. 42). 
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Fig. 31.  Representative scatter plots illustrating phagocytic activity in control samples and 

cytidine samples. Cell culture medium was supplemented with 100 ng/ml of LPS ± cytidine 

(10 mM). After 18 hours of pre-incubation, the phagocytosis assay was initiated by the 

addition of opsonised beads. Quantification of phagocytic cells was implemented by FACS 

analysis after 24h hours. (A) untreated cells. (B) cytidine treated cells. Cytidine treatment 

diminished cells of high granularity (P1). (C) control sample. One out of 6 experiments is 

shown. Q2-3: phagocytic cells in total, Q4-3: non-Phagocytic cells, P7: phagocytic cells 

containing 3 or more beads, P6: phagocytic cells containing 1 bead. Phagocytic: 46.5% (3+ 

beads: 41.6%, 1 bead: 2.9%), non-phagocytic: 53.5%. (D) cytidine sample. One out of 6 

experiments is shown. Q2-3: phagocytic cells in total, Q4-3: non-Phagocytic cells, blue: 

phagocytic cells containing 3 or more beads, dark green: phagocytic cells containing 1 bead. 

Phagocytic: 35.6% (3+ beads: 28.8%, 1 bead: 4.3%), non-phagocytic: 64.4%. 
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Fig. 32. Cytidine reduced phagocytic activity after 24 hours. Cell culture medium was 

supplemented with 100 ng/ml of LPS ± cytidine (10 mM). After 18 hours of pre-incubation, 

the phagocytosis assay was initiated by the addition of opsonised beads. Quantification of 

phagocytic cells was implemented by FACS analysis after 2, 6, 24 and 48 hours. Only 

phagocytic cells containing 3 or more beads were included. Data of two independent 

experiments were pooled. n=8. cytidine (24 hours): p<0.001.  2-way ANOVA: Column Factor 

not significant (p=0.125).            

     

4.1.5.4 Purinergic receptor antagonists do not reverse effects of 
cytokine production  

 

Considering the structural similarities between adenosine and cytidine, adenosine 

receptors can be regarded as potential targets of cytidine. It was therefore 

investigated whether the mitigations of extracellular cytokine levels may be 

prevented by the addition of specific (SCH 442416) or unspecific (theophylline) 

adenosine receptor antagonists. The analysis of a MIP-1α ELISA, however, 

indicated that the blockers did not reverse the reductions of cytokine release that 

were caused by cytidine. Notably, SCH 442416 alone also significantly diminished 

MIP-1α release (see Fig. 33.). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 33. Purinergic receptor antagonists did not reverse reductions in cytokine levels in 

samples treated with cytidine. Cell culture medium was supplemented with 100 ng/ml of LPS 

± cytidine (10 mM). The non-selective adenosine receptor blocker theophylline (30 µM) and 

the specific A2A receptor antagonist SCH 442416 (1 µM) were applied both alone and in 

combination with cytidine. Cells were harvested after 6 hours of incubation at 37°C. MIP-1α 

ELISA. n=3. cytidine: p=0.012, SCH 442416: p=0.045, cytidine + SCH 442416: p=0.007, 

cytidine + theophylline: p=0.036.  
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4.1.5.5 Cytidine does not affect cytokine mRNA levels 

 

mRNA levels of the cytokines MIP-1α, TNFα and MCP-1 were not decreased by 

cytidine (see Fig. 34.).  
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Fig. 34. mRNA expression was not affected by cytidine. Cell culture medium was 

supplemented with 100 ng/ml of LPS ± cytidine (10 mM). Cells were harvested after 2 hours 

of incubation at 37°C. Following RNA isolation and reverse transcription, relative mRNA 

levels were determined by real time PCR. (A) MIP-1α. n=3. (B) TNFα. n=3. (C) MCP-1. n=3.  

 

4.1.5.6 High levels of extracellular cytidine are toxic for macrophages in 

vitro 

 

Cytidine reduced several macrophage effector functions such as cytokine release, 

but also NO production and phagocytosis. This robust and pleiotropic effect, 

however, may also be a consequence of cytotoxicity. The viability of macrophages 

was tested after extended incubation times with cytidine, applying the DNA stain 7-

AAD in conjunction with flow cytometry. After 42 (see Fig. 35.A+B) or respectively 

66 hours (see Fig. 35.C+D) a significant reduction in viability was observed in 

samples treated with 10 mM of cytidine. Differences in cell viability of the two groups 

were most striking after 66 hours, where only around 5-20% of all cells were viable 

in the cytidine group (see Fig. 35.C-E). 
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Fig. 35. Cytidine reduced cell viability. R10 medium was supplemented with or without 

cytidine (10 mM). Cell culture medium was supplemented with 100 ng/ml of LPS at the 

beginning of the incubation time of 6 hours at 37°C or after 18 hours of pre-incubation in the 

presence of cytidine (total incubation time: 42 or 66 hours). Quantification of viable cells was 

implemented by 7-AAD viability staining and FACS analysis. (A) control 6 h: n=6, cytidine 6 

h: n=6, p=0.001. control 42 h: n=3. cytidine 42 h: n=3, p=0.037. control 66 h: n=3. cytidine 66 

h: n=3, p<0.001. (B) control sample 42 h. One out of three experiments is shown. Dead cells 

(P8): 13.8%. Viable cells (P9): 17.8%. (C) cytidine sample 42 h. One out of three 

experiments is shown. Dead cells (P8): 45.2%. Viable cells (P9): 31.0%. (D) control sample 

66 h. One out of three experiments is shown. Dead cells (P8): 19.0%. Viable cells (P7): 

66.3%. (E) cytidine sample 66 h. One out of three experiments is shown. Deal cells (P8): 

59.2%. Viable cells (P7): 5.5%.  
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4.1.5.7 Addition of cytidine does not alter pH levels of cell culture media 

 

After observing reduced cell viability in samples containing cytidine, it was also 

checked whether this decline could be due to changes in pH levels caused by 

cytidine. The addition of 10 mM of cytidine slightly changes pH levels from 7.77 to 

7.83. (see Table. 4., Fig. 36.). 

 

pH c(cytidine) 

7.77 0 
7.83 10 
7.88 20 
7.93 30 
8.01 50 
8.02 70 
8.14 90 

 

 

Table. 4. 10 mM of cytidine caused small changes in pH levels. This table provides exact pH 

values of the experiment described below.  

Fig. 36. Increasing concentrations of cytidine slightly raised pH levels. R10 medium was 

supplemented with increasing concentrations of cytidine. A stock solution of 0.33 M was 

reconstituted. Addition of 300 µl of stock solution to R10 medium equals a cytidine 

concentration of 10 mM. pH was instantly measured and another 300 µl of stock solution 

were added thereafter. These steps were repeated creating the curve shown above. 

 

4.2 Effects of cytidine in EAE 

4.2.1 Cytidine fails to alter the clinical course of EAE 

 

Since cytidine displayed robust reductions of macrophage-derived cytokines in vitro, 

its effect was tested in EAE. 500 mg/kg/day of cytidine were applied daily throughout 

the experiment, starting at the day of immunization. Mice started to show first 

symptoms at day 11-12 after the immunization and reached the peak of their illness 

at day 16, displaying severe paraparesis of extremities. This course was very similar 

in both groups, regarding time pattern and severity of the disease. Cytidine therefore 

failed to alleviate clinical symptoms of MOG-induced EAE (see Fig. 37.). 
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Fig. 37. Exogenously applied cytidine did not affect the clinical course of EAE. Mice were 

immunized with 200 µg of MOG35-55 (myelin oligodendrocyte glycoprotein, amino acids 35-

55) and 200 µg of Complete Freund’s Adjuvant (CFA) at day 0. 48 hours later, β00 ng of 

pertussis toxin (PTX) were administered intraperitoneally. 500 mg/kg/day of cytidine were 

injected intraperitoneally since the day of immunization. EAE score of each animal was 

determined according to an established EAE scoring system. Healthy animals were excluded 

from the analysis. n(control)=4, n(cytidine)=5.  

 

 

4.3 Effects of CDP-choline in EAE - Histological analyses 

4.3.1 CDP-choline alleviates damage of spinal cord white matter 

 

CNPase is a marker of mature oligodendrocytes, expressed in myelin. The staining 

can be utilized to visualize white matter damage/demyelination. The analysis 

showed that the area of demyelinated white matter was significantly lower in animals 

who had previously received CDP-choline (see Fig. 38.). 
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Fig. 38. CDP-choline reduced white matter damage and demyelination. Spinal cord sections 

were obtained from animals of the preventive CDP-choline EAE regimen. Animals of the 

interventional group were fed with 500 mg/kg/day of CDP-choline from day 0 and euthanized 

at day 26 after immunization. Spinal cords were embedded in paraffin, dissected and 

subjected to CNPase staining. (A) Animals of each group were pooled. n=6 vs 6, p=0.041. 

(B) cervical spinal cord of a representative mouse featuring demyelination and infiltration. 

Bar=100µm. (C) thoracic spinal cord of a representative mouse with major demyelination. 

Bar=100µm. 

 

4.3.2 CDP-choline increases oligodendrocyte density in areas of slightly 
damaged white matter  

 

In addition to the CNPase staining, a Nogo A staining was performed in order to 

compare oligodendrocyte densities in different areas of spinal cord sections of the 

two groups. While the density of Nogo A positive cells, i.e. oligodendrocytes, did not 

significantly differ in an overall comparison of the two groups (see Fig. 28.B), 

differences in the oligodendrocyte count were seen in small lesions of the spinal 

cord. In the interventional group – which had been fed with 500 mg/kg/day of CDP-

choline – oligodendrocyte density was significantly higher in areas of small lesion 

than in the control group. However, no changes were observed in normal appearing 

white matter or in extensively damaged areas (see Fig. 39.A, for classification 

criteria of large and small lesions refer to section 3.3.3, p. 33). 
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Fig. 39. CDP-choline increased oligodendrocyte density levels in areas of small white matter 

damage (area<0.035 mm2). Spinal cord sections were obtained from animals of the 

preventive CDP-choline EAE regimen. Animals of the interventional group received 500 

mg/kg/day of CDP-choline by oral gavage since day 0 and were euthanized at day 26 after 

the immunization. Spinal cords were embedded in paraffin, dissected and subjected to Nogo 

A staining. (A) Nogo A positive cells/mm2, comparing densities of normal appearing white 

matter, slightly and extensively damaged areas. n=5 vs 5. control normal vs control large 

lesion: p<0.001, control small lesion vs control large lesion: p<0.001, CDP-choline normal vs 

CDP-choline large lesion: p=0.007, CDP-choline normal vs CDP-choline small lesion: p= 

0.004, control small lesion vs CDP-choline small lesion: p= 0.013, CDP-choline small lesion 

vs CDP-choline large lesion: p=0.001. (B) Nogo A positive cells/mm2, comparing overall 

densities of the control group and the interventional group. Cell counts of normal white 
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matter, slightly and extensively damaged areas were pooled for each group. n=5vs5, 

p=0.054. (C) Nogo A positive cells in a cervical lesion of a representative mouse. Bar=20µm. 

(D) Nogo A positive cells in a cervical lesion of a representative mouse. Bar=20µm. 
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5. Discussion 
 

5.1 CDP-choline at higher dosages exerts some anti-inflammatory 
effects in macrophages in vitro 

 

The experiments conducted within this project revealed immunomodulatory 

properties of CDP-choline, when administered at higher dosages. At a dose of 0.1 

mM or 1 mM, CDP-choline did not exert any effects on macrophage cytokine 

release or other effector functions. At an effective dose of 10 mM, however, CDP-

choline robustly reduced the amount of pro-inflammatory chemokines such as MIP-

1α, RANTES and MCP-1 and also significantly downregulated potent pro-

inflammatory cytokines like TNFα and IL-1 , whereas the release of the pro-

inflammatory cytokine IL-6 and the regulatory cytokine IL-10 remained unaffected. 

Reductions in cytokine release could not be explained by cytotoxicity since over 

90% of peritoneal exudate cells remained viable even after extended incubation with 

CDP-choline. This notion is further supported by the observation that another 

macrophage effector function – phagocytosis – was enhanced by CDP-choline. In 

contrast, ROS production was unaffected. Overall, the biological effects of CDP-

choline at higher dosages were limited to peritoneal macrophages, and not detected 

in splenic myelocytes. Macrophage phenotypes are highly dynamic and governed by 

tissue residency (108). Thus, it may be interesting to compare gene expression 

profiles between splenic myelocytes and peritoneal macrophages to identify 

expressed pathways that could respond to CDP-choline. Regarding possible cellular 

targets of CDP-choline, it further has to be stated that peritoneal exudates contain a 

mixture of cells. Frequently, over 40% of all cells contained in the peritoneal lavage 

were CD11b positive, i.e. monocytes or macrophages.  According to previous 

studies on the isolation of mouse peritoneal cavity cells, around 30% macrophages 

can be obtained from unmanipulated mice. Thus, the preparations obtained in this 

project contained expected frequencies of tissue macrophages with the majority of 

contaminating cells putatively being B- and T- lymphocytes, based on size and 

granularity (86). Lymphocytes are not expected to respond to CDP-choline for two 

reasons. First, LPS stimulation in the chosen experimental setting does not 

stimulate B-cell or T-cell receptors. Second, CDP-choline was ineffective in mixed 

splenocyte cultures that contain myelocytes along with high numbers of 

lymphocytes.  

 

In summary, CDP-choline, at a dosage of 10 mM, exerted anti-inflammatory effects, 

regarding mouse peritoneal macrophage cytokine release, and enhanced 
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phagocytic activity. These properties could also partly contribute to the beneficial 

effects observed in murine EAE. 

 

Regarding in vivo treatment with CDP-choline in humans, the question arose 

whether a CDP-choline concentration as high as 10 mM could be a valid treatment 

option. Based on the assumption that CDP-choline has a bioavailability of nearly 

100% (57, 90), a 10 mM concentration in the blood stream could be reached by an 

average patient if he or she consumes about 25 g of CDP-choline. Considering that 

only about 200-500 mg per day are recommended as a nutritional supplement and 

that even patients suffering from cerebral ischemia are prescribed no more than 

2000 mg a day, this dosage seems far-fetched. Taking into account that CDP-

choline offers an extremely favorable toxicity profile (23, 57), a dosage of 25 g could 

presumably be eaten without severe negative side effects. However, eating such a 

high dose is likely to be impractical for patients. Fortunately, CDP-choline not only 

offers immunomodulatory properties at higher dosages, but also represents a very 

promising neuroprotective and regenerative substance in vivo. 

 

5.2 Central/neurobiological actions of CDP-choline in vivo 

 

In this project, mainly in vitro effects of CDP-choline and its components were 

tested. CDP-choline, however, has already been used for treatment in humans with 

neurological disorders (2, 24, 55, 57), which makes it an interesting candidate for in 

vivo experimentation as well. Therefore, the previously conducted EAE experiments 

with exogenous CDP-choline application were studied in greater detail, including 

extended histological analyses. 

 

Previous EAE experiments (see section 1.5, p. 12), conducted at the Department of 

Neurology of the University Hospital Erlangen, were repeated and extended, 

revealing that CDP-choline potently ameliorated the course of MOG-induced EAE in 

different settings. Treatment was most effective when it was begun at the day of 

immunization (preventive approach). On day 27, mice from the control group 

suffered from mild paraparesis, whereas mice from the CDP-choline treated group 

only showed a limp tail. Treatment from the onset of symptoms (therapeutic 

approach) still showed beneficial effects, but was less effective. In contrast, 

treatment that was started after day 15 post-immunization demonstrated no 

differences between mice treated with CDP-choline and saline-treated control mice 

(94).  
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Investigating spinal cord sections of both EAE groups, the oligodendrocyte markers 

CNPase and Nogo A revealed that animals treated with CDP-choline exhibited an 

overall decreased level of demyelination and white matter damage as well as higher 

oligodendrocyte counts in small damaged areas. Further experiments, which were 

also conducted at the Department of Neurology of the University Hospital Erlangen, 

confirmed that spinal cord sections from mice treated with CDP-choline showed a 

higher degree of myelination as well as increased numbers of oligodendrocytes and 

their precursor cells. In these experiments, the numbers of Olig-2 positive 

oligodendroglia were increased on day 15 after the immunization, which is most 

likely explained by higher numbers of OPCs (oligodendrocyte precursor cells). At 

that point, numbers of mature Nogo A positive oligodendrocytes were not 

influenced. On day 27 post-immunization, higher numbers of Nogo A positive 

mature oligodendrocytes were observed in mice treated with CDP-choline, leading 

to increased proliferation of OPCs into myelin producing oligodendrocytes that 

promote remyelination (94). Oligodendrocytes are a type of neuroglia which is most 

important for insulating axons in the CNS by creating a myelin sheath. Their 

functioning is therefore crucial to prevent axonal transection that is responsible for 

irreversible disability in the course of MS (102, 122). Previous experiments had also 

revealed higher axonal densities as well as reduced general infiltration and 

demyelination in CDP-choline treated mice (see section 1.5, p. 12). 

 

A group of collaborators around Prof. M. Stangel and Dr. T. Skripuletz (Department 

of Neurology, Hannover Medical School, Germany) further investigated potential 

beneficial effects of CDP-choline on myelin and glia in the cuprizone model, a non-

inflammatory toxic model of demyelination/remyelination. Here, CDP-choline was 

found to promote myelin regeneration in the CNS and attenuate motor coordination 

deficits. Mice treated with CDP-choline presented higher densities of myelin proteins 

and increased numbers of myelinated axons throughout the corpus callosum. The 

underlying mechanism of enhanced remyelination is most likely linked to the 

boosted proliferation of OPCs. The numbers of OPCs and mature myelin producing 

oligodendrocytes were increased in the CNS of mice treated with CDP-choline. The 

same mechanism may account for the preserved oligodendrocyte densities in EAE 

lesions of CDP-choline treated mice. The effects of CDP-choline on OPC 

proliferation were reversed by the addition of various protein kinase C inhibitors, 

suggesting that CDP-choline exerts its effects via the regulation of protein kinase C 

(94). 
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Substances that increase remyelination are so far not available for MS patients. By 

directly targeting the proliferation of OPCs and their differentiation into myelin 

building oligodendrocytes, CDP-choline may have the potential to successfully 

ameliorate the loss of functionality in MS patients (94, 122). CDP-choline is currently 

being sold as a dietary supplement in Europe (20). It has also been used as an add-

on treatment for several neurological disorders, including stroke and head trauma 

(2, 24, 55, 57). However, its regenerative effects on remyelination in the CNS have 

not yet been studied in humans and further studies should be conducted to explore 

its effects in humans and specifically in MS patients. Against the background of 

these recent data, CDP-choline may represent a very promising substance as an 

add-on therapy in MS patients. For example, the regenerative effects of CDP-

choline could be further studied using optical coherence tomography (OCT) (32, 49). 

OCT showed a significant reduction of the retinal nerve fiber layer (RNFL) thickness 

in MS patients afflicted with optic neuritis (21, 49, 51, 84, 99). CDP-choline may 

have the potential to ameliorate these deficits due to its neuroprotective and 

regenerative features. Changes in RNFL thickness may be observed, applying non-

invasive methods such as OCT. 

 

5.3 Exploration of possible targets modulated by CDP-choline in 
macrophages 

 

The observed beneficial effects of CDP-choline on CNS regeneration could be 

explained by the promotion of OPCs via the choline pathway, regulating protein 

kinase C (94). However, regarding the immunomodulatory properties of CDP-

choline, a variety of hypotheses remains to be studied in greater detail. For 

example, it was noted over 50 years ago that CDP-choline influences membrane 

metabolism in a protective way due to the promotion of phosphatidylcholine 

synthesis (31, 57). Thus the possibility that enhanced levels of phosphatidylcholine 

may also influence immunoregulation was tested in the frame of this MD project. Yet 

another regulatory circuit, the cholinergic system, was particularly appealing for 

investigation since it provides a direct connection between choline metabolites and 

the suppression of inflammatory mediators on a systemic level. Finally, 

phospholipase activity, transcription and secretion pathways were taken into 

account. 

First, a closer look was taken at the cholinergic system. CDP-choline has been 

shown to limit hypersensitivity, edema and inflammatory response in an acute 
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inflammatory pain model, mediated by α7 nicotinic acetylcholine receptors. Dose- 

and time-dependent anti-nociceptive effects via activation of central α7 nicotinic 

acetylcholine receptors (α7nAChRs) could be observed. In this study the beneficial 

actions of CDP-choline could be completely blocked by administration of the 

selective α7nAChR antagonist methyllycaconitine (45). Studies on specific α7 

subunit knockout mice have also revealed a critical role of the α7nAChR for the 

cholinergic anti-inflammatory pathway, as this subunit is required for acetylcholine 

inhibition of macrophage TNF release (15, 80, 82, 110). Yet, the experiments 

conducted in this project failed to reveal a link between the α7nAChR and the anti-

inflammatory properties of choline. Choline was used here instead of CDP-choline, 

as choline shows greater structural resemblance to acetylcholine than CDP-choline. 

However, neither unspecific (hexamethonium) nor selective (methyllycaconitine) 

antagonists of the nicotinic acetylcholine receptor could significantly block the 

actions of choline (refer to section 5.4, p. 68). It is also critical to note here that the 

suppression of cytokine production evoked by choline (as well as CDP-choline or 

cytidine) was a reproducible, yet small and dose dependent effect. Thus 

demonstrating its reversal by specific blockers remains challenging and may require 

further optimization of the experimental procedures. 

 

Although interaction with cell surface receptors may play a role in the actions of 

CDP-choline, further mechanisms need to be taken into account as the results of 

this thesis suggest that extracellular CDP-choline influences several pathways, 

where each one may only have a small contribution to the net effect. Therefore, 

central integrators of extracellular signaling were investigated. This project focused 

on the potential involvement of nuclear factor kappa B (NFκB), since pro-

inflammatory signaling from various sources converges on this transcription factor.  

The release of pro-inflammatory cytokines and chemokines such as TNFα, IL-1  or 

IL-6 can be augmented via up-regulation of the NFκB pathway (12, 41, 58, 74, 121). 

The anti-inflammatory cytokine IL-10 down-regulates the expression of NFκB, thus 

preventing the classical pro-inflammatory activation of macrophages and promoting 

a state of “alternative” anti-inflammatory activation, which further enhances IL-10 

release (12, 33, 73, 111, 114). It was documented that NO synthesis is abrogated as 

well (114). The regulation of the NFκB pathway via surface receptors or intracellular 

actions may be a possible mechanism of action of CDP-choline. Yet, unaltered IL-10 

and NO production suggest otherwise. NFκB transcription factor assays may help 

here to clarify its potential role. These assays, however, require large cell quantities 

that cannot be easily obtained via mouse peritoneal lavage. Moreover, with NFκB 
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stimulating the expression of genes responsible for pro-inflammatory cytokine 

production, mRNA levels of these cytokines should also be decreased if CDP-

choline interacted with NFκB-related pathways (41, 58, 74, 121). Relative 

quantification real time PCR experiments performed during this project, however, did 

not reveal any significant changes in the gene expression of TNFα, MCP-1 or MIP-

1α. At this point it cannot be stated for certain whether CDP-choline affects cytokine 

production on a transcriptional level or not. Further experiments may be required in 

order to determine the optimal time point for cytokine mRNA level measurements 

and increase the sensitivity of the employed method. 

 

A closer look was also taken at membrane phospholipid metabolism. The 

replenishment of intracellular cytidine and choline pools in principle facilitates 

phosphatidylcholine synthesis (see Fig. 3, p. 6). For example, this may lead to 

altered cell membrane properties that might interfere with cytokine release. To test 

whether an altered phospholipid metabolism is related to the observed anti-

inflammatory actions of exogenous CDP-choline, phosphatidycholine was tested in 

macrophage culture.  In a pool of various experiments it significantly reduced the 

cytokine release of MIP-1α. In most experimental settings, however, 

phosphatidylcholine failed to exert any effects on cytokine or NO production. The 

dosage of 10 µM was derived from former in vitro experiments with 

phosphatidylcholine (103). It is, however, uncertain whether this experimental 

procedure can mimic endogenous phosphatidycholine synthesis. Exogenous 

application of phosphatidylcholine has previously been found to feature anti-

inflammatory and tissue protective properties (9, 28). It is believed to inhibit 

phagosome actin assembly and TNFα-induced NFκB activation in vitro (103). Pre-

treatment with dietary phosphatidylcholine alleviates hypersensitivity and tissue 

damage and reduces leucocyte activation and iNOS expression in chronic models of 

rheumatoid arthritis (30). Moreover, supplementation of phosphatidylcholine alters 

macrophage phagocytic activity and lymphocyte responses (77). Although a large 

variety of theories has attempted to explain the observed effects so far, these 

theories are still mostly based on speculation. For example, hypotheses claim that 

exogenously supplemented phosphatidylcholine may shift the balance between the 

free and the membrane bound fraction of phosphatidylcholine and the distribution 

pattern of the inner and outer membrane leaflet, thereby interfering with specific 

signaling proteins that bind to phosphatidylcholine on the inner leaflet of the 

membrane (5, 54, 103). Based on the experiments of this MD thesis, it cannot be 

unequivocally determined whether supplemented phosphatidylcholine exerts any 
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beneficial effects concerning cytokine release. Cytokine production did, however, 

mostly remain unimpaired. 

 

Another central signaling pathway that might mediate biological effects of 

exogenous CDP-Choline involves the cytosolic phospholipase A2α (cPLA2α). It has 

been demonstrated that inhibition of cPLA2α ameliorates the clinical course of EAE 

(100). Cytosolic PLA2α plays a critical role in releasing pro-inflammatory mediators 

such as lysophosphatidylcholine and free arachidonic acid which is converted into 

prostaglandins and leukotrienes (39, 61, 100). CDP-choline completely blocks the 

activation of PLA2 (7) and also decreases free fatty acid release under hypoxic 

conditions (37). The enzyme phospholipase C is also believed to play a critical role 

in the synthesis of phosphatidylcholine as it is essential for the activation of 

diacylglyceride (DAG) (38, 94). Activated DAG and CDP-choline can then be turned 

into phosphatidylcholine (52, 75, 94). In the experiments conducted during this MD 

project, however, the specific phospholipase A2 and phospholipase C blocker U-

73122 did not antagonize the effects of CDP-choline. The hypothesis could 

therefore not be confirmed. Further phospholipase blockers and different 

concentrations may have to be investigated in the future. 

 

Finally, a closer look was taken at post-translational mechanisms and secretion 

pathways. In most experimental settings of this project extracellular cytokine levels 

were analyzed. Thus only cytokines which had already been secreted from 

macrophages were measured. In classical secretory pathways, cytokines are 

synthesized in the endoplasmic reticulum, packed in the Golgi and then released 

through transcription dependent constitutive exocytosis. This is also the main 

cytokine release mechanism of macrophages (63, 96, 98). Moreover, non-classical 

secretion mechanisms via membrane transporters, exosome release, microvesicle 

shedding or cell lysis exist for certain cytoplasm-derived cytokines such as IL-1 , IL-

15 and IL-18 (29, 36, 63). However, it is still fairly unknown how exactly cytokines 

are trafficked through the cell machinery and released from cells of the innate 

immune system, including macrophages (63). By determining mRNA abundance 

and cytokine levels of cell lysates, it was assessed whether the reductions in 

extracellular cytokine concentrations were merely based on an impaired cytokine 

release or involved a down-regulation of their synthesis. The results demonstrated 

that synthesis was not impaired and therefore suggest that CDP-choline more likely 

acts through a post-translational mechanism, e.g. slowed intracellular trafficking and 

membrane phospholipid metabolism. It has to be noted that changes in mRNA 
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levels and intracellular cytokines can be hard to detect in comparison to changes in 

extracellular cytokines, because the latter accumulate over a long period. Further 

basic research will be needed to better understand cytokine secretion mechanisms 

and how these could be influenced by CDP-choline. 

 

In summary, a number of possible mechanisms explaining biological actions of 

extracellular CDP-choline were investigated, but a single pathway that conveys its 

effects could not be identified. The results rather suggest a pleiotropic cellular 

response to the substance, potentially involving elusive secretion pathways. 

Unreasonably large sample sizes or refined experimental settings would be required 

to address these issues.  

 

5.4 Choline reveals similar anti-inflammatory effects as CDP-choline 

 

Choline has been found to be an essential nutrient (119) that plays a key role in liver 

diseases and atherosclerosis as well as brain and neural tube development in the 

fetus (87, 91). It may also play a role in neurological disorders (119). On a molecular 

level, it is important for phosphatidylcholine, sphingomyelin and acetylcholine 

synthesis, cell-membrane signaling, lipoproteins and methyl-group metabolism (83, 

119, 120). Focusing on its immunological functions, studies indicated that diets rich 

in choline and betaine lead to reduced levels of inflammatory markers such as CRP, 

TNFα, homocysteine and IL-6 (27). The effects of choline may also be linked to the 

so-called “cholinergic anti-inflammatory pathway”, in which acetylcholine suppresses 

the release of the pro-inflammatory cytokines TNFα, IL-1 , IL-6 and IL-18 (13, 15, 

101).  According to the experiments in this project, choline, at a dosage of 10 mM, 

showed anti-inflammatory properties to a similar extent as CDP-choline, regarding 

macrophage cytokine production. However, the potential effects of choline on NO 

production or phagocytic activity have not been studied so far. 

 

Although choline has been identified as an agonist of muscarinic (95) and nicotinic 

(106) acetylcholine receptors, application of pharmacological antagonists of these 

receptors could not induce significant changes in cytokine suppression. Choline has 

also been found to be an α7nAChR agonist that significantly suppresses TNF 

release from RAW macrophages (4, 71, 79). Notably, only choline concentrations of 

at least 10 mM were effective (80), which corresponds to the findings of this MD 

thesis. However, the specific α7nAChR antagonist methyllycaconitine did not 

significantly affect cytokine release. The aforementioned findings therefore cannot 
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be confirmed. Apart from direct interaction with surface receptors, a variety of other 

mechanisms may contribute to the observed anti-inflammatory effects of choline on 

peritoneal mouse macrophages. To this day, however, very little is known about the 

possible manifold interactions of choline in humans and animals alike and further 

experiments on its pleiotropic mechanisms may be required in the future. 

 

5.5 Cytidine suppresses macrophage function in vitro but does not 
ameliorate EAE 

 

Cytidine, at a dosage of 10 mM, significantly lowered cytokine release of mouse 

peritoneal macrophages in vitro, exceeding the anti-inflammatory effect of CDP-

choline. It, however, also decreased production of the regulatory cytokine IL-10. 

Moreover, cytidine reduced phagocytic activity at certain time points and – as the 

only component tested – reduced NO production. 

 

As mentioned above, very few experiments have ever been conducted with 

exogenously applied cytidine. Just as CDP-choline and choline, cytidine is 

conceivably pleiotropic, i.e. it possibly acts through various mechanisms and 

pathways at once – each one only accounting for a small fraction of the biological 

effect. One of the attributes which sets cytidine apart from CDP-choline, however, is 

its potential cytotoxicity after long incubation times as cell viability was significantly 

compromised after 42 hours of incubation. The application of cytidine led to 

relatively small changes in pH levels. This impact, however, could still be 

physiologically relevant and possibly cause cell death. Yet, the exact mechanism of 

the cytotoxic effects of cytidine remains unclear. An Annexin V/PI assay might help 

to clarify whether cells die by programmed cell death (apoptosis) or via other routes, 

such as necrosis. It remains open if the cytotoxic effect that can only be observed 

after 42 hours is already compromising cellular functioning after 6 hours, when 

reductions in cytokine release were measured. After 6 hours of incubation around 

92% of cells treated with cytidine were viable (compared to the control group). An 

8% reduction in viability most likely cannot explain why cytokine release was 

reduced by nearly 50% in many experimental settings, unless only specific 

macrophages (the most active ones) are killed, which cannot be proven at this point.  

In contrast, cytotoxicity may have affected phagocytic activity after 24 hours. 

Cytotoxicity is also likely the cause for decreased levels of NO after 48 hours. 

Although the cytotoxic properties of cytidine were not further explored in the context 

of this project, being a potential death signal for macrophages, the effects of 
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exogenously applied cytidine on cell viability, especially regarding macrophages, 

should be further investigated in the future. 

 

Apart from its cytotoxic properties, cytidine may still act through additional 

mechanisms, e.g. interaction with cell surface receptors. A previous study on rats 

revealed that intravenously injected uridine or cytidine is able to decrease arterial 

pressure by activating peripheral adenosine receptors (116). Although no further 

evidence could be found in order to validate the results of this study, considering the 

structural similarities between the two nucleosides adenosine and cytidine, the 

possible role of adenosine receptors was investigated in this project. Adenosine 

receptors represent one of the three classes of purinergic receptors which are 

preferentially stimulated by adenosine, respectively by ATP in the case of P2X and 

P2Y receptors. Four different subtypes of adenosine receptors have been uncovered 

until this day, namely the receptors A1, A2a, A2b and A3. Numerous studies reported 

that the activation of the specific adenosine receptor subtype A2a is responsible for 

the suppression of the hallmarks of inflammation, such as cytokine production, 

phagocytosis as well as immune cell recruitment and proliferation (47, 48, 76).  

While the role of the other subtypes for the regulation of inflammation has not been 

fully unraveled yet, the A2a receptor has been found to exist on macrophages, where 

its activation through adenosine contributes a great deal to the suppression of 

cytokine release (46). A study aimed to examine the contractile activity of CDP-

choline on the mouse gastric fundus also suggests that CDP-choline, at least partly, 

induces contractions through purinoceptors (44). Since CDP-choline may be rapidly 

hydrolyzed, releasing cytidine and choline, this effect may also have been caused 

by cytidine. According to the experiments conducted during this project, however, 

neither the unspecific adenosine receptor blocker theophylline, nor the highly 

selective A2a receptor antagonist SCH 442416 led to a significant reversal of the 

reduced cytokine release. The observed effects may be due to another mechanism 

or perhaps the result of a highly pleiotropic action of cytidine. Since the effects of 

exogenously applied cytidine remain largely unstudied so far, it is up to future 

studies to delineate downstream mechanisms.  It can, however, be concluded that 

its biological actions involve mechanisms different from CDP-choline and choline, 

due to aberrating effects on IL-10 release, NO production and phagocytic activity. In 

contrast to CDP-choline, cytidine also reduced cytokine levels of cell lysates, 

indicating that there might be an impaired intracellular synthesis of cytokines. Yet, 

mRNA abundance was not affected by cytidine in the experiments of this project. 

Although cytotoxicity may explain the negative effects of cytidine on NO levels and 
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phagocytosis, the reductions in cytokine release may be due to other unknown 

mechanisms. Cytidine is a largely unstudied substance that may account for 

considerable in vitro effects and its potential should therefore be further investigated. 

 

Since cytidine potently interfered with macrophage effector functions in vitro, it was 

tested in the EAE model, where CNS tissue damage is mediated to a large extent by 

macrophages (11). However, cytidine did not display any alleviation of EAE 

symptoms in vivo. Further studies are required to learn about the pharmacokinetics 

of exogenously applied cytidine in vivo in order to better exploit its potent effects 

observed in vitro.   
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6. Summary and perspective 
 

 

CDP-choline displays neuroprotective and -regenerative as well as 

immunoregulatory characteristics.  

 

On the one hand, it exerts a positive influence on demyelination, axonal density and 

infiltration and helps to preserve oligodendroglia. Recent data also showed that 

CDP-choline directly enhances OPC proliferation and thereby promotes 

remyelination.  

 

On the other hand, CDP-choline at higher dosages also affects macrophage effector 

functions and attenuates the pro-inflammatory response. However, specific 

immunomodulation in vitro can only be achieved at 10-100x higher concentrations 

compared to gliomodulation. Rearding its immunoregulatory effects, the mechanism 

of action of CDP-choline remains unclear to this day though variable explanation 

models have been proposed.  

 

In summary, the in vivo effects of CDP-choline on remyelination may be more 

promising for the treatment of MS patients than its in vitro effects on 

immunomodulation. Both actions may also work synergistically in order to alleviate 

autoimmune neuroinflammatory and neurodegenerative diseases such as MS.  

 

As CDP-choline is rapidly hydrolyzed into its main components, choline and cytidine, 

both constituents were also investigated. Choline shows anti-inflammatory effects to 

a similar extent as CDP-choline, regarding macrophage cytokine release. In the 

context of this project, it was not further investigated whether choline also displays 

neuroprotective features in vivo. Although elevated levels of choline and cytidine 

promote increased levels of phosphatidylcholine and thereby influence membrane 

metabolism, exogenous application of phosphatidylcholine had no significant effect 

on cytokine release. 

 

The second component of CDP-choline, cytidine, offers a potent anti-inflammatory 

effect on an immunological level. Some of the observed effects may, however, be 

explained by its cytotoxicity. Cytidine also failed to ameliorate clinical symptoms of 

EAE in a pilot in vivo experiment. Its mechanisms of action appear to differ from 

those of CDP-choline since cytidine additionally interfered with the release of the 
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anti-inflammatory cytokine IL-10 and other macrophage functions such as NO 

production. Further studies will be required in order to determine the role of 

exogenously applied cytidine in immunoregulation. As a potential endogenous 

death-signal for macrophages, it represents an interesting and basically new 

approach and its potential deserves to be elucidated in the future. 

 

All MS therapies so far were based on immunoregulation. CDP-choline may be the 

first therapeutic approach that provides a direct neuro-/glioprotective and 

regenerative effect. Given its striking in vivo effects on two different animal models 

of MS (MOG-EAE and cuprizone induced demyelination/remyelination) and its 

favorable toxicity profile, its potential in autoimmune neuroinflammatory diseases 

should be further investigated. CDP-choline may be considered a promising 

candidate for an oral add-on therapy for multiple sclerosis patients.  
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Abkürzungsverzeichnis 

 

7-AAD 7-aminoactinomycin D 

α7nAChR α7 nicotinic acetylcholine receptor 

ACTH adrenocorticotropic hormone 

ADP adenosine diphosphate 

APC antigen presenting cell / Allophycocyanin (FACS) 

ATP adenosine triphosphate 

BSA bovine serum albumin 

CCL CC/ -chemokine ligands 

CCT  phosphocholine cytidylyltransferase  

CD clusters of differentiation 

CDP-choline cytidine-5'-diphosphocholine 

CFA Complete Freund’s Adjuvant 

CMP cytidine monophosphate 

CNPase 2', 3'-cyclic nucleotide 3'-phosphodiesterase 

CNS central nervous system 

cPLA2α  cytosolic enzyme phospholipase A2alpha 

CPT DAG:CDP-choline cholinephosphotransferase 

CRP C-reactive protein 

CTP cytidine triphosphate 

CSF colony stimulating factor 

DAB 3,3'-diaminobenzidin 

DAG diacylglyceride 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

dNTP deoxyribonucleotide triphosphate 

DTT dithiothreitol 

EAE experimental autoimmune encephalomyelitis 

EDTA ethylenediaminetetraacetic acid 

ELISA enzyme-linked immunosorbent assay 

FACS Fluorescence-activated cell sorting 

FAM 6-carboxyfluorescein 

FCS fetal calf serum 

FITC Fluorescein isothiocyanate 

GM-CSF granulocyte macrophage colony stimulating factor 

http://groups.molbiosci.northwestern.edu/holmgren/Glossary/Definitions/Def-D/dNTP.html
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H&E hematoxylin eosin 

IFN interferon 

IgG immunoglobulin G 

IL interleukin 

iNOS inducible nitric oxide synthase 

LFB Luxol Fast Blue 

LPS lipopolysaccharide 

MACS magnetic-activated cell sorting 

MCP-1 monocyte chemoattractant protein-1 

M-CSF macrophage colony stimulating factor 

MHC major histocompatibility complex 

MIP-1α macrophage inflammatory protein-1 

MOG myelin oligodendrocyte glycoprotein 

MS multiple sclerosis 

NEA non-essential amino acids 

NED N-1-napthylethylenediamine dihydrochloride 

NFκB nuclear factor kappa B 

NO nitric oxide 

NOS-2 nitric oxide synthase-2 

Nogo A neurite outgrowth inhibitor A 

NSAID non-steroidal anti-inflammatory drug 

OCT optical coherence tomography 

OPC oligodendrocyte precursor cell 

PAS Periodic Acid-Schiff 

PBS phosphate-buffered saline 

PCCT phosphocholine cytidylyltransferase 

PCR polymerase chain reaction 

PerCP Peridinin chlorophyll protein 

PFA paraformaldehyde 

PI propidium iodide 

POD peroxydase   

PPi pyrophosphate 

PTX pertussis toxin 

RANTES regulated and normal T cell expressed and secreted 

RNFL retinal nerve fiber layer 

Ripa Radio-Immunoprecipitation Assay 

RNA ribonucleic acid 
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ROX 6-Carboxyl-X-Rhodamine 

RPMI Roswell Park Memorial Institute (medium) 

RTase Reverse Transcriptase 

RT-PCR real time polymerase chain reaction 

SAV-HRP Streptavidin-Horseradish peroxidase 

TBS tris-buffered saline 

TGF  transforming growth factor beta 

TH1 T-helper cell 1 

TMB  tetramethylbenzidine 

TNFα tumor necrosis factor alpha 

UDG uracil-DNA glycosylase 

UTP uridine-5'-triphosphate 

YG yellow green 
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Anhang 
 

Cytokine Physiological effects 

IL-1β Pro-inflammatory response, apoptosis, cell proliferation, 

angiogenesis, cell adhesion  and cell differentiation (pro-

tumorigenic), stimulates synthesis of ACTH, IL-6, IL-8 and 

CSF 

IL-6 Major inductor of hepatic acute phase proteins, pyrogen, pro-

inflammatory response, stimulates synthesis of ACTH, T cell 

differentiation and B cell maturation 

IL-10 Inhibits production of inflammatory cytokines such as IFN- , 

IL-1,IL-2, IL-6 and TNFα/ , impairs antigen presentation, 

regulates cytotoxic T cell differentiation, chemoattractant for 

CD8(+) cells 

MCP-1/CCL2 Chemotactic for monocytes and basophils, activator of 

basophils, regulates expression of CD11a/b antigens and 

production of IL-1 and IL-6 

MIP-1α/CCL3 Pro-inflammatory response, activation of granulocytes, 

enhances production of IL-1, IL-6 and TNF, activator of 

neutrophils and basophils, primary stimulator of TNF 

secretion by macrophages, chemotactic for neutrophils and 

monocytes 

RANTES/CCL5 Chemoattractant for monocytes, basophils, eosinophils and 

memory T helper cells, activates basophils and eosinophils, 

microbicidal activity, supports migration of T cells and 

monocytes 

TNFα Regulates cell proliferation, differentiation and lipid 

metabolism, pro-apoptotic, inhibits anti-coagulation, enhances 

cytotoxicity and phagocytosis in neutrophils/macrophages, 

chemoattractant for neutrophils, increases cell adherence to 

endothelium, promotes angiogenesis 

 

Table. 1.a Cytokines and their effects (see copewithcytokines, 

altasgeneticsoncology and ncbi) 
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 % viable % viable compared 

to control 

control                           
n=6 
 

83.8 
 

100.0 

CDP-choline 
n=3 
 

85.9 
 

102.5 

choline 
n=6 
 

77.7 
 

92.7 

cytidine 
n=6 
 

77.2 
 

92.1 

phosphatidylcholine 
n=3 
 

76.2 
 

90.9 

choline + 

hexamethonium 

n=3 
 

76.5 
 

91.3 

choline + 
methyllycaconitine 
n=3 
 

76.2 
 

90.9 

cytidine + 
theophylline 
n=3 

 

76.8 91.6 

 

Table. 2.a Cell viability with the addition of various substances compared to the 

control group. Cell culture medium was supplemented with 100 ng/ml of LPS ± 

CDP-choline (10 mM), choline (10mM), cytidine (10 mM), phosphatidylcholine (10 

µM), choline + hexamethonium (50 nM), choline + methyllycaconitine (50 nM) or 

cytidine + theophylline (30 µM). Cells were harvested after 6 hours of incubation at 

37°C. Quantification of viable cells was implemented by FACS analysis and 

compared to the control group. 
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Fig. 1.a Cell viability of various test substances. Cell culture medium was 

supplemented with 100 ng/ml of LPS ± CDP-choline (10 mM), choline (10mM), 

cytidine (10 mM) or phosphatidylcholine (10 µM). Cells were harvested after 6 hours 

of incubation at 37°C. Quantification of viable cells was implemented by FACS 

analysis and compared to the control group. 
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