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Summary 

Modulation of the blood-brain barrier 

Karelle Bénardais 

Mainly composed of cerebral endothelial cells (EC), the blood-brain barrier (BBB) limits 

the free paracellular diffusion of water-soluble molecules or pathogenic agents. This is possible 

by the presence of an elaborate network of tight junctions (TJ) including the claudin-5 protein, in 

the interendothelial cleft. Accordingly, several in vitro models exist and a well characterised one 

is certainly the immortalised human brain endothelial cell line (hCMEC/D3). In multiple 

sclerosis (MS), the integrity of BBB is impaired and alterations in the expression and structure of 

the TJ proteins are common in active demyelinating lesions. MS is a chronic inflammatory 

disease of the central nervous system (CNS), defined by inflammation-mediated demyelination, 

axonal loss and incomplete remyelination. Although so far no definite cure is available, several 

therapies have been proven helpful. Data of a recent phase III clinical trial of dimethylfumarate 

(DMF) treatment, administered orally, reveal that this substance reduces axonal loss and the 

emergence of new lesions. Its mode of action is yet not clear, but both neuroprotective, via the 

nuclear-factor (erythroid derived 2) related factor-2 (Nrf2) detoxifying pathway, and 

immunomodulatory mechanisms are being discussed. DMF has been recently accredited and 

considered to be an important expansion of the therapeutic arsenal. Immunomodulatory effects 

are also discussed in another concept of therapy, namely the transplantation of mesenchymal 

stem cells (MSC). However, the data are based on a phase I/II clinical trial and a therapeutic use 

remains elusive. It is known that perinatal inflammation impacts the BBB. During the early life 

of animal, a mild inflammation leads to a BBB permeability increase and may cause white 
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matter damage. Nowadays, different animal models are available to study specific aspects of MS 

pathogenesis, such as experimental autoimmune encephalomyelitis (EAE), the most frequently 

used model. EAE can be induced by immunisation with myelin oligodendrocyte glycoprotein 

(MOG) generating an autoimmune response which leads to the myelin loss. To study de- and 

remyelination in the CNS, the cuprizone [bis (cyclohexylidenehydrazide)] induced toxic 

demyelination, where the BBB is not damaged, is certainly a favoured model. In this model, 

mice are fed with the copper chelator cuprizone, which leads to oligodendrocytes death with 

subsequent demyelination accompanied by a strong microgliosis and astrogliosis. 

The underlying mechanisms of cuprizone induced oligodendrocytes death are still 

unknown and appropriate in vitro investigations to study these complex mechanisms are not 

available. Thus, we first examined the cuprizone effects on primary rat glial cell cultures and on 

the neuroblastoma cell line SH-SY5Y. We observed in particular that the differentiated mature 

oligodendrocytes are significantly and specifically affected by cuprizone mediated toxicity. 

The transcription factor Nrf2 has been suggested to be important for the integrity of the 

BBB. The aim of the second study was to investigate DMF on brain endothelial TJ proteins in 

vitro as well as in vivo. The hCMEC/D3 cells were treated with DMF pre- or post-stimulated 

with tumor necrosis factor (TNF)α, known to disrupt the BBB. Changes in the expression level 

of Nrf2 and TJ proteins were evaluated by Western blot and real-time PCR. In vivo, DMF was 

given orally to C57BL/6 mice suffering from MOG-induced EAE. We could show that DMF 

does not have any effects on the TJ proteins of the BBB in both models. 

As MSC could create an environment which promotes regeneration in the CNS, the third 

project intended to found out whether MSC are able to migrate into CNS lesions and which 

consequences they cause at the cellular level. After four weeks of cuprizone feeding (time of 
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massive microglial activation and demyelination), murine and human MSC were labelled and 

were injected into the mice through the nose or the vein. As a control, we used fibroblast cells. 

The intravenously injected hMSC were found rarely in the blood vessels or under the meninges 

of the brain. Both, mMSC and hMSC, intravenously injected, accumulated in the lungs. 

However, none of the MSC were detected in brain lesions and the administration of MSC did not 

affect the demyelination. 

Finally, the aim of the fourth and last project was to determine the long-term effects of 

perinatal inflammation on BBB changes and on a demyelination event in adulthood. In two 

different sets of experiments, a systemic bacterial inflammation was mimicked by the injection 

of lipopolysaccharide (LPS), either prenatal or postnatal. Demyelination was then induced when 

the animals entered adulthood. Immunohistochemistry was used to quantify myelination and 

glial reactions. In this regard, postnatal LPS injections decreased the number of activated 

microglia in the corpus callosum and delayed demyelination. Moreover, LPS enhanced early 

remyelination going along with an increased number of mature oligodendrocytes. Interestingly, 

perinatal LPS injections significantly reduced the number of claudin-5 positive vessels, which 

was independent of cuprizone administration. 

Altogether, we demonstrated that cuprizone is particularly toxic for mature 

oligodendrocytes. DMF neither displayed in vitro nor in vivo effects on claudin-5 TJ proteins of 

the BBB. Murine and human MSC are not able to migrate into the brain lesions. The perinatal 

acquired BBB disruption seems to be maintained in the adulthood and with respect to the 

cuprizone induced demyelination, it surprisingly exhibits beneficial effects. 
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Zusammenfassung 

Modulation der Blut-Hirn-Schranke 

Karelle Bénardais 

Die Blut-Hirn-Schranke, dessen wesentlicher Bestandteil die Endothelzellen sind, 

limitiert die freie, parazelluläre Diffusion von wasserlöslichen als auch von pathogenen 

Substanzen. Diese Barriereeigenschaft wird ihr insbesondere durch ein dichtes und lückenloses 

Netzwerk an sogenannten „tight junctions“ (syn. Schlussleiste, Zonula occludens) ermöglicht, 

die sich überwiegend aus dem Claudin-5-Protein zusammensetzen. Die Integrität dieser 

natürlichen Barriere kann i.R. von Erkrankungen gestört sein, wie z.B. während einer aktiven 

Läsion bei der Multiplen Sklerose (MS) und mit Veränderungen der Struktur und Expression von 

Proteinen einhergehen, welche die „tight junctions“ letztlich bilden. 

Die MS ist eine chronisch-entzündliche, demyelinisierende Erkrankung des zentralen 

Nervensystems, die sich darüber hinaus durch eine unvollständige Remyelinisierung als auch 

axonalem Schaden/Untergang kennzeichnet. Ihre Ätiologie ist unbekannt. Spekuliert werden 

Umweltfaktoren und/oder eine genetische Prädisposition. Eine Heilung ist nicht möglich, aber es 

existieren mittlerweile einige medikamentöse Therapien, die sich in der Behandlung fest 

etablieren konnten. Die kürzlich erteilten Genehmigung als eines neuen oralen Verbindung 

ermöglicht Dimethlyfumarat (DMF), um das therapeutische Arsenal verlängern. Die Ergebnisse 

der Phase-III-Studie bzgl. dieser Substanz sind vielversprechend und zeigen, dass DMF 

prospektiv die Anzahl neuer Läsionen als auch den axonalen Untergang effektiv reduziert. 

Interessanterweise ist wenig über die Wirkweise dieser Substanz bekannt. Neben 

neuroprotektiven Eigenschaften, die über den sogenannten nuclear-factor (erythroid derived 2) 
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related factor-2 (Nrf2)-Signalweg vermittelt würden, werden auch immunmodulatorische 

Fähigkeiten derzeit diskutiert. 

Immunmodulatorische Eigenschaften werden bei einem völlig anderen 

Behandlungskonzept, nämlich der Transplantation von mesenchymalen Stammzellen (MSC), 

ebenso diskutiert, wobei die Daten hier noch auf Phase-I/II-Studien basieren und, im Gegensatz 

zu DMF, eine klinische Anwendung noch nicht mit Sicherheit vorhergesagt werden kann. 

Heutzutage existieren zahlreiche Tiermodelle, die zum Verständnis verschiedener Teilaspekte 

der MS beigetragen haben. Das wichtigste und am häufigsten verwendete Tiermodell für die MS 

ist die experimentelle autoimmune Enzephalomyelitis (EAE), die auf einer aktiven 

Immunisierung von Mäusen mit ZNS-Gewebe, wie z.B. Myelin-Oligodendrozyten-Glykoprotein 

(MOG), basiert. Im Gegensatz zum EAE-Modell bietet das toxische bis-

cyclohexylidenehydrazide (Cuprizon)-Mausmodell die Möglichkeit, unabhängig von einer 

primär-peripheren Immunantwort die De- und Remyelinisierung zu untersuchen. Hierzu werden 

Mäuse mit dem Kupfer-Chelator Cuprizon gefüttert, was zu einer massiven Demyelinisierung im 

Gehirn, die im Corpus Callosum besonders ausgeprägt ist, führt. Obgleich der genaue 

Mechanismus dieses Chelators noch unbekannt ist, so bewirkt sie eine Apoptose von 

Oligodendrozyten, die durch eine starke Mikrogliose und Astrogliose begleitet wird. Die Blut-

Hirn-Schranke bleibt während und nach der Cuprizon-Behandlung stets intakt. 

Die Zielsetzung des ersten Projekts der vorliegenden Arbeit war es, den toxischen 

Einfluss von Cuprizon auf die Zellen im Hirn zu untersuchen. Hierfür verwendeten wir primäre 

Rattengliazellkulturen sowie eine Neuroblastom-Zelllinie (SH-SY5Y). Dieser experimentelle 

Ansatz ergab, dass Cuprizon insbesondere auf die reifen und vollständig differenzierten 

Oligodendrozyten ausgeprägt toxisch wirkt.  
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Das zweite Projekt verfolgte das Ziel, den Einfluss von Dimethylfumarat (DMF) auf 

zerebro-endotheliale „tight junctions“ in vitro als auch in vivo zu untersuchen. Hinsichtlich der in 

vitro Experimente benutzten wir eine humane, immortalisierte und endotheliale Zellinie 

(hCMEC/D3), mit welchem ein In-vitro-Modell der Blut-Hirn-Schranke quasi generiert wurde. 

Die hCMEC/D3-Zellen wurden dann entweder vor oder nach einer Dimethylfumarat-

Behandlung mit dem Tumornekrosefaktor-α (TNFα) behandelt. TNFα ist ein inflammatorisches 

Zytokin und zerstört die Integrität der Blut-Hirn-Schranke, womit die Situation der Blut-Hirn-

Schranke während einer Entzündung simuliert wurde. Wir untersuchten mittels der Western-

Blot-Technik und Echtzeit-Polymerase-Kettenreaktion nach Veränderungen in der Expression 

von Proteinen der „tight junction“ und insbesondere des Nrf2-Proteins. Unsere In-vivo-

Experimente führten wir mit C57BL/6-Mäusen durch, die mit Dimethylfumarat gefüttert und bei 

denen im Anschluss mit MOG eine EAE induziert wurden. Zusammengefasst konnten wir weder 

in den In-vitro- noch in den In-vivo-Experimenten einen Einfluss von Dimethlyfumarat auf die 

Proteine der „tight junctions“ feststellen. 

Das dritte Projekt befasste sich mit dem Thema, ob mesenchymale Stammzellen 

überhaupt in der Lage sind, in das ZNS einzudringen und einen begünstigenden Einfluss auf die 

Regeneration im Falle des toxischen Cuprizon-Mausmodells zu nehmen. Hierzu wurden 

Cuprizon-gefütterten Tieren nach vier Wochen, ein Zeitpunkt massiver Mikroglia-Aktivierung 

und Demyelinisierung, entweder markierte Mesenchymzellen oder, als Kontrolle, Fibroblasten 

intranasal oder venös verabreicht. So die intravenös injizierten humanen MSC (hMSC) befanden 

sich ausschließlich in den Blutgefäßen. Die mesenchymalen Stammzellen beider Spezien 

sammelten sich allerdings in der Lunge, wohingegen wir in den Cuprizon-bedingten 

Hirnläsionen keine MSC beobachtet haben und auch keine Veränderungen während der 

Remyelinisierung beobachten konnten. 
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Das vierte Projekt zielte darauf ab, den Einfluss einer perinatal abgelaufenen Entzündung 

auf eine im adulten Alter auftretende Demyelinisierung hin zu untersuchen und Veränderungen 

hinsichtlich der Blut-Hirn-Schranke aufzudecken. In zwei verschiedenen experimentellen 

Ansätzen wurde eine systemische bakterielle Entzündung durch die Injektion von 

Lipopolysaccharid, entweder prä- oder postnatal, simuliert. Eine durch Cuprizon vermittelte 

Demyelinisierung wurde dann im adulten Alter bei den Tieren ausgelöst. Wir benutzten 

immunhistochemische Methoden, um das Myelin und die gliale Reaktion zu quantifizieren. Die 

postnatale LPS-Injektion führte zu einer Reduktion der Anzahl aktivierter Mikroglia im Corpus 

Callosum, verzögerte die Demyelinisierung und beschleunigte die frühe Remyelinisierung, was 

mit einer gesteigerten Anzahl an reifen Oligodendrozyten einherging. Interessanterweise führte 

die perinatale LPS-Injektion zu einer Reduktion der Anzahl Claudin-5-positiver Gefäße, welche 

allerdings unabhängig von der Cuprizone-Gabe war. 

Zusammengefasst konnten wir demonstrieren, dass Cuprizon toxisch hinsichtlich reifer 

Oligodendrozyten ist. DMF führte weder in vitro noch in vivo zu Veränderungen bzgl. der „tight-

junction“-Proteine und mesenchymale Stammzellen sind nicht in der Lage, ins Hirngewebe 

einzudringen. Die perinatal erworbene Blut-Hirn-Schrankenstörung wird bis ins adulte Alter 

fortgeführt und begünstigt den Cuprizon-vermittelten Ablauf, indem es die Demyelinisierung 

verzögert und die frühe Remyelinisierung beschleunigt. 
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General introduction  

“Good fences make good neighbours.” Robert Frost‟s Proverb (17th century) 

I. Blood-brain barrier 

1. History 

The concept of a barrier between the blood and the central nervous system (CNS) 

emerged at the end of the 19
th

 century, with the observations of Paul Ehrlich. All organs except 

the brain tissue and the spinal cord were stained after intravenous injection of a water-soluble 

vital dye (Ehrlich, 1885). The term “blood-brain barrier” (BBB) was firstly introduced by 

Lewandowski who studied the limited permeation of potassium ferrocyanate into the brain 

(Lewandowsky, 1900). Shortly afterwards, Edwin E. Goldman showed that the same dye, trypan 

blue, when injected into the cerebrospinal fluid stained the CNS but not the other tissues. With 

the technological advancement of electron microscopy it was possible to reveal the anatomical 

structure of the BBB with endothelial cells (EC) forming the capillary walls (Reese and 

Karnovsky, 1967). Additionally, they reported the presence of tight junctions (TJ) in the 

interendothelial cleft. 

2. Structure of the blood-brain barrier 

The physical characteristics of the BBB are enabled by cellular and acellular components 

(figure 1). The BBB is a dynamic interaction between three cell types, the cerebral EC covered 

by pericytes and a layer of astrocyte endfeet. Compared to the peripheral EC, brain EC have a 

reduced pinocytic activity (Sedlakova et al., 1999), do not have fenestrations (Fenstermacher et 

al., 1988), contain high mitochondrial density (Oldendorf et al., 1977) and express both uptake 

http://www.mamalisa.com/blog/robert-frosts-proverb-good-fences-make-good-neighbors/
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and efflux transporters (Ohtsuki and Terasaki, 2007). At the level of brain capillaries, two 

basement membranes are distinguishable: an endothelial cell basement membrane and an 

astroglial basement membrane, which underlie the endothelium and astrocyte endfeets 

respectively (Goldstein and Betz, 1983; Sixt et al., 2001b; Sixt et al., 2001a). These membranes 

consist mainly of laminin, collagen IV, fibronectin, and proteoglycans. 

By covering a certain endothelial surface, the astrocyte endfeet (Kacem et al., 1998) 

improve the barrier function and are important sources of regulatory factors. Astrocytes with 

incomplete functionality are not able to maintain BBB properties (Pekny et al., 1998). 

Pericytes cover approximately 27% of the endothelium and participate in the maturation, 

maintenance and stabilisation of BBB integrity (Ramsauer et al., 2002; Abbott et al., 2006; 

Thanabalasundaram et al., 2011). In the absence of pericytes an abnormal vasculogenesis and 

increased BBB permeability occurs in the brain (Armulik et al., 2010). Moreover, pericytes play 

an important role in the regulation of endothelial proliferation and inflammatory processes (for 

review see: (Dore-Duffy, 2008)). 

Figure 1: Structure of the BBB. The cerebral endothelial cells are sealed by tight junctions. Pericytes, astrocyte 

end feet are distributed discontinuously along the length of the cerebral capillaries. Both the cerebral endothelial 
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cells and the pericytes contribute to the local basement membrane, different in composition from the extracellular 

matrix of the glial endfeet, bounding the brain parenchyma with the astroglial basal membrane (modified from 

Abbott et al., 2010). 

3. Tight junctions 

The transendothelial and the paracellular (junctional) routes are two tight ways for 

molecules, ions, polar solutes, and cells to cross the BBB. The paracellular route is regulated by 

the TJ which interconnect two adjacent EC (Begley and Brightman, 2003; Wolburg et al., 2009). 

Thus the BBB properties are primarily determined by a complex junctional system which 

includes adherens junctions (AJ) (Schulze and Firth, 1993) and TJ (Kniesel and Wolburg, 2000; 

Wolburg and Lippoldt, 2002; Vorbrodt and Dobrogowska, 2003). TJ seal the interendothelial 

clefts while the AJ are important for TJ formation and maintaining of endothelial cell-cell 

contacts (Rubin and Staddon, 1999; Gonzalez-Mariscal et al., 2003). TJ consist of 

transmembrane proteins such as occludin, claudins (claudin-3, -5, -12) and junctional adhesion 

molecule (JAM) (Citi and Cordenonsi, 1998; Martin-Padura et al., 1998). Occludin and claudins 

are linked via cingulin to cytoplasmic proteins zonula occludens (ZO) which link in turn the 

actin cytoskeleton as shown in figure 2 (Hawkins and Davis, 2005; Wolburg et al., 2009). The 

effectiveness of the TJ appears to be regulated via the intracellular scaffold proteins ZO-1, ZO-2 

and ZO-3. 

Structurally, occludin contains two equal extracellular loops; the first one is involved in 

the intercellular adhesion, while the second loop mainly affects the transendothelial electrical 

resistance (Furuse et al., 1993; Feldman et al., 2005; Nusrat et al., 2005). However, mice with a 

null mutation in the occludin gene are viable and develop morphologically normal TJ (Saitou et 

al., 2000). 
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Claudins are principal barrier-forming proteins which limit paracellular ion movement, 

and form pores of variable size (Matter and Balda, 2003; Van Itallie and Anderson, 2004; Van 

Itallie et al., 2004; Belanger et al., 2007; Ohtsuki and Terasaki, 2007). Mice with genetical 

claudin-5 deletion die shortly after birth (Nitta et al., 2003) and have a compromised leaky BBB 

which results in a size-selective increase in permeability (Heiskala et al., 2001). Consequently, 

claudins have been shown to be sufficient for the formation of functional TJ strands (Furuse, 

2006). 

 

Figure 2: Structure of tight junctions between two cerebral endothelial cells. The junctional complex comprises 

tight junction (TJ) and adherens junction (AJ). The TJ is composed of occludin and claudins. The claudins and 

occludins are linked to the scaffolding proteins ZO-1, ZO-2 and ZO-3, which are in turn linked via cingulin dimers 

to the actin/myosin cytoskeletal system within the cell (modified from Engelhardt and Sorokin, 2009). 
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4. Physiological functions of the blood-brain barrier 

The barrier properties result from a combination of physical barrier (TJ), transport barrier 

(specific transport mechanisms mediating solute flux), and metabolic barrier (specific enzymes 

metabolising molecules in transit). Proper neuronal functions need a highly regulated 

extracellular environment. The considerable metabolic demands of nervous tissue and the high 

sensitivity of the CNS to chemicals make the role of the BBB extremely important.  

Due to specific transporters and ion channels, the BBB keeps the optimal ionic 

composition of the brain for synaptic function. A permanent and high glutamate concentration 

can be toxic for the neural tissue (Abbott et al., 2006; Bernacki et al., 2008). The BBB helps to 

maintain the pools of neurotransmitters separate from the blood and also prevents circulating 

endogenous or xenobiotic macromolecules to enter the brain. For instance, plasma proteins such 

as albumin or plasminogen can cause cellular activation, apoptosis, and damage of the nervous 

tissue (Nadal et al., 1995). A number of ATP-binding cassette transporters (ABC), energy-

dependent efflux transporters, actively pump many of these agents out of the brain. However, the 

BBB has a low passive permeability to many essential water soluble nutrients and metabolites 

required by nervous tissue. 

Altogether, the BBB protects the CNS from chemical insults and provides the stable fluid 

microenvironment, crucial for the complex neural functions. The barrier function is not rigid; it 

can be modulated and regulated, both in physiology and in pathology (Abbott et al., 2006). 

5. Blood-brain barrier experimental models 

Employed for already 40 years (Joo and Karnushina, 1973), in vitro cell based models of 

the BBB can derive from different mammalian species. However, even if different methods for 

their establishment have been used, those numerous models still cannot reproduce all aspects of 
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the in vivo system (Abbott et al., 2008). Nevertheless, in vitro models have significantly 

contributed to the better understanding of brain endothelial transport, pathways and regulation.  

Isolated brain capillaries were successfully used for studying drug accumulation, 

transporter activity and gene expression (Pardridge and Fierer, 1985; Gutmann et al., 1999; 

Torok et al., 2003; Banks, 2005; Hartz et al., 2006). 

Since the permeability studies were very difficult to perform, there was a need to develop 

in vitro models using primary cultures of isolated brain EC. Although the purity and 

homogeneity of the culture represented a critical point, most of these models were characterised 

by a high electrical resistance, indicating a low ion flux. Several in vitro models based on 

primary bovine or porcine culture showed highly restrictive paracellular permeability properties, 

being very close to an in vivo BBB phenotype (Bowman et al., 1983; Audus and Borchardt, 

1986; Franke et al., 1999; Gutmann et al., 2002). 

The next step was the development of the reconstituted co-culture models where isolated 

astrocytes grew together with EC (Cecchelli et al., 1999; Megard et al., 2002). Astroglia induce 

the development of TJ (Abbott et al., 2002) and EC produce factors which facilitate astrocyte 

differentiation (Mi et al., 2001). This model has advantages of higher transendothelial electrical 

resistance (TEER) and allows studying interactions between these two kinds of cells. Since the 

existing BBB models were static in the sense that cells were attached to the plastic coated or not, 

a dynamic model with a continuous flow of culture medium was designed to mimic the 

physiological shear stress in blood vessels (Krizanac-Bengez et al., 2003; Parkinson et al., 2003). 

High costs as well as laborious and time-consuming isolation processes lead to the 

development of cell line models. They are obtained by transfection of isolated cerebral EC with 

immortalising genes, enabling cell divisions for a certain number of passages without 



 

15 

 

degeneration of the phenotype. One of those is the hCMEC/D3 cell line, a human brain capillary 

endothelial cell line, which consumes fewer resources and is easy to handle (Weksler et al., 

2005). hCMEC/D3 cells show a stable phenotype and a durable expression of EC markers, TJ 

molecules, chemokines, receptors and ABC-transporters (Afonso et al., 2007; Cucullo et al., 

2007; Schreibelt et al., 2007). Furthermore, compared to other cell lines, the paracellular 

permeability of hCMEC/D3 is much lower, which makes it an interesting tool for permeability 

studies. However, the disadvantages of immortalised cell-lines are higher leakiness than in 

primary cultures and a downregulation or altered expression levels of TJ, transporters and 

receptors (Abbott et al., 2008; Di et al., 2008). 

In conclusion, plenty of models exist, each of them having their advantages and 

drawbacks. The BBB permeability, metabolism and transporters cannot be comprised in one 

model, thus the right model has to be chosen for the goal and hypothesis of the study. Moreover, 

both in vitro and in vivo observations have contributed to the present knowledge about the 

structural and functional organisation of the BBB under physiological and pathological 

conditions. 

6. Pathology of the blood-brain barrier 

In physiological situations, the CNS is partially isolated from the peripheral circulation. 

In pathological conditions, dysfunctions of the BBB mechanisms and the subsequent TJ 

alterations occur. This results in a more permeable barrier, having been implicated in a growing 

list of CNS diseases (Minagar et al., 2006; Correale and Villa, 2007), including multiple 

sclerosis (MS). In MS, the BBB pathological features are TJ abnormalities (Minagar et al., 2003; 

Oki et al., 2004), downregulation of laminin in the basement membrane, and a selective loss of 

claudin-3 (Wolburg et al., 2003). 
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II. Multiple sclerosis 

MS is a chronic demyelinating disease of the human CNS. In Germany, the estimated 

prevalence of MS is 120-150 per 100 000 people. It is mostly diagnosed in people between the 

age of 20 and 45 and twice as many women than men are affected.  

Clinical symptoms vary based on the site of the demyelinating lesion. Any region of the 

CNS can be damaged and may affect several aspects of CNS functions. Symptoms may be single 

or multiple, from mild to severe in intensity and from short to long in duration. Often the 

symptoms correlate with invasion of inflammatory cells across the BBB with resulting 

demyelination (Hafler, 2004). 

Based on the clinical course of the disease, four different disease courses of MS are 

recognised (Lublin and Reingold, 1996). MS patients often (85%) exhibit a relapsing-remitting 

course of the disease (RRMS). It is characterised by relapses (or exacerbations) of symptoms 

alternating with remissions which are a partial or total recovery. Secondary progressive MS 

(SPMS) may develop in some patients with RRMS. They suffer from irreversible neurological 

decline and the disease course continues to worsen without remission. About 10% of MS patients 

experience the primary progressive MS (PPMS) defined by a gradual progression from the 

beginning of disease without relapses and remissions. In this form there is no significant 

evidence of inflammatory lesions on CNS imaging (Miller and Leary, 2007). The rest (~5%) 

experience a rare form of MS called progressive-relapsing MS (PRMS). It consists of 

progressive neurologic decline accentuated with acute attacks with or without recovery (Dutta 

and Trapp, 2007; Bradl and Lassmann, 2009). 

Although the cause of MS remains unknown, it affects more individuals with a certain 

genetic backgrounds (Dyment et al., 2004) who are exposed to certain environmental factors 
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(Noseworthy et al., 2000; Frohman et al., 2006). This interaction is probably required to trigger 

the massive immune response against CNS myelin.  

The hereditary factor is strongly suggested by the 5% concordance in dizygotic twins 

compared to the rates of 20%–30% concordance among monozygotic twins (Willer et al., 2003). 

Genetically unrelated family members have a risk of MS that is no higher than the general 

population. To date, seven main genes of probable importance have been indentify such as the 

HLA class II, ApoE, IL-1ra, IL-1β, TNFα, TNF-β and CCR5 genes (Gourraud et al., 2012). 

Epidemiological and migration studies have been widely done to study the potential 

environmental risk factors for MS. The highest incidence and prevalence of MS is observed at 

the highest latitudes and associated with the distance from the equator (Koch-Henriksen and 

Sorensen, 2010) which may be linked to the diminished sunlight exposure and vitamin D. Thus 

high-dose vitamin D supplementation is well tolerated by MS patients and may reduce relapses 

(Burton et al., 2010; Koch-Henriksen and Sorensen, 2010). MS is also observed more commonly 

among smokers, people of higher socioeconomic class, and those with a low dietary vitamin D 

intake (Munger et al., 2004; Hawkes, 2007; Zivadinov et al., 2010). In addition, several studies 

have shown that the risk of MS relapses is elevated after an infectious episode (associated with 

Epstein–Barr virus infection for instance). Moreover, MS and mononucleosis have similar 

geographic distributions. A meta-analysis demonstrated that the risk of MS was tenfold increased 

in patients infected with EBV in early childhood and two- to threefold increased in patients 

infected later in life (Ascherio and Munger, 2010; Maghzi et al., 2010). Conversely, individuals 

never infected by EBV have a low MS risk (Ascherio et al., 2001). Isolation of a causative 

environmental trigger failed probably due to the heterogeneity of possible factors involved. 



 

18 

 

The histopathological hallmarks of MS are the BBB dysfunction, the presence of 

heterogeneous focal areas of inflammatory demyelination (most prominent feature) and the 

axonal damage (Koch-Henriksen and Sorensen, 2010). Demyelination can affect both white and 

gray matter of the spinal cord and the brain (Compston and Coles, 2002). In MS lesions, 

infiltration of T cells, B cells, activated microglia and macrophages have been found (Gay et al., 

1997). Brain-imaging studies have correlated breakdown of the BBB and CNS inflammation 

with the initial neurological disability. In fact, several reports from either patients or animal 

models suggest that increased permeability of the BBB is an early phenomenon in plaque 

formation (de Vries et al., 1997; Werring et al., 2000). Inflammatory demyelination in MS slows 

or stops completely the nerve impulse. Neurodegeneration and axonal loss are the fundamental 

mechanisms underlying brain atrophy and permanent loss of motor function. 

1. Pathophysiology of multiple sclerosis 

MS pathophysiology includes neuroinflammation and neurodegeneration (Frohman et al., 

2006). One hypothesis about the pathophysiology of MS is that the initial event begins in the 

periphery with activation of immune cells outside the CNS (Bar-Or, 2005, 2008). Autoreactive T 

lymphocytes (CD4
+
 and CD8

+
) play significant roles in the development of CNS demyelinating 

lesions. In the early stages of MS development, T lymphocytes become sensitised against myelin 

protein (Bernard et al., 1997), such as myelin basic protein (MBP), proteolipid protein (PLP) or 

myelin oligodendrocyte glycoprotein (MOG) and activate a massive immune response that leads 

to their migration across the BBB, leading to its dysregulation (Minagar et al., 2003). Loss of 

cerebral endothelial layer integrity is associated with disassembly and destruction of endothelial 

TJ proteins such as occludin (Minagar et al., 2003) as well as claudins, which facilitate 
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movement of the leukocytes. Several components of the immune system are involved in 

demyelination making the pathomechanism complex to study and understand (Lassmann, 2008). 

Increased levels of oxidative stress indicators and decreased levels of antioxidants have 

been detected in blood and cerebrospinal fluid of MS patients during the active phases of disease 

(Calabrese et al., 1994; Greco et al., 1999; Karg et al., 1999; Ferretti et al., 2005; van Meeteren 

et al., 2005; Koch et al., 2006). ROS has been proposed to participate in the pathomechanism of 

BBB disturbances of MS. In vitro data from rat brain EC support this hypothesis, implicating 

hydrogen peroxide increased permeability (Blasig et al., 2002). Multiple protective mechanisms, 

such as the nuclear-factor (erythroid-derived 2)-related factor-2 (Nrf2) / antioxidant responsive 

element (ARE) pathway (figure 3), have been evolved to permit cellular adaptation and survival 

under conditions of stress. Activation of transcription factor Nrf2 initiates the cytoprotective 

gene expression such as NAD(P)H: quinone oxidoreductase 1 (NQO1) and heme oxygenase 1 

(HO-1) which defend the cells against oxidants and electrophiles (Talalay et al., 2003; 

Motohashi and Yamamoto, 2004; Dinkova-Kostova et al., 2005; Kensler et al., 2007). There is 

ample evidence that activation of the Nrf2 pathway plays a protective role in the pathogenesis of 

MS. Nrf2 activation reduces leukocyte adhesion and subsequent transendothelial leukocyte 

migration. Upregulation of antioxidant genes possibly prevents oxidative damage to 

oligodendrocytes and neurons. 
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Figure 3: The mechanism of the Nrf2 pathway. 

Phytochemicals may act directly on the Nrf2-Keap1 

complex, causing the release of Nrf2 from the 

inhibitory complex. In the nucleus Nrf2 interacts 

with small Maf family proteins bound to the 

antioxidant response element (ARE), increasing the 

transcription and expression of target endogenous 

cytoprotective genes NQO1, HO-1, GCL and UGT 

(modified from Lee et al., 2005). 

 

 

Frequently after demyelination and when the inflammatory destruction is ended, some 

regenerative processes including spontaneous remyelination occur. However this is often not 

complete (Lassmann et al., 1983; Raine and Wu, 1993). Remyelination corresponds with the 

appearance of oligodendrocyte precursor cells (OPC) which later differentiate into mature 

oligodendrocytes (Lucchinetti et al., 1999), resulting in a thinner and shorter myelin sheath. 

Remyelination restores the saltatory conduction and prevents secondary axonal damage, thus 

providing neuroprotection (Franklin and Kotter, 2008). However, remyelination is not always 

successful and many factors contribute to its failure (Franklin and Ffrench-Constant, 2008). 

2. Therapy of multiple sclerosis 

The currently approved medications for MS are efficient in slowing the progression of 

MS, reducing MRI activity as well as the frequency, duration and severity of clinical relapses. 
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However none of them have reached the long-term goal of preventing or stopping the disease 

course.  

The first-line therapies, e.g. glatiramer acetate and three forms of IFN-β, are safe and 

generally well tolerated and but there is a need for a frequent subcutaneous/intramuscular 

injection. Two medications administered intravenously, natalizumab and mitoxantrone, have 

substantially greater efficacy but might be associated with severe side effects. Fingolimod is 

the first oral treatment with proven efficiency compared to placebo and IFN- treated 

patients. 

Therefore, additional therapeutic options are needed and many studies are in progress. 

One such example of a new treatment is BG-12, an oral formulation of dimethylfumarate 

(DMF). Through the activation of Nrf2, DMF is postulated to have anti-inflammatory, 

antioxidant, and neuroprotective effects (Linker et al., 2011). In a phase III trial, BG-12 

decreased the accumulation of new lesions and beneficial effects on clinical features (Gold et 

al., 2012) with tolerable side effects. 

Transplantation of several types of stem cells has been considered as a way to augment 

CNS repair. The immunomodulatory, protective- and repair-promoting properties of 

mesenchymal stem cells (MSC) as well as their availability make them an attractive candidate 

for therapy (Uccelli et al., 2008a). In the injured brain, transplanted MSC are thought to 

improve endogenous repair processes by releasing growth and differentiation factors, 

enhancing the local trophic environment, modulating immune responses and promoting repair 

mechanisms (Li et al., 2002; Uccelli et al., 2008b; van Velthoven et al., 2009). It has also 

been suggested that MSC can differentiate into neurons and oligodendrocytes and thereby 

contribute to repair of the injured brain (Mezey and Chandross, 2000). Autologous MSC have 
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been intrathecally or intravenously injected into MS patients (Karussis et al., 2010) and 

induced immediate immunomodulatory effects, 24 hours after the MSC transplantation. 

Indeed Karussis and colleagues showed an increase of the regulatory T cells CD4+ CD25+, a 

decrease in the proliferative responses of lymphocytes, and the expression of CD40+, CD83+, 

CD86+, and HLADR on myeloid dendritic cells.  

III. Animal models 

1. Definition 

Animal models are needed to explore the underlying pathological mechanisms of 

demyelination and to test novel therapeutic. To induce CNS demyelination, a variety of 

protocols can be used such as toxins, inflammatory reactions, viruses, and genetic mutations. 

Since demyelination is induced in an artificial way, all models only partly mimic the complex 

processes of demyelination in MS. 

2. Viral models 

There are several models where demyelination is induced by viral infections: the 

Semliki Forest virus, the mouse hepatitis virus and the most widely used Theiler‟s murine 

encephalomyelitis virus (TMEV) (Fazakerley and Walker, 2003). In the latter case, mice are 

infected intracerebrally with the neurotropic picornavirus, a mouse enteric pathogen, which 

leads to an acute encephalitis followed by a progressive T-cell-mediated demyelinating 

disease (Theiler, 1934). This model is characterised by scattered lesions in the spinal cord, 

BBB breakdown and severe inflammation including T cells infiltration.  
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3. Genetic models 

A number of genetic animal models with the lack of myelin have been characterised. A 

central myelination deficit is induced by a mutation in the gene encoding for PLP (Hudson et 

al., 1989) or MBP (Roach et al., 1985). The advantage of myelin mutants is the uniform 

myelination defect in known area. The disadvantage of genetic models is the non-

inflammatory nature of the lesions and often a primary myelination defect and not secondary 

demyelination as seen in MS. Thus, genetic models are less suitable for remyelination studies. 

4. Autoimmune models 

The experimental autoimmune encephalomyelitis (EAE) model is the most extensively 

studied animal model of autoimmune disease with the focus on autoreactive T lymphocytes, 

infiltrating leukocytes and cytokine production. Following immunisation with either whole 

spinal cord lysate, purified myelin or different myelin proteins (e.g. MOG, MBP or PLP) or 

their encephalitogenic peptides, inflammation, myelin damage, and neurodegeneration take 

place (Gold et al., 2011). 

Immunisation of C57BL/6 mice with MOG35-55 results in a relapsing-remitting or 

chronic disease course (Linington et al., 1988). As a consequence of antigen injection, 

peripheral antigen-specific T-cells expand and become activated and migrate into the CNS 

where they encounter the target myelin antigen, initiate an autoimmune demyelinating 

response and consequently damage the tissue (Linington and Lassmann, 1987; Massacesi et 

al., 1988; Gold et al., 2009; Krishnamoorthy and Wekerle, 2009). It is considered that CD4+ 

Th-1 and Th17 cells are the important mediators of pathology. 



 

24 

 

5. Toxic models 

Compared to EAE and virus-induced demyelination, toxin-induced demyelination 

models do not attempt to mimic MS as a disease, but are mainly established as systems to 

study the process of de- and remyelination (Blakemore and Franklin, 2008). 

Toxin induced demyelination can be achieved by injection of lysophosphatidylcholine, 

an activator of phospholipase A2, ethidium bromide or 6- aminonicotinamide (van der Star et 

al., 2012). This process leads to focal myelin loss in the selected CNS region of interest 

(Rodriguez, 2007). Lesion sites are often infiltrated with T-cells, B-cells and macrophages, 

but the demyelination is not considered as immune-mediated. 

Systemic administration of cuprizone (Skripuletz et al., 2011) is used to induce well-

characterised demyelination of several brain regions. It occurs after several weeks of feeding 

cuprizone, in different white and grey structures of cerebrum and cerebellum (Gudi et al., 

2009; Koutsoudaki et al., 2009; Lindner et al., 2009; Skripuletz et al., 2010). At the cellular 

level, cuprizone causes oligodendrocyte cell death with concomitant microglia activation 

associated with severe astrocytosis (figure 4) and subsequent demyelination (Morell et al., 

1998; Mason et al., 2000). The pathological pattern may resemble type III or IV MS lesions, 

as described by Lucchinetti et al., where pattern III is characterised by oligodendrogliopathy 

and pattern IV seems to reflect primary oligodendrocytes damage with secondary 

demyelination (Lucchinetti et al., 2000).  
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Figure 4: Schematic overview of myelination and 

glial reactions in the corpus callosum during 5 

weeks of cuprizone administration and 1 week after 

cuprizone withdrawal (modified from Skripuletz et 

al., 2011). 

Unfortunately, the mechanism why oligodendrocytes are particularly susceptible to the 

effect of cuprizone remains (Matsushima and Morell, 2001). Bis (cyclohexylidenehydrazide) 

(cuprizone) is a copper chelating agent which leads to inhibition of the copper-dependent 

mitochondrial enzymes (Venturini, 1973; Matsushima and Morell, 2001). Thus, a plausible 

hypothesis is that disturbance in energy metabolism leads to apoptosis of oligodendrocytes. 

After removal cuprizone from the diet there is spontaneous remyelination and repopulation of 

the lesions with mature oligodendrocytes (Matsushima and Morell, 2001; Crang et al., 2004; 

Mason et al., 2004; Blakemore, 2005).  

The experimental advantage of this model is that demyelination is reversible and 

reproducible and in contrast to EAE no BBB breakdown occurs. Thus, the pathomechanisms 

of de- and remyelination can be analysed without the interference of peripheral immune cells. 

From a pharmaceutical point of view, the cuprizone model is a valuable tool to study the 

potency of compounds to accelerate and/or repress de- and remyelination (Matsushima and 

Morell, 2001). 
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IV. Aim of the study 

The BBB consists of tightly sealed EC which protect the CNS from both toxic 

substances and pathogenic organisms. However, several numbers of agents such as 

inflammatory mediators or chemical substances have been shown to transiently or 

permanently modulate the brain endothelium (Abbott and Revest, 1991; Abbott, 2000). 

Perturbations in the fine brain homeostatic equilibrium due to BBB dysfunction is a 

characteristic feature in diseases like MS. The global aim of this work was to investigate the 

potential pathological and therapeutical effects of certain compounds such as FAE and LPS 

and on mesenchymal stem cells on BBB structure and function, utilising both in vitro and in 

vivo models. The four main questions to be investigated were: 

1. What are the effects of cuprizone on glial cells in vitro? 

2. Do fumaric acid esters restore the loss of BBB structure in vitro and in vivo? 

3. Do mesenchymal stem cells cross the BBB in the cuprizone model when injected 

intranasally and intravenously? 

4. What is the long term impact of perinatal inflammation on de- and remyelination and 

on the BBB structure? 
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Abstract 

Cuprizone [bis (cyclohexylidenehydrazide)] induced toxic demyelination is an 

experimental animal model commonly used to study de- and remyelination in the central 

nervous system (CNS). In this model, mice are fed with the copper chelator cuprizone, which 

leads to oligodendrocyte death with subsequent demyelination. The underlying mechanisms 

of cuprizone induced oligodendrocyte death are still unknown and appropriate in vitro 

investigations to study these mechanisms are not available. Thus, we studied cuprizone effects 

on rat primary glial cell cultures and on the neuroblastoma cell line SH-SY5Y. Treatment of 

cells with different concentrations of cuprizone failed to show effects on the proliferation and 

survival of SH-SY5Y cells, microglia, astrocytes, and oligodendrocyte precursor cells (OPC). 

In contrast, differentiated mature oligodendrocytes (OL) were found to be significantly 

affected by cuprizone treatment. This was accompanied by a reduced mitochondrial potential 

in cuprizone treated OL. These results demonstrate that the main toxic target for cuprizone is 

mature oligodendrocytes while other glial cells including OPC are not or only marginally 

affected. This explains the selective demyelination induced by cuprizone in vivo. 

 

DOI 10.1007/s12640-013-9380-9 
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Abstract 

The blood-brain barrier (BBB) is composed of an elaborate network of tight junctions 

(TJ) which interconnect the cerebral endothelial cells (EC). Alterations in the expression and 

composition of the brain endothelial TJ proteins are common in active demyelinating lesions 

in inflammatory diseases of the central nervous system (CNS) like multiple sclerosis (MS). 

Modulation of the BBB could thus represent a therapeutic approach for diseases with BBB 

breakdown. One pathway to modulate the BBB integrity could be the induction of the 

nuclear-factor (erythroid derived 2) related factor-2 (Nrf2) oxidative stress response. We have 

investigated here fumaric acid esthers (FAE) that are known to induce this pathway, on the 

expression of TJ proteins in the human cerebral endothelial cell line hCMEC/D3 and in the 

animal model experimental autoimmune encephalomyelitis (EAE). We confirmed that 

dimethylfumarate (DMF) and its primary metabolite, monomethylfumarate (MMF), induce 

the expression of the Nrf2/NQO1 pathway. Neither MMF nor DMF had a consistent 

modulatory effect on the expression of TJ molecules in hCMEC/D3 cells. Tumor necrosis 

factor (TNFα)-induced downregulation of TJ proteins was at least partially reversed by 

treatment with FAE. However, DMF had no effect on BBB claudin-5 expression in EAE, 

despite its effect on the clinical score and infiltration of immune cells. These data suggest that 

the modulation of the BBB is not a major mechanism of action of FAE in inflammatory 

demyelinating diseases of the CNS. 

I. Introduction 

The blood–brain barrier (BBB) tightly seals the brain and spinal cord from the 

changeable milieu of blood (Abbott, 2005). It mainly consists of endothelial cells (EC) 

surrounded by thick basement membranes, pericytes, and the end feet of astrocytes. The 
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resulting massive barrier limits the free paracellular diffusion of water-soluble molecules by 

the presence of an elaborate network of tight junctions (TJ) (Kirk et al., 2003). These TJ are 

composed of an intricate complex of transmembrane junctional molecules, such as claudins, 

occludin, and junctional adhesion molecules, which are connected to the cytoplasmic zonula 

occludens (ZO)-1, ZO-2 and ZO-3 proteins (Wolburg and Lippoldt, 2002; Hawkins and 

Davis, 2005). 

The integrity of the BBB is often impaired in demyelinating disorders, such as multiple 

sclerosis (MS). Infiltration of macrophages and leukocytes into the brain and spinal cord 

through a leaky BBB accounts for disease onset and severity (Keegan and Noseworthy, 2002). 

Alterations in the expression and structural composition of the brain endothelial TJ proteins 

ZO-1 and occludin seem to be common in active demyelinating lesions (Plumb et al., 2002). 

Currently, the only therapeutic way to restore BBB integrity is to administer corticosteroids 

(Weissman, 1988). 

The transcription factor nuclear-factor (erythroid derived 2) related factor-2 (Nrf2) has 

been implicated to play an important role in sulforaphane mediated reduction of the loss of TJ 

proteins (Zhao et al., 2007). Thus, inducer of the Nrf2 pathway could contribute to the 

protection and restoration of a damaged BBB. Beside its immunomodulatory effects 

(Papadopoulou et al.; Gold et al., 2011), it was suggested that fumaric acid esthers (FAE) 

induce the Nrf2 pathway (Linker et al., 2011). FAE, and in particular dimethylfumarate 

(DMF), were shown to have beneficial effects in the animal model experimental autoimmune 

encephalomyelitis (EAE) (Schilling et al., 2006; Linker et al., 2011). Beside a reduction of the 

macrophage/microglia infiltration, there was an upregulation of Nrf2. Nrf2 regulates the 

inducible expression of an extended and elaborated battery of cytoprotective genes, such as 
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NAD(P)H quinone oxidoreductase 1 (NQO1), which provide anti-oxidative and protective 

effects (Kensler et al., 2007; Hayes et al., 2010). We have hypothesised that the induction of 

this pathway by DMF, similar to sulforaphane (Zhao et al., 2007), may also lead to a 

protection of the BBB and could thus represent a novel mode of action of DMF which has 

recently been shown to be effective in the treatment of relapsing-remitting MS (Fox, 2012; 

Gold et al., 2012). To test this hypothesis we have investigated the effects of FAE on the 

human cerebral epithelial cell line hCMEC/D3 and the expression of TJ proteins in EAE. 

II. Material and methods 

1. Cell culture 

The immortalised human brain micro-vascular endothelial cell line (hCMEC/D3) was 

cultured as described previously by Weksler and colleagues (Weksler et al., 2005). Briefly, 

the hCMEC/D3 cells were seeded on collagen I (Cultrex® Rat Collagen I, R&D Systems, 

Gaithersburg, MD)-coated tissue culture flasks (Sarstedt, Nümbrecht, Germany) in 

endothelial cell growth medium (EGM-2 medium), consisting of endothelial cell basal 

medium-2 (EBM-2, Lonza, Walkersville, MD), 5% fetal bovine serum (FBS Gold, Biochrom, 

Berlin, Germany), 1 ng/ml basic fibroblast growth factor (bFGF, Sigma-Aldrich, Steinheim, 

Germany), 5 µg/ml
 
ascorbate (Sigma–Aldrich), 100 IU/ml penicillin, 100 mg/ml streptomycin 

(Sigma–Aldrich), chemically defined lipid concentrate (1/100, Gibco, Karlsruhe, Germany), 

and 1.5 µM hydrocortisone (Sigma-Aldrich). Cells were maintained at 37°C in humidified air 

containing 5.0% CO2. After reaching confluence, the medium was changed and cells were 

treated with ter-buthylhydroquinone (tBHQ), FAE (either DMF or MMF), all purchased from 

Sigma-Aldrich, and/or tumor necrosis factor-alpha (TNFα, Peprotech, Hamburg, Germany). 

TNFα was added either prior or after treatment with tBHQ and FAE. The stock solutions of 
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MMF, DMF, and tBHQ were prepared in medium, methanol, or 50% ethanol as indicated. 

Further dilutions were prepared in phosphate buffered saline (PBS, Biochrom) and cells were 

either treated with the above mentioned substances or their control vehicles, respectively. 

The hCMEC/D3 cells were cultured in 6-well plates (Nunclon™Surface, Nunc, 

Roskilde Site, Denmark) at a density of 1.5 x 10
6
 cells per well and incubated until they reach 

confluence. Subsequently, cells were treated with the compounds MMF (10 µM), DMF (10 

µM), or tBHQ (20 µM). Protein and gene expression of Nrf2, NQO1, claudin-5, occludin, and 

ZO-1were determined after a defined period of time (6 h, 12 h, 24 h, 48 h, and 72 h). 

Additional experiments were performed to analyse protective or restorative properties of these 

compounds in cells stimulated with 500 IU/ml TNFα during 48 h before or after treatment of 

48 h. 

2. Measurement of cell viability 

Cell viability was determined by the AlamarBlue® (Resazurin, BioSource, Invitrogen, 

Oregon, USA) assay, a non-toxic dye which is converted from its oxidised form into its 

reduced form in viable cells. Cells were plated at a density of 1x10
5
 cells/well in 96-well 

plates. After 48 h incubation with MMF (10 µM), DMF (10 µM), and tBHQ (20 µM), EBM-2 

medium containing 10% AlamarBlue® was added and cells were further incubated for 3 h at 

37°C. The optical density was measured at 570 nm using a spectrophotometer ELISA reader 

(Tecan Sunrise, Crailsheim, Germany). Triplicate measurements were averaged in three 

independent experiments. Viability was assessed by linear regression in relation to a standard 

curve derived from a daily control of untreated cells plated at different densities (Nociari et 

al., 1998). Triplicate measurements were averaged in four independent experiments. 
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3. Immunocytochemical detection of Nrf2 

Nrf2 was detected immunocytochemically in hCMEC/D3 cells. For this purpose, cells 

were seeded on glass coverslips coated with rat collagen I and reached confluence after 24 h. 

Cells were then washed with PBS and fixed with PFA 4%. After treatment with 0.3% (v/v) 

Triton X-100 for 15 min, cells were incubated with normal goat serum (Vector lab, 

Burlingame, CA, USA) for 1 h. The primary antibody anti-Nrf2 (1:200, 1 h incubation) and 

the secondary goat anti-rabbit antibody (Alexa Fluor 588-conjugated IgG(H+L); 1:500; 

Invitrogen) were then added to the cells. DNA was counterstained by the nuclear dye 5',6-

diamidino-2-phenylindole (DAPI, R&D systems) and cells were mounted with Mowiol 

(Calbiochem, Darmstadt, Germany) containing DABCO (Sigma-Aldrich). 

4. Confocal microscopy and image analysis 

The Confocal Laser Scaning Microscope (CLSM) Carl-Zeiss LSM 510 SP5 

microscope (Leica, Wetzlar, Germany) connected to Axiovert 200M Microscope (Carl Zeiss, 

Jena) was used with an oil immersion objective lens of 100×. To illustrate the nuclear cell 

surface, we used differential phase-contrast imaging. Pictures were analysed using the LSM 

510 Zeiss software. 

5. Immunblotting 

After treatment with different compounds, cells were washed in cold PBS and cell 

lysates were prepared by adding radio-immunoprecipitation assay (RIPA) buffer [20 mM 

Tris-HCl pH=7.5, 1 % (w/v) sodium deoxycholat (Carl Roth, Karlsruhe, Germany), 137 mM 

NaCl, 1 % (v/v) Triton-X-100 (Merck, Darmstadt, Germany), 2 mM 

ethylenediaminetetraacetic acid (EDTA), 25 mM β-Glycerophosphat (Glycerol-2-Phosphat), 

1 mM sodium orthovanadate (Sigma-Aldrich)] and supplemented with a 2 % (v/v) EDTA-free 

http://www.zeiss.de/C12567BE0045ACF1/Inhalt-Frame/201B3D72D6DE7E8CC125697700445A80
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protease-inhibitor cocktail (Roche, Manheim, Germany). Cell lysates were centrifuged for 30 

min at 4000 g and 4 °C. Supernatants were collected and stored at −80 °C until use. The 

protein concentration of each sample was determined by using BioRad DC Protein Assay kit 

according to the manufacturer´s instructions (BioRad Laboratories Inc., Hercules, CA). 

An equal amount of protein (60 μg) from each sample was diluted 1/3 in Laëmmli 

loading buffer (200 mM tris, 8% SDS (sodium dodecylsulfate-polyacrylamide), 50% glycerol, 

0.8% bromphenol blue, 5% 2- mercaptoethanol), which then was mixed and boiled for 5 min 

at 95 °C. Protein samples were electrophoretically separated and transferred to a 

nitrocellulose membrane. After blocking with 5% skimmed milk solution in PBS-T 

(phosphate buffered saline, 0.5% Tween 20), membranes were incubated with primary 

antibodies rabbit polyclonal against ZO-1 and occludin, mouse monoclonal against claudin-5 

(Zymed, Invitrogen, Darmstadt, Germany), rabbit polyclonal IgG (H+L) against Nrf2, goat 

polyclonal IgG (H+L) against NQO1, and mouse polyclonal IgG (H+L) against β-actin 

(1:1000, Santa Cruz, Heidelberg, Germany) overnight at 4 C°. After three times washing with 

PBS, blots were incubated for 2 h at room temperature with the appropriate secondary 

antibodies conjugated to horse-radish peroxidase: donkey anti-goat IgG (H+L) (Santa Cruz), 

goat anti-rabbit IgG (H+L) or goat anti-mouse IgG (H+L) both diluted at a range of 1:1000 

and purchased from R&D, Wiesbaden, Germany. Detection was performed using a 

commercially available enhanced chemiluminescence reagent kit (ECL-kit, Amersham 

Bioscience, Little Chalfont, UK). Quantification of the results was performed by densitometry 

analysis using the ImageJ65 software (NIH, USA). 
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6. Quantitative real-time polymerase chain reaction (qRT-PCR) 

After incubation, cells were collected from the culture plates, washed in PBS, and total 

RNA was isolated using the RNeasy Mini Kit (Quiagen, Hilden, Germany). Using random 

hexamers as primers, 1 μg of total RNA was reverse-transcribed into cDNA by reverse 

transcriptase high capacity cDNA kit (AppliedBiosystem, Foster, CA, USA) according to the 

manufacturer‟s protocol. qRT-PCR was performed using fluorescent Gene Expression 

TaqMan assays (table 1, Applied Biosystems) and StepOne™ Real-Time PCR System 

(Applied Biosystems). Relative mRNA levels were determined using the cycle threshold (CT) 

and the 2
−ΔΔCT

 method (Livak and Schmittgen, 2001), where ΔΔCT is calculated using the 

following formulae: CT (target gene)−CT (β-actin) = ΔCT and ΔCT (test sample)−ΔCT 

(control sample)=ΔΔCT. 

 

Table 1: Genes used for rt-PCR. 

7. Induction of MOG-EAE and treatment protocol 

C57/BL6 mice were obtained from Harlan Laboratories (Harlan Winkelmann, 

Borchen, Germany). Mice were kept under pathogen-free conditions. All experiments were 

approved by the North-Rhine-Westphalia authorities for animal experimentation. Ten-week-

old female mice received a subcutaneous injection of 200 mg MOG 35–55 peptide (Charité, 

Berlin, Germany) emulsified in complete Freund„s adjuvant containing 200 mg Mycobacteria 
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tuberculosis (Difco/BD Biosciences, Heidelberg, Germany). On Days 0 and 2 after 

immunisation, 200 ng pertussis toxin injection (List/Quadratec, UK) was given 

intraperitoneally, whereas DMF (15 mg/kg body weight twice a day) was administered from 

Day 0 till Day 36 after the injection of pertussis toxin. Control animals received saline 

solution orally twice a day as a sham treatment. 

8. Claudin-5 immunohistochemistry 

72 days after the injection of pertussis toxin, DMF or saline-injected animals were 

anaesthetised using inhaled isoflurane (P9) or pentobarbital i.p. prior to perfusion of the aorta 

with PBS (pH 7.5) and subsequently, with 4% paraformaldehyde in 0.1 M phosphate buffer 

(pH 7.5). Spinal cords were removed from the vertebrae and retained in Bouin‟s fixative for 

24 hours. The claudin-5 tight junction protein was immunohistochemically detected on 5 µm 

thick paraffin sections. Briefly, paraffin sections were heated for 30 min at 65 °C, dewaxed, 

rehydrated, boiled for 20 minutes in citric acid buffer solution, and incubated for 30 min in 

peroxidase blocker (3% Hydrogen Peroxide, Merck). These sections were blocked with 5% 

normal goat serum (Vector lab, Burlingame, CA, USA). Thereafter, they were exposed to the 

primary antibody anti-claudin-5 (1:50) overnight at 4°C followed by an incubation with a 

secondary goat anti-mouse biotinylated antibody (1:200, Vector lab). For visualisation, 

diaminobenzidine was used and the number of claudin-5 in microvessels was determined 

under a light microscope (Olympus BX61, Hambourg, Germany). Six randomly chosen 

regions of the spinal cord white matter per mouse (n = 7 animals in each group) provided a 

blinded quantification of the vessels. 
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9. Statistical analysis 

All experiments were performed 3 to 6 times and results are presented as mean ± 

standard error of the mean (SEM). For the experiments which tested the expression of genes 

and proteins at different time point, data were normalised to the vehicle control. However for 

the inflammatory experiments, data were normalised to the medium condition. SigmaStat and 

GraphPad Prism were used for statistical analysis and histograms design. Values were 

compared using one-way analysis of variance (ANOVA) followed by the Fisher LSD post-

hoc test. P values <0.05 were considered statistically significant and are indicated by asterisks 

(*P<0.05, ***P<0.001). 

III. Results 

1. FAE are not toxic to hCMEC/D3 cells and Nrf2 is localised in the nucleus 

The AlamarBlue® (resazurin) assay was used to measure the toxicity of the applied 

substances on hCMEC/D3 cells. Neither MMF (10 µM), DMF (10 µM), tBHQ (20 µM), nor 

TNFα (500 IU/ml) application for 48 h (fig. 1A, P=0.335) or 72 h (fig. 1B, P=0.180) was 

toxic. The concentrations of FAE chosen can be reached in vivo and are similar to previous 

studies. To determine the localisation of Nrf2 hCMEC/D3 cells were immunostained for Nrf2 

and analysed under a immunofluorescent phase contrast microscope. This revealed that Nrf2 

was mainly localised in the nucleus (fig. 1 C-E). 
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Figure 1: Cell viability assay and Nrf2 localisation. AlamarBlue® assays were performed on hCMEC/D3 

cells. Cells were treated with MMF, DMF, tBHQ, TNFα and their respective vehicles for different time periods: 

48 h (A) and 72 h (B). Data are presented as mean ± SEM (n=3). Using confocal microscopy, Nrf2 fluorescence 

staining (C), the corresponding differential interference contrast images (D) of hCMEC/D3 cells and the merge 

(E) are shown. 

2. FAE and tBHQ are Nrf2 inducers 

We further investigated the in vitro effects of FAE and tBHQ on the Nrf2 pathway. 

tBHQ is a known Nrf2 inducer and served as positive control which induced NQO1 mRNA 

expression (fig. 2J) and Nrf2 protein expression (fig. 2K).  
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MMF treatment of hCMEC/D3 cells for 48 h induced Nrf2 mRNA and protein 

expression (fig. 2A and 2C) as well as NQO1 protein expression (fig. 2D). DMF treatment for 

48 h increased the NQO1 mRNA and protein expression (fig. 2F and 2H). These results 

confirmed that FAE can induce Nrf2/NQO1 pathway in the human cerebral endothelial cell 

line, hCMEC/D3. 

 

Figure 2: Effect of MMF, DMF, and tBHQ on the Nrf2/NQO1 pathway. hCMEC/D3 cells were treated with 

MMF (A-D), DMF (E-H), and tBHQ (I-L) for 6 h, 12 h, 24 h, 48 h, and 72 h. The mRNA expression of Nrf2 (A, 

E, I), NQO1 (B, F, J) and the protein level (western blot) of Nrf2 (C, G, K) and NQO1 (D, H, L) were measured 

(n = minimum 3, independent experiments), mean ± SEM of the ratio of treated cells normalised to the 
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respective vehicle control medium, methanol and 50% ethanol, respectively). Significant differences are marked 

with asterisks: (*) P<0.05, (**) P<0.01. 

3. Effects of FAE on tight junction molecule expression 

Since it was suggested that Nrf2-driven genes protect the BBB after injury we next 

investigated the effect of MMF, DMF, and tBHQ on the expression of TJ proteins in 

hCMEC/D3 cells. Cells were treated with MMF (10 µM), DMF (10 µM) or tBHQ (20 µM) 

for 6, 12, 24, 48, and 72 h. There were no significant changes in occludin or ZO-1 mRNA or 

protein expression (fig. 3). Similarly, there was no major change in the protein expression of 

claudin-5 (fig. 3). Thus, neither of the Nrf2 inducer led to an upregulation of the tested TJ 

proteins in hCMEC/D3 cells under normal conditions. 
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Figure 3: Effect of MMF, DMF, and tBHQ on tight junction molecules. hCMEC/D3 cells were treated with 

MMF (A-E), DMF (F-J), and tBHQ (K-O) for 6 h, 12 h, 24 h, 48 h, and 72 h. The mRNA expression of occludin 

(A, F, K) and ZO-1 (B, G, J) and the protein expression of claudin-5 (C, H, M), occludin (D, I, N), and ZO-1 (E, 

J, O) were measured (n = 3, independent experiments, mean ± SEM of the ratio of treated cells normalised to the 
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respective vehicle control medium, methanol and 50% ethanol, respectively). Significant differences are marked 

with asterisks: (*) P<0.05. 

4. MMF reverses the TNFα induced downregulation of occludin and ZO-1 

proteins expression 

In order to mimic an inflammatory environment in vitro, the pro-inflammatory 

cytokine TNFα was added at a concentration of 500 IU/ml to the cell culture medium. 

Treatment with TNFα for 48 h led consistently, though not significantly, to a downregulation 

of both mRNA and protein of claudin-5 when compared to control medium (fig 4). We further 

tested if the Nrf2 inducer could reverse the TNFα-induced inhibition of TJ protein expression. 

Either before or after TNFα stimulation, the addition of MMF reversed significantly the 

downregulatory effect of TNFα on occludin and ZO-1 protein expression (fig 4E-F). DMF 

only had a trend to restore the effect of TNFα on the expression of the tested TJ molecules 

(fig 4G-L). 
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Figure 4: Modulation of tight junction molecule expression by FAE in the presence of the 

inflammatory mediator TNFα. The mRNA expression of claudin-5 (A, G, M), occludin (B, H, N), and ZO-1 

(C, I, O) and the protein expression of claudin-5 (D, J, P), occludin (E, K, Q), and ZO-1 (F, L, R) is shown for 

treatment with MMF (A–F), DMF (G–L), and tBHQ (M-R). TNF was either administered before (TNF -) or 

after (- TNF) FAE and tBHQ treatment. Mean ± SEM of at least 3 independent experiments. Data are 

normalised to the medium control. Significant differences are indicated by asterisks: (*) P<0.05. 

5. DMF does not restore claudin-5 TJ protein expression in EAE 

To study the effect of an Nrf2 inducer in vivo in an inflammatory CNS disease we 

investigated the expression of claudin-5 on CNS blood vessels of animals with MOG-induced 

EAE treated with or without DMF (Linker et al., 2011). The number of claudin-5 positive 

vessels per section was reduced in EAE as compared to wildtype controls (wildtype: 

12.63±1.06 mice, EAE: 2.78±0.63, P<0.0001, fig. 5D). Treatment of EAE animals with DMF 

did not change the number of claudin-5 positive vessels (2.30±0.74, fig. 5D). Thus DMF was 

not able to restore the damaged BBB in vivo. 
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Figure 5: Impact of DMF on the BBB endothelium in vivo. EAE was induced in animals with and without 

DMF treatment. Spinal cord sections were stained for claudin-5. (A) WT control without EAE, (B) DMF treated 

EAE, (C) saline treated EAE. (D) Quantitative analysis of claudin-5 positive vessels per section (mean ± SEM of 

6 different fields per animal, n = 7 animals per group). Significant differences (one way ANOVA) are marked 

with asterisks: (***) P<0.001. 
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IV. Discussion 

The impairment of the BBB in MS is thought to be a major/pivotal step in the 

pathophysiological immune cell infiltration into the brain, leading to demyelination and 

axonal loss. Thus, the reconstitution of the BBB integrity is an important therapeutic goal in 

MS research. The anatomic basis of the integrity of the BBB is based upon TJ between 

endothelial cells of the cerebral arterial vessels (Abbott et al., 2010). Nrf2 inducing 

compounds have been suggested to protect BBB breakdown by reducing the loss of 

endothelial TJ proteins (Zhao et al., 2007). In order to explore a possible therapeutic role and 

mode of action of known Nrf2 inducer, FAE, we studied expression of TJ proteins in 

hCMEC/D3 cells and in vivo using the EAE rodent model.  

The cell line hCMEC/D3 used successfully as a model of human brain EC (Afonso et al., 

2007; Schreibelt et al., 2007; Cucullo et al., 2008) was recently validated in comparison to 

primary human brain microvascular endothelial cells (HBMEC) (Daniels et al., 2013). 

Applying FAE on hCMEC/D3 cells, we could confirm that these substances activate the 

Nrf2/NQO1 pathway in this human cerebral endothelial cell line. Although Nrf2 inducer have 

been shown to upregulate TJ proteins (Zhao et al., 2007) this was only the case in our 

experimental setup after mimicking inflammatory conditions. TNF is known to 

downregulate the expression of the TJ proteins (Deli et al., 1995; Forster et al., 2008) and 

MMF treatment could partially rescue the impaired protein expression of some TJ molecules.  

Clinical trials in MS have shown that DMF reduces the relapse rate in patients with 

relapsing-remitting MS (Gold et al. 2012, Fox et al. 2012). This effect is also recapitulated in 

the animal model EAE (Linker et al. 2011, Schilling et al. 2006). Since there is a breakdown 

of the BBB and by the loss of TJ associated molecules such as claudin-5 in EAE (Errede et 
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al., 2012) we investigated the effect of DMF treatment on claudin-5 expression in this model. 

As expected, there was a loss of claudin-5 positive vessels in EAE mice as compared to WT 

mice. However, DMF treatment did not rescue the impaired expression of the TJ protein 

claudin-5. We thus conclude that although DMF at least partially restores claudin-5 protein 

expression in an inflammatory environment in vitro this is not a major mechanisms in vivo.  

In conclusion our results suggest that the beneficial effect of DMF treatment in MS is 

not mediated via the modulation of the BBB but rather by immunomodulation and possibly by 

Nrf2 induced neuroprotection (Gold et al., 2011). 

Acknowledgement 

This work was supported by NEUROBID (grant number: HEALTH-F2-2009-251778) 

and partly by Biogen Idec. The authors thank Professor Ralf Gold (Department of Neurology, 

St. Josef-Hospital/Ruhr-University Bochum, Germany) for helpful discussion. We are grateful 

to Prof. Pierre-Olivier Couraud (Department of Cell Biology, Institut Cochin, Paris ; Inserm, 

U567 and CNRS, UMR 8105, Paris, France) for the hCMEC/D3 cell line), to I. Cierpka-Leja 

for her help with claudin-5 immunostaining, and to A. Niesel for his technical assistance. 

V. References 

Abbott NJ (2005) Dynamics of CNS barriers: evolution, differentiation, and modulation. Cellular and molecular 

neurobiology 25:5-23. 

Abbott NJ, Patabendige AA, Dolman DE, Yusof SR, Begley DJ (2010) Structure and function of the blood-brain 

barrier. Neurobiol Dis 37:13-25. 

Afonso V, Champy R, Mitrovic D, Collin P, Lomri A (2007) Reactive oxygen species and superoxide 

dismutases: role in joint diseases. Joint, bone, spine : revue du rhumatisme 74:324-329. 

Cucullo L, Couraud PO, Weksler B, Romero IA, Hossain M, Rapp E, Janigro D (2008) Immortalized human 

brain endothelial cells and flow-based vascular modeling: a marriage of convenience for rational 

neurovascular studies. Journal of cerebral blood flow and metabolism : official journal of the 

International Society of Cerebral Blood Flow and Metabolism 28:312-328. 



 

49 

 

Daniels BP, Cruz-Orengo L, Pasieka TJ, Couraud PO, Romero IA, Weksler B, Cooper JA, Doering TL, Klein 

RS (2013) Immortalized human cerebral microvascular endothelial cells maintain the properties of 

primary cells in an in vitro model of immune migration across the blood brain barrier. Journal of 

neuroscience methods 212:173-179. 

Deli MA, Descamps L, Dehouck MP, Cecchelli R, Joo F, Abraham CS, Torpier G (1995) Exposure of tumor 

necrosis factor-alpha to luminal membrane of bovine brain capillary endothelial cells cocultured with 

astrocytes induces a delayed increase of permeability and cytoplasmic stress fiber formation of actin. 

Journal of neuroscience research 41:717-726. 

Errede M, Girolamo F, Ferrara G, Strippoli M, Morando S, Boldrin V, Rizzi M, Uccelli A, Perris R, Bendotti C, 

Salmona M, Roncali L, Virgintino D (2012) Blood-brain barrier alterations in the cerebral cortex in 

experimental autoimmune encephalomyelitis. J Neuropathol Exp Neurol 71:840-854. 

Forster C, Burek M, Romero IA, Weksler B, Couraud PO, Drenckhahn D (2008) Differential effects of 

hydrocortisone and TNFalpha on tight junction proteins in an in vitro model of the human blood-brain 

barrier. The Journal of physiology 586:1937-1949. 

Fox R (2012) The New England Journal of Medicine publishes pivotal data demonstrating efficacy and safety of 

oral BG-12 (dimethyl fumarate) in multiple sclerosis. Can J Neurosci Nurs 34:7-11. 

Gold R, Linker RA, Stangel M (2011) Fumaric acid and its esters: an emerging treatment for multiple sclerosis 

with antioxidative mechanism of action. Clin Immunol 142:44-48. 

Gold R, Kappos L, Arnold DL, Bar-Or A, Giovannoni G, Selmaj K, Tornatore C, Sweetser MT, Yang M, Sheikh 

SI, Dawson KT (2012) Placebo-controlled phase 3 study of oral BG-12 for relapsing multiple sclerosis. 

The New England journal of medicine 367:1098-1107. 

Hawkins BT, Davis TP (2005) The blood-brain barrier/neurovascular unit in health and disease. Pharmacological 

reviews 57:173-185. 

Hayes JD, McMahon M, Chowdhry S, Dinkova-Kostova AT (2010) Cancer chemoprevention mechanisms 

mediated through the Keap1-Nrf2 pathway. Antioxidants & redox signaling 13:1713-1748. 

Keegan BM, Noseworthy JH (2002) Multiple sclerosis. Annual review of medicine 53:285-302. 

Kensler TW, Wakabayashi N, Biswal S (2007) Cell survival responses to environmental stresses via the Keap1-

Nrf2-ARE pathway. Annual review of pharmacology and toxicology 47:89-116. 

Kirk J, Plumb J, Mirakhur M, McQuaid S (2003) Tight junctional abnormality in multiple sclerosis white matter 

affects all calibres of vessel and is associated with blood-brain barrier leakage and active demyelination. 

The Journal of pathology 201:319-327. 

Linker RA, Lee DH, Ryan S, van Dam AM, Conrad R, Bista P, Zeng W, Hronowsky X, Buko A, Chollate S, 

Ellrichmann G, Bruck W, Dawson K, Goelz S, Wiese S, Scannevin RH, Lukashev M, Gold R (2011) 

Fumaric acid esters exert neuroprotective effects in neuroinflammation via activation of the Nrf2 

antioxidant pathway. Brain : a journal of neurology 134:678-692. 

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time quantitative PCR and 

the 2(-Delta Delta C(T)) Method. Methods 25:402-408. 



 

50 

 

Nociari MM, Shalev A, Benias P, Russo C (1998) A novel one-step, highly sensitive fluorometric assay to 

evaluate cell-mediated cytotoxicity. J Immunol Methods 213:157-167. 

Papadopoulou A, D'Souza M, Kappos L, Yaldizli O Dimethyl fumarate for multiple sclerosis. Expert Opin 

Investig Drugs 19:1603-1612. 

Plumb J, McQuaid S, Mirakhur M, Kirk J (2002) Abnormal endothelial tight junctions in active lesions and 

normal-appearing white matter in multiple sclerosis. Brain Pathol 12:154-169. 

Schilling S, Goelz S, Linker R, Luehder F, Gold R (2006) Fumaric acid esters are effective in chronic 

experimental autoimmune encephalomyelitis and suppress macrophage infiltration. Clinical and 

experimental immunology 145:101-107. 

Schreibelt G, Kooij G, Reijerkerk A, van Doorn R, Gringhuis SI, van der Pol S, Weksler BB, Romero IA, 

Couraud PO, Piontek J, Blasig IE, Dijkstra CD, Ronken E, de Vries HE (2007) Reactive oxygen species 

alter brain endothelial tight junction dynamics via RhoA, PI3 kinase, and PKB signaling. FASEB 

journal : official publication of the Federation of American Societies for Experimental Biology 

21:3666-3676. 

Weissman DE (1988) Glucocorticoid treatment for brain metastases and epidural spinal cord compression: a 

review. Journal of clinical oncology : official journal of the American Society of Clinical Oncology 

6:543-551. 

Weksler BB, Subileau EA, Perriere N, Charneau P, Holloway K, Leveque M, Tricoire-Leignel H, Nicotra A, 

Bourdoulous S, Turowski P, Male DK, Roux F, Greenwood J, Romero IA, Couraud PO (2005) Blood-

brain barrier-specific properties of a human adult brain endothelial cell line. FASEB journal : official 

publication of the Federation of American Societies for Experimental Biology 19:1872-1874. 

Wolburg H, Lippoldt A (2002) Tight junctions of the blood-brain barrier: development, composition and 

regulation. Vascular pharmacology 38:323-337. 

Zhao J, Moore AN, Redell JB, Dash PK (2007) Enhancing expression of Nrf2-driven genes protects the blood 

brain barrier after brain injury. The Journal of neuroscience : the official journal of the Society for 

Neuroscience 27:10240-10248. 



 

51 

 

Manuscript III: Effects of murine and human bone 

marrow-derived mesenchymal stem cells on 

cuprizone induced demyelination 

Jasmin Neβler
1,#

, Karelle Bénardais
1,2,#

, Viktoria Gudi
1
, Andrea Hoffmann

3
, Stefanie 

Janßen
1,2

, Laura Salinas Tejedor
1,2

, Wolfgang Baumgärtner
2,4

, Annemieke Kavelaars
5
, Cobi J. 

Heijnen
5
, Cindy van Velthoven

5
, Florian Hansmann

4
, Thomas Skripuletz

1
, Martin Stangel

1,2,* 

 

1
 Department of Neurology, Hannover Medical School, Hannover, Germany 

2
 Center for Systems Neuroscience, Hannover, Germany 

3
 Department of Trauma Surgery, Hannover Medical School, Hannover, Germany 

4
 Department of Pathology, University of Veterinary Medicine Hannover, Hannover, 

Germany 

5 
Laboratory of Psychoneuroimmunology and department of Neonatology, University Medical 

Center Utrecht 

 

# Equal contribution 

 

*Corresponding author: 

Prof. Dr. med. Martin Stangel 

Department of Neurology, Hannover Medical School, 

Carl-Neuberg-Str-1, 30625 Hannover, Germany 

E-mail: stangel.martin@mh-hannover.de 

Ph.: +49 511 532 6676 

Fax: +49 511 532 3115 

 

Keywords 

Cuprizone – human - intranasal injection – intravenous injection - in vivo -mesenchymal stem 

cells – murine  

mailto:stangel.martin@mh-hannover.de


 

52 

 

Abstract 

For the treatment of patients with multiple sclerosis (MS) there are no regenerative 

approaches to enhance remyelination. Mesenchymal stem cells (MSC) have been proposed to 

exert such regenerative functions. Intravenous administration of human MSC reduced the 

clinical severity of experimental autoimmune encephalomyelitis (EAE), an animal model 

mimicking some aspects of MS. However, it is not clear if this effect was achieved by 

systemic immunomodulation or if there is an active neuroregeneration in the central nervous 

system (CNS). In order to investigate remyelination and regeneration in the CNS we analysed 

the effects of intravenous and intranasal application of murine and human bone marrow-

derived MSC on cuprizone induced demyelination, a toxic demyelination model which allows 

analysis of remyelination without the influence of the peripheral immune system. In contrast 

to EAE we found that neither murine nor human MSC entered the lesions in the CNS. In 

addition, no effects of MSC on de- and remyelination and glial reactions were found in this 

toxic model. In conclusion, MSC are not directed into CNS lesions in a model where the 

blood-brain-barrier is intact and thus cannot provide support for regenerative processes. The 

effects observed in EAE thus seem to be rather mediated by the modulation of the peripheral 

immune system. 

I. Introduction 

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous 

system (CNS) which affects mostly young adults [1]. It leads to focal inflammatory 

demyelination, astrogliosis, and axonal damage. Remyelination is the natural repair 

mechanism of demyelination and it was proposed that remyelination might protect from 

axonal loss and thus long-term disability. However, for undetermined reasons, remyelination 
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often fails in MS. Thus, enhancing remyelination is a therapeutic goal to prevent disability. 

Nevertheless, currently there is no such treatment available. In recent years, cell based therapy 

came into the focus of the different approaches to increase myelin regeneration [2]. 

Mesenchymal stem cells (MSC) are of particular interest since they secrete factors which are 

known to influence regeneration [3-5] and suppress immune cells [6-8]. MSC are multipotent 

cells which can differentiate into different cell types such as osteocytes, adipocytes, and 

chondrocytes [9, 10]. Under in vitro conditions, MSC can also generate neural-like, glial-like 

and astrocytic-like cells [11-14]. It was also proposed that MSC might increase regeneration 

of oligodendrocytes and thus remyelination [15]. However, despite the potential to 

differentiate into different cell types many effects of MSC are thought to be mediated by 

creating an environment that forms the basis for the recruitment of cells which are required 

for successful remyelination. These effects might be driven directly or might result of a 

modulation of the peripheral immune system [16]. To prove such effects, different animal 

models and different ways of MSC application were tested by different groups [17-19]. Since 

direct injection of MSC into the lesion is difficult in MS patients, an intranasal (i.n.) or 

intravenous (i.v.) application might be a practical approach. In experimental autoimmune 

encephalomyelitis (EAE) i.v. application of MSC had a beneficial effect on the disease course 

[20]. The MSC were found in the lesions or near the lesions and in peripheral lymph nodes 

[16, 19, 21]. In healthy animals i.v. injected MSC were found predominantly in the lungs and 

only few MSC were found in the brain and spinal cord [20, 22-24]. 

Since the mechanisms how MSC enter the CNS are still not clear, we tested i.v. and 

i.n. application of murine and human MSC in the toxic cuprizone model of demyelination 

where the blood-brain-barrier (BBB) is intact and peripheral immune cells do not play a role 

[25, 26]. 
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II. Material and methods 

1. Cells 

Bone marrow aspiration from human donors was performed after consent of the ethics 

committee of Hannover Medical School. Written informed consent was obtained and all 

personal information including age and gender was anonymised. For the present study, bone 

marrow was aspirated from the iliac crest during routine orthopaedic procedures from one 

healthy donor. Aspirate was diluted with 3 volumes of phosphate buffer saline (PBS), filtered, 

and subjected to density gradient centrifugation with Biocoll (Biochrom AG, Berlin, 

Germany, =1.077 g/ml). The mononuclear cells were isolated from the interface, washed 

once in PBS, resuspended in medium and seeded into cell culture flasks. The medium 

contained DMEM (Biochrom AG) with 10 % (v/v) fetal calf serum (FCS, Thermo Fisher 

Scientific “Hyclone”, Schwerte, Germany, not heat-inactivated), 20 mM 2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES; Biochrom AG), 100 U/ml 

penicillin, 100 µg/ml streptomycin (both from Biochrom AG), 2 ng/ml human recombinant 

fibroblast growth factor-2 (FGF-2, Peprotech, Hamburg, Germany). The cells were cultured at 

37 °C, 5 % CO2, 85 % humidity and 24 hours after seeding, non-adherent hematopoietic cells 

were removed by washing. Further medium changes were performed every 3 - 4 days. 

Outgrowing colonies of plastic-adherent cells were detached with 0.025 % trypsin-EDTA 

solution before reaching confluence and subcultured at a density of 2x10
3
 to 5x10

3
 cells/cm². 

Cells were used between passages 6 to 8 for the experiments.  

Murine MSC isolated from bone marrow of C57BL/6 mice were purchased from 

Gibco. Cells were cultured in D-MEM/F-12 medium with GlutaMAX™-I (Gibco, Karlsruhe, 

Germany) supplemented with 10 % MSC-Qualified fetal bovine serum (FBS, Gibco) and 100 
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U/ml penicillin, 100 mg/ml streptomycin (Sigma–Aldrich, Steinheim, Germany) for optimal 

growth and expansion. The subculturing and passaging cells was done after rinsing the 

surface of the cell layer with D-PBS without Ca
2+

 and Mg
2+

 (Gibco) and adding a sufficient 

volume of pre-warmed TrypLE™ Express (Gibco) to cover the cell layer to detach the cells. 

The fibroblast 3T3 cell line was maintained in Dulbecco′s Modified Eagle Medium 

(DMEM)-HAM‟S F-12 (1:1) (Gibco) supplemented with 10% FBS (Biochrom AG) and 1 % 

penicillin/streptomycin (Sigma-Aldrich) in a 95/5 % (vol/vol) atmosphere of air/CO2 at 37 °C. 

Immediately before application human MSC were characterised for CD73, CD105, 

and CD90 but negative for CD14b [27]. Murine MSC were positive for CD29, CD44, Sca-1 

and negative for CD45 [28]. 

MSC were labelled with PKH-26 (Sigma-Aldrich) to track MSC after injection, 

according to the manufacturers‟ instructions. Briefly, after centrifugation the pellet of 1.5x10
7 

MSC was resuspended in 1 ml of diluent C and rapidly homogenised with 4x10
-6

 M PKH-26 

dye. Cell suspension was incubated at 37 C for 2 to 5 minutes before adding an equal volume 

of FBS to stop the staining reaction. Three successive washing steps with complete medium 

were performed to remove the excess of dye. 

2. Animals 

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

underwent routine cage maintenance once a week and were microbiologically monitored 

according to Federation of European Laboratory Animal Science Associations 

recommendations [29]. Food and water were available ad libitum. All research and animal 

care procedures were approved by the Review Board for the Care of Animal Subjects of the 
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district government (Lower Saxony, Germany), and performed according to international 

guidelines on the use of laboratory animals.  

3. Induction of demyelination and MSC application 

Demyelination was induced by feeding 8-10 week old mice with a diet containing 

0.2% [bis (cyclohexylidenehydrazide)] (cuprizone, Sigma-Aldrich) mixed into a ground 

standard rodent chow. MSC were applied to the mice after 4 weeks of cuprizone feeding 

which is the known time point of strong microglial activation in the CNS [30]. For both 

murine and human MSC administration, animals were treated in the following way: for 

intranasal treatment animals received 100 U hyaloronidase (Sigma-Aldrich) in 12 µl aqua 

dest. per nostril, followed by 1x10
6 

MSC per animal in 24 µl PBS after 30 min. For 

intravenous administration 1x10
6
 MSC in PBS were injected into the tail vein. Control 

animals received cuprizone and 3T3 fibroblasts as described above. Additional control groups 

were fed with normal food and received MSC i.n. and i.v. as described above or received 

cuprizone treatment without any cell application. Animals were sacrificed at week 4.5 and 5 

of cuprizone treatment which is day 3.5 and 7 after cells injection. Blood was collected in 

EDTA for flow cytometry (FACS) analysis. Brains were removed and kept in PFA 4 % in 

PBS overnight and afterwards in sucrose 30 % in PBS for a minimum of 24 hours. Spinal 

cord of human MSC injected animals were also removed. Afterwards the tissue was kept 

frozen at -20 °C in cryo embedding medium (O.T.C. ™ Compound, Tissue Tek®, Sakura 

Finetek Germany GmbH, Staufen, Germany). Spinal cord and brain were cut in 10 µm serial 

sections. Direct influence of light was avoided. To control the correct i.v. injection of the 

cells, lungs were removed and one half was used for immunohistochemistry. The other half 

was kept in ice cold PBS for FACS analysis. 
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4. FACS analysis 

MSC were characterised using a FACScalibur (BD Biosciences, Franklin Lakes, USA) 

as previously described [31]. MSC characteristics were analysed and confirmed by flow 

cytometry of basic stem cell surface markers as detailed in [32] immediately before 

application. Human MSC were labelled with PE anti-human CD73, APC anti-human CD90, 

PE/cy7 anti-human CD105 all purchased from BioLegend, San Diego, CA, USA and FITC 

anti-human CD14b (eBioscience, San Diego, CA, USA). Murine MSC were labelled with PE 

anti-mouse CD29, PerCP/Cy5.5 anti-mouse CD44, FITC anti-mouse CD45, APC anti-mouse 

Sca-1 (BioLegend). Additionally, MSC were stained with PE/Cy7 anti-human CD49d or 

FITC anti-mouse CD49d (both BioLegend). Cells were also controlled for PKH-26 staining. 

To control for the correct application of MSC and their presence in the mice, lungs 

were put through a 70 µm single cell strainer. Lungs cells were crushed, dislocated and then 

diluted with PBS and centrifuged at 1500 g. Cells out of the supernatant were collected. Blood 

was treated with prewarmed erythrocyte lysis buffer. Both were analysed for PKH-26 positive 

cells. 

5. Immunhistochemistry 

Immunohistochemistry was performed as previously described [33]. Briefly, frozen 

brain sections between bregma -0.94 mm and -1.34 mm (according to the mouse atlas by 

Paxinos and Franklin [34]) were stained for myelin, mature oligodendrocytes, astrocytes, and 

activated microglia. Slides were thawed for 30 minutes and rehydrated in PBS, then sections 

were quenched with H2O2, blocked for 1 h in PBS containing 3 % normal goat serum, 0.1 % 

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

antibodies were used: proteolipid protein (PLP, 1:500, mouse monoclonal IgG2a, AbD 
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Serotec, Düsseldorf, Germany) for myelin; mac-3 (1:500, rat IgG1, BD Pharmingen, 

Heidelberg, Germany) for activated microglia; glial fibrillary acidic protein (GFAP, 1:200, 

polyclonal rabbit IgG, Dako, Hamburg, Germany) for astrocytes; adenomatus polyposis coli 

(APC, 1:200, mouse monoclonal IgG2b, Merck, Darmstadt, Germany) for mature 

oligodendrocytes. The day after, washing sections were further incubated with biotinylated 

anti-mouse IgG (H + L), anti-rat IgG (H + L), and anti-rabbit IgG (H + L) secondary 

antibodies (1:500, Vector Laboratories, Burlingame, UK) for 1 h followed by peroxidase-

coupled avidin–biotin complex (ABC Kit, Vector Laboratories). Reactivity was visualised 

with 3,3‟-diaminobenzidine (DAB, Vector Laboratories). For nucleus staining slides were 

counterstained using Mayer´s hemalaun solution (Merck). Stained slides were analysed by 

light microscopy (Olympus BX61, Hamburg, Germany). 

6. Quantification of glial cells 

Quantification of glial cells was performed for oligodendrocytes (APC), astrocytes 

(GFAP), and activated microglia (mac-3). Cells were considered as glial cells if they were 

positive for immunohistochemistry and hemalaun staining. The region of interest was the 

corpus callosum dorsal of the hippocampus. Positive cells were counted in the median part of 

the corpus callosum and in both lateral parts at a magnification of x200 for astrocytes and 

oligodendrocytes and x400 for microglia. The counted area was at least 0.12 mm² for 

astrocytes and oligodendrocytes and 0.018 mm² for microglia. Counted cells are presented as 

number of cells per mm². 

7. Determination of de- and remyelination  

Demyelination was identified by immunohistochemistry for the myelin marker PLP. 

The corpus callosum and the cortex were evaluated for the extent of myelination. A score 
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from 3 in the corpus callosum and 4 in the cortex (physiological myelination) to 0 (complete 

myelin loss) was used. Scoring was performed by at least three observers [35, 36]. Data are 

shown as average of all observers. 

8. Quantification of MSC 

Per animal 10 serial frozen sections of bulbus olfactorius, rostral brain and spinal cord 

were stained with DAPI (Invitrogen, Carlsbad, CA) and screened for PKH-26 positive MSC 

by fluorescence microscopy. Cells were considered as positive if they showed red but no 

green fluorescence and if they were DAPI positive. 

9. Statistical analysis  

Statistical analysis was performed using analysis of variance (ANOVA) followed by 

the Tukey's honestly significant difference test for post-hoc comparison if appropriate. All 

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

III. Results 

1. Human MSC were not found in the lesion 

To analyse the effects of human and murine MSC on cuprizone induced demyelination 

two different administration routes were investigated. MSC were injected i.v. or were 

administered i.n. To assure the correct application, the presence of MSC in the lungs and 

blood were investigated by FACS analysis and on frozen lung slides using fluorescent 

microscopy techniques. Both methods revealed that human and murine MSC reached the 

lungs. As expected, the i.v. application led to higher numbers of MSC in the lungs compared 

to the i.n. in both normal chow and cuprizone fed mice (fig.1 A1-A2). Unfortunately, neither 

human nor murine MSC entered into the demyelinated lesions. 



 

60 

 

However, after i.v. injection human MSC were found in low numbers in the meninges 

or in blood vessels of the brain of healthy and cuprizone fed mice (fig.1 B1-B2). In the spinal 

cord 0-2 human MSC per 10 serial slides were distributed mostly in the white matter (fig.1 

D1). In 10 serial sections of the brain only 0 to 3 human MSC could be detected. They 

showed a hematogenic distribution pattern as they were located in the peripheral grey matter 

or in the meninges but not in the areas of strong demyelination such as the corpus callosum. 

Some cells seemed to be attached to vessel walls (fig.1 B1-B2). This result indicates that 

MSC do not cross the BBB and do not enter the damaged areas. No human MSC were found 

in the CNS after i.n. injection (fig1 C1-C2). 

Murine MSC could not be detected in the brain indicating that murine MSC do not 

migrate into the CNS in cuprizone induced demyelination.  
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Figure 1: Cell tracking of human MSC with PKH-26. (A1-A2) After application of human MSC, red 

fluorescent cells were found in the lungs of treated animals, analysed with FACS. (B1-B2) The distribution of 
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PKH-26 positive cells after i.v. injection of human MSC shows a hematogenic pattern in the brain. Human MSC 

(red) can be found in or near the meninges (B1) or seem to be attached to vessel walls (B2). (C1-C2) In the 

bulbus olfactorius no red fluorescence cells were found in animals without cell treatment (C1) or after i.n. 

application of human MSC (C2). Only some autofluorescence can be seen (red). (D1) PKH-26 positive cells 

(red) were found in very low numbers in the spinal cord after i.v. injection of human MSC. For better visibility 

borders of parenchyma are illustrated with a dotted line (B1, B2). Nuclei were counterstained with DAPI (blue) 

(B1-D1). 

2. No effect of human and murine MSC on demyelination  

The impact of MSC on cuprizone induced demyelination was analysed by 

immunohistochemical stainings for the myelin protein PLP. Mice fed with normal chow and 

treated i.n. and i.v. with human or murine MSC showed a physiological myelination in the 

corpus callosum with an intact structure. After 4.5 weeks of cuprizone feeding a significant 

loss of myelin was visible in all cuprizone groups as expected. Demyelination continued and 

was almost complete at week 5. No difference was found between mice treated with 

fibroblasts, human or murine MSC using both administration routes (fig.2 A1-A4).  

In addition to the corpus callosum, the effect of human MSC on cortical demyelination 

was analysed, as human MSC were found in the cortical areas of the brain. Again, no 

difference in grey matter demyelination was found between cuprizone groups, showing that 

MSC do not protect from demyelination (fig.2 A5-A7). 

3. Human and murine MSC do not protect oligodendrocytes during cuprizone 

induced demyelination 

In addition to demyelination, the effect of human and murine MSC on 

oligodendrocytes was analysed by the immunohistochemical staining for the marker APC. 

After feeding of cuprizone, APC positive oligodendrocytes decreased markedly to very low 



 

63 

 

numbers. At week 4.5 no or only few oligodendrocytes were found in the corpus callosum in 

all cuprizone groups. In accordance to previous results [33, 35, 37], oligodendrocytes began to 

regenerate at week 5 as new APC positive cells were found in the corpus callosum. At both 

time points no difference was found between groups, suggesting that MSC have no impact on 

oligodendrocyte loss and regeneration (fig.2 B1-B4). 

4. Human and murine MSC have no impact on glial reactions 

Microglial activation was investigated by mac-3 staining while astrocytes were 

visualised using the marker GFAP. In all cuprizone groups strong microglia activation was 

found after 4.5 and 5 weeks of cuprizone treatment. As expected, no difference was found 

between animals treated with fibroblasts, human or murine MSC with both administration 

routes (fig.2 C1-C4). 

The number of GFAP positive astrocytes was increased in all cuprizone groups at both 

time points. But, no effects by MSC administration were found (fig.2 D1-D4). 
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Figure 2: Immunohistochemical staining. MSC do not affect demyelination (A1-A7) neither death of 

oligodendrocytes (B1-B4). There is no impact of MSC on glial activation (C1-C4, D1-D4). 

5. Human MSC but not murine MSC show expression of a cell adhesion protein 

In order to understand the differences between human and murine MSC we analysed 

the cells for the expression of the adhesion molecule CD49d. In FACS analyses about 38 % of 

human MSC showed the expression of CD49d while murine MSC were negative for this 

surface receptor (supplemental figure). 

Supplemental figure: FACS analysis of MSC before application. Human and murine MSC were analysed 

immediately before application. Murine MSC (A) show no unspecific staining (isotype control), are negative for 

CD45, but positive for the stem cell markers CD29, CD44 and Sca-1. Human MSC (B) show no unspecific 

staining (isotype control), are negative for CD14, but are positive for the stem cell markers CD73, CD105, 

CD90. Proper PKH-26 labelling is shown for both cell types. 38 % of human MSC are positive for the cell 

adhesion protein CD49d while murine MSC are negative. 
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IV. Discussion 

Mesenchymal stem cells (MSC) have been suggested to have regenerative effects in 

demyelinating diseases such as multiple sclerosis (MS). After myelin damage, there can be a 

highly effective regenerative process, in which MSC might be activated and recruited to the 

lesion in order to increase the generation of new myelinating oligodendrocytes [38]. It has 

been discussed that such beneficial effects might be regulated by direct differentiation of 

MSC into myelinating cells [14]. However, recent evidence suggests that MSC rather might 

influence repair processes by providing the signal environment that forms the basis for the 

recruitment of oligodendrocyte progenitor cells and oligodendrocyte regeneration [3, 4]. Still 

the mechanisms leading to myelin repair remain elusive. 

We have therefore analysed the potential effects of human and murine bone marrow-

derived MSC in a toxic model of cuprizone induced demyelination using two different 

application routes. In this animal model the BBB remains intact and it allows analysis of MSC 

effects without interference of the peripheral immune system. Using the cuprizone model we 

have shown here that either human or murine, i.n. or i.v. applied MSC entered the lesion in 

the CNS. Although no murine MSC were found in the brain, a few human MSC which were 

applied i.v. were found inside the vessels of the brain, in the meninges, and in the spinal cord. 

We could not confirm the findings of others who showed high numbers of MSC [39], in the 

spinal cord even in naïve animals [20] or in the bulbus olfactorius [15]. This might be due to 

different evaluation methods with very strict criteria for the detection of PKH26 positive MSC 

in our experimantal setting.  

A possible reason for the difference between murine MSC and human MSC might be 

the lack of some surface receptors such as CD49d in murine MSC which allow them to attach 
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to vessel walls. It was already suggested that the presence of the cell adhesion receptor 

CD49d is an important factor for cells to migrate into the CNS [40]. Interestingly, in our 

experiments CD49d was found on human MSC, but could not be detected on murine MSC 

indicating that this receptor might be of some relevance. However, this receptor seems not to 

be a main factor for cells to cross the BBB, since no human MSC were found in the lesions in 

the CNS parenchyma.  

Although no MSC were found in the lesions, the effects on cuprizone induced 

demyelination were analysed. We did not find any changes on demyelination and glial 

reactions for both human and murine MSC. Thus, the low numbers of human MSC found in 

the meninges and vessels did not have any impact on myelination in this toxic model. Since 

no beneficial effects were found on oligodendrocytes loss and regeneration, our results 

indicate that human and murine MSC did not create a neuroprotective or regenerative 

environment. The fact that MSC did not play a role in our model indicates that the beneficial 

effects of MSC found in inflammatory models for MS such as EAE might be a result from the 

action on peripheral immune cells. Very recently, it was demonstrated that most MSC applied 

via i.n. or i.v. routes get trapped in the lungs [22]. It was suggested that T-cells need to reside 

in the lungs before being able to enter the CNS [41] and MSC might influence them in the 

priming process. In contrast to inflammatory models for MS, in the toxic cuprizone model the 

peripheral immune system does not play a role in CNS de- and remyelination [30]. Especially 

T-cells are not affected, which seems to be an important target for MSC to affect CNS 

processes in inflammatory demyelination. 
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In conclusion, our data show that bone marrow-derived murine and human MSC do 

not cross the BBB and thus do not have an impact on demyelination and glial reactions in a 

toxic model of demyelination, in which the peripheral immune system does not play a role. 
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Abstract 

Perinatal inflammation leads to immediate changes of the blood-brain barrier (BBB) 

which may have consequences in adult life. In order to determine if such a perinatal insult 

also affects the course of subsequent demyelination in adulthood as "second hit", we 

simulated perinatal bacterial inflammation by systemic administration of lipopolysaccharide 

(LPS) to either pregnant mice or newborn animals. Demyelination was later induced in adult 

animals by cuprizone [bis (cyclohexylidenehydrazide)] which causes oligodendrocyte death 

with subsequent demyelination accompanied by a strong microgliosis and astrogliosis. A 

single LPS injection at embryonic day13.5 did not have an impact on demyelination in 

adulthood. In contrast, serial postnatal LPS injections caused an early delay of demyelination 

in the corpus callosum. During demyelination the number of activated microglia was 

significantly reduced in LPS treated mice as compared to the PBS injected control animals, 

suggesting a long term effect of perinatal exposure to LPS on the modulation of microglia. 

Surprisingly, LPS enhanced early remyelination and increased the number of mature 

oligodendrocytes. Furthermore, independent of cuprizone administration, the perinatal LPS 

injections seems to induce a long-lasting impact on BBB structures as shown by a reduced 

number of claudin-5 positive vessels. These data clearly demonstrate that postnatal 

inflammation has long-lasting effects on the BBB and modifies the course of de- and 

remyelination in adulthood. 

I. Introduction 

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central 

nervous system (CNS) which is widely assumed to be an autoimmune disorder. The 

pathological hallmarks are characterised by multifocal demyelination, axonal injury, 
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microglia activation, lymphocytes infiltration, and blood-brain barrier (BBB) dysfunction 

(Bauer et al., 2001; Lassmann et al., 2001). Although the cause of MS still remains unknown, 

it affects individuals with a certain genetic background or/and with exposure to environmental 

factors including infections (Noseworthy et al., 2000; Frohman et al., 2006). However, there 

is controversial data about a possible impact of inflammation during the early stages of life on 

the onset/severity of neurological and autoimmune diseases in adulthood. Numerous studies 

suggested that common infections during childhood are required for the normal development 

of the immune system and can minimise the risk to autoimmune disease such as MS 

(Ascherio and Munger, 2007a, b; Rook, 2011) 

To study demyelination, various experimental animal models including toxic models 

of demyelination were established (Denic et al., 2011). In the toxic cuprizone [bis 

(cyclohexylidenehydrazide)] model, young adult mice are fed with the copper chelator 

cuprizone, inducing selective death of mature oligodendrocytes and consequently 

demyelination in well defined grey and white matter structures of the brain (for reviews see 

Matsushima and Morell, 2001; Skripuletz et al., 2011a). Severe demyelination starts after 

three weeks of cuprizone administration, associated with massive microglia 

infiltration/activation and astrocytosis. In this model, the BBB remains intact and there is no 

or only minimal infiltration of peripheral blood cells (Bakker and Ludwin, 1987; Kondo et al., 

1987). 

The peripheral injection of the gram-negative bacteria endotoxin lipopolysaccharide 

(LPS) is considered as a model of mild neuroinflammation (Chakravarty and Herkenham, 

2005). It is not clear if LPS passes the BBB or has indirect effects. Acting via the toll-like 

receptor (TLR)-4, LPS has the capacity to activate microglia/macrophages (Lehnardt et al., 
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2003) which release several pro- and anti-inflammatory cytokines such as tumor necrosis 

factor (TNF)α, interleukin-1 (IL1), and interferon gamma (IFNγ) (Saukkonen et al., 1990). 

Numerous studies have shown inflammation induced BBB permeability (Boje, 1995). Animal 

experiments have suggested that the developing brain is particularly susceptible to 

inflammation (for reviews see Hagberg and Mallard, 2005; Hagberg et al., 2012). LPS 

treatment of mice in early life leads to a transient/long-lasting increase in BBB 

permeability/changes (Stolp et al., 2005b; Stolp et al., 2005a) and may cause white matter 

damage (Kadhim et al., 2001; Debillon et al., 2003; Pang et al., 2003; Loron et al., 2011). To 

date there are no studies which directly investigated possible links between changes in BBB 

permeability and demyelination in animals exposed to an inflammatory stimulus during early 

stages of brain development. 

Here we aimed to determine the long-term consequences of a perinatal inflammation 

on the course of demyelination in adulthood as a "second hit". 

II. Materials and Methods 

1. Animals and study design 

Animal experiments and animal care procedures were carried out in accordance with 

the national animal laws, were approved by the local government authority (Lower Saxony, 

Germany) and were performed according to international guidelines on the use of laboratory 

animals. Eight week old, male and female C57BL/6, mice were purchased from Charles River 

(Sulzfeld, Germany). Animals underwent routine cage maintenance once a week and were 

microbiologically monitored according to Federation of European Laboratory Animal Science 

Associations recommendations (Nicklas et al., 2002). The pups were sourced from our own 



 

75 

 

breeding. All mouse colonies underwent routine cage maintenance once a week and were kept 

under similar condition where food and water were provided ad libitum.  

In two different set of experiments, a systemic inflammation was induced either 

prenatal or postnatal. Demyelination as a “second hit” was subsequently induced when the 

animals were adult.  

2. LPS injection 

For prenatal LPS administration, male and female mice were paired and the presence 

of a vaginal plug was designated as embryonic day 0 (E0). At E13.5, pregnant mice were 

treated with LPS (0.5 mg/kg i.p., serotype E. coli 055:B5, Sigma–Aldrich, Steinheim, 

Germany), or an equal volume of phosphate buffer saline (PBS, Gibco, Karlsruhe, Germany). 

At weaning time, the 3 week old pups were separated from their respective mother and placed 

in separate cages. Depending on the treatment received by the pregnant mice at E13.5, the 

newborns were randomly assigned to one of two groups (cuprizone feeding or normal food 

control). 

For postnatal LPS administration the day of birth was designated as postnatal day 0 

(P0). Newborn mice were given 0.2 mg/kg i.p. of LPS or equal volume of sterile PBS (control 

animals) at P0, 2, 4, 6, and 8, using with a 32 gauge needle (BD Biosciences, Heidelberg, 

Germany), to produce a prolonged period of inflammation over the postnatal period 

(Grinevich et al., 2001). This dose of LPS has been shown to produce significant 

inflammation when measured 1.5 h after administration (Stolp et al., 2005a). At weaning 

time, the 3 week old pups were separated from their respective mother and placed in separate 

cages. Litters were randomly divided into cuprizone feeding and LPS-treated, including both 

male and female animals. 
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LPS injected animals, both pregnant female mice and pups were monitored for signs of 

distress (changes in behaviour, feeding patterns). 

3. Induction of demyelination 

Demyelination was induced at the age of 8 to 9 weeks. Female and male mice were fed 

3 or 5 weeks (early and complete demyelination, respectively) ad libitum with 0.2% (w/w) 

cuprizone (Sigma–Aldrich) mixed into a ground standard rodent chow. Two additional groups 

of postnatal PBS or LPS injections were maintained after 5 weeks under a normal diet for 

another 3.5 days to induce remyelination. Age matched control animals, for early 

demyelination (week 3), complete demyelination (week 5) and for remyelination (week 5.5), 

were kept on standard chow without cuprizone. A group size of 3 to 7 animals was 

investigated at each time point. 

4. TNF measurements 

To determine the presence of an inflammatory response after LPS administration, 

measurements of TNFα concentration in maternal and newborn serum was investigated using 

a specific ELISA kit (Quantikine kit, R&D Systems, Minneapolis, MN, USA). The sensitivity 

of the assay was 4 pg/ml. Following the manufacturer‟s protocol, samples were diluted 1:1, 

duplicate standard dilutions and control wells were also used for each plate. Optical density 

was measured using a spectrophotometeric plate reader (Sunrise Basic, Tecan, Austria). 

Results were calculated as proposed by the manufacturer‟s protocol.  

5. Immunohistochemistry 

At different time points (3, 5, and 5.5 weeks), mice were deeply anaesthetised with 

10% ketamine (Albrecht, Aulendorf, Germany) and 2% xylazin (Rompun®, Bayer, 
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Leverkusen, Germany). Mice were then transcardialy perfused with 4% paraformaldehyde 

(PFA, Merck, Darmstadt, Germany) as previously described (Lindner et al., 2008). The brains 

were removed, post-fixed in 4% PFA, and paraffin embedded. For light microscopy, 7 μm 

serial coronal sections were cut on a bright rotary microtome (RM2245, Leica, Berlin, 

Germany) from -0.82 mm bregma to −1.70 mm bregma according to the mouse atlas by 

Paxinos and Franklin (2001). Two sections were mounted on each glass slide. 

For immunohistochemistry (IHC), paraffin embedded sections were dewaxed in xylol, 

rehydrated with decreasing alcohol concentrations, and heat-unmasked for 5 min in 10 mM 

citrate buffer (pH 6.0). For inhibition of endogenous peroxidase activity, sections were treated 

with 5% H2O2 then blocked for 1 h with PBS containing 3% normal goat serum, 0.1% Triton 

X-100. Slides were incubated with primary antibodies overnight, at 4°C, in a wet chamber, at 

the dilutions described in the table 1. After extensive washes in PBS, sections were further 

incubated with biotinylated secondary antibody applied for 1 h, followed by peroxidase-

coupled avidin–biotin complex (ABC Kit, Vector Laboratories, Burlingame, CA, USA). The 

immunoreaction product was visualised with diamino-3,3benzidine (DAB, Dako, Hamburg, 

Germany). Sections were counterstained with hematoxyline eosine, dehydrated through 

graded alcohol concentrations, cleared in xylol, and permanently mounted with Eukitt 

mounting solution (Sigma-Aldrich). 

For immunofluorescent double staining, the following combinations of primary 

antibodies were used: Olig-2/Ki-67 and incubated overnight at 4°C. After washing, sections 

were incubated for 1 h with the respective secondary antibodies. Slides were mounted with 

Mowiol (Calbiochem, San Diego, CA, USA) containing DAPI (Invitrogen, Carlsbad, CA, 

USA). All control slides appeared blank when the primary antibody was omitted. 
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Table 1. Solutions and chemicals used for immunohistochemical staining. 

6. Determination of de- and remyelination in the corpus callosum 

Using a light microscope (Olympus BX61, Hamburg, Germany), myelin protein such 

as proteolip protein (PLP) and myelin basic protein (MBP) stained sections were scored by 

three independent observers. The determination of demyelination was scored in the midline of 

the white matter tract corpus callosum (Skuljec et al., 2011; Schmidt et al., 2012) on a scale of 

0 for complete demyelination to 3 for normal myelin (Gudi et al., 2009). 

7. Quantification of cells and analysis 

Cell counting was performed for the following markers: GFAP, Nogo-A, and APC 

using a magnification of ×20 (Olympus BX61). Immunopositive cells with identified nuclei 

(counterstaining with hematoxyline eosine) were counted left and right of the midline within 

the central part the corpus callosum in an area of 0.125 mm
2
. Values are presented as number 

of cells per mm
2
 as mean with standard error of the mean (SEM). 
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Quantitation of mac-3 immunoreactivity was performed using the Cell‟s software
®
. 

Each section was photographed at magnification x20 and an area of pixel intensity was 

defined and analysed. Data are presented as a percentage of mac-3 intensity. 

The number of CD3 positive cells and claudin-5 tight junction positive vessels in the 

corpus callosum of control and LPS treated brains were counted. Data are presented for the 

mean number of vessels in each group. 

8. Statistics 

For statistical analysis data were analysed with Sigma Stat (Germany) using one-way 

analysis of variance (ANOVA) followed by the Fisher–PLSD-test for post hoc comparison. 

All data are given as arithmetic means ± SEM. P values of the different ANOVA are given in 

the results, while group comparisons derived from post hoc analysis are provided in the 

figures. In the latter cases, significant effects are indicated by asterisks (compared to control) 

*P<0.05; **P<0.01; ***P<0.001.  

III. Results 

1. LPS is well tolerated by pregnant and neonatal mice 

The LPS dose used was shown to induce maternal prenatal inflammation without 

inducing significant preterm delivery (delivery day of the LPS group 19.5 ± 0.5 days and the 

PBS group 17.5 ± 0.87 days; P=0.208, n=3 minimum) and without affecting the number of 

pups per litter (LPS group 9.5 ± 1.5 pups and PBS group 8.3 ± 1.3 pups; P=0.582, n=3). 

Pregnant mice lost 2.3 g after LPS injection (-2.25 ± 0.13 g loss 24 h after LPS injection), 

while PBS injected mice gained a few grams (1.5 ± 0.10 g gain, P˂0.001). 



 

80 

 

After postnatal LPS treatment (P8) there was no significant difference in body weight 

(LPS-treated animals 4.878 ± 0.098 g, controls 4.470 ± 0.243 g; P=0.421, n=18 for each 

group) or brain weight (controls 0.356 ± 0.014 g, LPS-treated animals 0.380 ± 0.009 g; 

P=0.178, n=17 for each group) as compared to the PBS treated control mice. 

The presence of an inflammatory response was confirmed by the measurement of the 

cytokine TNFα in serum (Fig. 1). In P8 animals which received serial LPS injections, 1.5 h 

after the last injection the TNFα serum concentration was dramatically increased compared to 

control values (from 14.2 ± 2.2 pg⁄ml to 459.7 ± 73.7 pg/ml; P˂0.0001). In pregnant mice that 

received a single injection of LPS, the TNFα concentration was 85 times higher compared 

with the PBS injection (from 12.2 ± 6.9 pg⁄ml to 1046.5 ± 33.1 pg/ml; P˂0.0001). 

 

Fig. 1. Intraperitoneal LPS induces systemic inflammation. The LPS treated newborns were injected with 

five serial doses of 0.2 mg⁄kg LPS at P0, P2, P4, P6, and P8. The pregnant mice received at E13.5, a single i.p. 

LPS injection of 0.5 mg/kg. Control animals were age matched and received PBS. Blood was collected 1.5 h 

after the last LPS injection. ***P<0.0001 compared to control. 
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2. Postnatal LPS treatment delays demyelination and enhances remyelination 

To determine the effect of postnatal LPS treatment on de- and remyelination brain 

sections were analysed for MBP and PLP myelin protein expression. Mice treated with LPS 

or PBS and fed with normal chow presented a normal myelin pattern. After 3 weeks of 

cuprizone feeding we observed a significantly higher MBP and PLP content in the LPS 

treated animals as compared to the PBS injected controls (Fig. 2B, P<0.001 and Fig. 2C, 

P<0.05). This difference was abolished at week 5. After complete demyelination, cuprizone 

was removed from the chow and the re-expression of myelin proteins started. After 3.5 days 

of remyelination, significantly higher amounts of MBP and PLP were found in LPS treated 

mice as compared to mice fed with cuprizone and postnatal PBS treatment (Fig. 2B P<0.0001 

and Fig. 2C P<0.05). Thus postnatal LPS treatment delayed demyelination and enhanced 

remyelination.  

In contrast, LPS treatment of pregnant mice with LPS exposure in utero did not affect 

de- or remyelination in adulthood (Fig. 3A and 3B). 
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Fig. 2. De- and remyelination after postnatal PBS or LPS treatment. Brain sections were stained for MBP 

(A) and PLP (supplemental figure) and quantified according to the myelination score (B and C). Week 3 is early 

demyelination in this model, week 5 is maximum (complete) demyelination, and week 5.5 is early remyelination. 

Sections from 4 to 7 animals per group were scored by four independent observers. Score 3 corresponds to the 

normal myelin appearance, whereas score 0 means complete demyelination. Significant effects between mice fed 

with cuprizone and treated with LPS or PBS injections are indicated by asterisks (*P<0.05 and **P<0.01). Scale 

bar is 100 µm. 
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Fig. 3. Course of de- and remyelination after prenatal PBS or LPS treatment. LPS or PBS was administered 

to pregnant mice at day 13.5. The newborn animals were fed with normal chow until aged 8-9 weeks when 

demyelination was induced by 0.2% cuprizone. The scores for the immunohistohemical staining for the myelin 

proteins MBP and PLP are presented in A and B respectively. Score 3 corresponds to normal myelin appearance, 

whereas score 0 means complete demyelination.  

3. LPS accelerates oligodendrocyte differentiation during remyelination 

Mature oligodendrocytes were analysed using immunohistochemical stainings for 

Nogo-A (Chen et al. 2000, Kuhlmann et al. 2007). At week 3, cuprizone induced a severe loss 

of mature oligodendrocytes, but there were no significant differences between LPS or PBS 

treatment during demyelination. During remyelination at week 5.5, analogous to the myelin 

amount in the corpus callosum, the number of mature oligodendrocytes was significantly 

higher in LPS treated mice compared to PBS treated animals (Fig. 4B, P<0.001). Since the 

number of proliferating oligodendrocyte precursor cells (OPC; Olig-2/Ki-67 double positive) 

were not different between LPS or PBS treated cuprizone groups (Fig. 4D) this suggests that 

the increased number of mature oligodendrocytes is rather a result of an accelerated 

differentiation than proliferation of OPC.  
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As expected from the myelin scoring, prenatal LPS treatment did not impact the 

number of Nogo-A positive cells (data not shown). 
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Fig. 4. Impact of postnatal LPS injection on different oligodendrocyte markers. Representative brain 

sections from each group were stained for Nogo-A (mature oligodendrocytes) (A) or Olig-2/Ki-67 (C) double 

stained for proliferating oligodendrocytes precursor cells (OPC). Nuclei were counterstained with DAPI 

(fluorescence) or hematoxyline eosine (DAB). Scale bars: 100 µm. Histograms represent the number of Nogo-A 

(B) positive cells per mm
2 

and the percentage of Olig-2/Ki-67 (D) positive cells from 4–7 animals. Since the 

evaluation of myelin score of mice fed with normal chow and treated with PBS or LPS did not differ 

significantly, only results of mice fed with cuprizone are shown for the double staining. Significant effects 

between mice treated with LPS or PBS injections are indicated by asterisks (*P<0.05).  

4. Postnatal LPS treatment decreases the number of activated microglia but 

does not change astrogliosis 

Mac-3 staining showed only very few activated microglia in brain sections of mice fed 

with normal chow. After 3 weeks of cuprizone treatment, reactive microglia accumulated in 

the corpus callosum. The density of mac-3 positive microglia was reduced in cuprizone fed 

and LPS treated animals compared to PBS. The reduced number of activated mac-3 positive 

microglia after LPS treatment persisted also at week 5 and 5.5 (Fig. 5B, P<0.01). In contrast, 

the number of GFAP immunoreactive astrocytes in the corpus callosum did not significantly 

differ between animals treated with PBS or LPS. Thus, astrogliosis during de- and 

remyelination was not modulated after postnatal LPS treatment (Fig. 5C). 
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Fig. 5. Activated microglia and astrocytes during de- and remyelination following postnatal LPS injection. 

Mac-3 staining for activated microglia in the corpus callosum during de- and remyelination (A). Scale bars: 100 

µm. (B) shows the intensity percentage of mac-3 DAB staining. (C) shows the GFAP cell numbers per mm
2
. 

Each bar represents the mean ± SEM and significant effects between LPS and PBS treated groups are indicated 

by asterisks (**P<0.01).  
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5. Perinatal LPS treatment reduces the number of claudin-5 blood vessels 

Claudin-5 is a tight junction molecule that participates in the architecture of the blood–

brain barrier (Nitta et al., 2003). In normal adult brain, the pattern of claudin-5 

immunoreactivity is detected along the endothelial cells of cerebral blood vessels, aligning 

with junctional structures (Virgintino et al., 2004). In PBS injected control brains the number 

of claudin-5 positive vessels was significantly higher compared to LPS injected animals. This 

effect was observed in both cuprizone treated mice and control mice on normal chow (Fig. 

6C). A similar effect was seen in animals group treated with LPS prenatally (Fig. 6D). 



 

88 

 

 



 

89 

 

Fig. 6. Claudin-5 blood vessels in the corpus callosum of pre and postnatal LPS treated mice. 

Claudin-5 immunoreactivity is shown after postnatal (A, C) and prenatal (B, D) treatment with LPS and PBS. 

The number of claudin-5 positive vessels (C, D) shows significant differences between LPS treated animals 

compared to PBS controls. The effect was similar in both post- and prenatal LPS injection irrespective of 

cuprizone treatment. Results are given as mean ± SEM. 

IV. Discussion 

Inflammation has an important role in the pathogenesis of MS. On one hand infections 

with e.g. Epstein-Barr virus (EBV) have been linked to MS pathogenesis (Buljevac et al., 

2002). On the other hand the hygiene hypothesis proposes that infections in early childhood 

may be protective against autoimmune diseases like MS (Conradi et al., 2011). This 

hypothesis seems to be in many ways attractive and may explain some observations in MS 

epidemiology. However, it remains controversial since conflicting results from several animal 

studies showed both negative and beneficial impacts of perinatal and infantile inflammation 

on the subsequent onset/severity of autoimmune diseases (Bach, 2002). There are also data 

about the time window and nature of infecting microorganism (for review see Bager et al., 

2004). All in all, the disturbance of normal development may increase the brain susceptibility 

to later neurological disorders (Buljevac et al., 2002; Stolp et al., 2005b; Hagberg et al., 

2012). Hence, the purpose of the present study was to determine the consequences of perinatal 

systemic inflammation, using LPS as immunologic stressor mimicking perinatal bacterial 

infection, on de- and remyelination in adulthood. Demyelination as a "second hit" was 

induced via treatment of adult mice with the toxin cuprizone. Postnatal LPS delayed 

cuprizone induced demyelination and had beneficial effects on the subsequent remyelination. 

Independently of exposure to cuprizone we observed disturbances of the BBB due to the 

perinatal challenge with LPS. 
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LPS strongly stimulates circulating monocytes and tissue macrophages to produce 

prostaglandine E, NO and release a variety of proinflammatory cytokines (Cao et al., 1997; 

Fiuza and Suffredini, 2001) including TNFα (Pahl, 1999; Zhang et al., 2000). Our data 

showed an increase in TNFα concentration in the serum of both pregnant mice treated with 

LPS and postnatally treated newborn animals, which is in accordance with Stolp et al (2005a). 

In the first set of experiment, we studied mice that received LPS or PBS in utero 

through maternal i.p. administration followed by challenge with cuprizone in adulthood. 

Although hypomyelination, microglial activation and apoptosis of OPC has been described 

with similar injection protocols (Cai et al., 2000; Paintlia et al., 2004; Rousset et al., 2006), 

this was not evident anymore in adult animals that were then challenged with cuprizone. This 

is in line with other studies (Wang et al., 2007). However, the single exposure of pregnant 

mice with LPS did not change the course of demyelination of offspring in adulthood. 

Although TNF was vastly increased in the maternal serum after LPS administration a single 

LPS dose seems not to be sufficient to induce long-lasting effects on induction and 

development of demyelination in the adulthood.  

In contrast, in the second set of experiment the postnatal exposure to LPS led to a 

delay in demyelination and an acceleration of remyelination. This is similar to a continuous 

treatment with LPS during cuprizone induced demyelination (Skripuletz et al., 2011b). The 

delay in demyelination was accompanied by a reduced number of activated microglia. One of 

the main roles of microglia during demyelination is to clear myelin debris. Recently it was 

demonstrated that in the cuprizone the failure to activate microglia via astrocytes leads to a 

delay of the removal of damaged myelin (Skripuletz et al., 2013). Although myelin proteins 

can be detected by immunohistochemistry the myelin is damaged and probably not functional. 



 

91 

 

Eventually the myelin is completely removed and there is no difference between LPS treated 

and control animals at the peak of demyelination at week 5. However, during remyelination 

the LPS exposed microglia seem to have a regeneration supporting effect. Again, this is 

similar to the effects seen in acute administration of LPS during remyelination (Skripuletz et 

al., 2011b). Since microglia are relatively long-lived cells and show only a slow turn-over 

through blood circulating monocytes (Santambrogio et al., 2001; Davoust et al., 2008; Perry 

et al., 2011) it can be speculated that postnatal LPS administration has a long-lasting effect on 

these cells that has functional consequences in adulthood during both de- and remyelination. 

These effects seem to be similar to an acute LPS exposure during cuprizone induced 

demyelination (Skripuletz et al., 2011b). However, in the acute LPS treatment there was an 

increased proliferation of OPC that was attributed to CNTF. Such an effect was not seen in 

our experiments with postnatal LPS treatment. Thus, there may be different mechanisms that 

support remyelination. Since the increased numbers of mature oligodendrocytes was seen in 

the LPS treated animals we hypothesised that the OPC probably differentiate faster in these 

animals.  

Pre-treatment with LPS had diverse effects in other animal models. On one hand, LPS 

administrated during early life could induce a long-term sensitising effect exacerbating brain 

vulnerability (Favrais et al., 2007). On the other hand, LPS injected prior to brain insults such 

as ischemia was reported to induce a preconditioning effect and reduce brain damage (Ahmed 

et al., 2000; Toyoda et al., 2000). We hypothesise that in our study the perinatal LPS exposure 

showed long-lasting effects on demyelination/remyelination via a modulation of microglia, 

which in turn regulate the response of other glia, such as oligodendrocytes or astrocytes. 
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It is not clear why the LPS exposure in utero did not have the same effect as the 

postnatal administration on subsequent demyelination. Although TNF was vastly increased 

after both administrations only the serial injection postnatally induced long-term 

modifications. A single dose may not be sufficient to induce a long-lasting change in 

microglial functions. However, an experimental setting with serial injections to pregnant 

animals is not feasible.  

Disturbance of the BBB due to inflammation has been implicated in the pathological 

processes of MS. BBB leakage precedes monocyte infiltration into the CNS, implicating a 

potential sequence of events in lesion formation (Floris et al., 2004). LPS can induce a BBB 

disruption (Wispelwey et al., 1988; Andersson et al., 1992; Perry et al., 2011) and it was 

demonstrated that i.p. LPS increased the permeability of the BBB (Boje, 1995; Mayhan, 

1998). Developing animals are even more susceptible than adults to inflammation-induced 

changes in BBB permeability (Anthony et al., 1997; Stolp et al., 2005a). LPS treatment, both 

pre- and postnatal, led to a long-lasting change in BBB composition with a downregulation of 

the TJ protein claudin-5. This change persisted into adulthood but had no significant effect on 

IgG permeability and on T-cell infiltration into the brain during cuprizone induced 

demyelination (data not shown). This is in line with previous reports which demonstrated that 

the postnatal peripheral injections of LPS cause an immediate and transient BBB permeability 

to plasma proteins confined to white matter tracts of the brain, whereas only selective 

permeability to small molecules (sucrose and insulin) persists in the adult brain (Stolp et al., 

2005a). 

In conclusion, LPS administration mimicking a bacterial infection in early 

development has long-lasting consequences on the composition of the BBB and on microglial 
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functions in adulthood. This has an influence on a demyelination in adulthood where on one 

hand the removal of damaged myelin is delayed and on the other hand the subsequent 

remyelination is supported. Thus, perinatal infections are not necessarily deleterious for a 

subsequent demyelinating insult. 
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General discussion 

The barrier of the CNS can be modulated by a number of compounds via receptor 

mediated processes, involving several different signal transduction pathways (Abbott and 

Revest, 1991; Abbott, 2000). For instance, the increase of matrix metalloproteinase (MMP) 

activity, known to disrupt the BBB is associated with the early development of MS. Moreover 

the subsequent lymphocytes recruitment into the brain across the endothelial cells (EC) is 

thought to represent a critical event in MS pathogenesis (Lindberg et al., 2001; Kurzepa et al., 

2005).  

In this study, on one hand we focused on the modulation of the BBB structure by 

fumaric acid ester (FAE), lipopolysaccharide (LPS) and mesenchymal stem cells (MSC) and 

on the other hand, we investigated their impact on the cuprizone induced de- and 

remyelination. 

I. Part 1: Modulation of the blood-brain barrier structure 

1. Modulation of BBB by FAE 

Several in vitro as well as in vivo models are used with the aim to mimic the 

inflammatory pathology to understand pathomechanisms and to explore new therapeutical 

approaches (Male et al., 1992; de Vries et al., 1997; Marroni et al., 2003). We used an 

immortalised cell line of brain endothelium (hCMEC/D3) to examine the effect of tumor 

necrosis factor alpha (TNFα) on TJ genes and proteins expression. This cytokine is known to 

transiently open the BBB with subsequent increase in its permeability (Sibson et al., 2002). In 

the majority of studies, TNFα intensified para- or transcellular BBB permeability and also 
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increased the flux of sucrose, inulin, dextran, and albumin. In 2007, Zhao and colleagues 

demonstrated that the loss of TJ proteins was reduced after post-injury application of 

sulforaphane, normally present in high levels in cruciferous vegetables (Zhao et al., 2007). 

This protective effect was dependent on the activity of Nrf2, a transcription factor involved in 

the expression and control of cytoprotective genes. Nrf2 is the major transcription factor 

involved, released from binding to the inhibitory complex Keap-1 via the fumarates activity. 

Once Nrf2 is translocated in the nucleus, it upregulates antioxidative pathways and 

cytoprotective genes. We proved that FAE induce the Nrf2/NQO1 pathway in hCMEC/D3 

(data which are in accordance with Linker et al., 2011). Moreover, we showed that treatment 

of cells with TNFα tend to a decrease in expression of the TJ protein claudin-5. Followed or 

preceded by TNFα stimulation, we demonstrated that MMF restored the loss of occludin and 

ZO-1 induced, by the inflammatory factor TNFα.  

DMF is the main component of BG-12, tested in a phase III clinical trial. This new 

treatment is shown to be helpful for RRMS patients (Kappos et al., 2008; Gold et al., 2012) by 

reducing the number of gadolinium enhancing lesions as compared to placebo. To extent our 

in vitro results, we performed claudin-5 immunostaining on spinal cord slides of EAE mice 

and controls. We showed that the TJ protein claudin-5 expression is reduced in EAE mice 

compared to non immunised animals. We demonstrated that DMF does not restore the loss of 

claudin-5 TJ. Using the in vivo as well as in vitro models, we did not find any effect of DMF 

on claudin-5 expression after BBB disruption, concluding that DMF does not modulate the 

BBB. Thus it is likely that the mode of action of DMF in MS is not mediated via the 

modulation of the BBB.  
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Despite a large number of experimental data from in vitro, in vivo and ex vivo studies, 

the mechanism of action of FAE remains unclear. Many studies demonstrated an 

immunomodulatory effect of FAE on various immune cells like T-cell, B-cells, peripheral 

blood mononuclear cells (PBMC) or dendritic cells (for review see Papadopoulou et al., 2010; 

Gold et al., 2011). The hypothesis of a neuroprotective effect is based on the idea that DMF 

interferes with the cellular redox system by increasing the level of reduced glutathione via 

Nrf2 pathway (Mrowietz and Asadullah, 2005; Linker et al., 2011). In conclusion, it is 

suggested nowadays that FAE have both immunomodulatory (Treumer et al., 2003) and 

neuroprotective effects (Schilling et al., 2006; Lukashev and Sitkovsky, 2008). 

2. Mesenchymal stem cells (MSC) do not cross the BBB 

The huge challenge in pharmacology is to obtain drugs which target the brain. Several 

different approaches have been attempted in order to deliver drugs or cells efficiently to the 

brain, like the use of lipid soluble drugs, the binding to carrier molecules, or the use of a nasal 

route (Gabathuler, 2010). In the case of systemic administration of stem cells, the BBB 

impedes the entrance of these cells into the CNS.  

A phase I/II trial demonstrated that administration of MSC to MS patients induces 

immediate beneficial immunomodulatory effects (Karussis and Kassis, 2008; Karussis et al., 

2010). Although stem cell-based therapies have been considered to be a promising treatment 

option for MS (Burt et al., 2009; Gogel et al., 2011), the difficulties lie in the successful 

administration of these stem cells to CNS. Recent reports suggest that intranasal delivery may 

provide an alternative way to the invasive administration (Dhuria et al., 2010). In a stroke 

model, van Velthoven and collaborators proved the migration of intranasally administered 

MSC into the brain, and their positive impact on the disease course (van Velthoven et al., 
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2010). Four routes from the nose to the brain are possible: the olfactory bulb, cervical lymph 

nodes, trigeminal nerve, and the vascular route. To elucidate the possible ways of MSC 

delivery to the CNS, we compared intravenous and intranasal administration of human and 

murine MSC in cuprizone treated mice.  

In spite of some intranasally administered murine or human MSC were observed in the 

lungs, neither murine nor human MSC reached the bulbus olfactorius and entered into the 

demyelinated lesions. Administered through the nose, the cells could have possibly stayed in 

nasal epithelium, in the lungs or lymph nodes. In previous studies using intranasal 

administration, the authors could not exclude the possibility that stem cells might be absorbed 

into the systemic circulation.  

Although many of the intravenously injected MSC were found in lungs and liver, no 

murine MSC were detected within the demyelinating brain lesions, very few intravenously 

injected human MSC were seen in the spinal cord, attached to the wall capillaries or to the 

meninges of the brain. We were not able to confirm the findings which showed human MSC 

in every slides of the spinal cord (Gordon et al., 2010).  

Our flow cytometry experiments showed that murine MSC do not express CD49d, 

which belongs to the integrin family. However CD49d was expressed more intensively on the 

human MSC surface. CD49d is one of the numerous factors present on the surface of the cells 

that could explain the absence of murine MSC in the brain while human MSC were found in 

the vessels. 

3. Perinatal LPS modulates the BBB TJ structure 

The brain endothelium is remarkably resistant to inflammatory agents. The tight 

healthy mature BBB limits the peripheral inflammatory response (Hickey, 2001a; Hickey, 
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2001b). It is important to avoid the disruption of neural networks by activated leukocytes 

(including monocytes/macrophages). It is known that perinatal inflammation affects the BBB 

(Stolp et al., 2005b). We hypothesised that a second insult could cause an additional worth 

effect. We did not observe this; on the contrary, it seems that the demyelination as a second 

insult presents a beneficial effect. We used LPS which strongly stimulates circulating 

monocytes and tissue macrophages to produce a variety of proinflammatory cytokines, 

including interleukin-1β (IL-1β), interleukin-6 (IL-6), and TNFα (Zanetti et al., 1992).  

We demonstrated that perinatal LPS injection significantly reduces the amount of 

claudin-5 expression in adult mice. The cuprizone-induced demyelination does not seem to 

interact with this long-term process of BBB changes. The change in TJ numbers observed in 

our experiments is apparently not sufficient to induce a massive T-cell infiltration and had no 

significant effect on IgG permeability. This is in line with previous reports which 

demonstrated that the postnatal peripheral injections of LPS cause an immediate and transient 

BBB permeability to plasma proteins confined to white matter tracts of the brain, whereas a 

selective permeability to small molecules (sucrose and insulin) persists in the adult brain 

(Stolp et al., 2005a). 

After all, administration of LPS in early development leads to the TJ disruption and 

thus modulates the BBB structure. The second insult in adulthood does not exacerbate the 

known effect of LPS on BBB TJ expression. 
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II. Part 2: Study of cuprizone in vitro and the cuprizone induced 

demyelination model 

1. Cuprizone is selectively toxic for differentiated oligodendrocytes 

Feeding mice with the copper chelator cuprizone causes highly reproducible 

demyelination (Matsushima and Morell, 2001). In vivo, cuprizone is known to specifically 

affect and harm the mature oligodendrocytes (OL). In line with the in vivo statement, we 

showed in vitro that cuprizone induces the death of OL and does not influence other types of 

glial cells including oligodendrocyte precursor cells (OPC). Nevertheless, the underlying 

pathomechanism inducing OL death in cuprizone induced demyelination model is unsolved. 

Probably OL fail to fulfil their high and intensive metabolic demand and undergo apoptosis 

(Matsushima and Morell, 2001; Palumbo et al., 2012). 

Interestingly, isolated mitochondria from cuprizone-exposed glial cells reveal function 

deficits (Pasquini et al., 2007). The affected proteins include several key enzymes involved in 

electron transfer of the respiratory chain and as a result cause oxidative stress (Matsushima 

and Morell, 2001). A study using a proteomic approach clearly pointed out that the 

mitochondrial function, in particular oxidative phosphorylation and ubiquinone biosynthesis, 

is the most altered cellular function following cuprizone treatment (Werner et al., 2010). We 

demonstrated that in mature oligodendrocytes, the mitochondrial potential is affected.  

As a conclusion, our in vitro approach seems suitable to study the underlying 

mechanisms of the effect of cuprizone on OLs, which are still poorly understood. 
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2. No effects of murine or human MSC on demyelination and glial cells 

intranasally and intravenously administered 

This project investigated whether MSC are able to migrate into CNS lesions and if 

MSC support a possible regeneration. Thus we designed the experiment to inject the MSC at 

the time of massive microglial activation and demyelination which correspond to the week 4 

and 4.5 of cuprizone feeding. In fact, we hypothesised that the resident immune cells of the 

brain, which are microglia, will produce a large amount of cytokines which could in turn 

attract the MSC to the lesion and cross the BBB by the para- or transcellular way despite the 

sealed BBB.  

Since there were no MSC within the cuprizone induced lesions in our experimental 

setup, the stem cell administrations did not affect demyelination, microgliosis or astrocytosis. 

3. Perinatal impact of LPS on cuprizone-induced demyelinating lesion in 

adulthood 

The fourth project aimed to study the long-term effects of perinatal inflammation on 

subsequent demyelination in adulthood. The cytokines induced by LPS treatment mediate 

sickness by increasing neurotransmitter release, immediate early gene induction, and 

activating the hypothalamic pituitary- adrenal (HPA) axis (Wan et al., 1994; Dunn et al., 

1999; MohanKumar et al., 1999). Moreover LPS strongly stimulates immune cells to produce 

prostaglandine E, nitric oxide (NO) and release a variety of pro-inflammatory cytokines (Cao 

et al., 1997; Fiuza and Suffredini, 2001) including TNFα (Pahl, 1999; Zhang et al., 2000). We 

showed a strong increase in TNFα concentration in the serum of both pregnant mice treated 

with LPS and postnatally treated newborn animals, which is in accordance with Stolp et al 

(2005). Our results showed that the single LPS injection induces a higher TNFα response 
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compared to the repeated injections on alternate days. Perhaps, this is a consequent impact of 

multiple doses of LPS which could induce an effect of desensitisation (Whyte et al., 1989; 

Duncan et al., 2002). 

In accordance to our previous study (Skripuletz et al., 2011), we demonstrated that the 

serial postnatal exposures to LPS cause a delay in demyelination accompanied by a reduced 

number of activated microglia. Microgliosis is a prominent feature in cuprizone fed mice and 

these cells are responsible for debris clearance in the brain during demyelination. Thus we 

thought that the delay in demyelination is most probably linked to delay in myelin clearance 

via the reduced numbers of microglia. We thus support the hypothesis that after the postnatal 

inflammation, microglia feature are modified compare to microglia found in healthy animals. 

Moreover LPS enhanced early remyelination with an increased number of mature 

oligodendrocytes and equivalent number of microglia, we hypothesised that the OPC 

probably differentiate faster in these animals.  

Even though hypomyelination, microglial activation and apoptosis of OPC has been 

described by various team (Cai et al., 2000; Paintlia et al., 2004; Rousset et al., 2006), we 

showed that a single LPS injection to the pregnant mice at E13.5 did not change the course of 

demyelination in adult animals that were then challenged with cuprizone. Despite the huge 

increase of TNFα expression in the serum of the pregnant mice, a unique dose might not be 

sufficient to induce a long-lasting change in microglial functions. 

To sum up, postnatal LPS injections mimic a systemic bacterial infection and have 

long-term consequences on demyelinating insults presumably via the modulation of the 

microglia reaction.  
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III. Conclusion 

Taken together, numerous findings in recent years have considerably boosted the 

understanding of the structure and function of the BBB in physiological and pathological 

conditions. Moreover, there is a growing body of evidence showing that the disruption of the 

BBB plays an essential role in the development of CNS disorders.  

Here we demonstrated that cuprizone is specifically toxic for mature oligodendrocytes. 

Second, the fumaric acid ester, DMF does not restore the loss of tight junction protein after an 

inflammatory insult. Moreover, MSC do not migrate into cuprizone- induced lesions in the 

brain and thus have no effects on the demyelination course of the disease. Finally, the 

perinatal inflammation induces a long-term effect of the BBB structure. Our data add up some 

findings to the complex puzzle of the modulatory effect of several substances on BBB 

structure. 
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