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Astrocyte functions during cuprizone-induced de- and remyelination
Sandra Heckers
1.

Summary

Several autoimmune neurodegenerative diseases, such as multiple sclerosis (MS), are
characterized by demyelination of the central nervous system (CNS). Remyelination is the
regenerative process restoring the myelin sheaths. Since remyelination results in shorter and
thinner myelin sheaths, and often fails or is incomplete in MS patients, an urgent need for
remyelination therapies exists. Animal models, such as cuprizone feeding, are a helpful tool
to study the processes of de- and remyelination. The cooper chelator cuprizone leads, when
supplemented to rodent chow in a concentration of 0.2% w/w, to oligodendrocytes` death,
astro- and microglial activation, resulting in demyelination of almost all brain regions. Since
the mode of cuprizone`s action is still not completely understood, we gained to elucidate this
animal model further. Moreover, we investigated the inactivation of cuprizone by
temperature, since this toxin was claimed to be heat-sensitive. Therefore, C57BL/6J mice
were fed for 4 weeks with 0.2% cuprizone; either thermally pretreated (60 and 80 °C for 15
min., 105 °C for 30 min., 121 °C for 20 min.) or not heated. Additionally, primary rat
oligodendrocytes were incubated with 350 μM cuprizone solutions, which were as well
thermally pretreated or not. Our results clearly demonstrate that cuprizone`s demyelinating
effect, as well as its selective toxicity for mature oligodendrocytes are not restricted by heat
exposure. Further, no change within the activation of astrocytes has been observed after
thermal pretreatment of cuprizone.
The participation of astrocytes in the processes of de- and remyelination can exert protective
or detrimental effects. However, glial communication via cytokine/chemokine release and
recognition are essential in reaction to any kind of insult to the CNS. Gp130 is a
transmembrane glycoprotein, acting as signal-transducing β-receptor for members of the IL-6
cytokine family. These cytokines have essential immune-regulating properties in MS. The
particular influence of gp130 receptors on astrocytes during de- and remyelination processes
is still not clarified. Thus, in the second part of this thesis we aimed to investigate the
influence of ablated gp130 receptors on astrocytes. Therefore, we bred GFAP-Cre+/- gp130fl/fl
mice, which do not express gp130 receptors on astrocytes. The evaluation of cellular
changes, as well as mRNA expression levels in comparison to gp130fl/fl animals was
conducted via immunohistochemical stainings and RT-PCR analysis. We could show that
gp130 receptors are essential for astrocyte survival and activation/accumulation. Moreover
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they may act as key player for astrocyte heterogeneity throughout the CNS, since the loss of
astrocytes was more pronounced in the cortex of GFAP-Cre+/- gp130fl/fl animals than in the
corpus callosum. Our RT-PCR results show a strong downregulation of GFAP mRNA in
GFAP-Cre+/- gp130fl/fl animals. Further, the remyelination of the corpus callosum was delayed
and a reduced oligodendrocyte precursor proliferation capacity was observed. Similarly,
microglia activation/accumulation was reduced in GFAP-Cre+/- gp130fl/fl animals as compared
to gp130fl/fl control animals. Therefore, gp130 signalling on astrocytes could depict a
significant contribution in remyelination therapies, since it may allow modifying the astrocyte
activation phenotype.
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Astrozytäre Funktionen in der Cuprizone-induzierten De- und Remyelinisierung
Sandra Heckers
2.

Zusammenfassung

Viele autoimmune, neurodegenerative Erkrankungen, wie z.B. die Multiple Sklerose, sind
durch eine Demyelinisierung des zentralen Nervensystems (ZNS) gekennzeichnet. Der
regenerative Prozess der Remyelinisierung stellt die Myelinscheiden wieder her. Dennoch
resultiert Remyelinisierung in kürzeren und dünneren Myelinscheiden. Daher sind
Remyelinisierungstherapien von großer Bedeutung in der Behandlung von MS. Tiermodelle,
wie z.B. das Cuprizone Modell, sind hilfreich um die Prozesse von De- und Remyelinisierung
zu studieren. Eine Fütterung von 0,2 % w/w des Kupfer-Chelators Cuprizone führt zu einem
Absterben der Oligodendrozyten, einer Aktivierung von Astrozyten und Mikroglia, und somit
schlussendlich zu einer Demyelinisierung fast aller Gehirnregionen. Der Wirkmechanismus
von Cuprizone ist immer noch nicht völlig verstanden. Daher haben wir das Cuprizone
Modell weiter charakterisiert und ferner eine Temperatur-abhängige Inaktivierung dieses
Toxins untersucht, da eine mögliche Temperaturempfindlichkeit diskutiert wurde. C57BL/6J
Mäuse wurden 4 Wochen lang mit 0,2% Cuprizone gefüttert, welche zuvor hitzebehandelt
wurde (60 und 80 °C 15 min., 105 °C 30 min., 121 °C 20 min.). Die Kontrollgruppe erhielt
unbehandelte Cuprizone. Zusätzlich wurden primäre Ratten Oligodendrozyten in vitro mit
350 µM Cuprizone-Lösungen inkubiert. Unsere Ergebnisse zeigen deutlich, dass die durch
Cuprizone verursachte Demyelinisierung, ebenso wie die selektive Toxizität für reife
Oligodendrozyten, nicht durch Hitzeeinwirkung eingeschränkt werden. Ferner ist die
astrozytäre Aktivierung nicht beeinträchtig durch eine thermale Vorbehandlung von
Cuprizone.
Die Beteiligung von Astrozyten in den Vorgängen der De- und Remyelinisierung kann sowohl
protektive, als auch schädliche Effekte habe. Für beide Auswirkungen ist die gliale
Kommunikation durch Zytokine und Chemokine unabdingbar. Gp130 ist ein transmembranes
Glykoprotein, welches als signal-übermittelnder β-Rezeptor für Zytokine der IL-6 Zytokin
Familie fungiert. Diese Zytokine haben essentielle, immun-regulierende Eigenschaften im
Hinblick auf MS. Der genaue Einfluss von gp130 Rezeptoren auf die Prozesse der De- und
Remyelinisierung ist noch nicht völlig aufgeklärt. Deshalb haben wir in der zweiten Studie
dieser Dissertation die Auswirkungen einer astrozytären Ablation von gp130 Rezeptoren
untersucht. GFAP-Cre+/- gp130fl/fl Mäuse, welche keine gp130 Rezeptoren auf Astrozyten
exprimieren, wurden gezüchtet. Für die Evaluation zellulärer- und Veränderungen in der
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mRNA Expression wurden immunhistochemische Färbungen und RT-PCR Analysen
durchgeführt. Unsere Ergebnisse zeigen, dass gp130 Rezeptoren notwendig für die
astrozytäre Aktivierung und ihr Überleben sind. Darüber hinaus könnten diese Rezeptoren
eine Schlüsselrolle in der astrozytären Heterogenität spielen, da der astrozytäre Verlust
deutlich stärker im Cortex der GFAP-Cre+/- gp130fl/fl Mäuse ausgeprägt war, als im Corpus
Callosum. Unsere RT-PCR Ergebnisse zeigen eine starke Verringerung der GFAP mRNA
Expression in den GFAP-Cre+/- gp130fl/fl Mäuse. Des Weiteren war die Remyelinisierung im
Corpus Callosum verzögert. Eine verringerte Proliferationseigenschaft der Oligodendrozyten
Vorläuferzellen, sowie eine reduzierte Aktivierung und Akkumulation mikroglialer Zellen in
den GFAP-Cre+/- gp130fl/fl Mäuse im Vergleich zu den gp130fl/fl Kontrolltieren wurde
beobachtet. Daher könnte die Signalübertragung durch gp130 Rezeptoren auf Astrozyten
einen wichtigen Beitrag in Remyelinisierungstherapien darstellen, da eine Modifizierung des
Astrozyten Aktivierungsphänotyp möglich sein könnte.
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3.

Introduction

3.1

Myelin and the processes of de- and remyelination

Myelin is the coating layer of neuronal axons. It is composed of compacted cell membrane
produced by oligodendrocytes in the CNS, whereas schwann cells are the myelin producing
cells of the peripheral nervous system (PNS). Oligodendrocytes as multipolar cells extend
slender cellular processes, which grip the axons and support myelin. The myelin sheaths act
as an electrical insulation and enable saltatory nerve conduction (Fields 2014). Furthermore,
myelin protects the neurons by offering trophic support, thus, promoting survival of the axon
(Franklin and Kotter 2008). Demyelination is the loss of myelin sheaths around the axons.
The major causes are genetic abnormalities affecting the glia-, or inflammatory processes,
which damage the oligodendrocytes and myelin (Franklin and Ffrench-Constant 2008).
Several autoimmune neurodegenerative diseases, including multiple sclerosis (MS), are
characterized by demyelination of the central nervous system (CNS). Remyelination is the
regenerative process restoring the entire myelin sheath and therefore restating saltatory
conduction and restoring functional deficits (Franklin and Ffrench-Constant 2008; Liebetanz
and Merkler 2006). The formation of new mature oligodendrocytes is indispensable for this
process. Activated microglia and astrocytes produce growth factors, which in turn activate
oligodendrocyte precursor cells (OPCs). Afterwards, those switch from a quiescent
phenotype into an active one and differentiate into mature oligodendrocytes. Nevertheless,
remyelination results in thinner and shorter myelin sheaths (Franklin and Ffrench-Constant
2008; Franklin and Kotter 2008). Remyelination occurs in MS patients, but is highly variable
and fails often, or is incomplete (Patrikios et al. 2006). As consequence the axons remain
chronically demyelinated, leading to the development of neurodegeneration (Franklin and
Kotter 2008). For this reason, the development of remyelination-therapies is central to
preserve neurological functions.

3.2

Animal models for experimental de- and remyelination

Since the origin, course, pathology, and outcome of MS are still not completely understood,
ongoing research is important to clarify the underlying pathomechanisms. Animal models are
indispensable, since human tissue of MS patients is rare and often not available. Various
different animal models for MS are available, in which each covers one or more different
aspects of the disease. Besides the most common autoimmune approach of induced
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experimental autoimmune encephalomyelitis (EAE), viral models like Theiler-Virus (TMEV),
genetic myelin mutation models and toxin induced demyelination models (e.g. cuprizone,
lysolecithin, or ethidium bromide) have been developed through the past several decades
(Denic et al. 2011). EAE is induced via the immunization with components of the CNS myelin
(Gold et al. 2000) plus an adjuvant (Denic et al. 2011). It can be performed with a chronic or
a relapsing-remitting course (Gold et al. 2000). Because EAE requires the infiltration of
peripheral immune cells into the CNS, this model mimics the autoimmune inflammatory
pathology of MS. Nevertheless, it does not reflect the progressive course of MS (Gudi et al.
2014). Viral demyelination models enable the investigation of immune-mediated and virustriggered demyelination. Further, they cover the phenomenon of epitope spreading. The most
common used viral demyelination model is the infection with TMEV (Theiler`s murine
encephalomyelitis virus). As disadvantage, an intracerebral infection with the virus is
necessary to produce a chronic-progressive demyelination (Denic et al. 2011). Toxin induced
demyelination models mimic the processes of de- and remyelination without peripheral
immune aspects (Blakemore and Franklin 2008; Denic et al. 2011). Lysolecithin
(lysophosphatidylcholine) and ethidium bromide injections models are well established and
reproducible. The lesions can be induced in the brain and the spinal cord, which allows
studying the two most affected structures in MS. As a disadvantage, tissue damage occurs
due to the injection procedure (Gudi et al. 2014).

3.2.1 Cuprizone and its use in experimental de- and remyelination
Cuprizone (bis-cyclohexanone oxaldihydrazone) is used in clinical chemistry. Its well-known
copper chelating properties have been first described in the 1950`s (Nilsson et al. 1950).
Since the early 1970`s it was reported that cuprizone intoxication induces demyelination
within the CNS (Messori et al. 2007), although it is still not proven whether binding of copper
leads to the observed pathology (Matsushima and Morell 2001). The well characterized
cuprizone mouse model has a simple induction protocol (application of 0.2% cuprizone with
the chow) and allows studying the molecular mechanism of non-autoimmune-mediated deand remyelination (Praet et al. 2014). Nearly complete demyelination can be observed in the
corpus callosum after 4.5 to 5 weeks of cuprizone feeding. Re-expression of the myelin
protein occurs between weeks 5+0.5 and 5+1 (Gudi et al. 2009), shortly after withdrawal of
the cuprizone diet (Fig. 1).
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Fig. 1: Course of cuprizone-induced de- and remyelination. Within the first 3 weeks of treatment an early
demyelination can be observed, followed by a severe demyelination at weeks 4 and 5. An almost complete loss of
myelin proteins arises after 5 weeks of cuprizone treatment. Afterwards the diet is terminated to enable
remyelination, which appears between weeks 5+0.5 and 5+1.

The white and grey matter of the brain are affected by cuprizone-induced de- and
remyelination (Skripuletz et al. 2008). Mostly the corpus callosum is affected, but also the
hippocampal area (Hoffmann et al. 2008; Norkute et al. 2009), basal ganglia (Pott et al.
2009), particular parts of the cerebellum (Groebe et al. 2009; Skripuletz et al. 2010), and the
cortex (Skripuletz et al. 2008) are susceptible to cuprizone intoxication (Goldberg et al.
2015). The processes of de- and remyelination are region-specific (Tagge et al. 2016), and
follow different temporal and spatial patterns. Loss of myelin protein is faster in the white
matter of the corpus callosum in comparison to the grey matter of the cortex (Gudi et al.
2009). The limitations of this model begin with the still unknown mode of action of cuprizone.
Although it is clear that cuprizone intoxication leads to oligodendrocyte death, the underlying
mechanism is not yet clarified. Whether cuprizone`s toxicity simply originates from a copperdeficient diet (Benetti et al. 2010), or a metabolism of cuprizone inside of the organism is
necessary, remains unclear. The copper-cuprizone complex, formed within an alkaline milieu
in the presence of copper ions, is highly hydrophilic. Only in the presence of copper and
within an alkaline milieu (like in the gut) a copper-cuprizone-complex formation and partial
hydrolysis are possible, resulting in cuprizone`s biological activity (Messori et al. 2007).
Further, it is known that the copper-zinc superoxide dismutase and ceruloplasmin, both
metalloenzymes, are affected by cuprizone intoxication because they are dependent on
copper as essential trace element (Matsushima and Morell 2001; Walshe 1995). However,
no study was able to clearly evaluate how cuprizone produces robust and reliable
demyelination in the brain. Spinal cord demyelination in contrast, cannot be investigated with
this model, since cuprizone-induced demyelination only affects the brain (Gudi et al. 2014;
Herder et al. 2011). In conclusion, the cuprizone mouse model emphasizes by its
reproducibility, low mortality rate and simply inducible demyelination, as suitable model to
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study de- and remyelination in the CNS. It is well suitable to investigate demyelinating
lesions without the presence of immune cells (Zendedel et al. 2013).

3.3

The role of astrocytes in de- and remyelination

Astrocytes are the major glial cells of the CNS, although their distribution within the brain
varies between different regions. In the cortex for example, astrocytes outnumber neurons,
whereas in the cerebellum more neurons are present than astrocytes (Khakh and Sofroniew
2015). Besides maintenance of homeostasis and offering trophic support for neurons,
diverse immunoregulatory functions have been proposed for astrocytes in the recent past.
Those functions can be summarized as followed: (i) astrocytes enable immune cell
extravasation into the CNS via secretion of attracting chemokines. (ii) They act as nonprofessional antigen-presenting-cells (Nair et al. 2008), thus promoting autoimmunity and
infection defense. (iii) They modulate the activity of innate immune cells (i.e. microglia) and
therefore they enhance T-cell activation (Claycomb et al. 2013). Astrocytes react to all forms
of CNS injury and diseases with cellular, molecular, and functional changes mentioned as
reactive astrogliosis. Two distinct types of reactive astrocytes have been investigated: scarforming reactive astrocytes and hypertrophic reactive astrocytes. Scar-forming reactive
astrocytes show a proliferating cell type (Wanner et al. 2013) and they migrate towards areas
of damage. The scar formations are linked with a permanent change of the tissue
architecture (Khakh and Sofroniew 2015). In contrast, hypertrophic reactive astrocytes are
characterized as non-proliferating, resident cells (Burda and Sofroniew 2014; Wanner et al.
2013), which retain their processes within their cellular domains in the grey matter
(Wilhelmsson et al. 2006) and continue interaction with the same cells as they did prior to the
injury (Khakh and Sofroniew 2015). Which role astrocytes play during de- and remyelination
and whether it’s a protective or deleterious one, is still unclear. Both effects have been
proposed (Nair et al. 2008). On one hand astrocytes could promote demyelination via
activation of autoreactive T-cells (Nikcevich et al. 1997; Wong et al. 1984), attraction of Tcells, microglia and macrophages (Calderon et al. 2006; Tanuma et al. 2006; Van Der Voorn
et al. 1999), and release of pro-inflammatory cytokines. On the other hand, they could
suppress demyelination via inhibition of T-cell activation (Gimsa et al. 2004), limitation of
immune cell infiltration, and release of anti-inflammatory cytokines. The same bi-polar pattern
can be seen during remyelination. Astrocytes could delay remyelination via prevention of
OPC maturation (Back et al. 2005), glial scar formation which leads to limited axonal growth,
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and inhibition of axonal regeneration (Fawcett et al. 1989; McKeon et al. 1995). Otherwise,
they could support remyelination via OPC recruitment to the site of demyelination, their
promotion of survival, and advancement of maturation into myelinating oligodendrocytes
(Maysami et al. 2006; Moore et al. 2011; Padovani-Claudio et al. 2006) (reviewed in Nair et
al. 2008) (Fig. 2).

Fig. 2: The dual role of astrocytes during de- and remyelination. Positive and negative effects have been
proposed for de-, as well as remyelinating conditions (reviewed in Nair et al. 2008).

Astrocytes can vary in a spectrum of shapes: quiescent, or reactive, accompanied by cellular
hypertrophy, proliferation and process extension (Claycomb et al. 2013). Further,
neuroinflammation induces two different types of reactive astrocytes, A1 and A2 astrocytes.
Whereas A2 astrocytes were postulated to be protective and able to promote neuronal
survival and tissue repair, A1 astrocytes lose many functions of normal astrocytes. They are
induced by activated microglia, lose the ability to promote neuronal survival and
synaptogenesis, and induce death of neurons and oligodendrocytes. Adaption of astrocytic
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plasticity and new drugs modifying A1 astrocytes could offer an important contribution in the
treatment of neurological diseases and CNS injuries (Liddelow et al. 2017).

3.4

Astrocytic gp130-signalling

The glycoprotein 130 (gp130) is a common signal transducer protein of the interleukin 6 (IL6) cytokine family. The IL-6 cytokine family plays a crucial role in immune response
regulation during MS, since they modulate T-cell development and differentiation, antibody
production, and myelin phagocytosis via microglia. All IL-6 family cytokines: IL-6, Leukemia
inhibitory factor (LIF), Ciliary neurotrophic factor (CNTF), Interleukin 11 (IL-11), Oncostatin M
(OSM), Cardiotrophin-1 (CT-1) bind to gp130 (Heinrich et al. 2003; Janssens et al. 2015).
IL-6 has been associated with an inflammatory response, reactive gliosis but also mediation
of remyelination and neuroprotection (Nair et al. 2008). Astrocytes are the major source for
IL-6 during CNS injury and inflammation (Van Wagoner et al. 1999).
LIF is a neuropoetic cytokine, which enhances cell growth. Further it is essential in myelin
formation and oligodendrocyte survival (Barres et al. 1993; Kerr and Patterson 2005).
Therefore LIF fosters remyelination (Moore et al. 2011).
CNTF promotes neuronal survival during development, in the adulthood, through and post
CNS injury (Yokota et al. 2005). It promotes OPC survival (Albrecht et al. 2007) and serves
as an essential protein positively regulating myelination (Moore et al. 2011).
IL-11 has immunomodulatory and neuroprotective functions (Maheshwari et al. 2013).
Further, it has been suggested to play a regulatory role in oligodendrocyte protection,
survival, and maturation, and therefore in myelin formation, especially in MS lesions
(Maheshwari et al. 2013; Zhang et al. 2006).
OSMs major target cells are astrocytes. Its receptor has only been detected on astrocytes in
the CNS, in contrast to microglia. Therefore the assumption, that OSM alters the functions of
microglia should be reviewed (Hsu et al. 2015).
CT-1 acts as trophic factor for neurons and has hematopoietic, neuronal and differentiation
activities (Pennica et al. 1996; Pennica et al. 1995). The combination of CT-1 and bone
morphogenetic protein 2 (BMP2) leads to astrocyte differentiation from neuroepithelial cells
(Ochiai et al. 2001).
All receptor complexes of the IL-6 cytokine family involve a combination of gp130 and signaltransducing β-receptors (LIFRβ and OSMRβ), or nonsignaling α-receptors (IL-6Rα, IL-11Rα
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and CNTFRα). Whereas the α-receptor subunits first bind their suitable cytokine, which than
binds to a homodimer of the β-receptor subunit, β-receptor depended cytokines are able to
bind the signaling subunit without the need of α receptors. Cytokine binding to their receptors
leads to phosphorylation of several Janus kinases (JAKs). Subsequently, signal transducers
and activators of transcription (STATs) and protein tyrosine phosphatase SHP2 are recruited.
Three major pathways are activated by gp130: JAK/STAT, Ras/MAPK/ERK and PI3K/Akt
(Fischer and Hilfiker-Kleiner 2008). Whereas STATs dimerize and then directly translocate to
the nucleus (JAK/STAT pathway), SHP2 first needs binding of adaptor protein GrB2, which
recruits Ras activated Raf, finally resulting in the activation of the mitogen-activated protein
kinase cascade (MAPK) (Ras/MAPK/ERK pathway). A further pathway activated by the IL-6
cytokine family

is

through

phosphatidylinositide

3-kinase

(PI3K),

leading

to

Akt

phosphorylation (PI3K/Akt pathway) (Ernst and Jenkins 2004; Eulenfeld et al. 2012;
Janssens et al. 2015) (Fig. 3).

Fig. 3: Signalling via the gp130 receptor. After dimerization of gp130, JAK1/2 (Janus kinase- 1/2) are
constitutively bound to the intracytoplasmatic membrane, leading to phosphorylation of tyrosine residues at the
intracellular domain. Subsequently, three signalling cascades, STAT 1/3, MEK/MAPK/ERK, and P13K/Akt are
activated, leading to changes in gene expression (adapted from Fischer and Hilfiker-Kleiner 2008).
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For IL-6 two distinct signalling mechanisms have been investigated: classic and transsignalling (Scheller et al. 2011). Classical signalling involves the binding of IL-6 to its
membrane-bound receptor (Taga et al. 1989), whereas trans-signalling is characterized by
IL-6 binding to a soluble receptor (sIL-6R). Afterwards, this cytokine-receptor complex can
bind to gp130. This is of particular interest, since most neuronal cell types, oligodendrocytes,
astrocytes, and endothelial cells do not express membrane bound IL-6R. Therefore transsignalling allows cells without IL-6R to be targeted by IL-6. Classical signalling is critical for
anti-inflammatory signals, whereas trans-signalling in contrast produces pro-inflammatory
responses. Therefore, selective blocking of trans-IL-6-signalling could provide a promising
therapeutic tool in neuroinflammatory diseases (Rothaug et al. 2016). In conclusion,
members of the IL-6 cytokine family activate target genes acting on survival, growth,
differentiation, proliferation, and apoptosis. Since they signal all via gp130, their biological
functions may be overlapping. The balanced activation of gp130 downstream signalling is
important for healthy physiological functions (Fischer and Hilfiker-Kleiner 2008).
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4.

Aims

The main objective of this thesis was to investigate the role of astrocytes during cuprizoneinduced de- and remyelination. The impact of astrocytes during these processes, apart from
astrogliosis and glial scar formation, is still not fully clarified. Whether protective or
deleterious effects are produced is unclear, and our study was aiming to gain more
knowledge about both sides. To induce de- and remyelination reliably, independently, and
without an involvement of peripheral immune cells, we decided to use the cuprizone model.
Since the mode of action of cuprizone is not fully understood yet, we also draw attention in
the characterization of this model. First, we aimed to assess if cuprizone might be
deactivated by temperature since during preparation of cuprizone containing pellets elevated
temperature is needed. We pretreated the cuprizone powder thermally (60 and 80 °C for 15
min., 105 °C for 30 min., 121 °C for 20 min.) and proceeded our established cuprizone diet
protocol. In addition, in vitro oligodendrocyte-culture experiments with 350 µM cuprizonesolutions were performed, since oligodendrocytes are the major toxic target of cuprizone.
Thereafter,

toxic

effects

of

cuprizone

were

investigated

via

immunohisto-

and

immunocytochemical stainings. Following this toxicological research, we used the cuprizone
mouse model to investigate the impact of gp130 receptors on astrocytes during experimental
de- and remyelination. Therefore, GFAP-Cre+/- gp130fl/fl mice were bred by using the
Cre/LoxP recombination which do not express gp130 receptors on astrocytes. Mouse brain
sections for immunohistochemistry, as well as microdissected brain preparations (corpus
callosum and cortex) for mRNA expression studies were performed. Immunohistochemical
stainings and RT-PCR analysis were accomplished to evaluate the implications on cellular
and mRNA expression levels. Besides the investigation of the ablation of gp130 receptors on
astrocytes during de- and remyelination in general, the heterogeneity of astrocytes between
the corpus callosum and cortex was further considered.

13

14

5.

Manuscript I

Published in Neurotoxicity research 2017 May, Volume 31 (4): 570-577
DOI: 10.1007/s12640-017-9704-2

Investigation of cuprizone inactivation by temperature

Sandra Heckers*,‡, Nadine Held§, Jessica Kronenberg*,‡, Thomas Skripuletz*, Andre Bleich§,
Viktoria Gudi*, 1 and Martin Stangel*, ‡, 1
*

Clinical Neuroimmunology and Neurochemistry, Department of Neurology, Hannover Medical School, Hannover,

Germany.
‡
§

Center for Systems Neuroscience, Hannover, Germany.
Institute for Laboratory Animal Science and Central Animal Facility, Hannover Medical School, Hannover,

Germany.
1

contributed equally

Author`s contributions: M. Stangel, V. Gudi, A. Bleich and S. Heckers designed research. S.
Heckers and N. Held performed heat-inactivation of cuprizone. S. Heckers performed in vivo
experiments, further T. Skripuletz and V.Gudi contributed to data analysis. S. Heckers and J.
Kronenberg performed the in vitro experiments, S. Heckers and V. Gudi analyzed the data.
S. Heckers drafted the manuscript, M. Stangel, V. Gudi and T. Skripuletz provided revision
and support. All authors reviewed, commented on and approved the final manuscript.

15

5.1

ABSTRACT:

Animal models, such as cuprizone- (bis-cyclohexanone oxaldihydrazone) feeding, are helpful
to study experimental de- and remyelination in the context of diseases like multiple sclerosis.
Cuprizone is a copper chelator, which supplemented to the normal food of C57BL/6J mice in
a concentration of 0.2 % leads to oligodendroglial loss, subsequent microglia and astrocyte
activation, resulting in demyelination. Termination of the cuprizone diet results in
remyelination, promoted by newly formed mature oligodendrocytes. The exact mode of
cuprizone`s action is not well understood and information about its inactivation and cleavage
are still not available. The knowledge of these processes could lead to a better
understanding of cuprizone`s mode of action, as well as a safer handling of this toxin. We
therefore performed experiments with the aim to inactivate cuprizone by thermal heating,
since it was suggested in the past that cuprizone is heat sensitive. C57BL/6J mice were fed
for 4 weeks with 0.2 % cuprizone, either thermally pre-treated (60°C, 80°C, 105°C, 121°C) or
not heated. In addition, primary rat oligodendrocytes, as a known selective toxic target of
cuprizone, were incubated with 350 µM cuprizone solutions, which were either thermally pretreated or not. Our results demonstrate that none of the tested thermal pre-treatment
conditions could abrogate or restrict the toxic and demyelinating effects of cuprizone, neither
in vitro nor in vivo. In conclusion, the current study rebuts the hypothesis of cuprizone as a
heat-sensitive compound, as well as the assumption that heat exposure is a reason for an
insufficient demyelination of cuprizone containing pellets.
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6.1

ABSTRACT:

Gp130 is an ubiquitously expressed transmembrane glycoprotein acting as signaltransducing β-receptor for cytokines of the IL-6 cytokine family (IL-6, LIF, CNTF, OSM, IL-11,
CT-1). Astrocytes are the major glial cells of the central nervous system and are, besides
manifold homeostatic functions, strongly involved in different pathological conditions. The
role of gp130 receptors on astrocytes during the course of de- and remyelination is still not
clarified. A better understanding of this receptor in terms of the glial crosstalk, as well as its
impact on astrocytes would possibly offer a therapeutic tool. Astrocytes are able to influence
both, de- and remyelination via secretion of pro-/anti-inflammatory cytokines, immune cell
attraction, and glial-scar formation. In this study, we bred GFAP-Cre+/- gp130fl/fl mice, which
do not express gp130 receptors on astrocytes, to investigate the impact of astrocytic gp130
protein on de- and remyelination in the cuprizone model. Immunohistochemical analysis, as
well as RT-PCR investigations were performed. Our results demonstrate that ablation of
gp130 receptors on astrocytes leads to a loss of astrocytes in the corpus callosum and the
cerebral cortex. This finding is underlined by our RT-PCR results which show a strong
downregulation of GFAP mRNA in GFAP-Cre+/- gp130fl/fl mice. The remyelination of the
corpus callosum was delayed. Further, oligodendrocyte precursor proliferation capacity and
the microglial activation/accumulation were reduced. In addition, IL-6 mRNA expression was
reduced in the corpus callosum and cortex of GFAP-Cre+/- gp130fl/fl mice at different time
points. For CT-1 a reduced mRNA expression was observed at weeks 1 and 3 in the corpus
callosum. Within the cortex, IL-11 was reduced in the untreated GFAP-Cre+/- gp130fl/fl
animals and in week 3 in comparison to the control group. In conclusion, this study indicates
the

importance

of

gp130

receptors

on

astrocytes

for

their

survival

and

activation/accumulation, with consequences on microglia and oligodendrocyte lineage cells.
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6.2

INTRODUCTION

Astrocytes, as the star-shaped major glial cells of the central nervous system (CNS), display
a remarkable heterogeneity in morphology and function (Liddelow and Barres 2015). In the
traditional thought patterns, they were proposed to play essential supportive roles in
homeostasis, synapse formation, neurotransmitter clearance and therefore passive
maintenance for neurons (Khakh and Sofroniew 2015; Liddelow and Barres 2015). But this
view is changing over the last years and the drastic increase in number and complexity of
glial cells in the CNS during the course of evolution and ontogenesis, points to the important
role of astrocytes in cognition and further their possible impact in neurological diseases
(Molofsky et al. 2012). Upon CNS injury or disease, astrocytes respond with reactive
astrogliosis. This dysfunction comprises a wide range of astrocytic changes, from scar
forming to proliferating and migrating astrocytes (Liddelow and Barres 2015; Sofroniew and
Vinters 2010). Astrogliosis is one of the common histopathological hallmarks of multiple
sclerosis (MS), an autoimmune demyelinating disease of the CNS (Petkovic et al. 2016).
Remyelination, as the natural regenerative repair mechanism occurs in MS patients, but is
often incomplete (Patrikios et al. 2006). To study the processes of de- and remyelination
independently, the cuprizone demyelination mouse model is a reliable and robust tool.
Cuprizone (bis-cyclohexanone oxaldihydrazone) is a copper chelator, and induces when
supplemented to normal rodent chow in a concentration of 0.2% (w/w) oligodendroglial loss,
microglia and astrocyte activation, resulting in demyelination. The termination of cuprizone
application results in remyelination (Gudi et al. 2014). The role of astrocytes in this context,
both in MS and cuprizone induced de- and remyelination, is controversially discussed (Nair
et al. 2008). On one hand, an inflammatory and demyelination promoting effect is suggested,
on the other hand a myelination mediating effect has been observed (Moore et al. 2011;
Skripuletz et al. 2013; Williams et al. 2007). The positive or negative influence of astrocytes
on de- and remyelination are likely mediated via small signalling proteins, like cytokines.
These play an important role in communication within multicellular organism: regulating
survival, growth, differentiation and effector functions of cells (Heinrich et al. 1998). An
essential role in regard to regulation of immune responses in MS, plays the interleukin- (IL) 6
cytokine family. IL-6, LIF, OSM and IL-11 are produced and upregulated in lesions of MS
patients (Janssens et al. 2015; Maimone et al. 1997; Ruprecht et al. 2001; Vanderlocht et al.
2006; Zhang et al. 2006). All members of the IL-6 cytokine family: IL-6, Leukemia Inhibitory
Factor (LIF), Ciliary Neurotrophic Factor (CNTF), Oncostatin M (OSM), IL-11 and
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Cardiotrophin-1 (CT-1), signal via the ubiquitously expressed glycoprotein 130 (gp 130), a
common signal-transducing β-receptor protein (Heinrich et al. 2003; Janssens et al. 2015;
Yoshida et al. 1996). Upon its activation, the JAK/STAT or RAS/MARK (mitogen-activated
proteinkinase) signalling-cascade is induced resulting in downstream signals (Van Wagoner
et al. 1999) such as the transcription of respective target genes, which in turn stimulate or
repress different essential cell processes (Heinrich et al. 1998). An ablation of gp130
receptors on astrocytes leads to more severe experimental autoimmune encephalomyelitis
(EAE) (Haroon et al. 2011), which is also a common model to study the pathogenesis of MS.
Further, the immunoregulatory functions of astrocytes without gp130 receptors are disturbed
(Drogemuller et al. 2008). Therefore, the influence of gp130 receptors during inflammatory
and demyelinating conditions seems to be immense. Since astrocytes are one of the main
producers of chemokines and cytokines during MS (Correale and Farez 2015; Dong and
Benveniste 2001), there is a growing interest to understand their particular role in de- and
remyelination processes. Further, the myelination mediating properties of astrocytes are a
possible and promising therapeutic target.
Thus, the present study aims to clarify the particular role of gp130 signalling in astrocytes
during de- and remyelination to give new insights into the manifold functions of astrocytes.
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6.3

MATERIALS AND METHODS

Animal treatment and Cre-loxP
Mice were bred and maintained in the Central Animal Facility of Hannover Medical School
(MHH), received food and water ad libitum, and underwent routine cage maintenance once a
week. All animal procedures occurred in compliance with the international guidelines on
animal care in experimentation and were further approved by the review board for the care of
animal subjects of the district government (Lower Saxony, Germany) (AZ 12/0866).
C57BL/6 gp130fl/fl mice were crossed with C57BL/6 human glial fibrillary acid protein (GFAP)Cre transgenic mice to create gp130fl/fl GFAP-Cre+/- mice. The groups were maintained by
breeding of gp130fl/fl GFAP-Cre+/- mice with gp130fl/fl mice. Genotyping of the progeny was
performed via PCR of tail-DNA, using primers for GFAP-Cre (Haroon et al. 2011). Sibling
male mice (age 8 weeks) were used in all experiments, in which progeny with crerecombinase were termed as “knock-out” (KO) animals and mice without cre-recombinase as
“wild-type” (WT) control animals.
Cuprizone (biscyclohexanone oxaldihydrazone, Sigma-Aldrich, Germany) powder was mixed
into ground standard chow in a concentration of 0.2 % and the diet was maintained for 5
weeks. Afterwards, the animals received standard chow to enable remyelination (Gudi et al.
2014). At nine time points (0 = untreated controls, 1, 2, 3, 4, 5, 5+0.5, 5+1, and 5+2 weeks)
mice were sacrificed (Fig. 1). Each group (KO and WT) was composed of 5 animals. As
control group, age-matched KO and WT animals without cuprizone-treatment were prepared
as well.

Immunohistochemistry
The animals were anesthetized and perfused via the left cardiac ventricle with 4 %
paraformaldehyde (PFA) solution. Afterwards, the brains were removed and embedded in
paraffin. 7 µm slices were de-waxed, rehydrated and boiled in 10 nM citrate buffer.
Subsequent sections were treated with H2O2 and blocked with 3 % normal goat serum in
PBS containing 0.1 % triton X-100. Primary antibodies against myelin basic protein (MBP;
Covance),

proteolipid protein (PLP;

Serotec),

adenomatous

polyposis

coli (APC;

Calbochem), Ricinus communis agglutinin-1 (RCA-1; Vector laboratories), and Ionized
calcium binding adaptor molecule 1 (Iba-1; Wako) were applied over night at 4°C (Skripuletz
et al. 2015; Tejedor et al. 2015). To characterize astrocytes, antibodies against diverse
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markers encompassing glial fibrillary acidic protein (GFAP; Dako), calcium binding protein B
(S100B; Abcam) and aldehyde dehydrogenase (ALDH; Abcam) were used. After overnight
incubation at 4°C, biotinylated anti-mouse / anti-rabbit IgG (H+L) secondary antibodies
(1:500, Vector Laboratories) were incubated for 1 h followed by peroxidase-coupled avidinbiotin complex (ABC Kit, Vector Laboratories). Diamino-3, 3`bezidine (DAB, Vector
Laboratories) was used to detect reactivity. Apart from myelin staining, haemalaun costaining was used to visualize the nuclei.
For immunofluorescence double-staining, no H2O2 treatment was required and the serum
concentration within the blocking solution was 10 %. After incubation with the primary
antibodies for OLIG-2 (Millipore) and KI-67 (BD Bioscience) overnight, slices were washed
and incubated with secondary antibodies Alexa Fluor goat anti-rabbit 488 and Alexa Fluor
goat anti-mouse 555 (1:500, Invitrogen) for 1 h at room temperature. Afterwards, the sections
were mounted with Mowiol (Calbiochem) containing 4’6-diamidino-2-phenylindole (DAPI;
Invitrogen) to visualize nuclei.
Estimation of the demyelination level was performed via scoring. Thereby the corpus
callosum was scored from 0 (complete demyelination) to 3 (normal myelin). For the cortex, a
scoring from 0 (complete demyelination) to 4 (intact myelin) was performed (Lindner et al.
2008; Skripuletz et al. 2008). The scoring was performed by three blinded investigators
independently. Afterwards the mean was calculated.
To evaluate glial cell reactions, immunpositive cells were counted in the central corpus
callosum and in a defined area of the cerebral cortex. Subsequently the cell number per mm2
was calculated.

RNA isolation and real-time quantitative RT-PCR
The corpus callosum and cortex were dissected from whole brains under a light microscope.
Afterwards the RNeasy®Mini Kit (Qiagen, Germany) was used to extract RNA. The RNA
concentration was measured with NanoDrop 2000c (Thermo Fisher Scientific, USA) and
cDNA was prepared by using High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, USA). Realtime quantitative analysis was performed with StepOne™ Real-Time
PCR System and TaqMan assays (Applied Biosystems, USA). The gene expression of IL-6,
IL-11, OSM, LIF, CNTF, CT-1, GFAP, CCL2 and CXCL10 (Tab. 1) were investigated in the
corpus callosum and cortex at five time points (week 0, 1, 3, 5 and 5+1). Differences in the
gene expression between KO and WT animals were analyzed with the ΔΔCt method. The
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probes were normalized to Hypoxanthin Phosphoribosyltransferase (HPRT). Further,
Glycerinaldehyd-3-phosphat-Dehydrogenase (GAPDH) was used as a second reference
gene.

Statistical analysis
For statistical analysis, GraphPad Prism was used (GraphPad Software, San Diego,
California, USA). Differences between the KO and WT groups were analysed by MannWhitney test. All data are presented as means ± SEM. Significance level was set as p < 0.05.
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6.4

RESULTS

Characterization of gp130fl/fl GFAP-Cre+/- mice
To receive animals with a conditional knock-out of gp130 receptors on astrocytes, parental
animals carrying 2 floxed gp130 alleles (gp130fl/fl) were mated to transgenic animals
expressing the cre-recombinase under the astrocyte-specific GFAP-promotor (GFAP-Cretg/-).
In progeny expressing the cre-recombinase the floxed gp130 alleles become deleted, leading
to an astrocyte-specific knock-out of the gp130 receptor (GFAP-Cre+/- gp130fl/fl; KO). Non-Cre
transgenic littermates carry functional gp130 floxed allels in all cells (gp130fl/fl; WT) and are
used as controls. WT and KO animals were born corresponding to mendelian inheritance
ratios, displayed inconspicuous phenotype and survived into adulthood (Fig. 2).

Ablation of gp130 receptors on astrocytes leads to a delayed remyelination of the
corpus callosum
To investigate the influence of gp130 in cuprizone-induced de- and remyelination
immunohistochemical staining for myelin basic protein (MBP) and proteolipid protein (PLP)
was performed. The analysis of MBP in the corpus callosum revealed no significant
differences between both genotypes during the course of demyelination, whereas an
immunohistochemical analysis of PLP showed a stronger demyelination of KO animals at
week 4. Furthermore, remyelination within the corpus callosum of the KO animals at weeks
5+0.5 and 5+1 (p < 0.05 for both MBP and PLP) was delayed. Investigations of the cortex
showed a more severe PLP lost at week 5 (p < 0.01), whereas only at week 5+2 a reduced
remyelination in the KO animals was seen (p < 0.05) by MBP staining (Fig. 3).

Deletion of gp130 receptors on astrocytes results in less oligodendroglial cells and a
reduced proliferation rate
Since mature oligodendrocytes are the major toxic target of cuprizone (Benardais et al. 2013;
Heckers et al. 2017) APC staining was performed to investigate if ablation of gp130
receptors on astrocytes influences oligodendroglial reaction during de- and remyelination. In
the corpus callosum of KO animals significantly less oligodendrocytes were seen at weeks 3
(p < 0.05) and 5 (p < 0.05). Further, significantly less APC+ cells were observed during
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remyelination at weeks 5+0.5 (p < 0.05) and 5+1 (p < 0.01). Within the cortex, APC staining
revealed a decreased number of oligodendrocytes in the KO animals during remyelination at
week 5+2 (p < 0.05). To further investigate the immature and proliferating oligodendrocytes,
OLIG-2/KI-67 double staining was performed. The evaluation of OLIG-2 single positive cells
showed significantly less OLIG-2 positive cells at weeks 5 (p < 0.05), 5+1 (p < 0.01), and 5+2
(p < 0.05). Within the cortex, no significant changes of OLIG-2 positive cells were observed.
The proliferation status, as estimated via OLIG-2/KI-67 double positive cells, showed a
significantly decreased proliferation rate in the corpus callosum of KO animals at weeks 3
and 4 (p < 0.05). Evaluation of the cortex revealed decreased proliferation at weeks 4 and
5+1 (p < 0.05) (Fig. 4).

Microglial activation is dampened after ablation of gp130 receptors on astrocytes
To investigate if the microglial reactions are affected by the ablation of astrocytic gp130,
immunohistochemical staining for Iba-1 (all microglial cells) and RCA-1 (activated microglia)
was performed. As compared to the WT mice, less Iba-1+ cell numbers were found within the
corpus callosum of KO animals at week 5 (p < 0.05) of cuprizone feeding. Within the cortex
less Iba-1+ cells in the KO group were observed at week 3 (p < 0.05), whereas at week 5+0.5
even an increased number of Iba-1+ cells was seen in the KO animals (both p < 0.05). The
investigation of activated microglia via staining of RCA-1 revealed no significance, but a
trend for lower numbers of RCA-1 positive cells at weeks 4 (p = 0.0635) and 5 (p = 0.0571) in
the corpus callosum of KO animals. Within the cortex, no significant differences were
observed analysing RCA staining (Fig. 5).

Loss of astrocytes in KO animals
To investigate the astrocytic reactions after ablation of gp130 receptors, different astrocytic
markers, GFAP, S100B, and ALDH, were investigated. GFAP staining of the corpus
callosum showed a reduction of GFAP positive cells during demyelination (weeks 1, 3 and 4
p < 0.01; week 5 p < 0.05), and during remyelination (weeks 5+0.5 and 5+1 p < 0.01). In the
cortex, GFAP staining revealed a drastic decrease of astrocytes at almost all time points
(controls, weeks 2, 4, 5, 5+0.5 and 7 p < 0.05; weeks 1 and 3 p < 0.01). The evaluation of
S100B staining showed a significant reduction of astrocytes at several time points (weeks 3
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and 5+0.5 p < 0.05; weeks 2, 4 and 5+2 p < 0.01) in the corpus callosum and cerebral cortex
(week 4 p < 0.05; weeks 2, 3, 5, 5+0.5 and 5+2 p < 0.01) (Fig. 6). Staining for ALDH showed
a significant decrease during demyelination (control, week 3 and 4 p < 0.01; week 5 p <
0.05), and remyelination (week 5+0.5 p < 0.01, week 7 p < 0.05) in the corpus callosum.
Within the cortex a decrease of ALDH positive cells was observed (controls, weeks 4, 5+0.5
and 5+2 p < 0.05; weeks 3 and 5 p < 0.01) (data not shown).Taken together, all three tested
marker showed a pronounced reduction of astrocytes in the KO animals. The biggest
differences in the number of astrocytes was detected at weeks 3 and 5. Further, evaluation
of the proliferation status via GFAP/KI-67 double staining revealed a reduced proliferation
rate of astrocytes in the corpus callosum of KO animals at weeks 3 and 4 (p < 0.01).(data not
shown).

KO animals express reduced levels of IL-6, LIF, CT-1 and GFAP mRNA
To investigate the influence of ablated gp130 receptors on mRNA expression, RT-PCRs
were performed. The ligands of gp130 receptors, IL-6, LIF, CT-1, CNTF, IL-11, OSM, as well
as GFAP, CCL2 and CXCL10 were investigated. IL-6, LIF and CT-1 revealed significant
differences between KO and WT animals in the corpus callosum. The expression IL-6 and
CT-1 mRNA was decreased at week 1 (p < 0.05). Further, CT-1`s fold change was also
reduced in week 3 (p < 0.05). For LIF, a reduction of mRNA expression was measured in KO
animals without cuprizone treatment as compared to the WT controls (p < 0.05). No
significant changes were observed for CNTF. Within the cortex, IL-6 showed a reduced
expression at week 5 (p < 0.05). IL-11`s fold change was reduced at week 3 and in KO
animals without cuprizone treatment (p < 0.05). For OSM no significant changes were
observed. Evaluation of mRNA expression for GFAP revealed a significant downregulation in
the corpus callosum at week 1 and 3 (p < 0.05). Within the cortex, a downregulation of GFAP
between the controls and at week 1 and 3 was observed (p < 0.05). For CCL2 and CXCL10
no significant changes were observed (Fig. 7).
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6.5

DISCUSSION

The present study aimed to identify the role of gp130 receptors on astrocytes during de- and
remyelination. Gp130 is a ubiquitously expressed signal-transducing β-receptor glycoprotein
for members of the IL-6 cytokine family (Heinrich et al. 2003), which plays an essential
immune-regulating role in MS (Janssens et al. 2015). Since gp130 gene expression of
astrocytes has been shown to be crucial for the survival of astrocytes and their ability to
develop astrogliosis, an indirect regulatory role for gp130 in autoimmune disorders has been
suggested (Haroon et al. 2011). Therefore, its ablation was hypothesized to have a great
impact on cuprizone-induced de- and remyelination.
At first, we investigated the impact of astrocytic gp130 ablation on de- and remyelination.
Immunohistochemical stainings for the myelin proteins MBP and PLP revealed a delayed
remyelination in the corpus callosum, whereas demyelination was almost unaffected. In
contrast, GFAP-Cre gp130fl/fl mice which have been immunized to trigger EAE, displayed
significantly larger demyelination areas and a clinically more severe EAE (Haroon et al.
2011). Since EAE requires the involvement of peripheral immune cells and the disruption of
the BBB, which does not occur in the cuprizone model, a T-cell - astrocyte interaction could
lead to the stronger demyelination in KO animals. Astrocytes communicate via
cytokine/chemokine secretion and recognition with other glial cells, including microglia and
oligodendrocytes. It was shown that astrocytes recruit microglia to phagocytose myelin
debris (Skripuletz et al. 2013). In the present study reduced numbers of activated microglial
cells were found in the corpus callosum of KO animals during acute demyelination (week 35). Nevertheless, some compensatory mechanisms seem to take place, since a complete
demyelination occurred in KO animals, which requires phagocytotic microglia. Depletion of
microglia has been shown to affect OPCs behaviour and thereby remyelination properties
(Kotter et al. 2005). The evaluation of oligodendrocytes and OPCs showed a reduction in cell
number in the corpus callosum of KO mice during acute de- and remyelination. Moreover,
double staining for OLIG-2 and KI-67 revealed them to be less proliferative. Thus, gp130
ablation

on

astrocytes

did

not

only

influence

microglia

accumulation,

but

also

oligodendrocyte precursor proliferation. Similar results were observed in GFAP-IL6Tg mice,
which display an astrocyte targeted production of IL-6. In this case, oligodendrocyte
differentiation was impaired too (Petkovic et al. 2016). Accordingly, oligodendrocyte
behaviour may be affected by astrocytic gp130/IL-6 signalling. In general, astrocytes
themselves have been shown to influence oligodendrocyte actions, since total ablation of
reactive astrocytes led to a declined regeneration/proliferation of oligodendrocytes
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(Skripuletz et al. 2013) probably due to different growth factors. Together, those cellular
processes may explain the observed delayed remyelination in the corpus callosum of
astrocytic gp130 KO animals. The reduced microglia accumulation and activation may lead
to an insufficient production of crucial chemokines and growth factors, thus inhibiting
proliferation of OPCs and generation of oligodendrocytes. Therefore, a decreased myelin
synthesis capability may appear. Different astrocytic markers (GFAP, S100B and ALDH)
were used to investigate the influence of gp130 receptor on astrocytic behaviour. As
revealed by immunohistochemical stainings, a clear loss of astrocytes in the corpus callosum
of KO animals was observed at nearly all time points. This effect was even more prominent
in the cortex of cuprizone treated KO mice, arguing for spatial diversity among astroglial
populations. A significant astrocyte loss has also been observed in gp130fl/flGFAP-Cre+/- mice
immunized to trigger EAE (Haroon et al. 2011). Moreover, the same transgenic mice infected
with toxoplasma gondii inducing toxoplasma encephalitis (TE) showed a loss of GFAP+
astrocytes in inflammatory lesion (Drogemuller et al. 2008). Therefore, astrocyte loss is a
common feature of these transgenic animals independent from the disease model used. This
strongly indicates the need of gp130 receptors for astrocyte survival and activation capability.
The diminished activation capability is further underlined by a reduced number of GFAP/KI67 double-positive cells during acute demyelination (weeks 3 and 4), showing the reduced
proliferation activity of astrocytes lacking gp130 receptors in the present study. Thus,
astrocytic gp130 receptors are essential for astrocyte survival and activation during
inflammatory and demyelinating conditions. The ability of astrocytes to develop astrogliosis
during inflammation can be protective as well as hindering. On one hand, glial scar formation
limits axonal outgrowth. On the other hand it restricts the area of inflammation (Nair et al.
2008). Therefore a possibility to control and influence astrogliosis would offer a promising
therapeutic tool.
To gain more insight in the molecular processes in astrocytic gp130 KO mice during de- and
remyelination, we additionally performed RT-PCR analysis. The evaluation of GFAP mRNA
expression confirms the loss of GFAP positive cells (Drogemuller et al. 2008; Haroon et al.
2011) and our histological results. Further, we focused on the ligands of the gp130 receptor
(IL-6, LIF, OSM, CNTF, IL-11 and CT-1). During EAE, IL-6, LIF and OSM have been shown
to be markedly upregulated (Haroon et al. 2011). KO animals under cuprizone treatment
showed a significant decrease of IL-6 expression in the corpus callosum at week 1 and in the
cortex at week 5 compared to cuprizone treated WT mice. Therefore, the missing gp130
receptors on astrocytes seem not only to prevent signalling via this receptor, but further
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conducting to a downregulation of IL-6 expression in general possibly via an autocrine loop.
Analysis of OSM expression did not reveal significant differences between both genotypes.
However, OSM mRNA was upregulated during the course of demyelination with the peak of
its expression at week 5, corresponding to the time point of complete demyelination and the
maximum of microglia accumulation/activation. Microglia may affect astrocyte functions via
OSM since its specific receptor is only expressed on astrocytes (Hsu et al. 2015). IL-11
together with CNTF and LIF have been identified as oligodendrocyte survival factors (Barres
et al. 1993; Louis et al. 1993; Zhang et al. 2006). LIF has been reported to be upregulated in
EAE and during cuprizone treatment of C57BL/6 mice (Gudi et al. 2011). In the current study,
the expression of LIF mRNA showed similarity between WT and KO cuprizone challenged
mice, although initially the KO mice without cuprizone treatment possessed a significantly
decreased mRNA expression of LIF in the white matter as compared to the untreated WT
mice. Similarly, IL-11 mRNA expression was also reduced in KO mice without cuprizone
treatment in comparison to the WT mice. This effect remained during the whole course of
cuprizone intoxication; however, the IL-11 mRNA expression did not really become
upregulated. In IL-11Rα-/- mice focal demyelinating lesions induced via lysolecithin injection
were larger and the remyelination was delayed (Zhang et al. 2011). We observed this
delayed remyelination in our KO mice as well. CT-1 expression was not upregulated during
EAE (Haroon et al. 2011), but during TE infection (Drogemuller et al. 2008). In our case, CT1 mRNA expression of KO mice stayed almost on the same level as in the control mice
whereas it was slightly increased during the cuprizone course in WT animals arguing for the
potential importance of this cytokine not only during viral infections but also for
demyelination. Further, we also investigated the expression CCL2 and CXCL10 mRNA,
since these factors are known to be important for the attraction and activation of microglia
(Skripuletz et al. 2013; Tanuma et al. 2006). CXCL10 and CCL2 are predominantly produced
by reactive astrocytes (Tanuma et al. 2006). CXCL10 expression was markedly upregulated
in GFAP-IL6Tg mice, which display an astrocyte-targeted IL-6 production (Petkovic et al.
2016). In our previous study, a total ablation of reactive astrocytes resulted in a significant
decrease of CXCL10 expression after 3 weeks of cuprizone feeding (Skripuletz et al. 2013).
In the present study, mRNA expression of CXCL10 was diminished in the corpus callosum of
cuprizone treated KO mice, however, it failed to be significant. This reduction of CXCL10
may partially explain the decreased amount of microglia in the inflamed corpus callosum of
KO mice in our study. CCL2 mRNA expression was shown not to be affected neither by
astrocytic IL-6 overexpression in GFAP-IL6Tg mice (Petkovic et al. 2016), nor due to the
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prominent astrocytic loss in GFAP-thymidine kinase transgenic mice (Skripuletz et al 2013).
Hence, the inflammatory CCL2 cytokine seems to be independent from gp130/IL-6 signalling.
In our case, we observed even a pronounced but not significant upregulation of this cytokine
in the corpus callosum of KO mice. An adjusted molecular signalling environment could
compensate for parts of the disturbed glial communication. Taken together, the diminished
expression of the IL-6 family cytokines reflects the reduced astrocyte activation in the KO
animals.
In this study, whole tissue samplings were used for evaluation. However, not all cytokines
are exclusively produced by astrocytes, but as well by microglia. Thus, further investigations
of cytokine production by astrocytes lacking gp130 receptors and microglia would allow
elucidating whether the measured differences are produced by astrocytes or microglia.
Taken together, the results of this study demonstrate the importance of gp130 receptors on
astrocytes for their survival and activation. Possibilities to influence astrocyte behaviour
would offer a promising therapeutic tool. Moreover manipulation of IL-6/gp130 signalling via
sgp130Fc protein e.g. which inhibits IL-6 trans-signalling without affecting the classical antiinflammatory IL-6 signalling, offers a great possibility in the treatment of inflammatory
conditions (Rose-John 2017). Furthermore, downstream targeting of IL-6 signalling via
JAK1/2 inhibitors, such as AZD1480 has shown therapeutic efficacy in EAE (Liu et al. 2014).
Therefore, promotion of astrocyte potential to support remyelination, while the demyelination
fostering abilities of astrocytes would be suppressed, and modification of gp130 signalling
could depict an important contribution in remyelination therapies.
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6.6

FIGURES

Tab. 1: TaqMan® Gene Expression Assays used to investigate mRNA expression of different genes

Fig. 1: Cuprizone treatment. The animals received 0.2% cuprizone for 5 weeks. Afterwards, they received
normal food to enable remyelination for another 2 weeks. At each time point (0, 1, 2, 3, 4, 5, 5+0.5, 5+1 and 5+2
weeks), animals were sacrificed for histological and RT-PCR
RT
analysis.
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fl/fl

tg/
tg/-

Fig. 2: Mouse breeding. C57BL/6 gp130 mice were crossed with C57BL/6 GFAP-Cre mice to create GFAP+/fl/fl
+/fl/fl
fl/fl
Cre gp130 mice. The groups were maintained by breeding GFAP-Cre
GFAP
gp130 mice with gp130 mice.
+/
fl/fl y<
-/fl/fl
GFAP-Cre gp130
animals were termed as "knock-out" (KO), GFAP-Cre gp130 animals as "wild-type"
(WT).
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Fig. 3: Impact of the ablation of gp130 receptors on de- and remyelination. Animals received 0.2% cuprizone
for 5 weeks. Afterwards they received normal chow again. Aged-matched control groups did not receive
cuprizone. (A) Quantification of MBP content at different time points in the corpus callosum. (A1)
Immunohistochemical staining of MBP in the corpus callosum. (B) Quantification of PLP content at different time
points in the corpus callosum. (C) Quantification of MBP content at different time points in the cortex. (D)
Quantification of PLP content at different time points in the cortex. Data represent mean ± SEM (n = 4-5).
Significant differences in comparison to the wild type group are indicated by asterisks (*). *p < 0.05; **p < 0.01.
Scale bar 50 µm.
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Fig. 4: Impact of gp130 ablation on microglial reactions. Animals received 0.2% cuprizone for 5 weeks.
Afterwards they received normal chow again. Aged-matched control groups did not receive cuprizone. (A)
+
+
Quantification of Iba-1 cells at different time points in the corpus callosum. (B) Quantification of Iba-1 cells at
+
different time points in the cortex. (C) Quantification of RCA-1 cells at different time points in the corpus
+
callosum. (D) Quantification of RCA-1 cells at different time points in the cortex. Data represent mean ± SEM (n
= 4-5). Significant differences in comparison to the wild type group are indicated by asterisks (*). *p < 0.05.
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Fig. 5: Impact of gp130 ablation on oligodendroglial reactions. Animals received 0.2% cuprizone for 5 weeks.
Afterwards they received normal chow again. Aged-matched control groups did not receive cuprizone. (A)
+
+
Quantification of APC cells at different time points in the corpus callosum. (B) Quantification of APC cells at
+
different time points in the cortex. (C) Quantification of OLIG-2 cells at different time points in the corpus
+
+
callosum. (D) Quantification of OLIG-2 cells at different time points in the cortex. (E) Quantification of OLIG-2 /KI+
67 cells at different time points in the corpus callosum. (E1) Immunofluorescence staining of OLIG-2/KI-67 in the
corpus callosum of knock out and wild type animals without and after 3 and 5+1 weeks of cuprizone feeding. (F)
+
+
Quantification of OLIG-2 /KI-67 cells at different time points in the cortex. Data represent mean ± SEM (n = 4-5).
Significant differences in comparison to the wild type group are indicated by asterisks (*). *p < 0.05; **p < 0.01.
Scale bar 50 µm.
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Fig. 6: Impact of gp130 ablation on astroglial reactions. Animals received 0.2% cuprizone for 5 weeks.
Afterwards they received normal chow again. Aged-matched control groups did not receive cuprizone. (A)
+
+
Quantification of GFAP cells at different time points in the corpus callosum. (B) Quantification of GFAP cells at
different time points in the cortex. (B1) Immunohistochemical staining of GFAP in the cortex of knock out and wild
+
type animals after 3 weeks of cuprizone feeding. (C) Quantification of S100B cells at different time points in the
+
corpus callosum. (D) Quantification of S100B cells at different time points in the cortex. (D1)
Immunohistochemical staining of S100B in the cortex of knock out and wild type animals. Data represent mean ±
SEM (n = 4-5). Significant differences in comparison to the wild type group are indicated by asterisks (*). *p <
0.05; **p < 0.01. Scale bar 20 µm.
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Fig. 7: Influence of astrocytic gp130 receptor ablation on the expression of different cytokines. (A) mRNA
expression of IL-6 in the corpus callosum and cortex. (B) mRNA expression of LIF in the corpus callosum and
cortex. (C) mRNA expression of OSM in the corpus callosum and cortex. (D) mRNA expression of CNTF in the
corpus callosum and cortex. (E) mRNA expression of CT-1 in the corpus callosum and cortex. (F) mRNA
expression of IL-11 in the corpus callosum and cortex. (G) mRNA expression of GFAP in the corpus callosum and
cortex. (H) mRNA expression of CCL2 in the corpus callosum and cortex. (I) mRNA expression of CXCL10 in the
corpus callosum and cortex. Significant differences in comparison to the wild type group are indicated by asterisks
(*). *p < 0.05.
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7.

Comprehensive discussion

Several animal models are available to study the processes of de- and remyelination in the
context of neurological diseases such as MS. However, each experimental model mimics
different aspects of the disease. One model to study de- and remyelination independently
and without the influence of peripheral immune cells is the cuprizone model. The absence of
peripheral immune cells in the CNS and the preservation of an intact blood-brain-barrier
(BBB) are the biggest advantages and disadvantages of this model at the same time. Since
MS is an autoimmune disorder (Loma and Heyman 2011), the independency of T- and Bcells leads to a limited relevance of the cuprizone model for MS and further restricts its use in
the evaluation of immunomodulating drugs (Gudi et al. 2014). Although it is clearly
characterized that intoxication with cuprizone leads to robust and reliable demyelination of
the brain, cuprizone`s mode of action still remains unclear. Further, it has been described
that application via pellets, instead of cuprizone powder added to grounded chow, results not
always in sufficient demyelination (own unpublished data and Hagemeyer et al. 2012).
Application of cuprizone via drinking water is possible and results in similar de- and
remyelination behavior (Khodanovich et al. 2017). Otherwise, a necessary intake of
cuprizone via skin and inhalation of cuprizone-containing powdered chow has been
discussed (Hagemeyer et al. 2012). Therefore, the application form of this toxin is a critical
issue and should be carefully reviewed before planning cuprizone experiments. Moreover,
metabolic procession of different cuprizone derivatives could also be necessary to produce
the known demyelination effect. Since the problematic and insufficient demyelination
behavior of cuprizone packed into pellets was observed, cuprizone was hypothesized as a
physically unstable and heat-sensitive chemical compound (Groebe et al. 2009; Gudi et al.
2014). To investigate this assumption and to identify cuprizone`s cleavage temperature
resulting in its inactivation, we performed the first study of this thesis.
For the purpose to test the hypothetical heat-sensitive properties of cuprizone, we decided to
evaluate thermal treatment protocols usually applied by standard washing and autoclave
procedures. First, we confirmed mature oligodendrocytes as major toxic target of cuprizone,
as already shown in a previous study (Benardais et al. 2013). Therefore, we used primary rat
oligodendrocytes. While mature oligodendrocytes died after 24 h of incubation with
cuprizone, OPCs remained unaffected. The reason for this specific susceptibility is not clear.
It has been suggested, that the high energy consumption during myelin synthesis in maturing
animals may be a reason for the specific sensitivity of mature oligodendrocytes to cuprizone
(Doucette et al. 2010). Regarding the hypothesized heat-sensitive properties of cuprizone,
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none of the tested temperatures chosen in our study (0°C, 60°C, 80°C, 105°C, 121°C) was
able to abrogate the toxic effect in this in vitro approach. To verify this heating-independent
toxic behavior of cuprizone, further in vivo experiments with young male C57BL/6 mice were
performed. Application of 0.2% cuprizone, either thermally pre-treated or not, resulted in
robust and reliable demyelination of the corpus callosum. Additional examinations of the glial
reactions did not reveal differences between thermally pre-treated or untreated cuprizone
probes. The results of the immunohistochemical investigations are in line with our previous
studies and the literature (Kipp et al. 2009; Matsushima and Morell 2001; Skripuletz et al.
2011). In conclusion, we could show that cuprizone`s neurotoxicity is not limited by heat
exposure, at least not by the temperature chosen in our study. For that reason, an insufficient
demyelinating effect of cuprizone packed into pellets, can no longer be argued by thermal
inactivation. Nevertheless, there are still several open questions regarding cuprizone`s mode
of action, fostered by controversial observations. Additional application of copper during the
cuprizone diet, for example, was not able to reverse the pathological impact of cuprizone
(Carlton 1967). Concluding this first study, our data prove cuprizone`s specific toxicity to
mature oligodendrocytes and its well-known demyelinating effect in vivo, not being restricted
by heat exposure. Further, no change within the activation of astrocytes was observed after
thermal pretreatment of cuprizone.

After this first toxic study, aiming to further characterize and understand the cuprizone model,
we applied the cuprizone model to investigate the role of gp130 receptors on astrocytes
during de- and remyelination. The participation of astrocytes in the processes of de- and
remyelination are controversially discussed in the current literature. Protective, as well as
deleterious effects have been investigated. Thus, astrocytes could foster or limit de- and
remyelination (all reviewed in Nair et al. 2008). The contribution of astrocytes to BBB
formation and maintenance via endfeet processes covering 90% of the cerebral vasculature
(Lundgaard et al. 2014), points to their potential (either protective or detrimental) in
neurological diseases. Moreover, astrocytes act as producers of chemokines in MS,
perpetuating demyelination (Correale and Farez 2015; Dong and Benveniste 2001). Specific
receptors are necessary for the recognition of chemokines and cytokines. The IL-6 cytokine
family plays an essential immune-regulating role in MS (Janssens et al. 2015). All members
of this family can interact with the ubiquitously expressed gp130 transmembrane β-receptor
(Heinrich et al. 2003; Janssens et al. 2015; Yoshida et al. 1996). The blockade of IL-6 family
cytokines via receptor blocking have been shown to be beneficial in autoimmune diseases
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(Rose-John 2017). Especially IL-6 itself displays a great potential for therapeutic intervention
since it generates pro- or anti-inflammatory signalling via two distinct mechanisms. The proinflammatory trans-signalling, and the anti-inflammatory classical-signalling. Usage of
sgp130Fc protein which inhibits IL-6 trans-signalling without affecting the classical antiinflammatory IL-6 signalling offers an advanced therapeutic intervention in inflammatory
conditions (Rose-John 2017). Gp130 is expressed on all cells of the body, whereas the IL-6R
is mainly expressed on epithelial cells, hepatocytes, and some leukocytes (Scheller et al.
2011). IL-6R is cleaved by the ADAM17 enzyme which has been shown to be strongly
enhanced in a local inflammation model resulting in increased sIL-6R levels (Chalaris et al.
2007). The protein sgp130Fc binds complexes of sIL-6R and IL-6, but does not accumulate
with soluble IL-6R or IL-6 alone (Jostock et al. 2001). Therefore, it selectively suppresses
pro-inflammatory IL-6 trans-signalling. Further, IL-6 signalling can be targeted via JAK
inhibitors (Janssens et al. 2015). All cytokines signalling via gp130 can activate the
JAK/STAT pathway. Inhibition of JAK1/2 by AZD1480 has shown therapeutic efficacy in
EAE. Hereby immune cells are prevented from entering into the brain, T-cell differentiation is
inhibited, myeloid cells are deactivated, STAT activation is inhibited, and the expression of
pro-inflammatory cytokines and chemokines is reduced (Liu et al. 2014). Thus, IL-6/gp130
signalling is of great interest in therapeutic strategies. Consequently, we decided to
investigate the influence of gp130 receptors on astrocytes during de- and remyelination in
the second study of this thesis.
By using the Cre/LoxP recombination, GFAP-Cre+/- gp130fl/fl mice were bred, which do not
express gp130 receptors on astrocytes. Those animals and their GFAP-Cre-/- gp130fl/fl
littermates were subjected to our established cuprizone diet for five weeks plus two weeks of
remyelination. At eight time points (0, 1, 2, 3, 4, 5, 5+0.5, 5+1, and 5+2) animals were
sacrificed for immunohistochemical and RT-PCR analysis. At first, we investigated the impact
of gp130 ablation on de- and remyelination. Immunohistochemical staining revealed a
delayed remyelination in the corpus callosum, whereas the extent of demyelination was
almost unaffected. The evaluation of oligodendrocytes and OPCs of cuprizone challenged
GFAP-Cre+/- gp130fl/fl mice showed a reduction in cell number of OPCs during acute
demyelination compared to the GFAP-Cre-/- gp130fl/fl controls. A decreased microglial
activation/accumulation was observed during acute demyelination (week 3–5) in the corpus
callosum of GFAP-Cre+/- gp130fl/fl animals as compared to GFAP-Cre-/- gp130fl/fl mice.
Moreover RCA-1 staining revealed them to be less activated. Furthermore, double staining
for OLIG-2 and KI-67 discovered the OPCs to be less proliferative. Additionally, we observed
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a decrease of newly generated adult oligodendrocytes in the period of remyelination.
Together, the dampened microglia activation and reduced proliferation of OPCs and
generation of oligodendrocytes may lead to the delayed remyelination in the corpus callosum
of GFAP-Cre+/- gp130fl/fl animals. The molecular signal environment produced by astrocytes is
necessary to attract microglia, which phagocytose the myelin debris, enabling remyelination
(Skripuletz et al. 2013). A decreased microglial activation/accumulation leads to an
insufficient phagocytosis of myelin debris, thus, impairing remyelination. Further, depletion of
microglia has been shown to affect the behavior of OPCs and thereby remyelination
properties (Kotter et al. 2005). Similar oligodendrocyte supressing results were observed in
GFAP-IL6Tg mice, which display an astrocyte targeted production of IL-6. In this case,
oligodendrocyte differentiation was impaired (Petkovic et al. 2016). Further, a declined
regeneration of oligodendrocytes has also been found in cuprizone treated mice where
reactive astrocytes were selectively ablated (Skripuletz et al. 2013). Accordingly,
oligodendrocyte behaviour may be depended on gp130/IL-6 signalling. Besides, this
evaluation of the de- and remyelination behaviour, the most prominent finding in this study
was the clear loss of astrocytes in the corpus callosum and cortex of GFAP-Cre+/- gp130fl/fl
animals as verified via different astrocytic markers (GFAP, ALDH, S100B). The same effect
has been observed during EAE induced in gp130fl/fl GFAP-Cre+/- animals (Haroon et al.
2011), and gp130fl/fl GFAP-Cre+/- animals infected with toxoplasma gondii to establish
toxoplasma encephalitis (TE) (Drogemuller et al. 2008). Consequently, astrocyte loss seems
to be a common feature of these transgenic mice independent from the disease model used.
Hence,

astrocytic

gp130

receptors

are

essential

for

astrocyte

survival

and

activation/accumulation. In our case, the astrocytic loss was even more prominent in the
cortex of GFAP-Cre+/- gp130fl/fl cuprizone treated animals. Therefore, gp130 may contribute
to the heterogeneity of astrocytes within the CNS. Mostly, astrocyte subpopulations are
divided in protoplasmic grey matter astrocytes with many branching processes and fibrous
white matter astrocytes with long, thin, and unbranched processes (Liddelow and Barres
2015). Besides this regional differentiation by morphologic aspects, astrocyte phenotypes
vary in the manner they display astrogliosis. This can differ in gene expression, cell
morphology, signalling, and cell function (reviewed in Anderson et al. 2014). Moreover,
GFAP as a protein highly expressed during astrogliosis is primarily expressed by white
matter astrocytes (Liddelow and Barres 2015). We observed this effect in our RT-PCR
analysis of GFAP as well. Whereas GFAP-Cre-/- gp130fl/fl animals reached a maximum fold
change of 21 in the corpus callosum, their maximum in the cortex was at 7.5 fold changes. In
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addition, the evaluation of GFAP mRNA expression confirms the characterized loss of GFAP
positive cells (Haroon et al. 2011, Drogemuller et al. 2008) and our histological results. We
observed a significant reduction of GFAP, in the corpus callosum in week 1 and 3, as well as
in the cortex. In conclusion, the GFAP expression of GFAP-Cre+/- gp130fl/fl animals is already
suppressed on the mRNA level, thus, inhibiting its production during astrocyte
activation/accumulation.
In conclusion, the results of this study demonstrate the importance of gp130 receptors on
astrocytes for their survival and activation/accumulation. Furthermore, it shows the
heterogeneity of astrocytes between corpus callosum and cortex, which may be influenced
by gp130 receptors.

Taken together, this thesis emphasizes the strength of the cuprizone model to study the
processes of de- and remyelination. The focus of investigation in this model is the cellular
processes within the CNS without any interference of peripheral immune cells. We verified
cuprizone as a robust, non heat-sensitive chemical compound and highlighted its use in
experimental investigations to elucidate the role of gp130 receptors on astrocytes during deand remyelination. We accentuated the importance and manifold properties of astrocytes in
the CNS. Moreover, we verified gp130 as essential component in astrogliosis development.
The astrocytic heterogeneity throughout the CNS may also be influenced by gp130.
Elucidation of the factors influencing astrocyte heterogeneity offers a promising therapeutic
tool, enabling to operate the remyelination promoting properties of astrocytes.
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