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Visualizing the role of myeloid cells during CNS
autoimmunity
Life-Analyse der Funktion myeloider Zellen während
ZNS-Autoimmunität
Developmental specialization or local adoption: The
case of “new microglia”
Finale Differenzierung versus lokale Anpassung am
Beispiel "neuer" Mikroglia
Understanding the protective function of microglia:
focus on P2X7
Die Rolle von P2X7 für die Schutzfunktion von
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Role of the transcription factor IRF-8 for microglia
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TDP-43 Pathologie
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Summary
The major aim of the Brain Macrophage Research Unit is the coordinated investigation of the
functional, spatial, temporal and developmental diversity of myeloid cells in the central
nervous system (CNS). The brain hosts a heterogenous population of myeloid cells,
including microglia, perivascular cells, meningeal macrophages and disease-associated
blood-borne monocytes. In contrast to other glial cells, brain macrophages are more related
to the peripheral immune system than to the neuroectoderm. Thus far, the different types of
brain macrophages have been discriminated solely on the basis of their localization,
morphology and surface epitope expression. However, recent data suggest that resident
microglia may be functionally distinct from bone marrow-derived macrophages, which invade
the CNS under pathological conditions. During the last few years, research on brain
macrophages has been dramatically changed by the advent of novel tools in imaging,
genetics and immunology, in particular transgenic mouse models. These new methodologies
have yielded unexpected results, which challenge the traditional view of brain macrophages.
Based on these recent studies, performed in part by members of this Research Unit 1336,
we intend to explore the conditions that influence brain macrophage subtypes with regard to
their origin, function and fate within the CNS.

Zusammenfassung
Das Ziel der FOR 1336 ist die Erforschung der funktionellen, räumlichen, zeitlichen und
entwicklungsgeschichtlichen Diversität von myeloischen Zellen des zentralen Nervensystems
(ZNS). Das Gehirn enthält verschiedene Typen von myeloischen Zellen, darunter Mikroglia,
perivaskuläre Zellen, Meningealmakrophagen, dendritische Zellen und krankheitsbedingt
eingewanderte Monozyten des Blutes. Im Gegensatz zu anderen Gliazellen, welche dem
Neuroektoderm entstammen, sind Hirnmakrophagen mit dem peripheren Immunsystem
verwandt. Bislang wurden myeloische Zellen des ZNS aufgrund ihrer Lage, Morphologie und
Oberflächenmolekülexpression differenziert. Allerdings unterscheiden sich Makrophagen, die
aus dem Knochenmark in das erkrankte Gehirn einwandern, auch funktionell von den
residenten Hirnmakrophagen. Die Hirnforschung hat durch zahlreiche Innovationen in der
Genetik, Immunologie und Bildgebung, sowie insbesondere transgenen Mausmodellen einen
dramatischen Wandel erfahren. Diese neuen Techniken haben zu unerwarteten Ergebnissen
geführt, welche die tradionelle Sichtweise auf Hirnmakrophagen in Frage stellen. Basierend
auf diesen neuen Erkenntnissen, auch durch Mitglieder der FOR 1336, möchten wir die
Faktoren näher charakterisieren, welche die Herkunft, Funktion und Interaktionen von
myeloischen Zellen im ZNS entscheidend beeinflussen.
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2.

2.1.

Research and educational programme

Scientific background

Microglia and other brain macrophages
Microglia form a unique type of tissue macrophage. In earlier times some scientists believed
that microglia share the same neuroepithelial origin as neurons, oligodendroglia and astroglia
(Fedoroff et al. 1997). However, others already emphasized early on the macrophage nature
of microglia (Perry et al. 1985). Indeed, recent in vivo fate mapping studies elegantly
demonstrated that the vast majority of brain microglia is derived from myeloid progenitors in
the yolk sac that are independent of the definitive hematopoiesis transcription factor, c-myb
(Ginhoux et al. 2010, Schulz et al. 2012). Indeed, microglia are now considered yolk sacderived myeloid cells that serve as the first line of immune defense in the CNS parenchyma
(Streit 2002, Rivest 2009, Ransohoff & Cordona, 2010). A growing number of studies
focused on the biology of microglial cells and led to at least three major advances in the last
decade. First, microglia are not only scavenger cells that intervene during neuroinflammatory
or neuroinfectious disorders, but they also exert crucial physiological functions in the
developing and adult CNS (Sierra et al. 2010, Tremblay et al. 2010, Paolicelli et al. 2011).
Second, microglia form a unique type of tissue-resident macrophage and present several
specific features, which distinguish them from other macrophages residing inside or outside
the CNS (Prinz et al. 2011). Third, it is now recognized that microglia are involved in the
pathophysiology of several brain disorders (Yong & Rivest 2009), including multiple sclerosis
(Ponomarev et al. 2011), Alzheimer’s disease (AD) (Fuhrmann et al. 2010), Rett syndrome
(Derecki et al. 2012), amyotrophic lateral sclerosis (Boilée et al. 2006), Parkinson’s disease
(Cordona et al. 2006) or even compulsive behaviour in mice (Chen et al. 2010).
Microglia have a number of specific features, which distinguish them from other macrophage
populations in the body. Depending on the brain region in which they reside, microglia show
a highly ramified morphology with multiple cell processes. Recent imaging studies
demonstrated that these cell processes exhibit continuous movement, thereby scanning the
entire extracellular space of the CNS parenchyma every few hours (Nimmerjahn et al. 2005).
Interestingly, the density of microglial cells seems to be determined by region-specific cues.
Thus, microglia density in mice varies between 5% of CNS parenchymal cells in the cerebral
cortex to 13% in the substantia nigra (Lawson et al. 1990). This heterogeneity of microglia
density and morphology might be linked to the functional diversity of this cell type.
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With regard to proliferation, microglia behave like bone marrow (BM) myeloid progenitors
(Alliot et al. 1991). Moreover, microglia harbour another phenotypic trait of BM myeloid
progenitors: they express the stem/progenitor cell marker, CD34. Along similar lines, adult
microglia display phenotypic and functional similarities with immature neonatal antigenpresenting cells (Carson et al. 1998). As opposed to splenic macrophages or alveolar lung
macrophages, adult quiescent microglia express low levels of cell surface CD45 and Fc
receptor molecules, and undetectable levels of major histocompatibility complex (MHC) class
II molecules associated with a poor ability to present antigens (Carson et al. 1998). Finally,
neonatal microglia harbour some of the phenotypic and functional features of neural stem
cells. These include the expression of nestin, a neural stem cell marker (Yokoyama et al.
2004), and the ability to express oligodendrocyte or neuronal markers under appropriate in
vitro conditions (Butovsky et al. 2007). The plasticity of microglia, whose functional relevance
remains unclear, is not mirrored in any other population of tissue-resident macrophages.
Besides microglia, the adult CNS hosts a heterogeneous population of macrophages, the socalled

CNS-associated

macrophages.

These

comprise

perivascular

macrophages,

meningeal macrophages and choroid plexus macrophages (McMenamin et al. 1999, Prinz et
al. 2011). The different types of brain macrophages can be distinguished from microglia on
the basis of their localization, morphology and immunophenotype. Whether these different
myeloid cell populations have distinct functions in the brain is still poorly understood.
Interestingly, a subpopulation of microglia, referred to as juxtavascular microglia, is in direct
contact with the basal lamina of CNS blood vessels at the blood-brain barrier (Gehrmann et
al. 1995). It is noteworthy that, despite their localization along blood vessels, juxtavascular
microglia are phenotypically and morphologically distinct from perivascular macrophages
(Kida et al. 1993). Another population of CNS-resident macrophages localize within or at the
surface of the choroid plexus, the brain structure responsible for the production of
cerebrospinal fluid (McMenamin et al. 1999). The inner part of the choroid plexus contains
macrophages and a subpopulation of MHC class II+ and CD11c+ myeloid dendritic cells
(McMenamin et al. 1999).

Engraftment of bone marrow-derived and blood-borne cells in the brain
In lethally irradiated adult rats and mice, significant turnover of perivascular macrophages
and parenchymal microglia was observed (Eglitis and Mezey 1997; Priller et al. 2001).
However, the engraftment rate of BM-derived phagocytes (BMDP) was far less than for any
other macrophage population. Several studies demonstrated that different types of CNS
lesions enhance BMDP engraftment in radiation BM chimeras (Priller at al. 2001, Flügel et al.
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2001, Simard et al. 2006). While BMDP were emerging as a new cellular entity with
potentially important functions, recent studies questioned the use of irradiation chimerism to
assess microglia turnover (Ajami et al. 2007, Mildner et al. 2007). In some of these studies,
the usual irradiation/reconstitution approach was followed except that the brains of the
recipient mice were protected from irradiation, which prevented BMDP engraftment (Mildner
et al. 2007, 2011). Based on these studies, one may conclude that two distinct events are
needed for BM-derived phagocyte precursors to engraft as microglia: (i) their egress from BM
to blood, and (ii) the presence of pathological changes in the CNS, which guide the migration
of blood-borne microglia precursors into the CNS parenchyma. The recent studies also
suggest that microglia are not renewed by BM-derived cells under normal conditions.
In the current view of the mononuclear phagocyte system, tissue macrophages derive from
BM myeloid progenitors that proliferate in response to M-CSF and give rise to blood
monocytes (Geissmann et al. 2010). In the steady state, mature monocytes are thought to
randomly seed tissues and differentiate into specific populations of resident macrophages
(Kennedy and Abkowitz 1998, Fogg et al. 2006). Importantly, Geissmann and Jung
described two major monocyte subtypes in mice: so-called ‘inflammatory’ monocytes (Ly6ChiCCR2+CX3CR1lo monocytes) and the ‘patroling’ monocytes (Ly-6CloCCR2-CX3CR1hi
monocytes) (Geissmann et al. 2003). Two studies using CCR2-deficient mice demonstrated
that CCR2 is critical for the recruitment of BMDP in irradiated/reconstituted mice (Zhang et
al. 2007, Mildner et al. 2007). However, it is unclear whether the reduction of Ly6ChiCCR2+CX3CR1lo ‘inflammatory’ monocytes in the circulation of CCR2-deficient mice is
responsible for the absence of BMDP in irradiated chimeric mice. Although this result
supports a major role for CCR2 in the adult microglia lineage, it has to be noted that CCR2
deficiency affects the phenotype, function and migratory behaviour of multiple cells in the
myeloid linage, including BM myeloid progenitors (Reid et al. 1999). Moreover, the Ly-6C
antigen (also termed Gr) is not only expressed by inflammatory monocytes, but also by
granulocytes and myeloid progenitors.
Another important question concerns the possible links between inflammatory monocytes,
CNS-infiltrating inflammatory macrophages and BMDP. Indeed, if inflammatory monocytes
are a major source of BMDP, one may anticipate that inflammatory macrophages form an
intermediary step in this differentiation process. However, recent experimental data indicated
that circulating monocytes are short-lived and therefore do not contribute to the pool of brain
endogenous microglia, whereas hematopoietic stem cells (HSC) are the source of BMDP
(Ajami et al. 2011).
In neuroinflammatory conditions, BMDP exert several important immune functions that are
classically assigned to activated microglia. These comprise the ability to express MHC class
II molecules de novo and to exert a strong phagocytic activity, reflected by the expression of
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lysosomal LAMP-2 molecules (Djukic et al. 2006). However, several phenotypic and
functional features distinguish both cell populations. In particular, BMDP express CD11c (at
least temporarily) in the brains of irradiated chimeric mice, whereas resident microglia do not
(Simard and Rivest 2004). More importantly, BMDP have been suggested to be more
efficient than resident microglia in eliminating amyloid plaques from the brains of Alzheimer’s
disease transgenic mice (Simard et al. 2006). These data suggest that BMDP may be
endowed with properties that are significantly different from those of resident microglia.
Knowing that resident microglia may degenerate during ageing or ageing-related disorders
such as AD (Streit et al. 2006, Flanary et al. 2007), one might consider the use of BM
myeloid cells to compensate for the defective functions of senescent resident microglia.
However, this would require a better understanding of the conditions, which can be used to
target myeloid cells to the CNS.
In summary, there is a need to identify the critical steps in myeloid cell engraftment in the
brain. Molecules that control the retention or egress of macrophage/myeloid precursors from
BM and blood to brain deserve particular attention. Furthermore, signals that determine the
fate of microglia during health and disease have also to be identified. Addressing these
issues should permit the design of new therapeutic strategies aimed at inducing or
suppressing the engraftment of BMDP in CNS disorders.

References
Ajami B et al. (2007) Nat. Neurosci. 10, 1538–1543.
Ajami B et al. (2011) Nat. Neurosci. 14, 1142-1149.
Alliot F et al. (1991) Proc. Natl. Acad. Sci. U. S. A. 88, 1541–1545.
Boillee S et al. (2006) Science. 312, 1389–1392.
Butovsky O et al. (2007) Mol. Cell. Neurosci. 35, 490–500.
Cardona AE et al. (2006) Nat. Neurosci. 9, 917–924.
Carson MJ et al. (1998) Glia 22, 72–85.
Chen SK et al. (2010) Cell. 141, 775-85.
Derecki NC et al. (2012) Nature. 484, 105-9.
Djukic M et al. (2006) Brain 129, 2394–2403.
Eglitis MA and Mezey E (1997) Proc. Natl. Acad. Sci. U. S. A. 94, 4080–4085.
Fedoroff S et al. (1997) J. Neurosci. Res. 50, 477-486.
Flanary BE et al. (2007) Rejuvenation Res. 10, 61–74.
Flügel A et al. (2001) J. Neurosci. Res. 66,74-82.
Fogg DK et al. (2006) Science. 311, 83–87.
Fuhrmann M et al. (2010) Nat. Neurosc. 13, 411-413.
Gehrmann J et al. (1995) Brain Res. Brain Res. Rev. 20, 269–287.
Geissmann F et al. (2003) Immunity 19(1):71-82.
Geissmann F et al. (2010) Science. 327, 656-661.
Ginhoux F et al. (2010) Science. 330, 841-5.
Kennedy DW and Abkowitz JL (1998) Proc. Natl. Acad. Sci. U. S. A. 95, 14944–14949.
Kida S et al. (1993) Acta Neuropathol. 85, 646–652.
Lawson LJ et al. (1990) Neurosc. 39, 151-170.
McMenamin PG (1999) J. Comp. Neurol. 405, 553–562.
Mildner A et al. (2007) Nat. Neurosci. 10, 1544–1553.
Mildner A et al. (2011) J. Neurosci. 31, 11159-71.
Nimmerjahn A et al. (2005) Science. 308, 1314–1318.
Paolicelli RC et al. (2011) Science. 333, 1456-8.

15

FOR 1336 – Diversity of brain macrophages
Perry VH et al. (1985) Neuroscience. 15, 313–326.
Ponomarev ED (2011) Nat. Med. 17, 64-70.
Priller J et al. (2001) Nat. Med. 7, 1356–1361.
Prinz M et al. (2011) Nat. Neurosc. 14, 1-9.
Ransohoff RM & Cardona AE (2010), Nature 468, 253-262.
Reid S et al. (1999) Blood. 93, 1524–1533.
Rivest S (2009) Nat. Rev. Immunol. 9, 429-439.
Schulz C et al. (2012) Science. 336, 86-90.
Sierra A et al.(2010) Cell Stem Cell, 483-95.
Simard AR and Rivest S (2004) FASEB J. 18, 998–1000.
Simard AR et al. (2006) Neuron. 49, 489–502.
Streit WJ (2002) Glia. 40, 133-139.
Streit WJ (2006) Trends Neurosci. 29, 506–510.
Tremblay ME (2010), Plos Biol. 8, e10000527.
Yokoyama A et al. (2004) Glia. 45, 96–104.
Yong VW & Rivest S (2009) Neuron. 64, 55-60.
Zhang J et al. (2007) J.Neurosci. 27, 12396–12406.

2.2.

Work of the members of the Brain Macrophage Research Unit during the
first funding period

Members of this initiative have a longstanding history of studying the molecular mechanisms
of macrophage/microglia development, fate and function. The Brain Macrophage Research
Unit emphasizes the requirement of interdisciplinary approaches. Our complementary
expertise works synergistically to help achieve the specific aims of the initiative. All of us
benefit from novel transgenic mouse models, for example by including conditional gene
targeting using the Cre-loxP system. These are recognized as essential collaborative
elements in this proposal. Detailed descriptions of the scientific interactions within the Brain
Macrophage Research Unit are provided below under 2.4. The successful collaborations of
members of the research unit during the first funding period resulted in numerous joint
publications in high impact journals, a selection of which are listed below.
For example, Hanisch`s sophisticated work focussed together with the Prinz group on the
signals evoked by engagement of the CD14 and TRIF pattern of recognition receptors on
microglia (Regen et al. 2011). Furthermore, he summarized the current knowledge on
receptors and molecules involved in microglia activation in a timely and comprehensive
review (Kettenmann et al. 2011).
Neumann has an outstanding expertise in investigating the interactions between microglial
cells and neurons in the CNS. In the first funding period, he described in a seminal work the
generation of microglial cells from mouse embryonic stem cells (Beutner et al. 2010). In a
joint project with members of the research unit, his group used stem cell-derived microglia as
therapeutic vehicles for the delivery of neurotrophic factors in a mouse model of autoimmune
encephalomyelitis (Beutner et al. submitted).
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Rosenbauer is one of the leading experts on the role of the transcription factor PU.1 in
macrophage development and fate mapping. During the first funding period, his group was
able to show that PU.1 in macrophages modulates microRNA expression (in particular miR146a, miR-342, miR-338 and miR-155) through temporally dynamic occupation of binding
sites within regulatory chromatin regions adjacent to their genomic coding loci (Ghani et al.
2012).
As one of the world leaders in the field, Jung had first described the dichotomy of monocyte
subsets in rodents. Furthermore, he had developed the CX3CR1GFP/+ reporter mouse, a key
tool in microglia research. In the frame of the last funding period, he was able to create a
microglia-specific Cre line (CX3CR1-Cre, unpublished) that will be an essential tool for
several projects within the new funding period. In a joint publication of several members of
the research unit, he investigated the role of specific myeloid cells (dendritic cells) for CNS
autoimmunity (Yogev et al. 2012).
Flügel’s group has pioneered the in vivo imaging of GFP-labelled autoreactive T cells
during autoimmune demyelination of the CNS. Using intravital 2-photon microscopy, he
provided important insights into the mechanisms that govern T-cell activation by NAADPmediated Ca2+ signaling during CNS autoimmunity (Cordiglieri et al. 2010). Furthermore, he
recently discussed in a timely review future perspectives of CNS autoimmunity (Wekerle et
al. 2012).
Priller was one of the first who studied the lesion-induced engraftment of BMDP in adult
mice using radiation BM chimerism and transplantation of genetically modified hematopoietic
stem cells. During the last funding period, he optimized the conditions for targeting myeloid
cells to the injured CNS. His group focussed on the role of BMDP in mouse models of
Alzheimer`s disease and showed together with the Prinz group that perivascular
macrophages cleared Aβ in a CCR2-dependent manner (Mildner et al. 2011).
Bechmann re-defined the immune privilege of the brain and investigated how CD11cpositive mononuclear cells reach perivascular spaces and how they can migrate across the
glia limitans in the case of parenchymal damage (Prodinger et al. 2011). Furthermore,
together with the Hanisch group he characterized how microglia facilitate colonization of
epithelial metastatic cells in the CNS (Pukrop et al. 2010).
Prinz explored the basic conditions of monocyte recruitment to the CNS (McLaren et al.
2010), and together with the Priller group described the monocyte subtype that engrafts in
the AD-diseased CNS (Mildner et al. 2011, Prinz et al. 2011). Further major achievements
during the first funding period were the description of new negative regulators of CNS
inflammation (Raasch et al. 2011, Dann et al. 2012), and the discovery of a distinct type of
yolk sac-derived tissue macrophages together with the Geissmann group (Schulz et al.
2012).

17

FOR 1336 – Diversity of brain macrophages

Biber was one of the first researchers in the field of neuroimmunology who showed that
microglial cells in different brain regions exhibit distinct functional properties depending on
the microenvironment. During the last funding period, he was able to show that neuropathic
pain in mice is essentailly mediated by the microglial P2X4 purinergic receptor that is
activated by a crosstalk with neuronal CCL21 (Biber et al. 2011).
Waisman is an international expert on developing transgenic tools to selectively and cellspecifically modify the expression of candidate molecules involved in CNS autoimmunity
(Locatelli et al. 2012). As a major finding during the last funding period, his group together
with other members of the research unit identified the non-redundant role of DCs for the
modulation of PD-1-positive T cells during experimental autoimmune encephalomyelitis
(EAE) (Yogev et al., in press). Furthermore, he could identify T-cell-restricted Smad7 as
inducer of Th1-mediated encephalitogenic responses in EAE (Kleiter et al. 2010).
Taken together, all scientists of the Brain Macrophage Research Unit are internationally
recognized experts with credentials in the topics described in their subprojects. All members
of the research unit have collaborated successfully during the first funding period. The next
funding period will further strengthen and extend these scientific interactions by allowing the
groups to explore novel topics using new techniques.
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2.3.

Research goals and research programme

2.3.1. Research goals
The ultimate goal of the Brain Macrophage Research Unit is to provide novel insights into the
diversity of brain macrophages. Combining studies of brain macrophage development and
homeostasis, neurobiology, gene expression, cell migration and neuropathology in one
research initiative will enable a fruitful and productive interaction between the groups
involved. To this end, this collaborative research project aims to:
•

define common and distinct genetic pathways for the development of different sets of
brain macrophages (project area A: Factors regulating the fate and function of brain
macrophages),

•

identify the cellular mechanisms of myeloid cell engraftment in the brain, and the
integration of brain macrophages into the preexisting arrangement of endogenous
microglia (project

area B: Imaging of myeloid cell populations in the brain and

project area C: Myeloid cells in the brain during disease),
•

identify different myeloid cell populations by their function and immunopattern during
health and disease (project area A: Factors regulating the fate and function of brain
macrophages, project area B: Imaging of myeloid cell populations in the brain and
project area C: Myeloid cells in the brain during disease).

2.3.2.

Research programme

Project area A: Factors regulating the fate and function of brain macrophages
Microglia continously monitor their environment, always ready to transform to an activated
state that is characterized by a plethora of executive functions to ensure the integrity of the
brain. Brain endogenous macrophages detect “danger”, e.g. by recognizing pathogenassociated molecular patterns or stress-induced molecules. CD14 is a known microglial
receptor that modulates cellular responses to pathogens and is therefore the focus of project
A1 (Hanisch). The findings from the first funding period suggest that the microglial
CD14/TLR4 complex can organize adapted responses to a variety of exogenous (PAMPS)
and endogenous (DAMPS) danger signals. CD14 plays a previously unanticipated role in
gating and shaping the reactive phenotype, including mandatory responses to endogenous
danger signals, protection against overshoots towards exogenous challenges and
organization of microglial functions. In the forthcoming funding period, the mechanisms and
consequences of microglial CD14 activation will be addressed by deciphering how CD14
coordinates distinct TLR4 responses to danger signals. The Hanisch group will also
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investigate the involvement of signalling molecules, such as Syk and PLCγ2, to dangerinduced signalling. Moreover, the role of interferon (IFN)-β, a type I interferon, in the CD14mediated responses to PAMPS and DAMPS will be investigated in vivo.
Project A2 (Neumann) will characterize embryonic stem (ES) cell-derived microglia. The
group has recently shown that ES cell-derived microglia share the same characteristics with
primary microglia, therefore providing an easy and fertile source of microglia. Microarray data
suggested that several microglial receptors are signalling via the ITIM-SHP1 pathway and
thus contribute to the anti-inflammatory phenotype of microglia. In this proposal, Neumann
will characterize the immunoreceptor ITIM-SHP1 signalling pathway in mouse and human
microglia and elucidate its relevance for neuroinflammatory diseases. This will be achieved,
for example, by a conditional deletion of SHP1 in microglia. Moreover, human induced
pluripotent stem (iPS) cell-derived microglia will be used to study the function of the ITIMSHP1 signalling receptor CD33, which has been linked to AD.
The role of the transcription factor PU.1 for the development and function of myeloid cells is
the focus of project A3 (Rosenbauer & Dugas). The transcription factor PU.1 is a key factor
during early myelopoiesis, but its role during late monocyte development is largely unknown.
To elucidate whether PU.1 is required for macrophage homeostasis in the brain, the
Rosenbauer group generated a mouse model, in which the PU.1 gene can be inductively
deleted in macrophages using the myeloid-specific CX3CR1GFP-ERT-Cre allele. In the
forthcoming funding period, they want to extend their investigation of the functional role of
PU.1 in adult macrophage homeostasis, with a particular focus on brain macrophages.
Moreover, they will explore whether PU.1 controls macrophage function in CNS disease.
Finally, they will collaborate with the group of Dugas using genome-wide technologies to
identify PU.1 target genes and PU.1-occupied chromatin sites in brain macrophages, and will
compare these data with those of macrophages from peripheral tissues. These experiments
will provide important novel insights into the mechanistic regulation of brain macrophage
homeostasis and function.
The project A4 (Jung) proposes to establish Cre recombinase transgenesis to achieve
microglia-restricted silencing of effector molecules in situ. In the current proposal, his group
wants to use the newly created CX3CR1CreER mice to investigate the role of microglia-derived
membrane-bound and shed TNFα in the maintenance of brain homeostasis, as well as the
development of autoimmune inflammation, de- and remyelination. In a second line of
experiments, this group will perform a detailed characterization of the phenotypic changes
microglia undergo in comparison to infiltrating monocyte-derived macrophages in
neuroinflammation. Finally, they will combine the CX3CR1CreER transgene with a RiboTag
transgene to perform a gene expression profiling in microglia in health and disease.
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Project area B: Imaging of myeloid cell populations in the brain
After having examined which cell-autonomous and non-autonomous signals determine
macrophage diversity in the brain, this poject area aims to characterize distinct brain
macrophage populations in vivo by using confocal and multiphoton microscopy. Project B1
(Odoardi & Flügel) will use live two-photon imaging combined with molecular analysis to
test the ability of several myeloid cell subsets to act as antigen-presenting cells (APC) to
naïve or antigen-specific CD4+ cells. Special emphasis will be placed on the spatial and
temoral interaction of parenchymal versus leptomeningeal phagocytes and their priming
capacity during sterile autoimmunity of the CNS. The following questions will be asked: 1.
What are the migratory steps of myeloid cells into the CNS during incipient EAE? 2. What are
the molecular cues that mediate their transmigration across the blood-brain barrier (BBB)? 3.
What role do myeloid cells play in opening the BBB? 4. Which myeloid cells mediate the
initial antigen presentation to autoaggressive encephalitogenic T cells? The methodological
focus of this project lies in the combination of 2-photon laser scanning microscopy with
functional/molecular analyses.
The project B2 (Bechmann) aims to characterize the phenotypic changes of endogenous
microglia upon irradiation. Following irradiation and anterograde axonal degeneration
induced by entorhinal cortex lesion, CCR2+ myeloid precursors are recruited into the brain
and adapt to the local environment by morphologically transforming into ramified microglia.
At present it is unknown whether irradiation and axonal injury-induced intraparenchymal
recruitment is dependent on the induction of MMP-2 and -9 as it has been shown for EAE
and pertussis toxin-induced neuroinflammation. It is also unclear whether the local
adaptation also involves phenotypical changes and radioresistance, which are characteristic
of intrinsic microglia.

Project area C: Myeloid cells in the brain during disease
Studies in this area will use specific genetic models to elucidate functional features of
monocytes and CNS macrophages. The role of microglia in neurodegeneration is a central
theme of project C1 (Biber & Meyer-Lühmann). They have provided evidence for a
protective function of microglia in three different brain pathologies: excitotoxicity, cuprizoneinduced demyelination and amyloid plaque formation. Interestingly, various lines of evidence
suggest that the ATP receptor P2X7 on microglia is crucial for the neuroprotective activity of
these cells. However, it is unknown how the P2X7 receptor contributes to the protective
function of microglia. In this proposal, microglia-specific chimeric slices, P2X7-knockout mice
and the microglia depletion model (CX3CR1iDTR) will be used to analyze the role of microglial
P2X7 in excitotoxicity and amyloid plaque formation in vitro and in vivo. Finally, a microglia-
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specific P2X7 mutant will be generated to decipher the role of microglia P2X7 in brain
disease.
The major aim of project C2 (Prinz) is to uncover the role of the interferon regulatory factor
(IRF)-8 for microglial function during health and disease. In preliminary experiments, the
group found that IRF-8 deficiency profoundly changed the cellular architecture and function
of microglia in vivo. Therefore, IRF-8 function will be examined during development and
expansion of microglia after birth as well as during homeostasis in the adult brain. In detail,
they intend to decipher the molecular pathways of IRF-8 function and the interaction partners
involved. Next, the regulation of IRF-8 transcription will be investigated and finally, inducible
microglia-specific IRF-8 mutants will be generated to delineate the function of IRF-8 for CNS
diseases.
The role of microglia in CNS inflammation is central to project C3 (Waisman & Wörtge). The
group will make use of mouse lines that allow for conditional deletion of two de-ubiquitinating
(DUB) enzymes, CYLD and A20, in microglia. As these DUB enzymes normally suppress
inflammatory mediators, e.g. the NF-κB pathway, their deletion should lead to hyperactivated
microglia. It will therefore be possible to test the function of microglia during the induction of
CNS autoimmunity and in the recovery phase of disease.
The project C4 (Priller & Böttcher) bridges the gap between mouse models of
frontotemporal lobar degeneration (FTLD)/amyotrophic lateral sclerosis (ALS) and the human
pathology. They will explore the roles of microglia and myeloid cells in TDP-43 transgenic
mice with a particular focus on NF-κB signalling using lysM-Cre and CX3CR1CreER mice for
the conditional ablation of p65 or IKK2. Moreover, they will study neuroinflammatory changes
in post-mortem CNS tissues from FTLD patients. Finally, patient-specific induced pluripotent
stem cells (iPSCs) will be generated, which can be differentiated into microglia.
Overall, the groups work on a coherent concept that is based on a variety of different
technologies and propelled by a uniting aim: to understand the developmental, functional and
spatial heterogeneity of myeloid cells within the brain. The unique combination of
neuroscientists, pathologists, immunologists, psychiatrists, stem cell researchers and
molecular biologists within the Brain Macrophage Research Unit creates a network in
Germany, which is able to perform highly innovative research in this emerging field at an
internationally competitive level, and which may prepare the grounds for a larger research
consortium on this important topic.
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2.4.

Interaction between the participating scientists

The members of this collaborative interdisciplinary research unit are joined by:
(i) their common interest in understanding the complex interactions of BM-derived and bloodborne myeloid cells, microglia and neural cells in vivo and in vitro,
(ii) their highly specialized and focused, but complementary expertise in microglia function
and myeloid cell development (Hanisch, Neumann, Rosenbauer), disease models/pathology
(Biber/Meyer-Lühmann, Priller/Böttcher, Prinz, Waisman/Wörtge), and imaging of cell
migration/cell engraftment (Odoardi/Flügel, Bechmann),
(iii) their willingness to engage in scientific collaborations to generate added value while
running successfully their own research teams.
The Brain Macrophage Research Unit will deal with an even wider spectrum of disease
models in the second funding period: EAE (Flügel, Jung, Prinz, Rosenbauer/Dugas,
Waisman/Wörtge), toxic demyelination (Biber, Jung, Prinz), cerebral ischemia (Hanisch,
Priller), epilepsy (Biber/Meyer-Lühmann), entorhinal cortex lesion (Bechmann), FTLD/ALS
(Priller), AD (Biber/Meyer-Lühmann), and encephalitis (Hanisch). A direct link to the human
pathology will be provided by studying post-mortem brain tissue and by generating human
iPSCs (Priller/Böttcher, Neumann). Various techniques will be shared, such as organotypic
slice

cultures

(Bechmann,

(Biber/Meyer-Lühmann,

Biber/Meyer-Lühmann,

Odoardi/Flügel,

Hanisch),

Priller/Böttcher,

2-photon

live

imaging

Prinz),

bioinformatics

(Rosenbauer/Dugas), lentiviral gene transfer (Odoardi/Flügel, Neumann, Priller/Böttcher), ex
vivo

functional

characterization

of

microglia

(Biber/Meyer-Lühmann,

Hanisch,

Waisman/Wörtge), electron microscopy (Bechmann, Biber/Meyer-Lühmann, Odoardi/Flügel,
Prinz), and establishment of pluripotent stem cell-derived microglial cell lines (Neumann,
Priller/Böttcher). The CX3CR1Cre(ER) transgenic mice generated and characterized by the
Jung group during the first funding period are a unique feature of the Brain Macrophage
Research Unit. These mice allow for the first time to specifically genetically manipulate
microglia in otherwise intact animals. It is not surprising that all projects will be using this
novel mouse model.
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Overview of the prospective scientific interactions between the Brain Macrophage Research Unit
projects (project area A: blue, project area B: red, and project area C: yellow).

Despite the fact that all applicants work on myeloid cells and/or microglia in general, we
decided to divide the Brain Macrophage Research Unit into three major functional units
emphasizing the strengths and focuses of the respective projects. The individual research
groups have interacted successfully during the first funding period and will continue to do so
by the following means:
1) We shall have regular telephone or Skype conferences to share preliminary data, discuss
the results and plan future experiments.
2) We shall continue to share research protocols, lists of available reagents, transgenic
mouse lines, as well as disease models (e.g. middle cerebral artery occlusion, EAE) within
the groups.
3) Our laboratory members, including PhD students and postdoctoral fellows, will travel
between the laboratories in order to learn relevant new techniques, promote scientific
collaborations and discuss their ongoing research projects. By way of example, during the
first funding period, Rebecca Schueler (Jung group) spent time in the Waisman lab, Hana
Janova (Hanisch group) and Markus Knust (Prinz group) performed experimental stroke and
bone marrow transplantations in the Priller lab, Kerstin Immig (Bechmann group) and Julia
Bruttger (Waisman group) acquired skills in isolating and characterizing adult microglia in the
Biber lab, and Katrin Kierdorf (Prinz group) differentiated hematopoietic cells in the
Rosenbauer lab.
4) We shall have annual retreats of the research group at one of the participating sites and
bring together the involved scientists to discuss progress, share data and intensify
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collaboration. This will also be an opportunity for young scientists to present their work and
make contacts with established scientists. Moreover, these meetings will be used to shape
the educational activities of the research group. During the first funding period, five retreats
were held in Leipzig, Freiburg, Potsdam, Frankfurt and Rehovot (Israel). These meetings
were attended by group leaders, research fellows, doctoral students and MSc/diploma
students. Young researchers showed their work in oral and poster presentations.

2.5.

National and international scientific context

The topic of this research unit is timely and has attracted a great deal of attention over the
last few years, as documented by several recent review articles on the issue of myeloid cell
engraftment and function in the CNS (Yong and Rivest 2009, Ransohoff and Cardona 2010,
Prinz et al. 2011, Saijo and Glass 2011). The initial reports on BMDP engraftment in the adult
rodent brain (Egilits and Mezey 1997, Priller et al. 2001, Flügel et al. 2001, Simard and
Rivest 2004) have fuelled investigations into the differential roles of microglia and BMDP in a
variety

of

neuropathological

conditions,

including

trauma,

ischemia,

neoplasia,

neurodegeneration, infection and inflammation. Importantly, regulating microglia and
macrophage recruitment into the brain was suggested to have great potential as a novel
therapeutic strategy to delay or stop the progression of neurodegenerative diseases, such as
AD and ALS (El Khoury and Luster 2008, Yong and Rivest 2009). The members of this
research unit closely interact with other pertinent groups throughout the world, namely
Adriano Aguzzi/Zurich, Alain Bessis/Paris, Burkhard Becher/Zurich, Thorsten Buch/Zurich,
Frédéric Geissmann/London, Brad Hyman/Boston, Jonathan Kipnis/Charlottesville, Dan
Littman/ New York, Thomas Möller/Seattle, Mami Noda/Kyushu, Derek A. Persons/Memphis,
Alexandre Prat/Montreal, Richard M. Ransohoff/Cleveland, Michal Schwartz/Rehovot, Daniel
G. Tenen/Boston, Tony Wyss-Coray/Palo Alto, and others. These groups also focus on
hematopoietic cells, monocytes/microglia/macrophages or neuroinflammation, and thereby
support the goals of this research unit. Within Germany, successful collaborations have been
established

with

Wolfgang

Brück/Göttingen,

Ulrich

Dirnagl/Berlin,

Klaus

Fassbender/Homburg, Matthias Heikenwälder/Munich, Frank L. Heppner/Berlin, Ulrich
Kalinke/Langen,

Helmut

Kettenmann/Berlin,

Klaus-Armin

Nave/Göttingen,

Manolis

Pasparakis/Cologne, Hartmut Wekerle/Munich and Frauke Zipp/Mainz. These centres are
known for their expertise in the research areas, methods and techniques, which are at the
core of this application. However, none of these centres specifically investigate the fate of
myeloid cells in the brain.
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The Transregional Collaborative Research Centre 43 (Berlin-Göttingen; coordinator: Frank
Heppner) is exploring innate and adaptive immune responses in the brain with a particular
focus on the (bidirectional) crosstalk between the immune and the nervous systems. The
TRR43 does not devote itself to defining pathways for the development of different sets of
brain macrophages, identifying the cellular mechanisms of myeloid cell engraftment in the
brain, or exploring the functional integration of different brain macrophage subsets.
Nevertheless, several members of the Brain Macrophage Research Unit also participate in
the TRR43 (Hanisch, Odoardi, Priller, Flügel), which represents an added value by enabling
synergistic interactions between the two initiatives. The successful interaction of the TRR43
and the Brain Macrophage Research Unit during the last funding period is underscored by
the joint organization of lectures and the active participation of TRR43 members in the
International Symposium of the Brain Macrophage Research Unit „Brain myeloid cells: New
light on old friends“, which was held in Potsdam in September, 2011. Similar synergisms are
to be expected with the newly funded Transregional Collaborative Research Centre 128
(Mainz/Frankfurt-Münster-München; coordinator: Frauke Zipp), which will explore initiating,
effector and regulatory mechanisms in multiple sclerosis. One group of the Brain
Macrophage Research Unit is also participating in the TRR128 (Waisman). The research
areas ‘Regeneration’ (coordinator: Josef Priller) and ‘Crosstalk between the nervous and
immune systems’ of the recently renewed Cluster of Excellence NeuroCure (Berlin;
coordinator: Dietmar Schmitz) also do not specifically address the diversity of brain
macrophages and microglia. The newly funded Cluster of Excellence SyNergy (Munich;
coordinator:

Christian

Haass)

will

study

how

inflammation

reactions

influence

neurodegenerative processes, how microvascular and degenerative mechanisms combine to
cause tissue damage, and how immune cells interact with the blood-brain barrier. Thus,
findings of the Brain Macrophage Research Unit are likely to impact on the work of SyNergy.
To our knowledge, none of the currently funded DFG Priority Programmes or Research Units
specifically aim for the goals of the Brain Macrophage Research Unit. The Clinical Research
Unit 177 (Bonn; coordinators: Thomas Klockgether, Michael Heneka) studies how innate
immunity affects the integrity of neuronal axons and synapses in multiple sclerosis and AD.
The project by Neumann within the KFO 177 deals with the function of the receptor siglec-11
for neuroinflammation. The Collaborative Research Centre 571 in Munich focuses on
autoimmunity, the Collaborative Research Centre 581 in Würzburg investigates transgenic
models of various diseases of the nervous system. Both coordinated programmes are about
to end, and there are no projects related to brain macrophage diversity. The Collaborative
Research Centre 704 in Bonn (coordinator: Waldemar Kolanus) studies pathways of local or
organ-dependent immune regulation. Harald Neumann is a member of this SFB. His project
deals with microglial TREM-2 receptors and does not overlap with the present project. In the
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Collaborative Research Centre 854 (Magdeburg-Berlin; coordinator: Burkhart Schraven), one
subproject studies the interaction of neutrophils with microglia after experimental stroke. The
Collaborative Research Centre 914 in Munich deals with the trafficking of immune cells in
inflammation and disease, but the SFB 914 does not address the recruitment of immune
cells into the CNS.
It is also important to note that the aims of the Brain Macrophage Research Unit are distinct
from the earlier Priority Programme SPP1029 (coordinator: Helmut Kettenmann), in
particular with respect to BMDP.
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3.

Educational programme

The Brain Macrophage Research Unit is devoted to promoting the careers of young
researchers by encouraging early independence and by providing good education. In this
application, three young researchers from the first funding period, Francesca Odoardi (Flügel
lab), Chotima Böttcher (Priller lab) and Simone Wörtge (Waisman lab) have acquired the
status of co-principal investigators. During the first funding period, Melanie Meyer-Lühmann
was recruited to Freiburg as an associate professor, and she has teamed up with Knut Biber
to head project C1. The research unit brings together early to mid-career researches, and the
average age of all principal investigators including research fellows (Böttcher, Wörtge), group
leaders/associate professors (Biber, Hanisch, Odoardi, Meyer-Lühmann, Neumann, Priller)
and full professors (Bechmann, Dugas, Flügel, Jung, Prinz, Rosenbauer, Waisman) is 44
years, which is low by German standards. Most members achieved independence at an early
stage of their careers. This will likely create an atmosphere, in which more young researches
can develop independent ideas and pursue their individual professional goals, as exemplified
by Alexander Mildner (Jung lab) and Hana Janova (Hanisch lab).
The participating universities and research institutions offer well-structured graduate and
postgraduate study programmes, such as the ‘International Graduate Programme Medical
Neurosciences’ and the ‘Helmholtz International Research School Molecular Neurobiology’ in
Berlin, the ‘GGNB MSc/PhD/MD-PHD Neurosciences Programme’ and ‘GAUSS’ in
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Göttingen, the ‘Feinberg Graduate School’ in Rehovot, the ‘International Graduate School
Theoretical and Experimental Medicine (THEME)’ in Bonn, the ‘Spemann Graduate School
of Biology and Medicine (SGBM) in Freiburg, the ‘Neuro Graduate School’ in Mainz or the
‘Research Academy’ in Leipzig. Most members of the Brain Macrophage Research Unit are
faculty members of the above graduate programmes, thereby enabling synergisms between
the schools and the research unit. Moreover, DFG-funded Graduate Schools with related
topics exist in Berlin and Göttingen (Integrated Research Training Group of the TRR43,
coordinators: Helmut Kettenmann and Uwe-Karsten Hanisch), in Mainz (GRK1043,
coordinator: Thomas Wölfel; GRK1044, coordinator: Heiko Luhmann), and in Leipzig (GRK
1097, coordinator: Andreas Reichenbach). Thus, it is possible for students and young
researches at the participating sites to obtain a structured training and to receive early
funding. The Brain Macrophage Research Unit also offers the opportunity for students and
young researchers to spend some time in laboratories of fellow research unit members in
Germany and Israel. During the first funding period, this has been used by Angela Borisch
and Hana Janova (Hanisch group), Julia Bruttger (Waisman group), Katrin Kierdorf and
Markus Knust (Prinz group), Kerstin Immig (Bechmann group), and Rebecca Schueler (Jung
group).
The Brain Macrophage Research Unit is devoted to the promotion of gender equality and the
compatibility of family and career. The participating universities and research institutions offer
specific programmes for gender equality, which include stipends, training and mentoring (e.g.
‘Rahel Hirsch’ and ‘Lydia Rabinowitsch’ in Berlin, ‘Maria Gräfin von Linden’ in Bonn,
‘Dorothea Schlözer’ and ‘Heidenreich von Siebold’ in Göttingen, ‘Erstklassig!’ and ‘Madame
Courage’ in Münster). During the first funding period, the Brain Macrophage Research Unit
has assisted young families by providing child care support (e.g. INA Kindergarten, Berlin). A
research assistant helped female scientists during maternity leave (e.g. Simone
Rolfes/Chotima Böttcher). The Brain Macrophage Research Unit has established an
elaborate mentoring scheme, which benefits students, postdocs and fellows. Besides
mentoring by their direct supervisor, Kerstin Immig (Bechmann group) was mentored by
Uwe-Karsten Hanisch, Hana Janova (Hanisch group) by Marco Prinz, Angela Borisch
(Hanisch group) by Ingo Bechmann, Chotima Böttcher and Jojanneke Huck (Priller group) by
Frank Rosenbauer, and Jörg Schönheit (Rosenbauer group) by Josef Priller. The educational
programme of the Brain Macrophage Research Unit paid off. While all principal investigators
were males in the first funding period, we increased the proportion of female scientists to
40% in this application. We shall continue to promote the careers of particularly gifted
students and postdoctoral fellows in the Brain Macrophage Research Unit.
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Funds requested for the second funding period
4.1.

Staff funds requested for the second funding period

1. – 3. Financial year
Project

Ä1

TV-L E13

TV-L E13
(65 %)

TV-L E9

TV-L E6

2013-14-15

2013-14-15

2013-14-15

2013-14-15

2013-14-15

A1
A2
A3
A4
B1
B2
C1
C2
C3
C4
D

1-1-1
2-2-1
1-1-1
2-2-2 (Israel)
1-1-1
1-1-1
1-1-1
1-1-1
1-1-1

1-1-1
1-1-1

1-1-1

1-1-1

1-1-1

Total number of positions for which staff funds are requested
Project

Ä1

TV-L E13

TV-L E13

TV-L E9

TV-L E6

€

€

(65 %)

€

€

€
A1 – D

3

6

5.6

2

1

€ per year

65.400

358.200

191.700

93.600

33.600

over 3 years

196.200

1.074.600

575.100

280.800

100.800

Total incl. Gerok

2.227.500 €

30

FOR 1336 – Diversity of brain macrophages

4.2.

Project

Costs for the 1.-3. financial year as regards consumables, travel,
publication expense and instruments
Consumables (€)

Instruments (€)

Total (€)

A1

46.500

0

46.500

A2

54.000

0

54.000

A3

46.800

0

46.800

A4

51.300

0

51.300

B1

69.000

0

69.000

B2

55.500

0

55.500

C1

30.000

0

30.000

C2

45.000

0

45.000

C3

51.000

0

51.000

C4

45.000

0

45.000

D
Total

4.3
Project

312.370
494.100

0

806.470

Other costs for the 1.-3. financial year
Animals (€)

Services (€)

Total project A1-C3 (€)

A1

16.416

16.416

A2

4.368

4.368

A3

15.072

15.072

A4

36.240

B1

17.820

17.820

B2

0

0

C1

15.072

C2

15.072

15.072

C3

33.000

33.000

C4

38.400

38.400

Total

191.460

Total:

37.000

9.000

46.000

73.240

24.072

237.460

3.271.430 €
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B.

Project Description

CD14 as a gate keeper in microglial responses to PAMPs and DAMPs

Summary
The sentinel and immune functions of microglia require rapid and adequate reactions to CNS
infection and damage. Toll-like receptors (TLRs) enable the cells to respond to both threats
as they sense a range of microbial agents as well as self-derived factors termed pathogenand damage-associated molecular patterns (PAMPs, DAMPs). We found that especially the
TLR4 complex organizes adapted microglial responses to these exogenous and endogenous
danger signals―with a remarkable agonist discrimination as well as cell type- and subsetspecific consequences. The coreceptor CD14 thereby demonstrated previously unanticipated
roles in gating and shaping the reactive phenotype, including mandatory support for DAMPs,
protection against overshooting responses in PAMP challenges and distinct involvement in
the organization of microglial functions. These contributions cannot be explained by a simple
assistance in agonist binding. They rather suggest own CD14 signaling at a decision-making
position. We will address mechanisms and outcomes of CD14 involvement for (i) managing
distinct microglial responsiveness to PAMPs and DAMPs in infection and injury, (ii) with a
focus on signaling control in TLR4-triggered reactions and (iii) considering the importance of
IFNβ in the CD14-guided competition of PAMPs and DAMPs for functional dominance.
Zusammenfassung
Die Überwachungs- und Immunfunktionen der Mikroglia erfordern rasche und adäquate
Reaktionen auf ZNS-Infektion und -Schädigung. Toll-like-Rezeptoren (TLR) ermöglichen den
Zellen Reaktionen auf beide Gefährdungen, da sie eine Reihe sowohl mikrobieller als auch
endogener Faktoren erkennen, die als pathogen- und damage-associated molecular patterns
(PAMPs, DAMPs) bezeichnet werden. Unsere Arbeiten zeigten insbesondere für den TLR4Komplex die Organisation angepasster Mikroglia-Reaktionen auf diese exo- und endogenen
Gefahrensignale, mit beachtlicher Agonistdiskriminierung und Zell- bzw. Subtyp-spezifischen
Konsequenzen. Dabei erwies sich der Korezeptor CD14 für den reaktiven Phänotyp als
unerwartet wichtig. Absolut erforderlich für DAMPs verhindert er überschießende Reaktionen
auf PAMPs und zeigt distinkte Beteiligungen an Mikroglia-Funktionen. Diese Beiträge gehen
somit über eine einfache Unterstützung der Agonistbinding hinaus und verweisen auf eigene
Signalbeiträge an entscheidender Position. Wir wenden uns den Mechanismen und Folgen
der CD14-Beteiligung zu, (i) wie sie distinkte Mikroglia-Reaktionen auf PAMPs und DAMPs
bei Infektion und Schädigung steuern, (ii) mit Fokus auf die Signalkontrolle TLR4-vermittelter
Reaktionen und (iii) unter Berücksichtigung von IFNβ in einer CD14-vermittelten Konkurrenz
von PAMPs und DAMPs um funktionelle Dominanz.
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1

State of the art and project report

1.1.1

State of the art

Microglial TLR4: versatile sensor of PAMPs and DAMPs in CNS infection and damage
Toll-like receptors (TLRs) comprise a family of pattern recognition receptors that can sense
conserved motifs in microbial glycoproteins/peptides, glycolipids, RNA and DNA, collectively
known as pathogen-associated molecular patters (PAMPs) (Kawai and Akira, 2010). TLRs
thereby trigger innate immune responses to infections by a wide range of pathogens but also
support adaptive immune activities (Hanisch et al., 2008;Garin et al., 2010). TLR4 senses
lipopolysaccharides (LPS), a major cell wall component of Gram-negative bacteria (Beutler
and Rietschel, 2003), but is increasingly considered for mounting reactions to an assortment
of disparate self-derived factors as released or modified under nonphysiological conditions
(Piccinini and Midwood, 2010). These factors normally serve diverse functions but acquire
the meaning of damage/danger-associated molecular patterns (DAMPs) upon cell and tissue
damage. Translocation from their physiological compartment (nucleus, cytosol, plasma) into
the extracellular space, oxidation or aggregation then render some TLR-agonistic potential
(Rubartelli and Lotze, 2007).
Fig. 1: TLR4 as a sensor of infection
and damage. Left: In cooperation with
CD14 a MD-2/TLR4 complex accepts
bacterial LPS as PAMPs and induces
through TRIF- and MyD88-controlled
kinases and transcription factors the
release of interferons, cytokines and
chemokines as well as the recruitment
of inflammatory cells. Yet TLR4 also
recognizes a variety of DAMP signals
as they associate with tissue injury or
cell impairments. Right: CD14, MyD88
and TRIF have distinct importance for
microglial reactions to TLR4 activation
as determined for cytokine production,
MHCI expression or phagocytosis of
myelin (Regen et al., 2011).

DAMPs may prepare for and modulate reactions to PAMPs or support restorative processes
and wound healing (Hanisch et al., 2008). However, they also fuel sterile inflammation in the
absence of an infectious agent― with sometimes devastating outcomes, in particular within
the CNS (Lehnardt et al., 2008;Stewart et al., 2010;Chen and Nunez, 2010). Expressed in
microglia, especially TLR4 could mediate responses to an array of endogenous compounds
liberated by vascular disruption, extracellular matrix (ECM) breakdown or cellular impairment
upon CNS trauma, stroke or tumour progression, but also neurodegenerative processes (Fig.
1) (Hanisch and Kettenmann, 2007;Kettenmann et al., 2011;Saijo and Glass, 2011;David
and Kroner, 2011). By both ligand variety and response options, the DAMP-TLR(4) signaling
fulfills many criteria of a versatile alarm system shifting microglial activities from homeostatic
surveillance to reactive phenotypes. DAMP challenges may even outnumber the activations
solely induced by Gram-negative infection, given the supposed implications in Alzheimer's
and Parkinson's diseases, in amyotrophic lateral sclerosis and also multiple sclerosis (Zekki
et al., 2002;Liu et al., 2005;Echchannaoui et al., 2005;Walter et al., 2006;Reed-Geaghan et
al., 2009;Letiembre et al., 2009). Yet little is known about how individual PAMPs and DAMPs
are functionally interpreted and how they can cooperate or compete in ambiguous situations
(Chen and Nunez, 2010).
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CD14: more than a helper in LPS binding
TLR4 is certainly not the only family member participating in responses to CNS challenges. It
is still an unmatched feature of TLR4 to control both of the TLR signalling pathways that are
critically conveyed by the adaptor proteins MyD88 and TRIF (Park et al., 2009;Kawai and
Akira, 2010;Lin et al., 2010). Downstream activation of numerous kinases and transcription
factors then organizes for the induction of an array of interferons, cytokines and chemokines,
like IFNβ, TNFα, IL-1β, IL-6, IL-12, CXCL1, CCL2, CCL3 or CCL5, as well as recruitment of
neutrophils, monocytes/macrophages and T cell populations. In addition, association with
coreceptors, other TLRs and non-TLR surface proteins enriches options for ligand binding
and signaling outcomes (Triantafilou and Triantafilou, 2002;Triantafilou et al., 2004;Trinchieri
and Sher, 2007;Stewart et al., 2010;Biswas and Mantovani, 2010). CD14, a GPI-anchored
protein, represents the prototypical TLR4 coreceptor/chaperone in LPS binding (Wright et al.,
1990). Together with LPS binding protein it organizes the extraction of LPS from the bacterial
membrane, its concentration and transfer to the MD-2/TLR4 signaling complex (Park et al.,
2009). However, observations in human autopsy material and animal models of diseases
suggest CD14 roles beyond an LPS coreceptor function (Echchannaoui et al., 2005;Walter et
al., 2006;Letiembre et al., 2009). CD14 seems to engage with TLR(4) responses to amyloidβ and to assist other DAMPs with influences on courses and outcomes of neurodegenerative
and demyelinating disorders. It is itself upregulated upon challenges, in the CNS on microglia
and astrocytes. Keys to the understanding of mechanisms and contributions are, however,
findings unraveling how CD14 controls TLR(4) sensitivity for specific ligands, how signaling
pathways are triggered by them and how CD14 roles differ between cell types―and even for
individual cellular functions (Jiang et al., 2005;Gangloff et al., 2005;Kagan et al., 2008;Watts,
2008;Zanoni et al., 2009;Regen et al., 2011;Zanoni et al., 2011).
1.1.2

Preceding report

CD14 governs distinct microglial responsiveness and responses to LPS variants
Bacterial LPS comes in structural variants that differ by the number and type of acylation and
phosphorylation of the lipid A trunk, but especially by the complexity of their carbohydrate
moieties, giving rise to distinct smooth (S) and rough (R) chemotypes. Bacterial strains differ
by these chemotypes and thereby identify themselves to the mammalian immune system by
initiating distinct TLR4 signaling, for example in macrophages (Jiang et al., 2005;Gangloff et
al., 2005). In macrophages, CD14 is essential for S-LPS and the link of both S- and R-LPS to
TRIF signaling. We found that microglia reveal an a priori higher sensitivity to S- and R-LPS
when compared to extraneural macrophages (Regen et al., 2011) (Fig. 2A). The latter may
occasionally be exposed to trace amounts of bacterial agents as spilling from the commensal
flora, while microglial confrontations would indicate truly threatening situations. Moreover,
microglial CD14, which is further induced by PAMPs and DAMPs (Janova et al., unpublished
data), increases the potencies of both S- and R-LPS, compensates for their differences and
selectively involves in the control of distinctly TRIF- and MyD88-dependent gene inductions,
expression of molecules for antigen presentation as well as myelin phagocytosis (Regen et
al., 2011) (Fig. 1 and 2A). This ability of a microglial TLR4 complex to differentiate between
LPS chemotypes thereby matures during postnatal development, along with a reorganization
of TLR responses peaking around postnatal day 20 (Scheffel et al., submitted).
CD14 shapes microglial response profiles and protects against overshoot reactions
We found that CD14 controls the magnitude of induced cytokines and chemokines, shaping
reactive phenotypes and preventing excessive responses (Regen et al., 2011). While LPS at
low concentrations benefits from CD14 assistance, responses to high concentrations are
rather contained, CD14 bock (by antibodies) or deficiency (in cd14-/- cells) causing excessive
production of, for example, chemoattractive signals for neutrophils (Fig. 2B). Since this CD14
effect applies differently to individual proinflammatory factors, it would orchestrate leukocyte
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infiltration upon CD14 'titration' into the response (Fig. 2C). We confirmed this phenomenon
in vivo, by CNS infection of cd14-/- and wildtype mice with E.coli, observing an enhanced
leukocyte invasion, especially for neutrophils (Fig. 3, Janova et al., unpublished data). These
data argue for a sophisticated management by CD14 of microglia reactions to Gram-negative
infection by scale and properties. Notably, the overshoot protection is not seen in peritoneal
macrophages, and we confirmed that this difference is not age- but cell type-dependent.

Fig. 2: CD14 as a regulator of microglial responses to TLR4 activation. (A) CD14 enables for the high
sensitivity of microglia for LPS, that is (depending on the chemotype) 100- to 1000-fold higher than in
extraneural macrophages. (B) CD14 also prevents microglia from overshooting reactions, exemplified
for the production of the neutrophil-attracting CXCL1 upon high doses of LPS. A blocking antibody is
able to suppress the response to low and medium LPS concentrations, while unleashing an excessive
release when LPS exceed the critical level of 10-9 g/ml (corresponding to the red lines in A). (C) CD14
has different control impact on individual genes as depicted by a heat map encoding changes over
wildtype response in cd14-/- microglia. Containment of especially CXCL1 is observed throughout LPS
chemotypes (Regen et al., 2011; Regen et al., unpublished data).

Fig. 3: CD14 as a regulator of neutrophil infiltration in CNS infection. Intracerebral infection with E. coli
in wildtype and cd14-/- mice results in a rapid appearance of neutrophils and monocytes in the brain,
as determined by flow cytometry for population-identifying expression of Ly-6C and Ly-6G. Deficiency
in CD14 leads to a massive increase in especially neutrophil recruitment (Janova et al., unpublished
data).
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CD14 is a mandatory coreceptor for microglial responses to DAMPs
In sharp contrast to microbial ligands, endogenous TLR4 agonists reveal an absolute CD14
dependence. We characterized CD14/MD-2/TLR4/MyD88-dependent activations of microglia
by fibronectin (FN), an important coagulation and plasma factor as well as ECM constituent.
By localization and modes of damage-dependent delivery to microglia, FN offers ideal DAMP
qualities and exhibits distinguished features in its TLR4 signaling (Fig. 4). We determined, for
example, αMβx integrin contributions therein, a critical influence of the flexible conformation of
FN and distinct gene regulations for inflammatory yet repair-oriented profiles (Scheffel et al.
unpublished).

Fig. 4: CD14 as an essential coreceptor in microglial responses to FN. TLR4 responses to FN involve
a signaling control by integrins but especially depend on functional CD14. As shown for the induction
of CXCL1, global lack (cd14-/-) or (antibody) block of CD14 abolishes the response to FN, while rather
causing overproduction in the case of high-dose LPS (middle). A timed CD14 functionality (during the
first 6 h of a 48 h stimulation) already installs the overshoot protection for LPS, but still cannot provide
full assistance to FN. If, however, CD14 function is allowed for >6h, then also the full response to FN
is guaranteed. This dependence of FN on CD14 cannot be overcome by high concentrations (right).
Also in contrast to LPS, there is no overshoot protection (compare to Fig. 2).

Notably, FN and other TLR4-active DAMPs in our (a thrombin-associated complex, structural
Ig variants) as well as other studies (HMGB1, Helena and Robert Harris, Karolinska Institute
Stockholm, personal communication) do absolutely require functional CD14 (Fig. 4). While
CD14 has now been acclaimed to sit at the apex of cellular responses to LPS (Zanoni et al.,
2011), we suggest a gate keeper role for DAMPs. High PAMP (LPS) concentrations still can
initiate a microglial response in CD14 absence, DAMPs cannot. As a provocative hypothesis,
we see CD14 rather as a TLR(4) coreceptor for DAMPs that, in addition, assists and tunes
reactions to LPS. The fact that CD14 is not only upregulated via TLR4 but also induced by
activation of receptors that would not directly take profit for their own ligand actions further
supports this claim. Accordingly, through CD14, TLR4 could be recruited to render microglia
(more) sensitive towards endogenous danger signals. CD14 would be in the decisive position
to arrange for a DAMP bias in the TLR4 response repertoire, e.g. in support of restoration.
CD14 offers distinct signaling contributions in responses to PAMPs and DAMPs
From our previous (Regen et al., 2011) and preliminary findings we conclude that the distinct
influences of CD14 on LPS chemotypes and DAMP candidates must rely on largely unknown
signaling contributions—our observations being corroborated by reports on dendritic cells
(Zanoni et al., 2009;Zanoni et al., 2011). There, CD14 controls the LPS-induced endocytosis
of TLR4, which enables signaling via TRIF from endosomes. These reports can now explain
the formerly suggested CD14-TRIF link (Jiang et al., 2005;Gangloff et al., 2005;Kagan et al.,
2008;Watts, 2008). They also introduce the tyrosine kinase Syk, phospholipase Cγ2 (PLCγ2)
and Ca2+ mobilization in a concept of an own CD14 signaling that mediatesTLR4 endocytosis
and life cycle regulation. In microglia, we see CD14 contributions to cytokine induction, MHCI
expression and regulation of myelin phagocytosis that cannot be explained by the direction of
TRIF signaling only (Regen et al., 2011) (Fig. 1). LPS concentration-dependent overshoot
protection (Fig. 2) is completely absent in FN challenges (Fig. 4), suggesting distinct gating in
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PAMP versus DAMP confrontations. Moreover, CD14 functionality is required longer during
FN than LPS signaling. Support and containment for low and high LPS doses are regulated
within the first 6 h of microglial challenge. Support for FN signaling has to exceed this period
(Fig. 4). Importantly, by that time, the activation waves in TLR4 downstream signaling are
already over, as we measured by NFκB p65, p38MAPK and ERK1/2 phosphorylation (Scheffel
et al., unpublished data). This is neither simply fitting the function of an affinity provider nor
that of a helper for TLR4-TRIF interaction. CD14 may even have other means to control the
TLR4 signaling of different agonists. Finally, the CD14-TLR4 complex has also microgliaspecific properties, as stressed above for comparisons with extraneural macrophages. On
the other hand, microglia themselves can present by responder subtypes.

Fig. 5: Challenges through TLR and other receptor systems reveal distinct responses by microglial
subtypes. Stimulation of mouse brain slices in organotypic culture with LPS induces synthesis of either
TNFα alone or in combination with CCL3 or just CCL3 in distinct CD11b+ microglia (upper left row). A
differential induction is also demonstrated by flow cytometry of microglia as isolated at different ages
(P21, P49) and from different CNS regions (cortex, cerebellum) (panels on the right). Distinct induction
patterns are shown for LPS-induced COX2, with no expression in controls and individual expression in
stimulated microglia in culture (middle row of images). Myelin phagocytosis is another function that is
not equally exerted by all microglia (bottom row, from left). Red-fluorescent myelin is detected in some
cells only, the uptake being under negative control of TLR4. Subpopulations by phagocytotic activity
are revealed by flow cytometry as well. Similarly, IFNγ injection into mouse brain tissue identifies an
Iba1+ microglia subset expressing MHCII for antigen presentation and another one that fails to do so.

IFNβ as a solely PAMP-induced and DAMP response regulating TRIF-controlled factor
In all of our studies on DAMPs, illustrated by FN, TRIF signaling appeared different from that
triggered by PAMPs as to an apparent deficiency in IFNβ induction (Regen et al., 2011). In
contrast, IFNβ has a profound regulatory impact on TLR4-induced genes―as long as they
are induced by DAMPs. There is, for example, an enhancement of chemoattractive signals
for monocytes and a suppression of those for neutrophils along with sparing other cytokines.
The very same factors are more or less unaffected when being triggered by PAMPs, shown
for a range of LPS chemotypes. Along with our gene array data from PAMP- and DAMPchallenged microglia and competition experiments in which DAMPs displaced PAMPs from
TLR4 access (Scheffel et al. unpublished data) we picture the following scenario. TLR4relevant PAMPs in infection drive a microglial reaction for defence which is not necessarily
depending on CD14. PAMPs also exert a control over DAMP induction (FN being among the
top-ranking genes as controlled by LPS). However, CD14 induction allows damage-delivered
(pre-existing) TLR4-agonistic DAMPs to act on microglia and to even compete with PAMPs
for TLR4 use, whereas PAMP signaling can still modulate DAMP-governed responses via
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IFNβ. PAMPs and DAMPs could thus orchestrate microglial profiles according to the needs
of protecting the CNS against microbes and responding to CNS impairment.
TLR4 and other receptor challenges reveal responder subtypes of microglia
According to the previous work plan, we addressed the heterogeneity of microglia responses
to TLR(4) and other receptor activations (Fitzner et al., 2011; Scheffel et al., submitted).
Clearance of myelin-laden exosomes, myelin debris and E. coli is carried out by microglial
subsets, in part complementary to other functions, such as antigen presentation. Production
of inflammatory key mediators or related enzymes, like TNFα, CCL3 and COX2, reveals a
similar split of tasks (Fig. 5). The body of evidence points to some microglia subsets exerting
a master control by privileged synthesis of regulatory factors, while compartmentalization can
segregate potentially interfering functions by assigning them to discrete microglial pools. The
conclusions were drawn from work ex vivo, in vivo and from studies in human tissues as well
as based on physiological (Fitzner et al., 2011) and pathological scenarios (Scheffel et al.,
submitted), including tumors (Pukrop et al., 2010). A summary is given in a scheme (Fig. 6).

Fig. 6: Organization of microglial responses by subsets. Challenges by TLR4, other defined receptor
systems (IFNγR) or by complex challenges, such as exposure to myelin-laden exosomes and myelin
debris, reveal responses and engagement of microglial subsets in vitro and in vivo. TLR4 agonists can
induce MHCI expression in virtually all microglia, induction of TNFα, CCL3 or COX2 is rather restricted
to subsets. Similarly, myelin is readily taken up by a subset of cells only. Even a newly defined housekeeping function of microglia, namely the clearance of myelin-laden exosomes in support of the myelin
turnover by oligodendrocytes, is confined to a microglial subpopulation that would not express MHCII
upon IFNγ challenge and that would not successfully present antigen to T cells. A complementary set
would express MHCII and presenting antigen, avoiding exosomal clearance. These data suggest the
existence of microglial subsets differing by clearance function, antigen presentation capacity and their
ability to serve as sources of inflammatory mediators. Data are from recent publications (van Rossum
et al., 2008;Fitzner et al., 2011;Regen et al., 2011) and Scheffel et al. (submitted).
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1.1.3
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2

Objectives and work programme
Anticipated total duration of the project

2.1

36 months.
Objectives

2.2

As a conclusion from the findings of the previous period, the microglial TLR4 complex can
organize adapted responses to a variety of exogenous (PAMPs) and endogenous (DAMPs)
danger signals. Responses occur with agonist discrimination and in a cell type- and subsetspecific fashion. CD14 thereby takes a formerly unanticipated role in gating and shaping the
reactive phenotype, including mandatory support for DAMPs, protection against overshoots
towards PAMP challenges and distinct involvement in the organization of microglia functions.
These contributions cannot be explained by a simple binding assistance but suggest even
TLR4-independent signaling. In the forthcoming period, the mechanisms and consequences
of microglial CD14 will be addressed by the following tasks as expressed in questions:
•

How is CD14 managing the distinct TLR4 responsiveness to PAMPs and DAMPs?

•

How does CD14 organize the distinct responses also by own signaling?

•

How is IFNβ as a CD14/TLR4→TRIF-dependent factor involved in the competition of
PAMPs and DAMPs for functional dominance?

The work program, translated below in defined approaches, aims at the elucidation of CD14
as a decision maker and a guide in microglial reactions to infectious and non-infectious CNS
challenges. Given the implications of microglia in virtually all CNS complications and a role of
the TLR4 system therein, CD14 may prevail over regulating microglial actions in protecting,
restoring or harming CNS structure and function. Essentials of the working hypothesis are
summarized below (Fig. 7).

Fig. 7: Evidence-based hypothesis on the involvement of CD14 in discriminative microglial responses
to TLR4 activation in CNS tissue infection and damage. Left: CD14 may in addition to helping LPS
transfer to the TLR4 complex serve in reactions to DAMPs, exemplified by FN. It facilitates the TLR4
access to TRIF signaling by supporting TLR4 endocytosis but most likely offers additional control over
functional consequences. As specified in the work plan below, prime candidates are Syk and PLCγ2
as suggested by findings on dendritic cells. Yet the differential importance for PAMPs by challenge
intensity and for DAMPs in general argues for a cell type- and agonist class-specific role in microglia
exceeding these candidates. Middle and right: Microglial TLR4 activation by DAMPs, like FN, depends
on MyD88 but presents with some unusual TRIF involvement, when compared to activation by PAMPs
(LPS of various chemotypes). DAMPs appear to be less efficient (or ineffective) in inducing IFNβ, the
major gene product of (CD14-dependent) TRIF activation. Preliminary data, however, demonstrate a
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massive impact of IFNβ on DAMP-induced gene profiles, such as for cytokines and chemokines. Most
intriguingly, the very same cyto/chemokines do not reveal such a regulation by IFNβ when they are
induced by PAMPs. IFNβ is thus critical for PAMPs to gain functional dominance in TLR4 responses.
2.3

Work programme incl. proposed research methods

Methods
The descriptions of methods and models cover only those which are most essential for our
work or which got recently established. Standard procedures and commercially available
assays are not explicitly described.
Animals: C57Bl/6 mice are obtained from and housed in the Central Animal Facilities of the
University Medicine Göttingen (UMG). The facility holds also our stock of tg and ko mouse
strains, i.e. myd88-/-, trif lps2, cd14-/-, tlr4-/-,, LysM-eGFP, Iba1-eGFP and a LysM-eGFP/cd14-/crossbred. The hMRP8Cre-IHRES-GFP and ifnar1-/- will be obtained in collaboration with projects
A3 and C2. All treatments of animals are according to the UMG guidelines for animal care.
TLR agonists, cytokines, blocking antibodies and inhibitors: Stimulation of cells with
TLR agonists in vitro/ex vivo or administration in vivo are based on compounds and factors
routinely used in our studies (van Rossum et al., 2008;Pukrop et al., 2010;Heneka et al.,
2010;Regen et al., 2011), covering S-LPS (smooth chemotype, E. coli, serotype O55:B5),
Re-LPS (rough chemotype, E. coli, serotype R515), Pam3CSK4 (TLR1/2), poly(I:C) (TLR3,
TLRgrade™), MALP-2 (TLR6/2), flagellin (TLR5), poly(U) (TLR7/8) and CpG ODN (TLR9)
from Enzo Life Sciences/Alexis and poly(A:U) (TLR3) from Sigma. Mouse plasma fibronectin
is from Dunn Labortechnik, verified by ourselves to be free of contaminations, especially
regarding TLR4 interference. Recombinant (rec) mouse IFNγ, IL-4 and IL-10 are purchased
as carrier-free preparations from R&D Systems. Mouse rec IFNβ is from PBL Biomedical
Laboratories. The monoclonal rat-anti-mouse CD14antibody (clone 4C1) is purchased from
BD Pharmingen. BAY 61-3606, piceatannol, U-73122, terreic acid, AG126 and LFM-A13 are
from Sigma, Enzo LifeSciences or Calbiochem/Merck, respectively. All working solutions are
freshly prepared from frozen or refrigerated stocks as recommended in culture medium, PBS
or respective vehicle. Unless otherwise specified, cells are incubated for 18 h in a humidified
atmosphere with 5% CO2 at 37 °C. Culture supernatants are stored at -20 °C until assayed.
In experiments involving blocking antibodies or inhibitors, cells receive a preincubation with
the respective agent. For delivery in vivo, minipumps (as well as the cannula-tubing system)
are filled with respective solution and allowed to accommodate prior implantation.
Microglial preparations: Cultures of microglia from newborn mice are performed based on
our standard procedures (Regen et al., 2011). We also established a novel procedure for ex
vivo analyses of adult mouse microglia to study responses to stimulations at animal ages
from birth to adulthood (Scheffel et al., submitted). Cells are isolated from whole forebrain or
CNS subdivisions, stably kept in culture and repeatedly assayed for response properties. To
overcome the limited viability of postnatal/adult microglia a transient plating on astrocytes
from newborn mice (P0, freed from microglia) is used. Purity of isolates was confirmed by
flow cytometry of cross-cultivated cells with C57Bl/6, B6.SJL and RAG1xLy5.1 background
reciprocally expressing CD45.1 or CD45.2, by phase contrast microscopy, PCR analyses of
mRNAs identifying astrocytes versus microglia and by laser scanning cytometry. Results
confirmed exclusion of p0-derived microglia from preparations of postnatal cells. Cultivation
of adult cells involves 3 steps: (1) preparation of P0 mixed glia, (2) depletion of P0 microglia
by clodronate, (3) seeding of adult microglia on a confluent astrocyte layer. Experiments use
Dulbecco’s modified Eagle’s medium (DMEM, Gibco), 10% FCS-supplemented (Gibco), 100
U/ml penicillin, 100 µg/ml streptomycin (Biochrom), Hanks balanced salt solution (HBSS) and
trypsin (Biochrom), Dulbecco’s PBS, poly-L-Lysine (Gibco), DNAse (CellSystem) and
clodronate (Calbiochem). Cultures are kept in DMEM until astrocytes reach confluence. P0
microglia are depleted with clodronate (200 mg/ml in DMEM), followed by incubation for 48 h
in humid atmosphere, 5% CO2 at 37°C. Cells are separated from astrocytes by shaking (250
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rpm, over night, 37°C). Cultures are washed (3x PBS) and cultured for 24 h. Adult microglia
can be prepared from whole brains of mice at various developmental stages. Brains are
freed from meninges and blood vessels, dissected into small pieces, washed (3x HBSS) and
incubated with trypsin (2.5%, 10 min, 37°C). DMEM with DNAse (0.5 mg/ml) is added,
followed by incubation for 5 min, 37°C, mechanical separation, centrifugation (800xg, 4°C, 10
min) and addition of fresh medium. Larger fragments are removed by a 40 µm cell strainer
(BD Biosciences). Cells are seeded on previously prepared P0 astrocytes (half brain/75cm2
bottle) and cultured in humid atmosphere, 5% CO2 at 37°C. After 24 and 48h, cultures are
washed (3x PBS) and fresh medium is given. After 7 days, microglial proliferation can be
stimulated by DMEM, 30% L929 cell culture supernatant. After additional 7 days, cells are
collected by shaking, washed, counted and plated. Cells can be used up to 4 weeks.
In vivo delivery of compounds and infection: Mice are anesthetized with ketamine/xylazin
and chucked into a stereotactic frame (Kopf Instruments). A sagittal incision is made through
the scalp and a hole (i.d.<0.5 mm) is drilled in the exposed cranium according to the desired
stereotaxic coordinates (relative to bregma) for infusion into the lateral ventricle (i.c.v.) or the
striatum, as depending on the experiment (widespread or local delivery of a blocking
antibody, inhibitor or receptor agonist). Subsequently, a cannula (Brain Infusion Kit 3, Alzet
Osmotic Minipumps, Durect Corporation) being adjusted in length to the stereotaxic position
is then lowered through the hole using a manipulator and fixed to the bone by Loctite 454.
The cannula is connected via tubing to a 1003D or 1007D minipump (Alzet) containing the
sterile solution of the compound to be delivered. The pump is inserted into a subcutaneous
pouch between the shoulder blades and the incision is closed by a suture. This procedure
follows the instruction of the manufacturer and is based on previous experience (Hanisch et
al., 1996;Hanisch et al., 1997). For work on the infection model, mice are injected with E.coli
K1 (106 cfu/ml) into the right forebrain. For neutrophil and monocyte infiltration analysis, mice
are sacrificed after 20 to 22 h and brains are removed for processing. For these experiments,
we rely on our routine collaboration with Dr. Roland Nau and Dr. Sandra Ribes (Institute of
Neuropathology, University of Göttingen).
Monocyte and neutrophil recruitment into the CNS: After perfusion of the mice, the brains
are isolated and a single-cell suspension is prepared using gentleMACS Dissociator together
with MACS neuronal dissociation kit (T) as to manufacturer’s instructions (Miltenyi Biotec).
Brain homogenates are centrifuged through a continuous 37% Percoll gradient to remove
myelin and cellular debris. Cells are stained for CD11b, Ly-6G, Ly-6C and analysed by flow
cytometry. Work will also be based on LysM-eGFP and CD14-deficient LysM-eGFP strains.
Assays for cyto/chemokines: Supernatants are analyzed by commercial ELISA for IL-6,
CCL2, CCL3, CCL5 and CXCL1 (DuoSet ELISA Development Kits, R&D Systems), TNFα
(BioLegend) and total IL-12p40 (including monomeric p40, eBioscience). IFNβ is quantified
with an ELISA kit from PBL Biomedical Laboratories. Absorbance is measured at 450 nm
(with 540 nm reference) using an iMark microplate reader (Bio-Rad) (Regen et al., 2011).
Immunocyto/histo/chemnistry and histology: Detections are based largely on antibodymediated staining using direct or indirect (secondary antibody) coupling to fluorescent dyes.
If not commercially available, dyes or biotin are introduced using conjugation kits of Thermo
Scientific (Pierce) or EasyLink conjugation kits from Abcam, as done in the past.
Immunocytochemistry is then performed on cultures of cells and tissues (brain slice) using
appropriate fixation. Immunocytochemistry on brain sections is performed after various
survival times after agonist injection or induction of a pathology (see the work plan). Brains
are fixed, dissected and paraffin-embedded as to standard protocols, or used for
cryosectioning. Staining of releasable cytokines, like TNFα or CCL3 along with cellular
(source) identification requires timed export block using GolgiStop or GolgiBlock treatment.
The optimal timing after stimulation has been established for each factor. Co-staining for
microglial identification uses antibodies against Iba1 and CD11b or Griffonia simplicifolia
isolectin B4 (ILB4) and tomato lectin, coupled to dyes directly or through biotin-streptavidin
cascades. Supplementing detections of cells and matrix structures include antibodies against
prominent proteins. Myelin is visualized with antibodies to myelin basic protein (MBP). Axons
are stained for neurofilament 200 (NF200), dendrites for microtubule associated protein 2
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(MAP2), entire neurons for protein gene product 9.5 (PGP9.5). Oligodendrocytes can be
detected by antibodies against Nogo-A and/or CNPase. Detection of FN involves polyclonal
and epitope-selective monoclonal antibodies. If not performed via fluorescence, visualization
also relies on avidin-biotin techniques (DAB as chromogen). Double labelling is based on first
HRP/DAB and thereafter alkaline phosphatase/anti-alkaline phosphatase/Fast Red steps.
Histology uses haematoxylin/eosin staining (HE), Bielschowsky silver impregnation (axonal
structures) and Luxol fast blue/periodic acid shift technique (LFB/PAS, myelin staining).
Myelin and E.coli phagocytosis: Microglial activity is determined directly or subsequent to
stimulation by exposure to FITC- or rhodamine-conjugated mouse myelin for 2 h, followed by
staining and processing for flow cytometry or labeling with FITC-conjugated ILB4 (Vector
Laboratories) for microscopic analysis, as described (van Rossum et al., 2008;Regen et al.,
2011). Analysis for E. coli uptake is based on a DsRed-expressing DH5α strain used at a
stock concentration of 1010 cfu/ml and a protocol following earlier descriptions (Ribes et al.,
2009;Ribes et al., 2010b).
Microscopy, FACS, LSC: Microscopy is based on an Olympus BX51 system with Olympus
cameras (DP71 and an ultrasensitive XM10t) and high-end filter sets for DAPI HC, APC HC,
PE HC, Cy2 HC and Cy7 HC bandpass systems. Analyses are also performed by confocal
microscopy, especially when using brain slices/sections. Flow cytometry/FACS is performed
on trypsinated cells, using FcR (CD16/32) block to prevent antibody binding via Fc. Adapted
procedures, like saponine treatment, are applied for optimal detection of the various antigens
with surface or intracellular localization or with a need of release blockade. Analyses and
sorting are processed with a FACS Canto II or FACS Aria (Becton Dickinson). Multiparamter
analysis of cultures and tissue is also available as laser scanning cytometry (LSC), using an
iCys system (Compucyte). For both, core facility support is provided.
Analyses of signalling proteins: Quantitative phosphorylation assays (Cell Signalling) are
used for key downstream elements of TLR, i.e. JNK, p38MAPK, ERK1/2, MEK and NFκBp65.
Assays either detect phospho- or total protein, measuring induction versus activation. Cells
are stimulated for various periods and their lysates are prepared for the assays. In addition,
cell-based ELISA using dual antibody-coupled fluorescence measurements within small cell
samples (R&D Systems) and reading in a Tecan Safire reader has been successfully used in
our laboratory on microglia already. Importantly, we purchased a Bio-Plex system (Bio-Rad)
for simultaneous quantification of several proteins in small cell/tissue samples to determine
signalling molecules in customized arrays especially in isolates from CNS regions.
RT-PCR and gene arrays: As previously applied (Pukrop et al., 2010), we will use a murine
4x44K whole genome array, in combination with LowRNA Input Linear Amplification Kit PlusOne Colour and RNA Spike-In Kit-One Colour (Agilent Technologies). Samples and data are
processes at the transcriptom core facility unit of the University of Göttingen. RT-PCR and
RT-PCR arrays are performed with standard procedures or kits for assembled primers on
TLR signaling and inflammation genes (SABiosciences, Qiagen) using a IQ5 (Bio-Rad).
Motility and chemotaxis: Motility and chemotaxis are monitored in an established chamber
device (Pukrop et al., 2010) or with ORIS ProCell Migration and Ibidi μ-Slide systems.
Work program
(1) How is CD14 managing the distinct TLR4 responsiveness to PAMPs and DAMPs?
The first part of the working plan addresses the importance of CD14 for responses to the
representative PAMPs and DAMPs, i.e. Re-LPS, S-LPS and FN. The LPS chemotypes are
considered as extremes of bacterial strain-associated structural variants that differ by their
carbohydrate complexity and functional ability to trigger MyD88- and TRIF-dependent TLR4
signaling. FN is chosen as to our detailed characterization of its TLR4-dependent actions. In
the experiments outlined below we aim at the distinct contributions and essentially the gate
keeper role of the coreceptor.
Conditions for CD14 induction in responses to PAMP and DAMP actions in vivo
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The dose-varying versus absolute dependence of PAMPs versus DAMPs raises the question
whether CD14 upregulation in microglia is a requirement for exerting these effects. Yet we do
not have an exact picture of how inducible CD14 levels would affect the ongoing response,
given the remarkably complex control over PAMPs and the gating for DAMPs. In vitro, CD14
is induced in microglia upon challenges at both mRNA and protein levels. Initial data suggest
that PAMPs and DAMPs drive similar kinetics. However, there is surprisingly little information
about the situation in vivo. Intracerebral administration of representative TLR4 agonists is
therefore planned to draw a time course of CD14 induction, based on tissue staining, mRNA
detection and flow cytometry of isolated microglia. In addition to a focus on microglia, we also
determine the astrocytic expression as we consider the recruitment of these cells in TLR4
responses and their influence on the microglial response profile (based on evidence from
another project). Data from these experiments should clarify whether the regulatory functions
of CD14 would potentially be in place per se and how they would be further installed upon a
challenge. We thereby compare the potential of the Re-LPS and S-LPS chemotypes (each
by low and high doses, see also Fig. 2) (Regen et al., 2011) and FN.
Determining the TLR4/MyD88 dependence of the microglial responses to FN, we also
identified a signaling influence through αMβx integrin (CD11b). FN could have additional
means in vivo, i.e. cellular targets and signaling options, to induce its coreceptor CD14. We
will therefore determine CD14 induction by agonist administration as above also in our tlr4-/animals. In comparison to the wildtype situation, we may identify TLR4 as the sole (essential)
player in both (microglial) responses to FN in general as well as for the upregulation of CD14
or we will have to consider that FN as a TLR4-agonistic DAMP can control its own access to
TLR4 signaling via cross-induction. Animals with Re-LPS and S-LPS administration would
serve in additional comparisons, assuming that both mandatorily depend on TLR4. However,
additional binding sites of LPS have been reported, and these treatment groups in tlr4-/- may
indicate such potential contributions.
Tissue analyses in these studies consider not only the detection of CD14 itself but
simultaneously cell-identifying 'markers' and indicators of microglial activation to determine
the consequences for neurons and neuronal structures, astrocytes, oligodendrocytes and
myelin as well as characterization of inflammatory infiltration by peripheral immune cells. A
description is part of the Methods section, together with technical information on the agonist
delivery. Work as to in vivo delivery of TLR-active compounds/agents and on histology is a
collaborative effort with Dr. Roland Nau, Dr. Wolfgang Brück and Dr. Sandra Ribes (Institute
of Neuropathology, University of Göttingen) as previously documented (Goos et al., 2007;van
Rossum et al., 2008;Ribes et al., 2009;Ribes et al., 2010a;Ribes et al., 2010b;Regen et al.,
2011).
Requirement and contributions of CD14 in responses to PAMP/DAMP actions in vivo
The next and even more critical step regards the actual importance of CD14 for challenges in
vivo. From our work on isolated microglia we know about the differential CD14 dependence
of LPS chemotypes at concentrations for sub- and (supra)maximal responses and about the
dose-independent requirement for FN. For high LPS concentrations, CD14 offered protection
against overshooting production of (especially) CXCL1 as a neutrophil attractant. FN entirely
depended on CD14, but did not obey to such overshoot prevention. Our preliminary studies
based on E.coli infection of cd14-/- mice confirmed the role of CD14 in regulating monocyte
and (especially) neutrophil invasion to the CNS (Fig. 3). Yet E.coli delivery does not easily
allow for a dose titration. We will thus perform a series of defined agonist administrations in
cd14-/- and wildtype mice to determine the consequences of Re-LPS and S-LPS at low and
high doses as well as those of FN. Monocyte and neutrophil recruitment to the CNS by both
absolute and relative means will serve as a major readout (based on flow cytometry and intissue detection in mice treated in parallel), while a complex immunohistology will again be
performed to characterize CNS consequences by qualitative and semiquantitative analyses
(as above).
Importantly, when compared to LPS, FN drives an even stronger microglial production
of CXCL1, along with a similar CCL2 induction (Scheffel et al., unpublished data). Moreover,
45

FOR 1336 – Diversity of brain macrophages

in direct competition, FN can displace LPS, also reflected by a shift in the profile of induced
cyto/chemokines. As a result of this takeover, microglial release of CXCL1 is enhanced while
CCL2 levels remain nearly unchanged. The in vivo experiments may thus reflect this bias by
a massive neutrophil recruitment in wildtype animals under FN treatment.
As another approach, we will employ a LysM-eGFP mouse (a kind gift of Dr. Thomas
Graf, Barcelona) with neutrophils rendered green-fluorescent that we had meanwhile already
crossed with the cd14-/- strain. Not only do these strains give another option for cell detection
in tissues and tissue extracts or for imaging purposes (see further below). We seek by their
use to dissect the importance of CD14 in the CNS-resident TLR4-activated cells (microglia)
versus the infiltrating populations. We therefore plan to perform cell transfers in combinations
of LysM-eGFP→cd14-/- and LysM-eGFP/cd14-/-→wildtype under the Re-LPS, S-LPS and FN
treatments. This work requires a suitable (already established) discrimination of cell types by
flow cytometry and, in particular here, parallel monitoring of circulating cell populations (Fig.
8, details in Methods). As an alternative to the LysM-eGFP mouse in revealing neutrophils, a
strain for granulocyte-specific visualization (hMRP8Cre-IHRES-GFP) would be available through
the project A3 (Rosenbauer).
Fig. 8: Animal strains and models as
well as analysis options for studying a
role of CD14 in responses to a DAMP
and PAMP delivery. Agonist infusion
is followed by immunohistochemistry
on tissue sections and flow cytometry
of cell isolates from the CNS and the
blood. Reactive behavior of microglial
cells can be characterized by ex vivo
functional analysis, based on protocol
options recently established in our lab
and allowing an isolation of adult cells
even from CNS subregions.

For a detailed characterization of microglial (and astroglial) properties upon the TLR4 agonist
treatments in vivo, we take advantage of a recently developed protocol for functional ex vivo
analysis. Avoiding several limitations of available acute isolation procedures, it allows for the
preparation of suitable amounts of vital cells from adult mouse brain (regions) as well as the
spinal cord to determine spontaneous (basal) activities, like protein expression and release,
or their induction upon defined stimulations (Scheffel et al., submitted, see Methods). One of
the ideas behind this experimental part (requiring separate sets of animals) is to compare the
in vivo challenged microglia to those challenged thus far in culture settings. This is meant not
only for confirmation, but to estimate the roles of additional cues provide by tissue context.
As a bridging model of intermediate complexity, we can build on our experiences in
studying macrophages and microglia in organotypic nerve tissue and brain slice cultures (van
Rossum et al., 2008;Pukrop et al., 2010). Especially the latter would be useful to dissect a
mechanism of CD14 involvement as it avoids any (potential) infiltration of peripheral immune
cells, like monocytes/macrophages, since it allows for easy manipulation, including drug as
well as antibody additions, and as it also offers replacement of cells with different genotype,
such as replenishment of previously eliminated (silenced) resident microglia by exogenous
microglia (for example to insert wildtype microglia in a cd14-/- tissue slice environment and
vice versa).
Contributions of CD14 in a mouse model of ischemia
The administration of Re-LPS, S-LPS and FN experimentally determines TLR4 engagement.
In many disease scenarios, however, TLR(4) involvement remains cryptic and intermingled
with other microglia-activating factors (Hanisch and Kettenmann, 2007;Kettenmann et al.,
2011). In cooperation with project C4 (Priller), we will design a series of experiments to study
the impact of CD14 (by CD14 deficiency in cd14-/-) in their well-established ischemia model.
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The model is also chosen because of its association with prominent neutrophil infiltration.
Induction (such as readily achieved in micro/glia), liberation (from proteolysis of the ECM) or
leakage (from the plasma by blood-brain barrier impairment) of FN itself will be determined
(preferentially) by immunostaining of tissue (Hanisch et al., 1997), assisted by PCR. Delivery
of further FN could test for worsening versus ameliorating add-on effects. Conceivably, the
suppression of the circulating FN (plasma FN, pFN, as produced in the liver) in a respective
knockout model could serve as an ideal complement study. Unfortunately, the actual model
is not entirely suitable and lack of pFN could come with undesired consequences as to its
role in coagulation. Of course, FN is not the only DAMP acting via TLR4―and at all (Hanisch
et al., 2008). Nevertheless, its omnipresence as a latent agonist and the profound effects it
can induce in microglia qualify FN as a relevant representative in a TLR4-focussed study.
Kinetics of infiltrating leukocytes upon PAMP and DAMP challenges in vivo
Depending on the results obtained from the former studies, a selection of experiments will be
envisaged to get insights into the migration and interaction behavior of both microglia and
(added) neutrophils, to start with by life imaging of slice preparations (cooperation with the
project B2 (Bechmann). Acute deposition of a TLR4 agonist (delivery through a micropipette
at a given tissue position) would be followed by monitoring cell migration, using for microglia
either a vital lectin staining as previously applied already (Boucsein et al., 2003;Pukrop et al.,
2010) or tissue preparations from a mouse expressing eGFP under the Iba1 promoter (a kind
gift of Dr. Shinichi Kohsaka, Tokyo). Alternative mouse models with genetically fluorescencelabelled microglia are available at the University of Göttingen and in this consortium, namely
through project C1 (Jung). In these studies, not only the immediate influence of PAMPs and
DAMPs could be compared, but also the role of CD14 therein. Here, suppression of CD14
would be achieved by antibody block (e.g. using the clone 4C1). If these results suggest a
more sophisticated approach for additional analysis in vivo, we could rely on the expertise
available in project B1 (Flügel). Due to the specific settings and options in the intravital
imaging approaches, experiments would not simply serve a confirmation but rather address
additional questions as to, for example, kinetics of a recruitment.
(2) How does CD14 organize the distinct responses also by own signaling?
As outlined in section 1.1.2 for microglia (own work) and supported by recent reports (Zanoni
et al., 2009;Zanoni et al., 2011), CD14 organizes its complex control over TLR4 signaling
and functions most likely by formerly unnoticed own signaling links. Especially for microglia,
we formulated the hypothesis that contributions to various gene inductions and regulations of
activities cannot just rely on ligand binding/transfer or TRIF signaling support (Regen et al.,
2011).
Roles of Syk and PLCγ2 in CD14 contributions to PAMP and DAMP signaling
In a series of experiments employing inhibitors of Syk (BAY 61-3606, piceatannol) and
PLCγ2 (U-73122), we will determine whether the key features of CD14 control which we had
identified in microglial challenges by S-LPS, Re-LPS and FN can be explained, at least in
part, by these enzymes as they are suggested to play a role in dendritic cells. While the
support for low-dose LPS stimulations may, indeed, rely on enhanced affinity (and thus
potency) for the ligand, the containment of reactions to high LPS doses does not easily fit a
binding-only scenario. Also for the mandatory support of FN-TLR4 signaling, a concept of
mere binding assistance does not really apply (Fig. 4). The extended time period of required
CD14 function exceeds the 'conventional' signaling flow through major TLR4 downstream
elements, such as NFκB or MAPKs. Microglia will, therefore, be challenged through TLR4,
by low and high concentrations of LPS chemotypes and by FN, to compare the impact of
CD14 deficiency (cd14-/- or antibody block) to the outcome of Syk and PLCγ2 inhibition. The
extend by which they could phenocopy CD14 lack in support and limitation of (overshoot)
responses would argue for or against a linear chain of command as by CD14→Syk→PLCγ2.
Comparing the impact on genes (cyto/chemokines, IFNβ and MHCI) or functions (myelin
47

FOR 1336 – Diversity of brain macrophages

phagocytosis) with varying dependence on MyD88 and TRIF (Regen et al., 2011), we could
isolate either global or restricted contributions. Furthermore, single use and combinations in
cells with deficient CD14 may indicate additional influences on PAMP- and DAMP-activated
TLR4 responses (Fig. 7).
Timed introduction of the inhibitors during the TLR4 challenges as done for a CD14
blockade (Fig. 4) will allow to narrow down the critical window of Syk and PLCγ2 signaling.
This pattern would be directly compared to the outcomes of transient CD14 absence.
Taking together, Syk and PLCγ2 may have similar importance for CD14 in microglia
as claimed for dendritic cells. Alternatively, they may rather have only a partial, differential or
different role in the regulatory features observed in our PAMP and DAMP challenges.
Role of BTK in CD14- and TLR4-dependent signaling
PLCγ2 provides a link to [Ca2+]i control and Ca2+ signaling, a property playing a role for the
CD14 functions in dendritic cells (Zanoni et al., 2009). In addition, Bruton's tyrosine kinase
(BTK) associating with the MyD88 pathway and showing some novel involvement in TLR4
regulations (Liu et al., 2011) can also activate PLCγ2, a feature best known from the B cell
receptor. Conceivably, not only a sequence of CD14→Syk→PLCγ2 but in addition a chain of
TLR4→MyD88/BTK→PLCγ2 could have a link to Ca2+ mobilization (Fig. 7). We follow this
idea by determining the effect of BTK inhibition by classical (LFM-A13), novel (terreic acid)
and a yet unknown inhibitors. We recently identified the tyrphostin AG126 as a direct inhibitor
of recombinant BTK (Menzfeld et al., unpublished data), after we had characterized its
functional consequences for microglia as well as in vivo, using mouse models of meningitis
and multiple sclerosis (experimental autoimmune encephalomyelitis, EAE) as two paradigms
(Prinz et al., 1999;Hanisch et al., 2001;Kann et al., 2004;Angstwurm et al., 2004) (Menzfeld
et al., unpublished data). Notably, we had also already published a role of [Ca2+]i increase in
TLR(4) stimulation and its control by AG126 (Hoffmann et al., 2003;Kann et al., 2004), which
now appears in the light of a BTK involvement (Menzfeld et al., unpublished data). Thus,
pathways from CD14 and TLR4 may merge on PLCγ2 and its potential control over [Ca2+]i
(Fig. 7). We would insert BTK inhibition into an experimental plan as described above for Syk
and PLCγ2. Calcium measurements would be carried out in collaboration with Dr. Christiane
Menzfeld (Department of Physiology, University of Göttingen).
Roles of CD14 signaling beyond Syk, PLCγ2 and links to TRIF
Loading CD14 deficiency upon a functional trif-/- background in microglia from our triflps2 strain
will serve the identification of further CD14 importance beyond the TRIF assistance. Lack of
TRIF causes by itself impaired gene induction (release) for TLR4-triggered profiles, ranging
from marked (CCL2, CCL5 and IL-12p40) to little reduction (TNFα, CCL3 and CXCL1) and
following roughly the order of LPS chemotypes according to their carbohydrate complexity
(Regen et al., 2011). However, additional impacts by lack of CD14 would hence indicate its
involvement also next to linking TLR4 with TRIF. Complementary studies will be performed in
myd88-/- microglia.
If the cellular approaches turn out promising, we would run selected experiments in
vivo, considering in time (i.e., stage of the work plan) a combination of our triflps2 and cd14-/strains by cross-breeding (or a CD14 antibody block in triflps2 mice via infusion). As described
above, animals would be challenged by the S-LPS, Re-LPS and FN administration regimes.
To widen the perspective of affected microglial functions, we would consider studies
of microglial functions that we currently determine in detail. In addition to the identification of
microglial subsets by clearance of exosomes with myelin cargo and phagocytosis of myelin
debris (van Rossum et al., 2008;Fitzner et al., 2011;Regen et al., 2011), we characterize now
the removal of E.coli by complementary and overlapping microglia subpopulations (Borisch
et al., unpublished data). The role of CD14 therein is not yet illuminated. In our work on the
support of brain metastasis formation by microglia (Pukrop et al., 2010), we found a TLR4
mechanism in favour of the tumour―most likely involving missinstructing DAMPs―but also
options for signalling corrections. Partition of TLR(4) signaling via MyD88 and TRIF takes a
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central share, whereas the role of CD14 still awaits testing. As a project-bridging approach,
we will have to address this question eventually.
(3) How is IFNβ as a CD14/TLR4→TRIF-dependent factor involved in the competition of
PAMPs and DAMPs for functional dominance?
Type I interferons, like IFNβ, are essential in antiviral responses but also beyond due to the
multiple effects they exert on immune cells, including microglia (Prinz et al., 2008;HervasStubbs et al., 2011). We observed another element in this repertoire, i.e. a strong control
over TLR4-induced functions (Regen et al., 2011). As stressed in section 1.1.2, IFNβ could
enhance monocyte infiltration while suppressing chemoattractive signals for neutrophils―in
FN-activated microglia. Thus, IFNβ would reverse the preference of FN for neutrophil over
monocyte attraction. Interestingly, we did not observe such a regulation of these genes when
being LPS-induced. None of six studied structural variants of LPS (S and R chemotypes as
well as lipid A) were in this regard sensitive to IFNβ (Regen et al., 2011). On the other hand,
also three other DAMPs studied thus far succumbed to the IFNβ control, and all did so in a
very similar fashion, with a support for monocyte chemoattraction (CCL2) and suppression of
signals for neutrophils (CXCL1, CXCL2) (Scheffel et al. unpublished data). Obviously, there
is a clear cut between PAMPs and DAMPs. Representative studies confirmed the specificity
of the IFNβ action by abolishing the effect upon anti-IFNβ antibody capture. As a key to such
a difference, only PAMPs were found to significantly induce IFNβ as the principal and solely
TRIF-controlled factor.
As pictured in section 1.1.2 as a scenario of 'fight' between PAMPs and DAMPs for
supremacy in ruling TLR4 actions (at levels of agonistic claim of the receptor and regulation
of gene induction), PAMP-inducible IFNβ could represent a unilateral tool for PAMPs in the
modification of DAMP-instructed reactive phenotypes of microglia.
Roles of IFNβ in the CD14-regulated responses to PAMPs and DAMPs in vivo
These studies were performed on primary microglia cultures from neonatal mice. Studies on
adult microglia preparations as well as other macrophages (peritoneal and bone marrow) are
pending. Nevertheless, and first of all, we have to find an in vivo correlate. Building on the
approaches in work plan task (1), we would involve mice with a lack of the IFNβ receptor, i.e.
IFNAR, as available by an ifnar1-/- strain. We will rely for this on the continuous collaboration
with project C2 (Prinz) (Prinz et al., 2008). Levels and ratios of monocytes and neutrophils as
recruited to the CNS would be a major readout, enriched by a general immunohistochemical
evaluation of the CNS consequences and inflammatory outcome.
Mechanisms of selective IFNβ control over responses to PAMPs and DAMPs
The mechanism behind the asymmetric access of IFNβ to the very same genes as induced
through TLR4 by PAMPs and DAMPs is currently enigmatic. The facts are clear, but ligand
class-depending sensitivity remains elusive. Obviously, there must be some difference in the
TLR4 signaling that is distinguishing common PAMP from common DAMP signatures. As we
had already dissected FN versus LPS gene regulations by gene arrays, a first choice would
be a similar comparative array approach as employed recently (Pukrop et al., 2010) and as
followed by annotation studies and pathway reconstruction. Agonist class differences may
deliver first candidates that would need to be evaluated as to their potential IFNβ/IFNAR link
and, most importantly, sensitivity. We will consult the bioinformatics and analysis expertise of
Dr. Tim Beißbarth and of Dr. Gabriela Salinas-Riester (Department of Medical Statistics and
Transcription Analysis Laboratory, University of Göttingen) to design most feasible strategies
and data screening. Subsequent and parallel approaches are built on multiparameter assays
for protein phosphorylations under TLR(4) activation, as being implemented in our laboratory,
and (pospho)protein profiler arrays already used in other studies. An even broader approach
of phosphoproteomics is envisaged via a cooperation with Dr. Henning Urlaub (Bioanalytical
Mass Spectrometry Group, Max Planck Institute for Biophysical Chemistry Göttingen).
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Time schedule
Work plan element

Year 1

Year 2

Year 3

CD14 expression and induction kinetcis
CD14 roles in responses to PAMPs and DAMPs
CD14 roles in ischemia
Kinetics of responses and cell recruitment (optional)
CD14 signaling and signaling contributions
IFNβ roles in responses to PAMPs and DAMPs
Mechanisms of assymetric IFNβ control for PAMPs/DAMPs

2.4

Data handling

All research data will be stored according to the state-of-the-art standards, using lab books
and electronic data management with regular backups at three storage media.
2.5

Other information

Non applicable.
2.6

Descriptions of proposed investigations involving experiments on humans,
human materials or animals

- Experiments involving humans or human material
Non applicable.
- Experiments with animals (Tierversuche)
Handling, housing and experimental manipulations of animals follow rules and guidelines of
the University of Göttingen in accordance with the national and provincial laws. The Central
Animal Facilities, headed by Dr. Sarah Kimmina, offer required space, care and supervision
of animals as supported by the staff of veterinarians and animal caretakers. Laboratories are
available for proper performance of treatments and surgeries. Hygiene, nutrition and health
monitoring are organized with the staff members according to the needs (e.g. for postsurgical
adjustments). Experiments described herein avoid unnecessary suffering and are covered by
respective permits for experimental work in animals issued by the responsible authorities in
the government of Lower Saxony (LAVES). The project leader has been holding several of
these permissions himself (G-8.08, G-9.07, G-11.44) or has been working in collaboration
(e.g. Dr. Roland Nau, holding own permissions). Currently, applications are prepared in order
to adapt to the working plan and to cover all treatments. The submission and foreseeable
granting of the permits will match the timeline of this application and should thus cover the
three years of the research period.
2.7

Information on scientific and financial involvement of international cooperation
partners

Project A4 (Jung) is situated at the Weizmann Institute of Science in Rehovot, Israel. This
group is naturally a collaboration partner.
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4

Requested modules/funds

4.1 Scientific staff (Job description of staff funding is requested for)
PhD student (TV-L E13 60%): This position is currently still taken by Hana Janova. She will
submit her thesis during the next (applied) funding period. A new candidate will then take
over but still has to be nominated and integrated into one of the PhD programs. The work
plan requires a strong background in cell and molecular biology as well as neuroscience and
immunology. Besides performing the cell culture-based experiments and diverse molecular
assays on proteins as well as mRNA, microscopy and flow cytometry, the proposed research
includes a substantial in vivo part. If not holding a certificate already, the future candidate will
participate in a course on experimental work with animals as offered by our Central Animal
Facilities.
4.2 Scientific instrumentation (Wissenschaftliche Geräte)
Non applicable.
4.3 Consumables (Verbrauchsmaterial)
Cell culture media and equipment
Agonists, cytokines, inhibitors
Antibodies for flow cytometry, immunocytochemistry, blocking
Accessory bio/chemicals for staining and detection
Cell isolation material
Primers, ELISA, analytical kits
Alzet minipumps
Subtotal
Total over 3 years

€
€
€
€
€
€
€

2.000
1.500
3.000
2.000
2.000
3.000
2.000
15.500 €/year
46.500 €

4.4 Travel (Reisen)
See project D.
4.5 Publication expenses (Publikationskosten)
See project D.
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4.6 Other costs (Sonstige Kosten)
Lines

C57Bl/6 (wildtype)
myd88-/-, trif lps2, cd14/, tlr4-/-,, LysM-eGFP,
Iba1-eGFP, LysMeGFP/cd14-/-

Experiment

Preparation of cultures from both
newborn and adult animals, in
vivo administrations according to
various parts of the workplan

No of
animals

(average)

Weeks

380

24

Total per year
Total per 3 years

5

Costs
(0.60
€/animal/
week)
5.472

5.472
16.416

Project requirements

5.1

Employment status information

Hanisch, Uwe-Karsten: Professor of Experimental Neurobiology, Institute of Neuropathology,
University of Göttingen (permanent position).
5.2

First-time proposal data

Non applicable.
5.3

Composition of the project group

The following staff members are employed at the Institute of Neuropathology and are funded
by basic (intramural) means or by other grants:
Technician: Elke Pralle is an experienced coworker and in charge of culture work as well as
a variety of assays. She has a permanent position at the University. She contributes 15% of
her work time.
Postdoctoral fellow: Dr. Alexander Götz is an experienced scientist who will assist in many of
the experiments and analyses, namely also in animal experiments. He will also provide
knowhow support by his broad expertise and he will help in designing experiments and final
data processing. He has half of a position given from the University, half is supplemented
from another grant. He does not have a permanent position. He contributes 10% of his time.
Group leader: Prof. Dr. Uwe-Karsten Hanisch is Professor for Experimental Neurobiology
(W2). He designs and supervises the work with a commitment of 15% of his capacity.
5.4
5.4.1

Cooperation with other researchers
Researchers with whom you have agreed to cooperate on this project

Collaborations within the Research Unit 1336
A3
C1

Rosenbauer: This group will provide a mouse hMRP8Cre-IHRES-GFP as an alternative and
even more suitable in revealing neutrophils to build up on current work as performed
on the basis of our LysM-eGFP mouse.
Biber: Joint work addresses the role of purinoreceptor signaling in a DAMP-like
fashion and the interplay between TLR4-agonistic PAMPs and DAMPs. Situation of
tissue damage will most likely involve responses by both receptor systems.
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B1
B2
C4
A4
C2
C3

Flügel: In a later stage of the present project, in vivo imaging of induced neutrophil
and monocyte recruitment would be considered, based on the knowhow of this group.
Bechmann: This group offers options for life imaging upon TLR4 challenges in tissue
slices and for in situ characterizations of microglia. Our project transferred the
protocol for adult microglia isolation to this group.
Priller: This cooperation is the basis of studying the impact of CD14 in animal models
of ischemia. Our PhD student spent already a work period in this lab and will do so
again.
Jung: The group provides animal models that would be implemented in our study on
the impact of CD14, giving access to CX3CR1-Cre tg-derived mouse microglia.
Prinz: This is a most essential interaction, since years already, and here for dissecting
the role of the IFNß/IFNAR system in distinct responses to PAMPs and DAMPs.
Waisman: Our project transferred the protocol for adult microglia isolation to this
group. A former postdoctoral fellow of our group now works in the Waisman lab.

All these collaborations are mentioned in the respective parts of the work plan (see above).
5.4.2

Researchers with whom you have collaborated scientifically within the past
three years (in alphabetical order)

Becher B
Brück W
Harris R
Heneka MT
Herdegen T
Johnson TV
Kalinke U

5.5

Kettenmann H
Kipnis J
Mey J
Möller T
Nau R
Nave KA
Noda M

Pinschewer D
Reichardt HM
Richter-Landsberg C
Simons M
Trümper L
Verkhratsky A

Scientific equipment

Essential equipment is already mentioned in the Methods section, including microscopes
(also confocal), LSC, systems for flow cytometry and FACS as being available within the
institute, in nearby partner laboratories or core facilities. In addition, we also have excellent
support and sample processing options regarding gene arrays in various formats, proteomics
and mass spectrometry organized by core facilities. Options for calcium measurement are
given by cooperation with other departments. Support in data handling is offered by the local
Department of Medical Statistics.
5.6

Project-relevant interests in commercial enterprises

Non applicable.
6

Additional information

6.1
Proposal submitted elsewhere
I have not requested funding for this project from any other sources. In the event that I
submit such a request, I will inform the Deutsche Forschungsgemeinschaft immediately.
6.2

Rules of good scientific practice

In submitting a proposal for a research grant to the DFG, I agree to adhere to the DFG’s
rules of good scientific practice.
6.3

Publication list and bibliography
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In preparing my proposal, I have adhered to the guidelines for publication lists and
bibliographies.
7

Signature:

Uwe-Karsten Hanisch

Göttingen, May 1th 2012
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A2 Project Description – Project Proposals
Harald Neumann, Prof. Dr. med.
Institute of Reconstructive Neurobiology
University Bonn Hospital Bonn
University Bonn
Sigmund-Freud-Str. 25
53127 Bonn, Germany
Phone: +49-228-6885-541
Fax: +49-228-6885-501
E-mail: hneuman1@uni-bonn.de

B.

Project Description

Anti-inflammatory polarization of microglia by ITIM-SHP1 signalling
Summary
Anti-inflammatory polarization of microglia by ITIM-SHP1 signalling. Microglial cells can be
polarized towards a pro- or anti-inflammatory phenotype, either leading to neuronal damage
or brain repair. Recent data show that the immunoreceptor tyrosine-based inhibition motif
(ITIM)-SHP1 tyrosine phosphatase signaling cascade contributes to an anti-inflammatory
phenotype of microglia. In this project we will use microglial cells derived from mouse
embryonic and human induced pluripotent stem cells as well as conditional SHP1 knock-out
mice to study the ITIM-SHP1 function in microglia. Furthermore, the role of the human
immunoreceptor CD33 for microglial ITIM-SHP1 signalling will be investigated. Data will
elucidate an important inhibitory signalling pathway of microglia and will help to understand
the association between a polymorphism of the CD33 gene and Alzheimer’s disease.
Zusammenfassung
Anti-entzündliche Polarisation der Mikrogliazellen durch die ITIM-SHP1-Signalkaskade.
Mikrogliazellen können sowohl pro- als auch anti-inflammatorisch polarisiert werden und
entweder nützliche oder schädliche Wirkung entfalten. Neuere Daten zeigen, dass die durch
Immunrezeptoren ausgelöste inhibitorische ITIM-SHP1-Signalkaskade zu einem antiinflammatorischen Phänotyp der Mikroglia beiträgt. In diesem Projekt werden Mikrogliazellen
aus der Maus und aus humanen pluripotenten Stammzellen gewonnen sowie konditionierte
SHP1-Knock-Out-Mäuse generiert, um die inhibitorische Funktion von ITIM-SHP1 in den
Mikrogliazellen zu analysieren. Darüber hinaus wird die Bedeutung des menschlichen
Immunrezeptors CD33 für die mikrogliale ITIM-SHP1-Signalkaskade untersucht. Die Daten
werden einen wesentlichen inhibitorischen Signalweg der Mikrogliazellen beleuchten und
helfen, die Assoziation des CD33-Gens mit dem Morbus Alzheimer zu verstehen.

State of the art and project report
1.1.1 State of the art
Immunoreceptors signalling via ITAM or ITIM regulate microglial inflammatory and
phagocytic phenotypes. Phagocytosis of apoptotic material or microbes is a highly
conserved process from worms to mammals. Draper is a major phagocytic receptor of the
fruit fly with an immunoreceptor tyrosine based actviation motif (ITAM) in the intracellular
domain (Ziegenfuss et al., 2008). Glial cell-mediated clearance of apoptotic cells in the
central nervous system of the fruit fly involves a Draper-ITAM-syk signalling cascade
(Ziegenfuss et al., 2008). The Draper-ITAM-syk signalling pathway of flies is very similar to
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the immunoreceptor-ITAM-syk signalling pathway of mammals. Immunoreceptors associate
with ITAM-containing signalling adaptor proteins DAP12 or Fcγ-chain in phagocytes of
mammals. After binding of a ligand to the receptor, the tyrosine residues of the ITAMs
become phosphorylated by members of the Src kinase family (Figure 1). These
phosphotyrosine residues are docking sites for Syk protein kinases which upon activation
mediate cellular activation via a number of downstream cascades (Hamerman et al., 2009;
Nimmerjahn and Ravetch, 2007).

Figure 1: ITAM versus ITIM-signalling cascade in myeloid cells. Inhibitory receptors like most Siglecs
recruit SHP1 which can in turn terminate intracellular signals via their phosphatase activity emanating
from ITAM signalling receptors (figure from Linnartz et al., 2010).

Activation of cells by ITAM signalling is counter-regulated by immunoreceptor tyrosine based
inhibition motifs (ITIMs; Figure 1). Inhibitory signalling via ITIMs counteracts the activatory
signalling by recruitment of SH2 domain containing tyrosine phosphatases (mainly Src
homology region 2 domain-containing phosphatase-1, SHP1; tyrosine-protein phosphatase
non-receptor type 6, PTPN6) (Crocker et al., 2007). Most CD33-related sialic acid-binding
immunoglobulin superfamily lectins (Siglecs), a subgroup of the immunoglobulin superfamily
that recognizes sialic acid residues of glycoproteins and glycolipids, have one or more ITIMs
in the cytoplasmic domain (Crocker, 2005; Crocker et al., 2007). Interestingly, SHP1 has
been shown to be involved in anti-inflammatory signalling of microglia (Zhao et al., 2006).
Recently, we have demonstrated that the ectopic expression of the human microglial gene
Siglec-11 in mouse microglia down-regulates their pro-inflammatory cytokine gene
transcription and their phagocytic capacity (Wang and Neumann, 2010), confirming that the
ITIM-signalling is an opponent of the phagocytosis-associated ITAM-Syk signalling pathway.
Role of SHP1 in microglia for neuroinflammation. Most data on the role of SHP1 for brain
function have been obtained from mutant hypomorphic motheaten (me/me) mice with a
spontaneous mutation leading to reduced levels of the protein tyrosine phosphatase SHP1.
These mice show a decreased number of glial cells in the central nervous system
(Wishcamper et al., 2001). Microglial cells were isolated from these mice and analyzed in
vitro. Lipopolysaccharide-activated SHP1-mutant motheaten microglia release increased
levels of nitric oxide, tumor necrosis factor- α (TNF-α), and interleukin-1 β (IL-1β) (Zhao et
al., 2006). Furthermore, the cytokine profile was altered in the mouse hindbrain with
increased levels of pro-inflammatory cytokines (Zhao and Lurie, 2004b). Furthermore,
deficiency of SHP1 protein-tyrosine phosphatase in "viable motheaten" mice results in retinal
degeneration (Lyons et al., 2006). Interestingly, reduced SHP1 levels have been linked to
multiple sclerosis as well. Macrophages of multiple sclerosis patients display deficient SHP1
expression and enhanced inflammatory phenotype (Christophi et al., 2008; Christophi et al.,
2009).
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CD33 is an ITIM-containing SHP1 signalling immunoreceptor with human-specific
binding and signalling features. CD33 or sialic-acid-binding immunoglobulin-like lectin
(Siglec)-3 is a transmembrane receptor expressed on the surface of cells from the myeloid
lineage (Garnache-Ottou et al., 2005). It is a member of the Siglec family of lectins, a
subgroup of the Ig superfamily, and binds to carbohydrates containing sialic acid (Varki and
Angata, 2006). The function of CD33 in human is still unclear. One major challenge is the
diversity of human and mouse CD33. Although both molecules share some sequence
homology they are quite diverse in signalling and ligand recognition. The intracellular portion
of human CD33 contains one ITIM that recruit the phosphatase SHP1 and an ITIM-like motif
both leading to inhibition of distinct cellular activities (Varki and Angata, 2006).

Figure 2. Human versus mouse CD33. Modified from Varki et al. Essentials of Glycobiology, 2nd
edition, 2010

In contrast, mouse CD33 has no ITIM motif, but a charged basic residue in the
transmembrane region allowing binding to the ITAM-containing adaptor DAP12.
Furthermore, there is a strong difference in ligand specificity. Mouse CD33 does not
recognize a2.3-linked or a2.6-linked sialic acid on lactosamine unit that form the ligand for
human CD33, but some unusual short O-linked glycans, which are rich in mucin from bovine
submaxillary glands (Brinkman-Van der Linden et al., 2003). The ligand for human CD33 is
expected to be a normal component of the glycocalyx (Brinkman-Van der Linden et al.,
2000).
Late onset Alzheimer´s disease is associated with a gene polymorphism of the
myeloid-specific gene CD33. Recently, new gene polymorphisms were found to be
associated with late onset Alzheimer´s disease (AD). Interestingly, three studies came up in
parallel with a CD33 polymorphism as candidate gene for increasing risk to develop late
onset AD (Hollingworth et al., 2011; Naj et al., 2011; Carrasquillo et al., 2011). It is unclear
how CD33 is linked to AD from a mechanistic point of view. However, one could speculate
that microglia as a prototypic immature macrophage cell type might express CD33 and that
the AD-linked polymorphism is leading to microglial dysfunction.
1.1.2 Preceding report

Characterization and polarization of mouse embryonic stem cell-derived
microglial lines.
Differentiation of mouse embryonic stem cells into microglia. An embryonic stem (ES)
cell line derived from C57BL/6 was used for differentiation into microglia by a modified
protocol originally described for the differentiation of ES cells into glial cells and neurons. The
undifferentiated murine ES cells were cultured on mouse embryonic fibroblasts in leukemia
inhibitory factor (LIF) containing medium. Growth factor deprivation induced differentiation of
ES cells into embryoid bodies. After several days on gelatine-coated dishes, Iba1+ cells were
obtained embedded in a network of β-tubulin-III+ neuronal precursors (Beutner et al, 2010).
The Iba1+ cells were isolated and propagated in chemically defined medium for 21 days.
Microglia cells were isolated mechanically. After several passages microglial cell lines have
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been established from the Iba1+ cells. The ES cell-derived microglia (ESdM) have been
characterized by flow cytometry using antibodies directed against microglial surface markers,
immunocytochemistry and functional assays (phagocytosis assays). The surface antigen
expression of the ESdM was comparable to primary microglia (Beutner et al., 2010).
Interestingly, ESdM expressed CD11b, CX3CR1 and TREM2, but lacked expression of
markers for inflammatory monocytes (CCR2, Ly6g; Fig. 3). Phagocytic and migratory activity
of ESdM was comparable to primary microglia (Beutner et al 2010; Napoli et al, 2009).

Figure 3. FACS analysis of ESdM. ESdM express CD11b, CX3CR1 and TREM2, but lack markers of
inflammatory monocytes (CCR2-, Ly6g-). Control: isotype control antibody.

Homing of ES cell derived microglial lines into EAE brains that can be used as
therapeutical vehicle for NT3 gene therapy of EAE. ESdM were lentivirally transduced to
express green fluorescent protein (GFP). 4 x106 GFP-ESdM were transplanted intravenously
into mice 20 days post induction of experimental autoimmune encephalomyelitis (EAE). After
10 days, mice were sacrificed and spinal cord cryosections were prepared. Numerous GFPESdM could be detected in close vincinity to the spinal cord lesions. GFP+ cells co-localized
with the microglial marker protein Iba1 (Beutner et al., 2012 submitted). The generated GFPESdM were lentivirally transduced to also express Neurotrophin 3 (NT3) under the pgk
promotor. Expression of NT3 was confirmed via immunohistochemistry and PCR (Beutner et
al., 2012 submitted). In total, 95% of the NT3-GFP-ESdM expressed NT3.
EAE was induced via MOG peptide immunization in 6 weeks old female C57BL/6 mice. At a
clinical score of 3, 4 x106 GFP-ESdM or NT3-GFP-ESdM were intravenously transplanted.
PBS was used as a control and the symptoms of the mice were monitored on a daily basis.
NT3-GFP-ESdM treated mice showed a decrease in clinical symptoms without any relapses
in comparison to PBS control or GFP-ESdM treated mice (Fig. 4).

Figure 4. Clinical score of EAE mice after treatment with PBS, GFP-ESdM or NT3-GFP-ESdM

The treated mice were sacrificed at day 40 and spinal cords were analyzed to obtain data
about the grade of demyelination and axonal damage. Luxol Fast Blue staining revealed a
significant decrease of demyelinated area in mice treated with NT3-GFP-ESdM in
comparison to GFP-ESdM and PBS. Histological assessment of axonal damage was
performed via staining against APP. NT3-GFP-ESdM treated mice showed less axonal injury
than GFP-ESdM or PBS treated mice (Beutner et al., 2012 submitted).
To ensure that the beneficial effect was not due to differences in immune cell infiltration to
the spinal cord, number of macrophages and T cells were assessed. Staining against MAC3
for macrophages and against CD3 for T-cells showed no significant differences in-between
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the animal groups (Beutner et al., 2012 submitted).

Figure 5. Real-time RT-PCR analysis of spinal cord tissue 4 days post treatment.

Analysis of the cytokine profile in the spinal cord of mice was performed 4 days post injection
of either GFP-ESdM, NT3-GFP-ESdM or PBS. Data were obtained using qRT-PCR. Gene
transcripts of the pro-inflammatory cytokines iNOS, TNF-α IL-1β were downregulated after
treatment with NT3-GFP-ESdM in comparison to mice treated with GFP-ESdM (Fig. 5).
Furthermore, an upregulation of IL-10 and NT3 was observed. Thus, treatment with GFPESdM led to a beneficial and anti-inflammatory spinal cord cytokine milieu. Treatment with
the NT3-GFP-ESdM led to an increased expression of GAP-43, a marker for axonal
sprouting. Spinal cord sections were stained with anti GAP-43 antibody 4 days post
transplantation of GFP-ESdM, NT3-GFP-ESdM or PBS. Staining was detected in the spinal
cord and was associated with GFP+ cells (Beutner et al., 2012 submitted). Quantification
revealed a significant increase of GAP-43 positive cells after treatment with NT3-GFP-ESdM
in comparison to control group (Beutner et al., 2012 submitted). Thus, data demonstrate that
ESdM transplanted intravenously home to the lesioned CNS and act as vehicle for
neurotrophin release in EAE lesions leading to activation of neuronal sprouting.
Polarization of mouse ES cell derived microglial lines. For polarization of ES cell-derived
microglia into the M1-subtype, cells were treated with interferon-γ (100 U/ml) and
lipopolysaccharides (5 ng/ml) for 24 hours. For polarization of ES cell-derived microglia into
the M2-subtype, cells were treated with IL-4 (20 ng/ml) for 48 hours. Then microglial cells
were analyzed by quantitative real-time PCR, immunocytochemistry and flow cytometry.
Polarization into M1-polarized microglia was confirmed by gene transcription of iNOS,
CXCL10, TNF-α (Fig. 6) and protein expression of CD16, CD32 and CD64. Polarization into
M2 microglia was confirmed by gene transcription of arginase, IL-10 and YM-1 (Fig. 6) and
protein expression of the macrophage mannose receptor, and scavenger receptor I. The
polarized phenotype of the microglial lines was not stable over a time period of two weeks.
Therefore, microglial cells polarized by these factors were regarded as not suitable for
analysis in the EAE mouse model.

Figure 6. Real-time RT-PCR of polarized ESdM.
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Microarray analysis indicated that several microglial immunoreceptors merge on ITIMSHP1 signalling. Whole genome microarray transcriptom analysis was performed with
ESdM and primary microglia. More than 92% of all genes showed over-lapping expression in
ESdM and primary microglia. In search for modulators for the anti-inflammatory phenotype of
microglial phenotype we analyzed the microarray data for inhibitory signalling receptors. To
our surprise mouse microglial microarray suggested that approximately 10 inhibitory ITIMsignalling receptors appeared to be transcribed in microglia (Fig. 7). Since all these receptors
converge on the same phosphatase (mainly SHP1) signalling, we decided to generate and
analyze a conditional knock-out mouse lacking this important inhibitory signalling cascade in
microglia.

Symbol Gene name

Number
of
ITIM Number of ITIM Entrez
motifs (murine)
motifs (human) Gene

Lilrb4

leukocyte
immunoglobulin-like
receptor,subfamily B4 2 motifs (Katz 1993)

Cd33

CD33 antigen

1 ITIM like motif (Orr
2007)

Sirpa

signal-regulatory
protein alpha

(Sano 1997)

Fcgr2b

Fc receptor, IgG, low 1 motif (Ravetch
affinity IIb
1986)

mean
mean prim.
ESdM micro.

3 motifs (Colonna
2003)
14728

5506

9735

2 ITIM motifs
(Simmons 1988)

12489

1357

879

19261

1016

306

1 motif (Brooks
1989)

14130

598

2006

1 motif

73149

477

1916

C-type lectin domain
Clec4a3 family 4, member a3

1 motif

Cd300a CD300A antigen

3 motifs, 1 non-canon. 4 motifs (Lankry
(Munitz 2006)
2010)

217303 282

505

Pilra

paired immunoglobin- 2 motifs (Fournier
like type 2 receptor-a 2000)

2 motifs
(Mousseau 2000) 231805 166

519

Lair1

leukocyte-associated 2 motifs (Lebbink
Ig-like receptor 1
2004)

2 motifs
(Meeyard 1997)

710

52855

141

leukocyte
4 motifs (Tedla
immunoglobulin-like 4 motifs (Hayami
Lilrb3
2003)
18733 127
173
receptor,subfamily B3 1997)
Figure 7. List of genes with ITIM domains putatively expressed by ESdM and primary microglia.

Generation and characterization of human induced pluripotent stem cell
derived microglial lines.
Differentiation of human induced pluripotent stem (iPS) cells into microglial
precursors. Human induced pluripotent stem (iPS) cells reprogrammed from adult skin
fibroblasts (kindly provided by O. Brüstle) or from foreskin fibroblasts (Yu et al., 2007) were
used for the differentiation protocol. The human iPS cells were maintained in culture on a
feeder layer with medium supplemented with recombinant human fibroblast growth factor-2
(rhFGF2) (Fig. 8). Absence of rhFGF2 and self-renewal signals led to spontaneous
differentiation into embryoid bodies (EBs). EBs consisted of a mixed progenitor culture
already containing putative neural and myeloid precursors as determined by immunolabelling
with antibodies directed against nestin or Iba1/CD68, respectively. After 8 days EBs were
plated on poly-L-ornithin and fibronectin-coated dishes. Neural patterning and proliferation of
neural progenitors were induced from day 8 to day 24 in medium supplemented with B27 and
rhFGF2. After this stage, cells spread over the dish and were immunoreactive for nestin.
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Figure 8. Schematic drawing of the differentiation protocol. Human iPS cells spontaneously
differentiated into EBs. After 8 days EBs were plated followed by patterning in B27- and FGF2supplemented medium. Neural progenitors started to develop on day 24. After withdrawal of FGF2
microglial precursors co-developed together with neurons and astrocytes in N2-medium. Microglia
were isolated on day 160 and were expanded for 10 days in GM-CSF-supplemented medium.

For maturation and expansion, cells were cultured from day 24 to 34 in medium
supplemented with N2 and rhFGF2. Differentiation was initiated by withdrawal of rhFGF2.
Different cell types developed and their cell identity was characterized by
immunocytochemistry. On day 150, GFAP-positive as well as βIII-tubulin-positive cells were
detected within the cultures indicating differentiation of the neural precursors to astrocytes
and neurons, respectively. Furthermore, co-immunolabelling for CD45 and βIII-tubulin
showed small clusters of CD45-positive round cells within a network of βIII-tubulin+ neurons
(Fig. 9).

Figure 9. Immunostaining of maturated neural progenitors (day 150, line iPS(foreskin)-1) with
antibodies directed against βIII-tubulin and CD45. Clusters of CD45+ microglial precursors are shown
within the βIII-tubulin+ neuronal precursor cells. Scale bar: 100 µm.

Selection and generation of microglial lines. Clusters of small round cells representing
the CD45+ microglial precursor cells were collected by a micropipette under phase contrast
microscopy on day 160. Isolated microglial precursors were cultivated in N2-medium
supplemented with 100 ng/ml rhGM-CSF. After one week in culture, microglial precursor cell
lines started to proliferate and could be expanded without growth factors. Cell identity of
microglial precursor lines was verified by co-immunocytochemistry for CD68 and Iba1. In
total we generated four independent lines (iPSdM1 to 4) from two different iPS cells.
iPSdM express microglial marker proteins. iPSdM were analyzed by flow cytometry. All
four lines showed expression of CD11b, CD11c, CD16/32, CD36, CD40, CD45, CD86,
CD206, integrin-α4 (CD29), integrin-β1 (CD49d), CX3CR1, TREM2 and MHC class II fitting
to a mature microglial phenotype. Furthermore, all lines were negative for the stem cell
marker CD34 indicating the absence of remaining stem cell populations. Expression of CD14
was very low (iPSdM2 and 3) or absent (iPSdM1 and 4), but was regularly inducible by
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lipopolysaccharide (LPS) or the lymphocyte-derived cytokine interferon-γ (IFNγ).
iPSdM show phagocytosis and cytokine production. Clearance of apoptotic cells, debris
or extracellular protein aggregates is one of the major homeostatic functions of microglia. We
analyzed the capacity of iPSdM to phagocytose microsphere beads or the Alzheimer’s
disease associated fibrillary amyloid-β. First, fluorescent microsphere beads were added to
iPSdM for 30 minutes and uptake of beads was determined by flow cytometry. Microglia
showed uptake of two or more beads. Stimulation with LPS resulted in a very slight, but not
significant increase in phagocytosis. Next, iPSdM1 were challenged for 1.5 hours with
biotinylated fibrillary amyloid-β and then immunostained with streptavidin-Cy3 to detect
amyloid-β within the microglial cells. Cells were counterstained with antibodies directed
against Iba1 and analyzed by confocal microscopy and 3D-reconstruction. Uptake of fibrillary
amyloid-β was detected inside the microglial cells. The amount of amyloid-β phagocytosis by
iPSdM1 was quantified. After stimulation with LPS or IFNγ iPSdM1 showed a relative
increase in phagocytosis of amyloid-β from 1 to 1.82 +/- 0.65 (LPS) and 1.68 +/-0.16 (IFNγ).
Production of inflammatory cytokines is a typical feature of activated microglia. Therefore, we
treated iPSdM with the inflammatory mediators LPS and IFNγ and analyzed the gene
transcription of TNFα by real-time RT-PCR. Gene transcription for TNFα was up-regulated in
iPSdM after treatment with LPS. In detail, relative gene transcription of TNFα was increased
from 1.34 +/-0.36 to 3.75 +/-0.86 after LPS challenge.
Migratory capacity and engraftment of iPSdM into the brain of immunedeficient mice.
Next, migratory potential of iPSdM was studied. An in vitro migration assay of iPSdM towards
the chemokine CX3CL1, the ligand for CX3CR1, was performed. Microglial precursor cells
migrated in a dose-dependent manner towards the chemokine CX3CL1 (Fig. 10). To study
the engraftment of iPSdM into the CNS, cells were lentivirally transduced with green
fluorescent protein (GFP) and transplanted into the hippocampus of immunedeficient
Rag2/IL-2Rγ(-/-) mice lacking functional T-cells, B-cells and NK-cells. Three and nine weeks
post-transplantation, brain tissues of mice were analyzed by immunohistochemistry. The
GFP-iPSdM showed integration into the brain tissue (Fig. 10). Immunofluorescence stainings
with antibodies directed against CD68, glial fibrillary acidic protein (GFAP) and NeuN were
performed. The GFP+ transplanted microglia were localized nearby the GFAP+ astrocytes
and NeuN+ neurons and were positively stained for the microglial marker CD68 (Fig. 10).

Figure 10. In vitro transwell migration assay and engraftment of iPSdM1 into the brain.
a) Microglia in a dose-dependent manner towards the chemokine CX3CL1. To exclude undirected
migration 20 ng/ml CX3CL1 were added to both wells of the transwell-system. Mean+/-SEM of 3
experiments. ANOVA post Bonferroni p-values: * p ≤ 0.05, *** p ≤ 0.001.
b) Transplantation of iPSdM into immunedeficient mice. Cortical tissue sections immunstained for
CD68, GFAP and NeuN of mice 9 weeks after transplantation of GFP-transduced iPSdM1 into
Rag2/IL-2R deficient mice. Scale bar: 25 µm.
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2
2.1

Objectives and work programme
Anticipated total duration of the project

36 months.
2.2

Objectives

Recently, we established mouse and human microglial lines from pluripotent stem cells.
Microarray data of these lines suggest that several microglial receptors signal via the ITIMSHP1 pathway and thus contribute to the anti-inflammatory phenotype of microglia.
In this proposal, we now will characterize the immunoreceptor ITIM-SHP1 signalling pathway
in mouse and human microglia in more detail and elucidate its relevance for
neuroinflammatory diseases.
Firstly, we will use the murine embryonic stem derived microglia (ESdM) to study the
immunoreceptor tyrosine-based inhibitory motif (ITIM) associated protein-tyrosine
phosphatase-1 (SHP1) pathway. Furthermore, we will generate and analyze transgenic mice
with a conditional deletion of SHP1 in microglial cells.
Secondly, we will use the human induced pluripotent stem cell derived microglia (iPSdM) to
study the function of the ITIM-SHP1-signalling receptor CD33, which has been linked to
Alzheimer´s disease. Furthermore, we will analyze the neural binding partner of human
CD33 and its role in microglia-neuron interaction.
The key aims are:
Aim 1.

Function of ITIM-SHP1 in cultured mouse microglia

Aim 2.

Generation and analysis of conditional knock out mice lacking SHP1 in
microglia

Aim 3.

Function of human CD33-ITIM in cultured human microglial lines

Aim 4.

Function of human CD33 in microglia-neuron interaction

The long term aim is to understand the mechanism and find novel therapy options for
neuroinflammatory diseases.
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2.3

Work programme incl. proposed research methods

Methods
Primary mouse microglial culture. Primary microglial cells will be prepared from brains of
C57BL/6 mice (Charles River, Sulzfeld, Germany) on postnatal day 3 or 4 (P3 or P4).
Meninges will be removed mechanically and the cells will be dissociated by trituration and
cultured in basal medium (BME; Gibco/Invitrogen), supplemented with 10% fetal calf serum
(FCS, Gibco/Invitrogen), 1% glucose (Sigma-Aldrich), 1% L-glutamine (Gibco/Invitrogen),
and 1% penicillin / streptomycin (Gibco/Invitrogen) for 14 days to form a confluent glial
monolayer. To collect microglial cells, the cultures will be shaken on a rotary shaker (200
rpm) for 2 hours. The detached microglial cells will be seeded in culture dishes for 1 hour,
and then all non-adherent cells will be removed and discarded. Purity of the isolated
microglia will be determined by flow cytometry analysis with antibody directed against CD11b
(BD Biosciences). Microglial cells will be cultured in basal medium as described above.
Primary mouse neuronal culture. Neurons will be prepared from the hippocampi of
C57BL/6 mouse embryos (E15-17). Brain tissue will be isolated and mechanically dispersed
and seeded in culture dishes precoated with 0.01 mg/ml poly-L-ornithin (Sigma-Aldrich) and
10 µg/ml laminin (Sigma-Aldrich). Cells will be cultured in neuronal condition medium (BME;
Invitrogen) supplemented with 2% B27 supplement (Invitrogen), 1% glucose (Sigma-Aldrich),
and 1% FCS. Cells will be cultured for 5–10 days to obtain morphologically mature neurons.
Mouse embryonic cell-derived microglia culture. Microglial precursor cells are obtained
from the embryonic stem (ES) cell line ES-C57BL/6-ATCC (SCRC-1002). Embryonic stem
cell derived microglia will be cultured in DMEM/F12 with 1% N2 supplement, 0.48 mM LGlutamine (all Invitrogen), 15.3 µg/ml D-glucose (Sigma Aldrich, Steinheim, Germany),
100µg/ml penicillin/streptomycin (Invitrogen) and characterized as previously described
(Beutner et al, 2010).
Human induced pluripotent stem cell derived microglia culture. Human microglial
precursor cells were differentiated from two different iPS cell lines: MP1 (kindly provided by
Prof. Brüstle, Bonn) and iPS(foreskin)-1 (Yu et al., 2007). Cells will cultured in N2-medium
containing DMEM/F12 culture medium (Gibco) supplemented with 1 % N2 (Invitrogen), 0.48
mM L-glutamine (Gibco), 5.3 µg/ml D-glucose (Sigma), optionally 100 µg/ml penicillin/
streptomycin (Gibco #15140130). Microglial phenotype will be confirmed by flow cytometry
and functional assays.
Human induced pluripotent stem cell derived neuronal culture. Induced pluripotent stem
cells (iPS) will be cultivated on feeder cells in iPS-medium supplemented with rhFGF2 (R&D
Systems). To induce spontaneous differentiation into embryoid bodies (EBs), cells will be
detached using collagenase IV (Gibco) and cultivated under non-adherent culture conditions
in iPS-medium in the absence of rhFGF2. After 8 days EBs will be plated on poly-Lornithin/laminin (both from Sigma)-coated dishes. EBs will attach to the dish and nestinpositive cells will be selected in B27-medium supplemented with rhFGF2 and fibronectin
(Sigma). After 14 days nestin-positive cells will be expanded in N2-medium with rhFGF2 and
laminin (Sigma). The developing βIII-tubulin-positive cells can be kept in culture in N2medium with rhFGF2 for several months.
Microglia-neuron co-culture and analysis of neuronal damage. Human induced
pluripotent stem cell derived neurons (2.5x10^5) and human iPSdM (5x10^4) will be cocultured for 24 hours. Cells will be fixed and immunostained with rabbit anti-Iba-1 (1:1000,
Wako) followed by Alexa488-conjugated secondary antibodies (1:500). Cells will be double
labeled with TUJ1 (1:1000, Covance) followed by Cy3-conjugated secondary antibody
(1:500). Images (5-10 randomly selected areas in each group) will be collected with a laser
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scanning confocal microscope (Fluoview 1000, Olympus) or fluorescent microscope
(Axioskop2, Zeiss) by a blinded observer. Images will be equally processed and the mean
length of TUJ1 positive neurites will be quantified by ImageJ/NeuronJ software (NIH).
Flow cytometry analysis of microglial cells. For characterization of microglia, cells will be
first incubated with Fc-receptor blockade by CD16/CD32 antibody (BD Biosciences) and then
stained with either biotin-conjugated anti-CD45, anti-CD11b, anti-CD33, anti-CD34, antiCD86, anti-CD16, anti-CD32, anti-CD64, anti-CD163, anti-macrophage mannose receptor,
anti- scavenger receptor I, anti-cKit, anti-I-A/I-E (MHC class II), (all BD Biosciences), antiTREM2 (R&D Research), anti-F4/80 (Serotec Laboratories), or anti-CD49d (alpha4-integrin)
and CD29 (beta1-integrin), (Abcam), or a purified anti-CX3CR1 (ProSci) followed by PEconjugated streptavidin (BD Biosciences) or Alexa488 conjugated goat-anti-rabbit secondary
antibody. Isotype-matched control antibodies (BD Biosciences, Abcam, whole rabbit serum)
will be used as negative controls. Analysis will be done with a FACSCalibur flow cytometer
and FlowJo Software (BD Biosciences).
Lentivirus vector system and microglial transduction. Lentiviral vectors of the third
generation, PLL3.7 (provided by L. van Parijs, MIT, Cambridge, MA) and pLenti6/V5
(Invitrogen) will be used for the transduction of microglia. GFP or GFP variants will be cloned
under the pgk-promoter in the PLL3.7 backbone. To allow selection of transduced cells the
neomycin resistance gene will be additionally cloned in this vector. To produce lentiviral
particles, plasmids containing the gene of interest will be purified and then co-transfected
together with packaging vectors (Invitrogen) into 293FT cells (Invitrogen). Supernatant will be
collected after 48 hours and ultracentrifugated for 90 min at 25,000 rpm. Viral particles will be
recovered by resuspension in PBS at 1:100. For microglia transduction, cells will be seeded
at 1 x 10^6 cells/ml. Lentiviral particles and 10 µg/ml of polybrene (Sigma-Aldrich) will be
added to the culture and centrifuged for 90 min at 1200 rpm. Supernatant will be removed
immediately after centrifugation and replaced with normal culture medium. Expression levels
of the gene of interest will be analyzed either by flow cytometry (for GFP transduced
microglia) or by RT-PCR using specific primers.
Generation of CD33-Fc fusion protein. The extracellular part of CD33 will be cloned into
the pFUSE-hlgG1e3-Fc2 vector and produced in CHO cells cultured in medium with IgGdepleted serum. The supernatant will be collected and protein purification will be carried out
via a Fc protein detecting sepharose column system (HiTrapTM Protein G HP, GE
Healthcare). Protein concentration will be determined via Bradford assay. Purity of the CD33Fc fusion protein will be analyzed by native and SDS gel electrophoresis and Westernblotting.
Analysis of microglial migration. 1 x 10^5 cells will be transferred into the upper chamber
of a transwell system (0.4-µm pore filter; Millipore) containing 600-µl medium with different
concentrations of CX3CL1 or CXCL2 (from R&D Systems) in the lower chamber and/or
upper chamber. After 3 hours of incubation, the number of microglial cells that have migrated
to the back side of the membrane will be counted in three independent areas by fluorescence
microscopy.
Analysis of microglial phagocytosis. Cells will be and red fluorescent microsphere beads
(1.00 μm, Fluoresbrite Polychromatic Red Microspheres; Polysciences Inc.) will be added to
the culture for 1 hour. Phagocytosis of microsphere beads by microglia will be visualized by
fluorescence microscopy and quantified by flow cytometry. For amyloid-β phagocytosis cells
will be treated for 2 hours with biotinylated Abeta42 peptide (10 µg/ml, human amyloid-beta
peptide 1–42 conjugated at the N-terminus with biotin, Bachem, Heidelberg, Germany). To
demonstrate uptake of Abeta42, cells will be fixed with 4% paraformaldehyde and then
permeabilized with 0.2% Triton-100. Fixed cells will be incubated with Cy3-conjugated
streptavidin (Amersham Biosciences). Phagocytosis of cells will be analyzed under laser
scanning confocal microscope (Olympus) and quantified. For phagocytosis of apoptotic
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material, apoptotic neuronal cell membranes will be labelled with CellTracker CM-DiI
membrane dye at the final concentration of 2 µg/µl (Molecular Probes). Apoptotic material will
be added to the microglial culture at an effector/target ratio of 1:20. One hour after addition of
apoptotic neuronal material, the number of microglia having phagocytosed neuronal
membranes will be quantified using a confocal fluorescence microscope (Olympus).
Real-time RT-PCR analysis of cells or tissue. To analyze gene transcription in cultured
microglia or freshly isolated tissue total RNA will be isolated by the RNeasy Mini Kit (Qiagen,
Hildesheim, Germany) or by the RNeasy Mini Kit for Lipid Tissue (Qiagen). Reverse
transcription will be performed with reverse transcriptase (Super-Script III, Invitrogen) and
hexamer random primers (Roche Molecular Biochemicals). Quantitative RT-PCR with
specific oligonucleotides will be performed with SYBR Green PCR Master Mix (Qiagen) using
the ABI 5700 Sequence Detection System (Perkin Elmer) and amplification protocol for the
ABI 5700 Sequence Detection System. Amplification specificity will be confirmed by the
analysis of the melting curves. Results will be analyzed with the ABI 5700 Sequence
Detection System v.1.3 after establishing the reaction efficiency for each primer pair.
Quantification using the delta-CT method will be carried out.
Western-blot of cells or tissue. For Western blot experiments, cells will be washed with
PBS and mechanically removed by a cell scraper and tissue will be obtained and dissected.
Cellular extracts will be prepared by ultrasonication followed by centrifugation at 1800 rpm for
10 minutes at 4°C. After centrifugation, pellets will be resuspended in lysis buffer (0.5%
Triton X-100, 50 mM Tris pH 7.5, 150 mM NaCl) with proteinase inhibitors (Sigma). The
lysates will be centrifuged for 15 minutes with 13000 rpm at 4°C. Total protein lysates will be
analyzed after SDS-polyacrylamide gel electrophoresis under reducing conditions and
immunoblotted to nitrocellulose membranes. Western blotting will be performed using the
NuPAGE electrophoresis system and 10% Bis-Tris gel (Invitrogen). Immunodetection will be
performed with specific antibodies and with secondary horseradish peroxidase-conjugated
antibodies. The Enhanced Chemiluminescence Western blotting Detection Kit (Amersham
Biosciences) will be utilized. For quantification, optical densities (OD) of the respective bands
of the blots will be determined by ImageJ software (NIH).
Mice. Breeding of mice will be performed at the central animal housing facility of the
University Hospital Bonn. C57BL/6 mice are obtained from Charles River (Sulzfeld,
Germany). LoxP-flanked SHP1/PTPN6 were ordered from JAX, USA (order number 008336;
strain name B6.129P2-Ptpn6tm1Rsky/J, already backcrossed into C57Bl/6 for 10
generations). LoxP-flanked SHP1 mice were back-crossed in the laboratory of Steffen Jung
into the CX3CR1-CreERT2 mice.
Immunohistochemistry. Mice will be perfused with 4% paraformaldehyde in PBS. After
removal of the brain and spinal cord and fixation, tissue will be either used for cryosections
and confocal microscopy or dissected and embedded in paraffin. Immunohistochemical
analysis of the tissue will be performed by rabbit anit-Iba1 antibody for
microglia/macrophages, by monoclonal rat anti-mouse MAC3 (clone M3/84, dilution: 1:200,
BD Biosciences) for macrophage staining, monoclonal mouse anti-amyloid precursor protein
(APP) (clone 22C11, dilution: 1:100, Chemicon) for axonal degeneration, monoclonal mouse
anti SMI 32 (dilution: 1:200, Sternberger Monoclonals Inc.) for the detection of
dephosphorylated neurofilament and monoclonal antibody rat anti tyrosine hydroxylase
(1:200, Chemicon) for dopaminergic neurons. The following secondary antibodies will be
utilized: biotinylated goat anti-rat or anti-mouse immunoglobulin (RPN1005, dilution 1:200,
Amersham Biosciences, Freiburg, Germany) and the avidin-biotin amplification bridge
method with peroxidase as a substrate or goat anti-rat or anti-mouse immunoglobulin
conjugated to Cy3 or FITC. Apoptotic cells will be detected by the TUNEL-method. TUNEL
method and double-staining with antibodies directed against NeuN will be performed to
quantify apoptotic neurons. Images will be collected under confocal laser scanning
microscope (Olympus). Image analysis will be performed by ImageJ (NIH) software.
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Work program
Aim 1.

Function of ITIM-SHP1 in cultured mouse microglia

Experiment 1.1. Effect of SHP1 knock-down on microglial polarization. Mouse microglial
lines will be genetically modified to analyze the function of SHP1. Data from our group show
that lentiviral over-expression of SHP1 is leading to apoptosis of microglia. Therefore,
experiments with lentiviral knock-down of SHP1 were performed and showed that LPStriggered microglial gene transcription of pro-inflammatory cytokines was substantially
increased after knock-down of SHP1 (Fig. 11). Thus, preliminary data indicate that the
lentiviral knock-down of SHP1 is leading to a pro-inflammatory phenotype of the microglia.

Figure 11. Lentiviral knock down of SHP1 is leading to increased gene transcription of proinflammatory cytokines in non-polarized, M1-polarized (LPS plus IFNγ treated) and M2-polarized (IL4
treated) microglial lines.

This experiment will be repeated and expanded to other cytokines and time points. Gene
transcripts for iNOS, CXCL10, TNFα, Arg1, Ym1/2 and IL-10 will be analyzed by real-time
RT-PCR. Furthermore, immunohistochemistry for iNOS and Arg1 will be performed with
specific antibodies. Markers for microglial polarization will be analyzed on distinct time points
after LPS stimulation (12, 24, 48, 72 hours). In addition, cell surface markers of microglia
(CD11b, CD11c, CD14, CD16, CD32, CD36, CD40, CD45, CD49d, CD86, CD206, CX3CR1,
TREM2, Iba1 and MHC class II) will be analyzed by flow cytometry of untreated and LPSstimulated microglia to understand the phenotype of microglia after lentiviral knock down of
SHP1.
Experiment 1.2. Functional consequences after microglial SHP1 knock down. Microglial
lines will be lentivirally transduced with the shRNA interference for SHP1 or a control vector.
Chemokine-directed migration toward the ligand CX3CL1 will be studied via an in vitro twochamber transmigration assay after lentiviral knock-down of SHP1. Furthermore, microglial
capacity to phagocytose microsphere beads or apoptotic material will be analyzed after
lentiviral knock-down of SHP1 by flow cytometry and confocal laser scanning microscopy.
Experiment 1.3. Effects of SHP1 knock-down for microglia-neuron co-cultures.
Microglia (ESdM) will be lentivirally transduced with the shRNA interference for SHP1 or a
control vector. Microglial cells either untreated or pre-treated with LPS will be co-cultured
with primary hippocampal neurons. Cultures will be fixed after 12, 24 and 48 hours and
immunostained with antibodies directed against β-tubulin-III and Iba1. Neuronal cell body
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density and neurite density will be quantified by ImageJ-Software after confocal fluorescence
microscopy scanning.
Aim 2.

Generation and analysis of conditional knock out mice lacking SHP1 in
microglia

Experiment 2.1. Generation of transgenic mice with a conditional deletion of SHP1 in
microglia. Mice with a full knock-out of SHP1/PTPN6 are severely diseased and die within
10-12 weeks after birth. However, loxP-flanked SHP1/Ptpn6 were generated and are
available from JAX, USA (order number 008336; strain name B6.129P2-Ptpn6tm1Rsky/J,
already backcrossed into C57Bl/6 for 10 generations). These loxP-flanked SHP1 mice were
already obtained and crossed in the laboratory of Steffen Jung into the CX3CR1-CreERT2
mice. Shipping of the crossed SHP1/CX3CR1-CreERT2 mice from Israel for embryo transfer
into the University Bonn animal house has been initiated. Mice will be kept in a homozygote
loxP-flanked SHP1 and heterozygote CX3CR1-CreERT2 background. Newborn mice will be
treated with tamoxifen or a carrier control accordingly to the protocol established by Steffen
Jung. Successful deletion of SHP1 in microglia (SHP1microglia deficient mice) will be
confirmed by RT-PCR and Western-blot of mononuclear cells isolated from brain tissue by
density gradient.
Experiment 2.2. Analysis of chronic neuroinflammation in SHP1 microglia deficient mice.
Inflammation of the central nervous system will be analyzed in adult 3 and 9 months old mice
after tamoxifen or carrier control application. Brain and spinal cord tissue of adult SHP1
microglia deficient mice will be analyzed by real-time RT-PCR and ELISA for pro-inflammatory
cytokines. Furthermore, microglial and astrocytic activation will be characterized by
immunohistochemistry with antibodies directed against Iba1, CD11b and glial fibrillary acid
protein (GFAP). Microglial cells will be isolated by density gradient and analyzed by flow
cytometry with antibodies directed against CD45, CD11b, CD11c and CX3CR1. We expect
from data with SHP1-hypomorphic mice mild signs of neuroinflammation in SHP1 microglia
deficient mice, but we consider to challenge the mice intraperitoneally with LPS, if we fail to
see any signs of inflammation in non-challenged SHP1 microglia deficient mice.
Experiment 2.3. Analysis of chronic neurodegeneration in SHP1 microglia deficient mice.
Signs of neurodegeneration will be analyzed in adult 3 and 9 months old mice after tamoxifen
or carrier control application. Brain and spinal cord tissue of SHP1microglia deficient mice will
be analyzed by immunostaining for neuronal subpopulations (TH+ neurons in the substantia
nigra), synaptic markers protein (synatophysin in the hippocampus), for signs of axonal injury
(APP spheroids in the spinal cord) and level of myelination (Luxol fast blue staining in the
spinal cord). We expect from data with SHP1-hypomorphic mice mild signs of
neurodegeneration in SHP1 microglia deficient mice, but we consider to challenge the mice
intraperitoneally with LPS, if we fail to see any signs of neuronal damage in non-challenged
SHP1 microglia deficient mice.
Aim 3.

Function of human CD33-ITIM in cultured human microglial lines

Experiment 3.1. Generation and analysis of CD33 in stem cell-derived human
microglia. Human microglial cell lines will be generated from induced pluripotent stem cells
and gene transcription and expression of CD33 will be analyzed. Preliminary data already
demonstrate gene transcription and cell surface expression of CD33 in the microglial lines
iPSdM1 and 4. Total RNA was isolated and CD33 gene transcripts were studied by RT-PCR
of untreated iPSdM or after stimulation with LPS. Data demonstrate CD33 gene transcripts
detected by RT-PCR in the microglial lines (Fig.12a). Furthermore, protein expression of
CD33 on human microglial lines was analyzed with specific antibodies directed against the
extracellular region of CD33. Since CD33 can interact with sialic acid residues in cis exposed
on the glycocalyx of the microglia, cells were either untreated or pre-treated with sialidases
before flow cytometric analysis. Data demonstrate CD33 expression on the analyzed
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microglial lines, which was increased after breaking apart the cis-interaction with sialidases
(Fig. 12b). Expression of CD33 in the microglial lines was also analyzed by confocal
microscopy after intracellular immunostaining with antibodies directed against CD33.
Expression of CD33 was detected in human microglial cells (Fig. 12c).

Fig. 12. CD33 gene transcription and protein expression in iPSdM1.
A, IPSdM1 were either unstimulated or treated for 24 hours with LPS (1000 ng/ml) and gene
transcription of CD33 was analyzed using RT-PCR. iPSdM1 showed gene transcription of CD33.
Human brain cDNA served as positive control.
B, Protein expression of CD33 was analyzed by flow cytometry with the monoclonal antibody (WM53)
directed against human CD33. To remove cis-interactions with sialic acids on the microglial
glycocalyx, cells were treated with sialidases. Flow cytometry analysis demonstrated increased
expression of CD33 after sialidase treatment.
C, Immunodetection of CD33 in iPSdM1 by confocal microscopy.Cells were analyzed using confocal
microscopy after co-immunostaining with antibodies directed against CD33 (clone HIM3-4) and Iba-1.
Data confirmed expression of CD33 in iPSdM. Scale bar: 20 µm.

Gene transcription and protein expression of CD33 will be analyzed in all four microglial cell
lines. Then, lentiviral vectors for over-expression of human CD33 under the EF-1alphapromoter or knock-down of CD33 by shRNA interference will be cloned. Viral particles will be
produced and used for transduction of human microglia. Human microglial lines with overexpression or lentiviral knock-down of CD33 will be generated by lentiviral gene transfer.
Modulation of CD33 expression will be confirmed by RT-PCR and flow cytometry. Microglial
lines with over-expression or knock-down of CD33 will be analyzed for microglial polarization
by RT-PCR and flow cytometry. Furthermore, microglial lines with CD33 overexpression will
be will be analyzed in combination of lentiviral SHP1 knock-down for microglial polarization
by RT-PCR and flow cytometry.
Experiment 3.2. Microglial ITIM-SHP1 signalling and cytokine profile after stimulation
of CD33. Human microglial lines with over-expression or lentiviral knock-down of CD33 will
be cultured on plates coated with a CD33 cross-linking antibody or a control antibody.
Phosphorylation of the ITIM motif and the recruitment and phosphorylation of the SHP1 will
studied by Western blotting. RT-PCR of CD33 stimulated microglial lines will be performed at
distinct time periods (0.5, 2, 6, 18 hours) after stimulation. Furthermore, cytokine profile after
CD33 stimulation will be determined in relation to TLR activation by LPS. Role of SHP1 in
CD33 signalling will be evaluated by lentiviral knock-down of SHP1
Experiment 3.3. Microglial endocytosis/phagocytosis after stimulation of CD33 with
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cross-linking antibodies. Human microglial lines with over-expression or lentiviral knockdown of CD33 will be incubated with a CD33 cross-linking antibody or a control antibody
followed by a secondary fluorescent labelled antibody. Uptake of the fluorescent dye within
the microglial lines will be studied by confocal microscopy and 3D-reconstruction.
Furthermore, human microglial lines with over-expression or lentiviral knock-down of CD33
will be cultured on plates coated with a CD33 cross-linking antibody or a control antibody.
Fluorescent microsphere beads will be added to the culture. Phagocytosis of microsphere
beads will be studied by flow cytometry at 1 hour after cross-linking of CD33. Furthermore,
phagocytosis of fibrillary amyloid-β will be analyzed in the microglial lines after overexpression or knock-down of CD33 and or SHP1 by confocal microscopy.
Experiment 3.4. Microglial function after interference of the cis-interaction between
CD33 and sialic acid on the glycocalyx. Microglial cells will be treated with sialidases to
dissolve the cis-interaction between CD33 and the endogenous glycocalyx. Effects on
microglial cytokine profile and endocytosis/phagocytosis will be analyzed by RT-PCR and
flow cytometry. To confirm any specific role of CD33 in this interaction, expression of CD33
on the microglial cells will be modulated by lentiviral over-expression or knock-down of
CD33.
Aim 4.

Function of human CD33 in microglia-neuron interaction

Experiment 4.1. Binding of CD33 protein to target cells. The extracellular region of
human CD33 will be cloned linked to a Fc-fusion protein. The gene will be expressed in CHO
cells and CD33-Fc-fusion protein will be purified from the supernatant. Binding of CD33-Fcfusion protein to the glycocalyx of distinct brain cells (astrocytes, neurons etc.) will be
analyzed by confocal microscopy and flow cytometry. Removal of sialic acid by sialidases will
confirm the specificity of the CD33 binding to the sialic acid residues of the target cells.
Furthermore, binding of CD33-Fc-fusion protein to the subtype of sialic acid will be analyzed
on human target cells having incorporated human-related sialic acid (Neu5Ac) versus nonhuman related sialic acid (Neu5Gc). In contrast to other mammals, humans have lost to
produce Neu5Gc, but can incorporate this type of sialic acid after eating mammals.
Therefore, human neurons derived from induced pluripotent stem cells will be cultured in
chemically defined medium either supplemented with Neu5Ac or Neu5Gc. Furthermore, cisinteraction of CD33 will be analyzed in human microglial cells by flow cytometry with CD33specific antibodies with and without sialidase treatment of microglial cells that have
incorporated human-related sialic acid (Neu5Ac) versus non-human related sialic acid
(Neu5Gc).
Experiment 4.2. Co-culture between human neurons and microglia having increased
or decreased CD33. Induced pluripotent stem cell derived lines (line Bonn-MP1 and WiCellclone1) will be differentiated in human neurons. Furthermore, human microglial lines will be
lentivirally transduced to over-express or knock-down CD33. The microglial cells will be
either unstimulated or pre-treated with LPS and then co-cultured with neurons. Neuronal cell
body survival and neurite density will be quantified after 24 and 48 hours after co-culture.
Furthermore, amyloid-β will be added to the co-culture between the microglial lines with overexpression or knock-down of CD33 and neurons. Neuronal cell body and neurite density will
be quantified after addition of amyloid-β.
Experiment 4.3. Sialic acid in the interaction between microglial CD33 and the
neuronal glycocalyx. Human neurons will be differentiated from induced pluripotent stem
cell lines and sialic acid composition of the glycocalyx will be modified by treatment with
sialidases or culturing of neurons in chemically defined medium for incorporation of humanrelated sialic acid (Neu5Ac) versus non-human related sialic acid (Neu5Gc). The microglial
cells will be then co-cultured with the neurons. Neuronal cell body survival and neurite
density will be quantified after 24 and 48 hours after co-culture.
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Time schedule
Year 1

Year 2

Year 3

AIM 1. Function of ITIM-SHP1 in cultured mouse microglia
1.1. Effects of SHP1 knock down on microglial polarization
1.2. Functional consequences after microglial SHP1 knockdown
1.3. Effects of SHP1 knock down for microglia-neuron co-cultures
AIM 2. Generation and analysis of conditional knock out
mice lacking SHP1 in microglia
2.1. Generation of transgenic mice with a conditional deletion of
SHP1 in microglia
2.2. Analysis of chronic neuroinflammation in SHP1microglia
deficient mice
2.3. Analysis of chronic neurodegeneration in SHP1microglia
deficient mice
AIM 3. Function of human CD33-ITIM in cultured human
microglial lines
3.1. Generation and analysis of CD33 in stem cell-derived human
microglia
3.2. Microglial ITIM-SHP1 signalling and cytokine profile after
stimulation of CD33
3.3. Microglial endocytosis/ after stimulation of CD33 with crosslinking antibodies
3.4. Interference of the cis-interaction between CD33 and sialic
acid on the glycocalyx
AIM 4. Function of human CD33 in microglia-neuron
interaction
4.1. Binding of CD33 protein to target cells
4.2. Generation of stem cell-derived neurons and co-culture with
microglia
4.3. Sialic acid in the interaction between microglial CD33 and
the neuronal glycocalyx

2.4

Data handling

All research data will be stored according to the existing standards, e.g. lab books and
electronic data will be stored in the department.
2.5 Other information
Non applicable.
2.6

Descriptions of proposed investigations involving experiments on humans,
human materials or animals or recombinant DNA

Experiments involving humans or human material. No experiments on human subjects or
material de novo derived from humans. All experiments involving cultured human cell lines
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will be performed accordingly to the German law and ethical guidelines.
Experiments with animals (Tierversuche). All animal experiments will be performed
accordingly to the German animal protection law and ethical guidelines. Current permissions:
Az. 8.87-50.10.37.09.158, Az. 8.87-50.10.37.09.224, Az. 8.87-51.04.20.09.321, Az. 8751.04.20.10.A092, Az. 87-51.04.20.10.A093 and follow up applications.
Experiments with recombinant DNA (Gentechnologische Experimente). All gene
technique experiments are performed accordingly the German gene technique law and
ethical guidelines. Current permissions: Az. 64-K-1.17/05, Az. 64-K-1.34/06, Az.64-K1.39/06, Az. 56.97.01-K-1.63/07, Az. 53.02.01-K-1.82/08, Az.53.02.01-K-1.7/09, Az.
53.02.01-K-1.43/10, Az. 53.02.01-K-1.38/11 and follow up applications.
2.7

Information on scientific and financial involvement of international cooperation
partners

The group of Steffen Jung at Rehovot, Israel, as integral part of the whole Research Unit
1336 is essential for one part of this proposal. He will be involved in this renewal application.
No further international cooperation partners are required for this proposal.
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4

Requested modules/funds

4.1 Scientific staff (Job description of staff funding is requested for)
PhD student, Mona Mathews (36 months, month 1 – 36, 65%, TVÖD Entgeltgruppe 13/65%),
this position is requested for the analysis of CD33 and the ITIM-SHP1-signalling in human
microglia derived from induced pluripotent stem cells. Ms. Mona Mathews has been trained
as Master of Neurosciences at the University Bonn and has joined our group as PhD student
in December 2011. Mona already has generated her own microglial lines from induced
pluripotent stem cells and analyzed the expression of CD33.
PhD student, Anahita Shahraz (24 months, month 1 – 24, 65%, TVÖD Entgeltgruppe
13/65%), this position is requested for the analysis of the SHP1 function in cultured microglia
and in conditional SHP1microglia knock out mice. Ms. Anahita Shahraz took her Bachelor in
Zoology and her Master in Cellular Development at the University of Tehran. She ranked no.
4 among all Bachelor students in Zoology and no. 2 among all Master students in Cellular
Development. Anahita joined our group in April 2011 and already analyzed the polarization
and inhibitory SHP1 pathways in cultured microglia.
4.2 Scientific instrumentation (Wissenschaftliche Geräte)
Non appicable.
4.3 Consumables (Verbrauchsmaterial)
Consumables for each year
Plastic material, medium and growth factors for cell culture
Plastic material for molecular biology
Oligonucleotides, restriction enzymes
Taq-polymerase, fluorescent detection dyes
Primary antibodies for flow cytometry
Secondary antibodies for flow cytometry
Primary antibodies for immunhistochemistry
Secondary antibodies for immunhistochemistry
Chemicals etc
Subtotal
Total over 3 years

€
€
€
€
€
€
€
€
€

2.500
2.000
2.000
2.000
2.000
1.500
2.000
2.000
2.000
18.000 €/year
54.000,00 €

4.4 Travel (Reisen)
See project D.
4.5 Publication expenses (Publikationskosten)
See project D.
4.6 Other costs (Sonstige Kosten)
Line/
Cross

Experiment

No of weeks Cost
mice
0.60€/
animal/week
C57BL/6 mice, fl/fl SHP1 Conditional knock-out of SHP1 70
52
2.184
mice, CX3CR1-CRE mice in microglia
Total per 2 years

4.368,00 €
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5
5.1

Project requirements
Employment status information

Neumann, Harald: Currently I am Professor of Neural Regeneration (C3 Professor) at the
Institute of Reconstructive Neurobiology of the University Hospital Bonn. I have a permanent
position.
5.2 First-time proposal data
Non applicable.
5.3

Composition of the project group

Job description of staff paid from core support for the funding period requested:
The following people from the University Bonn will be funded from the basic equipment and
will provide support for the project:
Group leader, Dr. Harald Neumann (permanent position). This position is supported by the
University Bonn. Harald Neumann will supervise the project. He will dedicate 10 % of his
working time to this project.
Postdoctoral fellow, Dr. Bettina Linnartz, joined our group in September 2009. Bettina is an
experienced postdoctoral fellow, who graduated at the Neuroscience program in Bochum in
2009. She will support the analysis of the conditional knock out mice. Furthermore, she will
help to identify the neuronal glyco-structure recognized by CD33. She will dedicate 10 % of
her working time to this project.
Technician, Rita Hass, this position is supported by the University Bonn. Rita Hass is an
experienced technician in our group. Rita will perform the routine culture work. Furthermore,
she will support the organization of space at the animal facilities. She will dedicate 10 % of
her working time to this project.
5.4 Cooperation with other researchers
5.4.1 Researchers with whom you have agreed to cooperate on this project
Collaborations within the Research Unit 1336
A4
C2
B1
C4

Jung: The loxP-flanked SHP1 mice will be intercrossed with the CX3CR1inducibleCre mice for conditional deletion of SHP1 in microglia by the Jung
group.
Prinz: There will be joined experiments on the neuropathological analysis of
mice with conditional deletion of SHP1 in microglia.
Odoardi/Flügel: We will provide expertise in lentiviral gene transfer into bone
marrow precursor cells.
Priller: We will provide human iPS cell derived microglia to study
neurodegenerative disease.

5.4.2 Researchers with whom you have collaborated scientifically within the past
three years (in alphabetical order)
- Members of the FOR1336 (Marco Prinz, Steffen Jung, Alexander Flügel).
- Scientists in Bonn (Jochen Walter, Luisa Klotz, Michael Heneka, Thomas Klockgether,
Joachim Schultze, Gunther Hartmann, Wolfram Kunz, Oliver Brüstle).
- National collaborators (Christian Behl, Mainz; Diethmar Thal, Ulm; Markus Kipp, Aachen;
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Otto Witte, Jena; Thomas Langmann, Regensburg).
- International collaborators (Marco Colonna, USA; Andrea Tenner, USA; Ajit Varki, USA,
Alon Monsonego, Israel; Rudi Balling, Luxembourg; Valur Emilsson, Seattle; Tony
Wyss Coray, USA).
5.5

Scientific equipment

All the institutional and technical requirements for the proposed project are already available
und usable at the University Bonn.
5.6

Project-relevant interests in commercial enterprises

The Neural Regeneration Group is funded by the University Hospital Bonn. The group has no
commercial interest and is not affiliated with the LIFE & BRAIN GmbH.
6

Additional information

6.1

Proposal submitted elsewhere

I have not requested funding for this project from any other sources. In the event that I
submit such a request, I will inform the Deutsche Forschungsgemeinschaft immediately. I
have informed Prof. Brüstle as head of the Institute of Reconstructive Neurobiology about
this application.
There is no overlap between this proposal and other funded projects. In the project A7 of the
SFB704 (INST 217/403-2) ‘Role of microglial TREM2 receptors for maintaining the
immunological milieu of the central nervous system’ the microglial receptor TREM2, which is
signaling via the ITAM of DAP12, will be analyzed in TREM2-deficient mice. In the project of
the KFO177 (NE 507/9-2) ‘Human-specific microglial receptor Siglec-11 in
neuroinflammatory diseases’ the group is studying the function of Siglec-11 in humanized
Siglec-11 transgenic mice by analyzing disease models of MS and AD.
6.2

Rules of good scientific practice

In submitting a proposal for a research grant to the DFG, I agree to adhere to the DFG’s
rules of good scientific practice.
6.3

Publication list and bibliography

In preparing my proposal, I have adhered to the guidelines for publication lists and
bibliographies.
7

Signature

Harald Neumann, MD

Bonn, May 1th 2012
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Project Description

The role of PU.1 in homeostasis and function of brain macrophages
Summary
The PU.1 transcription factor is essential for the differentiation of hematopoietic stem cells
into early myeloid progenitors, but its role in mature myeloid cells is poorly understood. To
elucidate whether PU.1 is required for macrophage homeostasis in the brain, we have
generated a mouse model in which the PU.1 gene can be inductively deleted in
macrophages using the myeloid-specific CX3CR1GFP-ERT-Cre allele. Unexpectedly, our
preliminary data suggest that PU.1 ablation leads to an expanded rather than reduced brain
macrophage compartment, and skews peripheral blood myeloid cells towards inflammatory
monocytes. In the upcoming funding period, we aim on extending our investigation of the
functional role of PU.1 in adult macrophage homeostasis, with a particular focus on
macrophages of the brain. Moreover, we will explore whether PU.1 controls macrophage
function during a pathological scenario within the central nervous system. Finally, we will use
genome-wide technologies to identify PU.1 target genes and PU.1-occupied chromatin sites
in brain macrophages, and will compare these data with those of macrophages from another
tissue. Taken together, these experiments will provide important novel insight into the
mechanistic regulation of brain macrophage homeostasis and function.
Zusammenfassung
Der PU.1 Transkriptionsfaktor ist für die Differenzierung hämatopoietischer Stammzellen in
frühe myeloische Vorläufer essentiell notwenig. Die Funktion von PU.1 in reifen myeloischen
Zellen ist dagegen bisher nur unzureichend verstanden. Um die Notwendigkeit von PU.1 für
Makrophagen innerhalb des Gehirns erforschen zu können, haben wir Mäuse hergestellt, in
denen das PU.1 Gen in Makrophagen durch Induktion eines myeloisch-spezifischen
CX3CR1GFP-ERT-Cre Allels deletiert werden kann. Unerwarteterweise zeigen unsere bisherigen
Daten, dass die PU.1 Deletion nicht zur Reduktion, sondern zur Expansion des
Markrophagenkompartments im Gehirn führt. Zusätzlich beobachteten wir eine Verschiebung
der myeloischen Zellpopulationen des peripheren Bluts hin zu inflammatorischen Monozyten.
In der kommenden Förderungsperiode werden wir die Untersuchung zur PU.1 Funktion in
peripheren Makrophagen weiter fortführen, und legen dabei einen besonderen Fokus auf
Makrophagen des Gehirns. Darüber hinaus werden wir die PU.1 Funktion in Makrophagen
während eines pathologischen Szenarios im Zentralnervensystem untersuchen. Schließlich
werden wir PU.1 regulierte Gene sowie Bindungsstellen im Chromatin von
Gehirnmakrophagen durch genomweite Technologien identifizieren. Diese Experimente
werden zu wichtigen neuen Erkenntnissen zur mechanistischen Regulation der Homeostase
und Funktion von Gehirnmakrophagen führen.
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1

State of the art and project report

1.1.1

State of the art

The myeloid origin of brain macrophages. The major fraction of adult myeloid cells such
as monocytes, macrophages, neutrophils and dendritic cells are constantly replenished from
self-renewing pluripotent hematopoietic stem cells (HSCs) via the formation of transient
lineage-affiliated bone marrow progenitor-cell stages. However, some macrophage lineages
develop in the embryo from earlier precursors of the yolk sac before the appearance of
definitive HSCs (Schulz et al., 2012). Microglia cells, which are the resident immune cells of
the central nervous system (CNS) and are associated with the pathogenesis of many
neurodegenerative and brain inflammatory diseases (Rivest, 2009), are one of these selfmaintaining, HSC independent, YS-derived myeloid lineages (Ginhoux et al., 2010). In
addition to microglia cells, HSC-derived macrophages can invade the CNS under defined
host conditions, i.e. injury and infection, at adulthood (Priller et al., 2001). These cells
originate from circulating CD11b+Ly6ChiL-selectin+CX3CR1low monocytes of the peripheral
blood (Mildner et al., 2007;Priller et al., 2001). These described recent discoveries of
precursors of brain macrophages and microglia have created a cellular basis for the
identification of genes and factors that control terminal differentiation of functional
phagocytes in the CNS during homeostasis and pathological situations.
The myeloid master regulator PU.1. PU.1 is an intensively studied member of the large
family of Ets transcription factors whose expression is restricted to hematopoietic cells
(Klemsz et al., 1990). Main insights into the biological role of PU.1 were derived from
studying PU.1 knockout and knockdown mice. PU.1 ablation led to a fatal defect in fetal liver
and/or newborn hematopoiesis, characterized by a complete absence of B cells and
macrophages in vivo (Scott et al., 1994;McKercher et al., 1996). More recent analysis
showed that PU.1 deletion impaired HSC repopulation capacity and precluded differentiation
into earliest myeloid and lymphoid progenitors (Scott et al., 1997;Kim et al., 2004;Iwasaki et
al., 2005;Dakic et al., 2005). PU.1 is expressed at distinct levels in individual hematopoietic
lineages. It is detectable in HSCs, is up-regulated in early myeloid and lymphoid progenitors,
maintained at similar levels in B cells, and is further induced in mature myeloid cells including
brain macrophages and both resident and activated microglia cells (Rosenbauer et al.,
2006;Nutt et al., 2005;Back et al., 2005;Walton et al., 2000). In contrast, PU.1 expression is
downregulated during early erythroid and T lymphoid differentiation, and a failure of PU.1
shutdown imposes a differentiation block on these lineages followed by their malignant
transformation (Moreau-Gachelin et al., 1988;Rosenbauer et al., 2006;Anderson et al.,
2002). Taken together, adjustment of PU.1 expression to the right dosage during critical time
points of hematopoietic differentiation is essential for the formation of mature blood cells and
suppression of leukemia. However, while the role of PU.1 in early differentiation of myeloid
precursors from stem cells is well characterized, little is known of its role in controlling
terminal differentiation and function of tissue macrophages.
PU.1 coordinated transcription factor networks in macrophages. Gene enhancer
elements are epigenetically marked by specific chromatin modifications, i.e. high histone H3
lysine 4 mono-methylation (H3K4me1) and binding of the acetyl-transferase p300
(Heintzman et al., 2007). Thus, genome-wide chromatin immunoprecipitation (ChIP) of these
markers followed by next generation sequencing allows the identification of active enhancers
in different tissues and cell types. Recently, inducible p300 binding to chromatin was
exploited to identify, and then mechanistically dissect, enhancers controlling endotoxinstimulated gene expression in peritoneal macrophages (Ghisletti et al., 2010). The major
transcription factor that occupied these macrophage-specific enhancers was PU.1. In
another study, Heinz et al. found that PU.1 occupancy defined macrophage-specific
enhancers together with C/EBP-family transcription factors (Heinz et al., 2010). Importantly,
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both studies demonstrated that PU.1 binding was required for maintaining the activating
H3K4me1 mark at macrophage-specific enhancers, and ectopic expression of PU.1 even
reactivated these enhancers in fibroblasts. Thus, ChIP-sequencing has identified PU.1 as a
major factor for epigenetic activation of chromatin and gene expression in macrophages.
However, a number of questions remain unanswered, in particular if and how PU.1 is
required for terminal macrophage development and function during homeostasis and in
disease.
1.1.2

Preceding report

Rosenbauer group:
The Rosenbauer group has a long-term interest in understanding the mechanisms by which
transcription factors control lineage fate and differentiation decisions in the hematopoietic
system. In addition, we aim to identify the mechanisms of how leukemia arises from
dysregulated or mutated transcription factor genes. In particular, we could contribute to
decipher the role of the hematopoietic master transcription regulator PU.1 in both early
myeloid and lymphoid differentiation (Rosenbauer et al., 2006). Furthermore, we were able to
demonstrate for the first time that the dysregulation of PU.1 transcription is sufficient to cause
acute myeloid leukemia in a mouse model (Rosenbauer et al., 2004). From our work, we
could develop a novel concept in which finely graded expression levels of PU.1 are a key
event in the orchestration of hematopoietic lineage diversification and the suppression of
cancer. Most importantly, we could identify the molecular basis for this tightly controlled PU.1
dosage expression, and thus could place PU.1 in a transcriptional network as an essential
switch for balancing the gene expression programs controlling self-renewal, differentiation
and proliferation (Okuno et al., 2005;Rosenbauer et al., 2005;Feinberg et al., 2007;Steidl et
al., 2006).
Published work within the Research Unit 1330 1st funding period.
We had previously identified a distal regulatory element, located at 14/15 upstream of the
PU.1 gene in the mouse, which is indispensable for proper PU.1 expression (Rosenbauer et
al., 2004). Deletion of this element (designated URE for upstream regulatory element) from
the mouse genome leads to 80% decreased PU.1 expression in HSCs, myeloid cells, and B
cells. Such URE mutants develop a multilineage differentiation block that rapidly transits into
an acute myeloid leukemia. Subsequently, a number of questions still had to be answered
with respect to the regulation of PU.1. This included the position and nature of the complete
set of cis-regulatory elements, their regulatory interplay, the factors which they interact with,
and in what combinations they drive the expression of this gene in different hematopoietic
lineages. To address these issues, we combined transgenic rescue experiments in PU.1knockout mice with genome-wide high-resolution chromatin structure mapping in
macrophages and B cells. We showed that the URE alone is insufficient to confer correct
regulation on the PU.1 promoter, and we identified and characterized new myeloid-specific
PU.1 cis-regulatory elements that are required to drive correct PU.1 expression in mice. Our
findings uncovered a new molecular mechanism governing a tissue-specific cross-regulation
of cis-regulatory element activity on the basis of auto-regulation and a differential association
with cell type–specific transcription factors (Figure 1).
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Non-hematopoietic cells

Whereas PU.1-dependent induction of target genes has been intensively studied, negative
regulation of stem cell or alternate lineage programs remain incompletely characterized. To
test for such negative regulatory events, we searched for PU.1-controlled microRNAs (miRs).
Profiling the early maturation stage of myelopoiesis in a PU.1-inducible cell line (PUER)
yielded such miR candidates. Unbiased mapping of PU.1 binding (ChIPseq) and locus
accessibility (DNase hypersensitivity) in PUER cells and primary macrophages revealed that
the expression of 4 miRs (miR-146a, miR-342, miR-338, and miR-155) is PU.1 dependent
during the earliest steps of myeloid progenitor maturation. One of the most prominently
induced miRs (miR-146a) was analyzed further. In the present study, we show that miR-146a
is dynamically expressed during adult hematopoiesis, and reveal that PU.1 is required to
control this dynamic pattern in vitro and in vivo. We demonstrated that, functionally, miR146a fulfills a surprisingly selective role during adult myelopoiesis in that its ectopic
expression specifically drives the replenishment of peritoneal macrophages from HSCs in
vivo. In agreement with this, a knock-down (KD) approach in zebrafish (Danio rerio) revealed
a blood-specific requirement of miR-146a for macrophage development in the embryo, which
is supported by the observation of diminished macrophage development in a Dicer-KO
zebrafish model. These results demonstrate that PU.1 coordinates the expression of a
specific miR profile during myeloid progenitor maturation, with miR-146a inducing
differentiation and specifying maturation to peritoneal macrophages from stem cells during
adult hematopoiesis and initiating macrophage development during embryonic
hematopoiesis (Figure 2).
Figure 2: Model of PU.1-coordinated miR
expression during myeloid differentiation.
Increasing amounts of PU.1 during myeloid
differentiation from HSC drives the expression
of a specific miR subset with different kinetics.
Several miRs with differentiation-inductive
capacity (miR-146a, miR-342, miR-338) are
progressively upregulated by PU.1 during HSC
differentiation
into
terminally
matured
macrophages. In contrast, miR-155, a miR with
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proliferation-inductive capacity, is only transiently expressed during differentiation. It is initially turned
on by PU.1-binding at a site near its genomic locus, perhaps to escort quiescent HSC into cell cycle,
however, is turned off again later by removal of PU.1. This termination step may be necessary to
decrease the proliferation capacity of late myeloid progenitors and thus to prevent the risk of leukemic
transformation, as ectopic miR-155 expression can lead to a myeloproliferative syndrome in mice
(O’Connell et al and our unpublished data). Adopted from (Ghani et al., 2011).

Unpublished work within the Research Unit 1330 1st funding period.
The function of PU.1 and its transcriptional targets have by now been well studied in early
hematopoietic progenitors and stem cells. However, its role in controlling homeostasis and
function of late myeloid cell stages is still poorly defined, in spite of its highest expression in
macrophages of the brain and other organs. This is due to the early lethality of PU.1knockout mice and the lack of appropriate mice expressing CRE specifically in macrophages.
To begin to understand the role of PU.1 in macrophages of the brain as well as of other
organs, we crossed mice with PU.1lox/lox alleles (hereafter called PU.1f/f) with mice carrying a
macrophage specific CX3CR1GFP-ERT-Cre allele which were provided by Steffen Jung within this
consortium. These animals carry floxed PU.1 alleles that can be deleted in CX3CR1
expressing cells upon tamoxifen-induction. As CX3CR1 expression is restricted to monocytes
and macrophage (and partly dendritic cells), tamoxifen (TAM)-inducible deletion of PU.1 in
CX3CR1+ cells created a novel tool to genetically decipher the function of PU.1 during late
myeloid development. Unfortunately, creation and testing of these mice took us much longer
time than anticipated. This was caused chiefly by our recent laboratory move from the MaxDelbrück-Center in Berlin to the University of Münster, which for some time did not allow us
to sufficiently expand mouse numbers due to major space limitations. Moreover, excision
induction of the floxed PU.1 alleles by the CX3CR1GFP-ERT-Cre allele was initially very low, and
had to be improved significantly by testing different methods of TAM delivery. Nevertheless,
we are now able to present here our first preliminary results with these mice which turned out
to be surprising. Up to now, we were able to analyze the phenotype of PU.1f/f:CX3CR1GFP-ERTCre
mice 3 weeks after TAM administration via the food. While overall monocyte counts in the
peripheral blood of these mutants appeared unchanged as compared to the controls, we
observed a significant skewing in the ratio of Ly6C+ to Ly6C- blood monocyte populations
towards an accumulated Ly6C+ fraction (Figure 3a). Ly6C+ cells were previously identified as
‘inflammatory’ and Ly6C- cells as ‘resident’ monocytes (Geissmann et al., 2003). Moreover,
Ly6C+ monocytes are direct precursors of macrophages that migrate into the adult brain
during injury or inflammation (Mildner et al., 2007), suggesting that PU.1 may be involved in
controlling monocyte influx into the adult CNS, most likely during pathological situations. In
accordance with the elevated Ly6C+ monocyte number in the peripheral blood, we observed
a statistically significant higher number of CD11b+ macrophages in the brain of
PU.1f/f:CX3CR1GFP-ERT-Cre mice 3 weeks after TAM-treatment (Figure 3b and data not shown),
suggesting that PU.1 restricts the number of macrophages in the brain. The finding that PU.1
loss resulted in enhanced rather than reduced macrophage numbers is surprising given the
well established role of PU.1 as a master regulator of early macrophage differentiation from
bone marrow progenitors. This result points to a differential function of PU.1 in macrophage
generation (for which PU.1 is absolutely required) and macrophage homeostasis in the adult
brain (at which PU.1 appears to restrict proliferation/expansion). It will now be important to
follow up this unexpected finding over a longer period of time, and to identify its underlying
molecular mechanism.
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Figure 3: Preliminary analysis of PU.1f/f: CX3CR1GFP-ERT-Cre mice: (a) FACS of peripheral blood
monocytes (CD11b+/CD115+) for Ly6C+ and Ly6c- subtypes. Numbers indicate percentages of gated
cells. (b) FACS of macrophages (CD45+/CD11b+) from the brains of the indicated mice.

Dugas group:
The Dugas group at the Institute of Medical Informatics (IMI) has a long-term interest in
analysis and interpretation of high-throughput leukemia data. Recently, a ChIP-Seq data set
was analyzed regarding a new combination treatment for AML (ATRA + TCP) (Schenk et al.,
2012). The Leukemia Gene Atlas (LGA) [http://www.leukemia-gene-atlas.org] has been
designed and implemented by the Dugas group. The LGA is a public platform that supports
the research and analysis of molecular data of leukemias. It is supported by the European
Leukemia Network of Excellence (ELN). Molecular data and the corresponding clinical and
laboratory data are contained within the LGA. This system supports comprehensive queries
of data, visualization and analysis as well as download and upload. Currently, there are gene
expression, methylation, sequencing data and genotypes of over 6000 samples in the LGA.
The IMI develops new methods for integrative analysis of high throughput data (Schafer et
al., 2009) (Lahti et al. Briefings in Bioinformatics, accepted February 2012). Regarding NextGeneration-Sequencing (NGS), IMI provided the central data analysis facility for the IRON
study, a multi-center study of 454 data from 10 international laboratories (Kohlmann et al.,
2011) and published a bioinformatics toolbox for 454 data (Klein et al., 2011).

1.2
1.2.1

Project-related publications
Articles published from the funded project

Ghani S, Riemke P, Schönheit J, Lenze D, Stumm J, Hoogenkamp M, Lagendijk A, Heinz S,
Bonifer C, Bakkers J, Abdelilah-Seyfried S, Hummel M, Rosenbauer F (2011)
Macrophage development from hematopoietic stem cells requires PU.1 coordinated
microRNA expression. Blood 118:2275-2284.
Leddin M, Perrod C, Hoogenkamp M, Ghani S, Assi S, Heinz S, Wilson NK, Follows G,
Schönheit J, Vockentanz L, Mosamam A, Chen W, Tenen DG, Westhead DR,
Göttgens B, Bonifer C, Rosenbauer F (2011) Two distinct auto-regulatory loops
operate at the PU.1 locus in B cells and myeloid cells. Blood 117:2827-2838.
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1.2.2

Other publications

Schenk T, Chen WC, Göllner S, Howell L, Jin L, Hebestreit K, Klein HU, Popescu AC,
Burnett A, Mills K, Casero Jr R, Marton L, Woster P, Minden MD, Dugas M, Wang
JCY, Dick JE, Müller-Tidow C, Petrie K, Zelent A (2012) Inhibition of the LSD1/KDM1
demethylase reactivates the all-trans-retinoic acid differentiation pathway in acute
myeloid leukaemia. Nat Med 18:605-611
Klein HU, Bartenhagen C, Kohlmann A, Grossmann V, Ruckert C, Haferlach T, Dugas M.
(2011) R453Plus1Toolbox: an R/Bioconductor package for analyzing Roche 454
Sequencing data. Bioinformatics 27:1162-1163
Kohlmann A, Klein HU, Weissmann S, Bresolin S, Chaplin T, Cuppens H, Garicochea B,
Grossmann V, Hanczaruk B, Hebestreit K, Hofer K, Iacobucci I, Jansen JH, te
Kronnie T, van de Locht L, Martinelli G, McGowan K, Stabentheiner S, Timmermann
B, Vandenberghe P, Young BD, Dugas M, Haferlach T (2011) The Interlaboratory
RObustness of Next-Generation Sequencing (IRON) Study: Deep-Sequencing
Investigating TET2, CBL, and KRAS Mutations in 5,580 Amplicons by an International
Consortium Involving 10 Laboratories. Leukemia 25:1840-1848
Werth M, Walentin K, Aue A, Schönheit J, Wuebken A, Pode-Shakked N, Vilianovitch L,
Erdmann B, Dekel B, Bader M, Barasch J, Rosenbauer F, Luft FC, Schmidt-Ott KM
(2010) The transcription factor grainyhead-like 2 regulates the molecular composition
of the epithelial apical junctional complex. Development 37:3835-3845
Müller-Tidow C, Klein HU, Hascher A, Isken F, Tickenbrock L, Thoennissen N, AgrawalSingh S, Tschanter P, Disselhoff C, Wang Y, Becker A, Thiede C, Ehninger G, zur
Stadt U, Koschmieder S, Seidl M, Müller FU, Schmitz W, Schlenke P, McClelland M,
Berdel WE, Dugas M, Serve H (2010) Profiling of histone H3 lysine 9 trimethylation
levels predicts transcription factor activity and survival in acute myeloid leukemia.
Blood 116:3564-3571
#Bröske AM, Vockentanz L, Kharazi S, Huska M, Mancini E, Scheller M, Enns A, Prinz M,
Jaenisch R, Nerlov C, Leutz A, Andrade-Navarro MA, Jacobsen SEW, Rosenbauer F
(2009) DNA methylation protects hematopoietic stem cell multipotency from
myeloerythroid restriction. Nat Genet 41:1207-1215
Schafer M, Schwender H, Merk S, Haferlach C, Ickstadt K, Dugas M (2009) Integrated
analysis of copy number alterations and gene expression: a bivariate assessment of
equally directed abnormalities. Bioinformatics 25:3228-3235
#

these publications are joint publications from members of the research unit 1336

1.2.3
1.2.3.1

Patents
Pending

None.
1.2.3.2

Issued

None.
2

Objectives and work programme

Anticipated total duration of the project
36 months.
2.1

Objectives
Based on our unexpected novel finding that PU.1 loss results in expansion and not reduction
of brain macrophages, we will extend and deepen the characterization of PU.1f/fCx3cr1ErtCRE

2.2
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mice in the upcoming funding period. In addition to elucidation of the role of PU.1 in
homeostasis, we will also use the PU.1f/fCx3cr1ErtCRE mouse model to analyze the role of
PU.1 in controlling CNS macrophage function during a pathological situation. Finally, we will
use genome-wide technologies to identify PU.1 target genes and chromatin occupancy sites
in brain macrophages, and will compare these data with those of macrophages from the
peritoneum as a source of an alternative macrophage lineage from another tissue. Taken
together, these experiments will lead to a mechanistic understanding of how PU.1 regulates
macrophage homeostasis and function in the adult CNS.
In detail, our work programme will address the following three specific aims:
1. Elucidation of the role of PU.1 in homeostasis of brain macrophages using TAM-induced
PU.1f/f:CX3CR1GFP-ERT-Cre mice.
2. Analysis of the role of PU.1 in function of macrophages of the CNS using a mouse model
of experimental autoimmune encephalomyelitis (EAE).
3. Identification of common and brain-specific macrophage PU.1 target genes and
chromatin occupancy sites.
Work programme incl. proposed research methods
Methods
2.3

Mice. PU.1lox/lox mice (C57/Bl6 background; a gift from Dan Tenen, Boston USA; hereafter
termed PU.1f/f) have been bred with CX3CR1GFP-ERT-Cre mice (C57/Bl6 background; provided
by Steffen Jung) to generate PU.1f/fCX3CR1GFP-ERT-Cre mice to enable tamoxifen-induced
deletion of PU.1 specifically in monocytes and macrophages. Tamoxifen is administered
using 3 cycles of gavage, every other day.
Transplantation experiments. Adult CD45.1+ recipient mice (6-12 weeks of age) will be
exposed to a sublethal dose of 6 Gy total body irradiation with the 18-MeV photon beam of a
linear electron accelerator with a dose rate of 0.18 Gy/min. These mice will then be
transplanted with freshly isolated CD45.2+ bone marrow cells in 0.2 ml PBS within 24 h of
irradiation. Reconstitution will be evaluated by FACS of peripheral blood samples.
Induction of EAE and treatment: Female 8- to -10 week old mice are immunized
subcutaneously with 200 μg of MOG35-55 peptide emulsified in CFA containing 1 mg of
Mycobacterium tuberculosis (H37RA; Difco Laboratories, Detroit, Michigan, USA). The mice
receive intraperitonal injections with 250 ng pertussis toxin (Sigma-Aldrich, Deisenhofen,
Germany) at the time of immunization and 48 hours later. For treatment studies mice are
injected with 200 µl PBS containing nucleic acids with prior jetPEI-complexation according to
the manufacturer´s protocol. In short, 10 µl of in vivo jetPEI are mixed with 25 µg of nucleic
acids at a N:P ratio of 10/1 in a volume of 200 µl 5% Glucose solution and incubated for 15
min. Subsequently, 25 µg of complexed or non-complexed 5´-triphosphate RNA or the
synthetic dsRNA analogue poly(I:C) are injected i.v.. Whole blood is obtained by retroorbital
puncture at the indicated time points. Serum is prepared from whole blood by centrifugation
(13000 rpm, 5 min).
Histology. Mice are euthanized and organs are removed and fixed in 4% buffered formalin.
Tissues are dissected and paraffin embedded before staining with hematoxylin and eosin as
described previously (Prinz et al., 2008).
Isolation of macrophages from brain. Murine brain macrophages from adult mice are
harvested using a percoll gradient in combination with the MACS Neural Tissue Dissociation
Kit which yields approx. 300000 macrophages/mouse. These cells are of sufficient purity for
PU.1 ChIP-sequencing experiments (see below) which require high amounts of cells,
because PU.1 in the brain is exclusively expressed in macrophages. For expression array
analysis, we will use a secound purification step based on flow sorting for CD41 and CD11b.
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For culture experiments, primary brain macrophages are prepared from newborn mice. For
stimulation, brain macrophages are seeded at a density of 2 x105 cells per well. For
proliferation tests, culture medium is supplemented with different concentrations of
recombinant mouse M-CSF (R&D Systems). After 48h, 10 μM BrdU (Sigma) is added for 1 h.
Cells are fixed in 4% paraformaldehyde and stained with the BrdU in situ detection kit
according to the manufacturer's instructions (BD Pharmingen).
Real-time RT-PCR. We will extract RNA using RNAeasy kit (Qiagen), reverse transcribe it
and then amplify it using a 7300 Real-Time PCR System (Applied Biosystems) using exon
spanning primer/probe sets.
Flow cytometry and cell sorting. We will stain single-cell suspensions from various organs
using antibodies conjugated with PE, PE-Cy7, FITC, Tricolor, APC, APC-Cy7, Pacific Blue or
biotin. We will analyze all samples by flow cytometry using a FACS Canto II cytometer (BD
Biosciences) and sort them on a high-speed multicolor cell sorter (BD FACSAria III, BD
Biosciences) using standard protocols. Gates on viable cells are set according to the
exclusion of propidium iodide staining.
Cell cycle and apoptosis analysis. The cell cycle status of cells is determined by staining
at 37°C for 30 min with Hoechst 33342 (Invitrogen) as described (Cheshier et al., 1999).
Staining with propidiumiodid is used for exclusion of dead cells. Cells will be analyzed on an
Canto II cytometer (BD Biosciences) equipped with a violet laser (407 nm). Apoptosis is
analyzed by Annexin-V staining. Freshly isolated BM cells are stained with the appropriate
antibodies, washed in Annexin binding buffer (BD Biosciences) and incubated for 20 min at
4°C in the dark with anti-Annexin-V–APC (BD Biosciences).
Phagocytosis assay. For phagocytosis assays, cells are incubated with 0.5 μl of 1 μm red
fluorescent carboxylated microspheres (Molecular Probes) for 1 h at 37°C in RPMI 1640 plus
10% FCS and 10 ng/ml M-CSF. The cells are then thoroughly washed, stained with Hoechst
33342, and photographed using GFP, TRITC, and cyan GFP filters. For measurement of
myelin phagocytosis, fluorescein isothiocyanate–labeled myelin is exposed to macrophages
at a protein concentration of 4 μg ml-1 for 1 or 2 h alone or in the presence of cytochalasin D
(5 μM).
Linear amplification of RNA and microarray hybridization. Approximately 5,000 sorted
blood monocytes or brain macrophages from the PU.1 mutant or control group are FACSsorted directly into RNA extraction buffer and extracted utilizing a silica-gel-based
membrane-binding technique optimized for small cell numbers (RNeasy Micro, Qiagen). The
yield of total RNA derived from 5,000 FACS-sorted HSCs ranges between 10-20 ng. Linear
amplification of <20ng of total RNA is carried out by two cycles of reverse transcription plus
T7 promoter-based in vitro transcription. For the second in vitro transcription, biotin-labeled
ribonucleotides are applied, resulting in 15-25 μg of biotinylated cRNA. 15 μg of the
biotinylated cRNA are fragmented by metal-induced hydrolysis and then hybridized to
Affymetrix Mouse Genome 430 2.0 GeneChips covering approximately 45,000 transcripts.
After hybridization at 45 °C for 16 hours, the GeneChips are washed, stained with
R-Phycoerythrin Streptavidin, again washed, and scanned with an Affymetrix GeneChip
Scanner 3000.
Microarray analysis. All microarray analysis is performed using tools contained in the
Bioconductor project (http://www.bioconductor.org) that is available for the R statistical
programming language (http://www.r-project.org). Raw expression values are normalized
using RMA, and differential expression is determined using the limma library. All probe set
annotation information comes from the mouse4302.db library, version 2.2.0. Microarray
quality will be assessed using the affyQualityMetrics library. Genes with a false discovery
rate of less than 0.05 are considered differentially expressed (controlled using the procedure
of Benjamini and Hochberg). Presence and absence of each gene will be determined using
the MAS 5.0 Calls algorithm. Principle components analysis is performed using the
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affycoretools library, and divisive clustering of the complete arrays is performed using the
diana function contained in the cluster library. Expression values are converted to probe set
Z-scores by taking the expression value and subtracting the probe set's mean expression
across all arrays, and dividing this number by the probe set's standard deviation across all
arrays. The probe sets are then clustered according to these Z-scores and visualized as heat
maps. Ingenuity Systems Pathway Analysis is used to identify interacting genes and
pathways that are affected in the mutant stem cells.
Chromatin immunoprecipitation-sequencing (ChIP-seq) and data analysis. ChIP will be
performed in duplicates with 5-10×106 cells and the PU.1 antibody sc-352 essentially as
described (Heinz et al., 2010). Library preparation and high-throughput sequencing are
performed according to the manufacturer's protocols (Illumina). The first 23–25 bp of each
sequence tag are mapped to the mm8 assembly (NCBI build 36). Tag counts for each
experiment are normalized to 107 specifically mapped tags. Sequence alignment to the
reference genome will be performed using the BWA (Burrows-Wheeler Alignment) algorithm
(Li and Durbin, 2009). Only tags with unique alignment to the genome will be considered for
further analysis. Output data will be converted to Browser Extensible Data (BED) files for
downstream analysis and tiled data files (TDF) for viewing the data in the Integrative
Genomics Viewer (version 1.5, IGV) (Robinson et al., 2011). Peaks/clusters will be detected
using MACS (Zhang et al., 2008). Resulting peak regions will be tested for relative tag
density (tag density at peak divided by total number of tags at all peaks), assessed by
regression analysis, and visualized.
Work program
1: Elucidation of the role of PU.1 in homeostasis of brain macrophages using TAMinduced PU.1f/f:CX3CR1GFP-ERT-Cre mice.
PU.1 is an essential transcriptional master regulator of early macrophage differentiation.
However, our preliminary results of the first funding period revealed that induction of PU.1
loss by combining the novel CX3CR1GFP-ERT-Cre allele with floxed PU.1 alleles surprisingly
resulted in an accumulation of brain macrophages; not in a reduction as anticipated. This
observation is the first evidence pointing towards a role of PU.1 in restricting adult
macrophage expansion. This is in contrast to its function in early myeloid cells, in which PU.1
is absolutely required for differentiation. Consequently, the initial analyses of the
PU.1f/f:CX3CR1GFP-ERT-Cre mouse suggested a novel role of PU.1 in macrophage homeostasis.
In the upcoming funding period, we will extend and deepen this important observation,
because a number of key questions still remain unanswered. For example, how does brain
macrophage accumulation in the absence of PU.1 manifest over time? Does it lead to brain
dysfuntions or pathological situations? Does the brain macrophage accumulation result from
an extended influx of Ly6C+ monocytes from the peripheral blood into the brain, or is it
caused by an intrinsic expansion of microglia inside of the brain? Is the expansion specific to
brain macrophages, or can we observe this also in other organs as well?
Experimental procedure: Expansion of PU.1null brain macrophages: In the first set of
experiments, we will extend our preliminary analyses of the PU.1f/f:CX3CR1GFP-ERT-Cre mice
described in the preliminary data section. The experimental outline of this study is illustrated
in figure 4a. In brief, we are going to gavage PU.1f/f:CX3CR1GFP-ERT-Cre and
PU.1+/+:CX3CR1GFP-ERT-Cre control mice with TAM and analyse PU.1 deleted peripheral
monocytes/macrophages of various hematopoietic (bone marrow, peripheral blood, spleen)
and non-hematopoietic tissues (brain, peritoneum, liver). The analyses will comprise assays
to study changes in the phenotype (FACS, morphology) and function (colony growth with
addition of M-CSF, migration, phagocytosis, secretion of cytokines etc.). Contribution of
expanded PU.1null Ly6C+ peripheral blood monocytes to accumulated brain macrophage: In a
second line of experiments, we will use PU.1f/f:CX3CR1GFP-ERT-Cre and PU.1+/+:CX3CR1GFP-ERTCre
control mice to study the role of PU.1 in peripheral blood monocytes as the direct
precursors of brain macrophages after irradiation (Mildner et al., 2007). As our preliminary
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experiments have shown that PU.1 loss results in an increase of Ly6C+ monocytes (which
are precursors of brain macrophages) at the expense of Ly6C– monocytes, we will in this aim
study whether this skewing accounts for the increased macrophage number in the brain.
Although during normal wildtype homeostasis, maintenance of brain macrophages is
independent of influx of blood monocytes, it is possible that latent lesions of the brain-blood
barrier may allow monocyte influx into the CNS in a PU.1 knockout situation. To address
whether the increased PU.1null blood moncyte number leads to an accumulation of brain
macrophages, we will generate bone marrow chimeric mice. We will mix bone marrow cells
isolated either from PU.1f/f:CX3CR1GFP-ERT-Cre or PU.1+/+:CX3CR1GFP-ERT-Cre control mice (both
of which carry the CD45.2 isotype) in 1:1 ratios with bone marrow of wild type C57Bl/6 mice
carrying the CD45.1 isotype. Using the congenic CD45.1/CD45.2 isotype marker system
allow tracing of transplanted experimental donor cells. The donor cells are transplanted into
congenic CD45.1 recipient mice which were lethality irradiated with head shielding to
minimize influx of transplanted cells to colonize the brain. After chimerism has been
established, the chimeras will be gavaged with TAM to induce PU.1 deletion in
PU.1f/f:CX3CR1GFP-ERT-Cre cells and irradiated with a sublethal dose (6 Gy) to allow migration
of Ly6C+ monocytes into the brain. After a period of 6 weeks, the mice are analyzed as
indicated in figure 4b.
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Figure 4, a and b: Work flow for analysis of macrophage/monocyte-specific PU.1 deleted mice.

2: Analysis of the role of PU.1 in function of macrophages of the CNS using a mouse
model of experimental autoimmune encephalomyelitis (EAE).
Whereas in aim 1 we are going to study the role of PU.1 in macrophage steady state
homeostasis, in aim 2 we will investigate whether PU.1 deletion affects the function of CNS
macrophages during a pathological situation. Macrophages are considered to be essential
modulators of myelin repair. Multiple sclerosis (MS) is an autoimmunological demyelinating
disease of the CNS, which can be modelled in the mouse by experimental autoimmune
encephalomyelitis (EAE). To investigate the involvement of PU.1-controlled transcriptional
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programs in macrophages in CNS autoimmune diseases, we will examine the development
of EAE in mice in the absence of PU.1. It has been shown that CNS macrophages are
important antigen presenting cells during autoimmune inflammation of the CNS, and
silencing of macrophages attenuates the course of disease, CNS inflammation and axonal
and myelin damage (Heppner et al., 2005;Ponomarev et al., 2011). Furthermore, CNS
macrophages are not only thought to be proinflammatory and harmful for sterile inflammation
of the CNS but they also execute neuroprotective and regenerative capacities (Neumann et
al., 2009;Gold et al., 2006). However, the role of PU.1 for CNS macrophage function during
autoimmune inflammation is unknown. We will therefore perform EAE experiments in
PU.1f/f:CX3CR1GFP-ERT-Cre animals and monitor disease course and severity. Design,
conduction and analysis of the EAE experiments are performed in close collaboration with
the Prinz group.
Experimental procedure: In brief, PU.1f/f:CX3CR1GFP-ERT-Cre and PU.1+/+:CX3CR1GFP-ERT-Cre
animals are gavaged with TAM as described above, and are actively immunized with the
MOG35-55 peptide two weeks after the final TAM dose. To assess the role of PU.1 in
macrophages during EAE, we will first monitor the clinical course and disease severity.
Together with the Prinz group, we will subsequently perform histological analyses of axonal
and myelin damage in the EAE mice. The inflammatory composition of infiltrating immune
cells in the CNS during the disease peak phase are investigated histologically by staining
sections with antibodies against CD3, B220 and MacIII) and by FACS using antibodies
against T cell antigens distinguishing Th1, Th17 and Treg cells (CD4, CD8, INFγ, IL17, CD15
and Foxp3), B cells (B220, CD19, Ig) and myeloid antigens (CD115, MacI, Ly6C, Gr-1,
F4/80). Then, FACS on CNSA cells is performed. Finally, we will assess whether PU.1
deletion in macrophages alters Th1, Th2, TH17 immune response during EAE by
examination expression of characteristic cytokine and transcription factor transcripts (Th1:
IFNγ, IL12p35, T-bet secretion; Th2: IL4, IL10, IL13, STAT6, GATA3; Th17: RORγT, IL17A,
IL17F, IL23p19, IL6, IL1b, TGFβ) in the draining lymph nodes and the CNS.
3: Identification of common and brain-specific macrophage PU.1 target genes and
chromatin occupancy sites.
PU.1 is a transcription factor that directly binds to a consensus sequence motif within
regulatory DNA elements to control expression of its target genes. Using peritoneal as well
as bone marrow-derived macrophages, it has been shown before that PU.1 occupies
thousands of sites within the chromatin (Ghisletti et al., 2010;Heinz et al., 2010). These PU.1
binding sites are often co-occupied by other myeloid transcription factors such as C/EBPα
and C/EBPβ, suggesting that PU.1 controls its target genes in cooperation with other
transcriptional regulators. To mechanistically understand how PU.1 regulates homeostasis
and function of brain macrophages, we will in aim 3 apply genome-wide expression array
and chromatin immunoprecipitation (ChIP)-sequencing based technologies to decipher PU.1
target genes. We will compare our brain macrophage data with published PU.1 ChIP-seq
data of peritoneal macrophages (Heinz et al., 2010). This strategy will allow us to identify
PU.1-controlled brain macrophage-specific genes and chromatin sites, and distinguish them
from genes and chromatin sites that are regulated by PU.1 in macrophages of other tissues
as well. Based on an integrated computational approach that includes all of our genome-wide
data sets, and utilizes multiple pathway analysis software tools such as Ingenuity and others,
we will identify core PU.1 controlled gene pathways from which we will select promising
candidate genes, based on known or suspected functions in cellular development,
differentiation, proliferation etc., for further functional analyses. We should emphasize that
we have ample experience in generation and computational analyses of genome-wide data
sets as proven by several previous publications (Leddin et al., 2011;Schenk et al., 2012;Klein
et al., 2011;Kohlmann et al., 2011;Muller-Tidow et al., 2010;Schafer et al., 2009). The
workflow of aim 3 is shown in figure 5.
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Experimental procedure: Identification of PU.1 target genes: To identify PU.1 controlled
genes at a genome-wide scale, we will isolate macrophages by flow sorting with antibodies
against CD45 and CD11b from brain and peritoneum of PU.1f/fCx3cr1ErtCRE and
PU.1+/+Cx3cr1ErtCRE control mice 3 weeks after TAM-induced deletion of PU.1. Successful
PU.1 deletion in these cells will be monitored by PCR and Western blotting. mRNA will be
extracted from PU.1 proficient and deficient brain and peritoneal macrophages, and will be
subjected to whole genome cDNA arrays using a protocol for small starting material
amounts. Using macrophages of both the brain and peritoneum will identify PU.1-controlled
genes exclusively expressed in brain macrophages only, and will distinguish them from those
expressed more wildly in other macrophage populations as well. We will analyse the
identified PU.1 target genes for common pathways, functional gene categories etc. to identify
core transcriptional benchmarks that are orchestrated by PU.1. Finally, we will corroborate
differential expression of selected genes using qRT-PCR, Western blotting and FACS when
feasible. Identification of PU.1 binding sites: To genome-wide identify PU.1 binding sites, we
will isolate brain macrophages from Cx3cr1-GFP mice (Jung et al., 2000), extract chromatin
to incubate with a PU.1 antibody and subject to next generation sequencing using the
Illumina platform. We have access to an Illumina sequencer at the University of Münster
Medical Faculty. The row sequence tags will be mapped to the mouse reference genome.
From the genome-wide PU.1 binding maps de novo sequence motif analyses are performed
to identify transcription factors which potentially occupy the genome together with PU.1. We
will corroborate binding of these transcription factors by using ChIP-qPCR approaches at
selected loci. Using PU.1 knockout cells we will also analyse whether PU.1 binding is
essential for binding of these cooperating transcription factors. Finally, we will use reporter
assays to test whether cooperation with the identified transcription factors does affect PU.1
controlled transactivation of cis-regulatory elements. Array data and ChIP-seq data will be
analyzed by a dedicated integrative approach, which addresses the properties of array and
ChIP-seq data in the context of relatively small sample sizes (in relation to the high number
of data points). We intend to build upon previous work with a Bayesian mixture model, which
was applied to assess the concordance of ChIP-chip and ChIP-seq data in a CML-cell line
(Schäfer M et al. Journal of Toxicology and Environmental Health. Accepted 7.2.2012).
For PU.1 ChIP‐seq: Cx3cr1‐GFP
For Affy arrays: PU.1f/fCx3cr1ErtCRE
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Alternative approach: The preliminary FACS-characterization of PU.1f/fCx3cr1ErtCRE mice
suggested both an expansion of brain macrophages and a skewed distribution of Ly6C+ and
Ly6C- monocytes in the peripheral blood. We therefore may explore target genes and
chromatin occupancy of PU.1 in peripheral blood monocytes rather than in tissue-resident
macrophages if we identify that the brain macrophage expansion in PU.1f/fCx3cr1ErtCRE mice
is not caused by an intrinsic accumulation but rather by an increased influx of Ly6C+
monocyte precursors from the peripheral blood.
Outlook:
Functional characterization of novel brain macrophage-specific PU.1 transcription factor
partners and/or transcriptional targets: Here, we will use functional tests to study the
mechanistic role of selected PU.1 target genes and/or associated transcription factors
specific to brain macrophages. The genes and/or transcription factors are prioritized based
on novelty, tools available and, most importantly, relationship stringency to PU.1 in our data.
We will use overexpression, shRNA mediated knockdown and gene targeted mice if
available. In summary, the outlined work plan will provide comprehensive insight in the PU.1centred transcription factor networks and their controlled target genes in brain macrophages.
Time schedule
Year 1

Year 2

Year 3

Aim 1: Elucidation of the role of PU.1 in
homeostasis of brain macrophages using
TAM-induced PU.1f/f:CX3CR1GFP-ERT-Cre mice.
Analysis of PU.1null brain macrophages
Analysis of PU.1null peripheral blood monocyte
contribution to brain macrophage homeostasis
using chimeric mice
Aim 2: Analysis of the role of PU.1 in function
of macrophages of the CNS using a mouse
model of experimental autoimmune
encephalomyelitis (EAE).
Active autoimmune demyelination: induction and
analyses
Aim 3: Identification of common and brainspecific macrophage PU.1 target genes and
chromatin occupancy sites.
Microarrayanalysis
ChIP-Seq
Data analyses
Functional evaluation of PU.1 target genes and
PU.1 collaborative transcription factors
2.4

Data handling

All research data will be stored according to the existing standards, e.g. lab books and
electronic data will be stored in the department.
2.5

Other information

Non applicable.
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2.6

Descriptions of proposed investigations involving experiments on humans,
human materials or animals

- Experiments involving humans or human material
Non applicable.
- Experiments with animals (Tierversuche)
The animal experiments will be performed in accordance with the guidelines of Landesamt
für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen legislation for animal
experiments. The respective animal permission numbers are 84-02.04.2012.A056 and 8402.05.20.12.034.
2.7

Information on scientific and financial involvement of international cooperation
partners

Because the group of Steffen Jung at Rehovot, Israel, is integral part of the whole Research
Unit 1336 and also essential for this proposal he will be involved in this renewal application
as already done in the first application period.
No further international cooperation partners are required for this proposal.
3
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4

Requested modules/funds

4.1 Scientific staff (Wissenschaftliches Personal)
Postdoctoral fellow (N.N., TV-L E14 Stufe 2). We aim on hiring a postdoc with basal
knowledge in computational biology. At first, he/she will carry out the phenotypic
characterization of brain macrophages from the PU.1lox/loxCX3CR1GFP-ERT-Cre mice and perform
ChIP-seq and array experiments. To be able to carry out the necessary laboratory
techniques, he/she will receive extensive training and assistance by the Rosenbauer group.
The Rosenbauer group has ample experience in all required methods, and will have a core
funded technician to provide 30% of her time to work with the postdoc at this project. To
conduct the computational exploration of the ChIP-seq and array data, he/she will get
comprehensive computational assistance and guidance by the Dugas group.
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4.2 Scientific instrumentation (Wissenschaftliche Geräte)
none
4.3 Consumables (Verbrauchsmaterial)
Consumables for each year
Cell culture media
Oligonucleotides, restriction enzymes
Taq-polymerase, primers, probes
Antibodies for flow cytometry
Antibodies for ChIP and Western blotting
Plastics
Chemicals
Next generation Sequencing
Subtotal
Total over 3 years

€
€
€
€
€
€
€
€

2.000
2.000
2.000
2.600
2.000
1.000
2.000
2.000
15.600 €/year
46.800 €

4.4 Travel (Reisen)
See project D.
4.5 Publication expenses (Publikationskosten)
See project D.
4.6 Other costs (Sonstige Kosten)
Lines

Experiment

No of
animals

weeks

PU.1fl/fl x
CX3CR1GFP-ERT-Cre,
and CX3CR1GFPERT-Cre
control mice

Isolation of macrophages from brain
and peritoneum

158

53

Costs
(0.60
€/animal/
week)
5024

C57Bl/6 mice

5
5.1

Subtotal

5.024

Total per 3 years

15.072

Project requirements
Employment status information

Rosenbauer, Frank
Professor of Molecular Stem Cell Biology, permanent
Dugas, Martin
Professor of Medical Informatics, permanent
5.2

First-time proposal data

Non applicable.
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5.3
Composition of the project group
The following people from the Department of Molecular Stem Cell Biology, Institute of
Molecular Tumor Biology, will be funded from the basic equipment and will provide support
for the project:
Verena Gruschka (Technician): She will spend 30 % of her working time to this project by
helping with mouse husbandry, and experimental support.
Margit Käse (Flow cytometry operator): She will conduct all cell sorts required for the
proposed study.
Frank Rosenbauer (principle investigator): I will spend 10 % of my working time with
supervising the project.
The following people from the Institute of Medical Informatics will provide support for the
project:
Christoph Bartenhagen (informatician): He will spend 10% of his working time to support
development of the bioinformatics pipeline.
Martin Dugas (principle investigator): I will spend 10 % of my working time with supervising
the project.
5.4 Cooperation with other researchers
5.4.1

Researchers with whom you have agreed to cooperate on this project

Collaborations within the Research Unit 1336
A4
Steffen Jung: Analysis of in vivo lineage potential of Irf8+ early myeloid
progenitors using a newly developed Irf8 reporter mouse. Generation and
analysis of myeloid-specific PU.1-depleted mice by an inducible Cx3cr1-ErtCRE
knockin allele.
C4
Josef Priller: Analysis of brain macrophage formation potential of Irf8 expressing
monocyte populations of peripheral blood using an Irf8 reporter mouse strain that
we recently newly developed. Induction and analyses of EAE in PU.1 deleted
mice.
C2
Marco Prinz:Analysis of developmental origin of microglia cells in mouse embryos
using PU.1 and Irf8 knockout mice.
B2
Ingo Bechmann: Analysis of brains from myeloid-specific PU.1-depleted mice.

5.4.2

Researchers with whom you have collaborated scientifically within the past
three years (in alphabetical order)

- Miguel Andrade, MDC, Berlin
- Silvio Bicciato, Modena
- Lars Bullinger, Ulm
- Wei Chen, MDC, Berlin
- Torsten Haferlach, München
- Rüdiger Hehlmann, Mannheim
- Jesus Hernandez-Rivas, Salamanca
- Katja Ickstadt, Dortmund
- Georg Lenz, Charite, Berlin
- Achim Leutz, MDC, Berlin
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- Ken Mills, Belfast
- Carsten Müller-Tidow, Universität Münster
- Daniel G. Tenen, Harvard University, Boston/USA
5.5
Scientific equipment
The research group of Frank Rosenbauer is located at the Institute of Molecular Tumor
Biology (IMTB) of the University Münster. The group has a fully equipped laboratory allowing
state-of-the-art experiments in molecular and cellular biology. The equipment includes
centrifuges, ultracentrifuges, PCR machines, microscopes, freezers, speed vacuum rotary
evaporators, darkroom and camera for photographing gels and autoradiography,
spectrophotometers, bacterial shakers and incubators, thermal controlled water bath shakers
and many others. Importantly, the Rosenbauer group operates its own BD Aria-III high speed
fluorcytometric cell sorter with 5 separate laser systems, as well as a BD FACS Canto-II cell
fluorcytometric cell analyzer with 3 lasers. In addition, they have a tissue culture facility with
laminar flow hoods, microscopes and tissue culture incubators, rooms for larger instruments,
and a separate working area for handling isotopes. Sufficient space for mouse husbandry
(2000 mice in total) is also available for the Rosenbauer group.
The research group of Martin Dugas is located at the Institute for Medical Informatics (IMI) of
the University of Münster. Within the institute two multi-processor servers with 64GB each
and 20 TB high speed storage are available. In addition, the IMI has access to the computer
cluster of the University of Münster with approximately 30 Teraflops, various in-house
developed software tools for analysis of NGS data are available, in addition to standard NGS
software packages.
5.6
Project-relevant interests in commercial enterprises
Non applicable.
6

Additional information

6.1

Proposal submitted elsewhere

We have not requested funding for this project from any other sources. In the event that we
submit such a request, we will inform the Deutsche Forschungsgemeinschaft immediately.
6.2

Rules of good scientific practice

In submitting a proposal for a research grant to the DFG, we agree to adhere to the DFG’s
rules of good scientific practice.
6.3

Publication list and bibliography

In preparing our proposal, we have adhered to the guidelines for publication lists and
bibliographies.
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7

Signatures:

Frank Rosenbauer

Martin Dugas

Münster, May 1th 2012
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A4 Project Description – Project Proposals
Steffen Jung, Prof. rer. nat.
Department of Immunology
Weizmann Institute of Science
76100 Rehovot, Israel
Phone: +972-8-934-2787
FAX:
+972-8-934-2787
E-mail: s.jung@weizmann.ac.il

B.

Project Description

Studying molecular aspects and contributions of microglia in brain context
Summary
Microglia are resident brain macrophages that seed the CNS before birth and subsequently
maintain themselves behind the blood brain barrier through longevity and limited selfrenewal. Given their seclusion, the study of microglia in their physiological context has long
been compromised by the absence of suitable experimental systems. We recently developed
a novel inducible Cre recombinase-based approach that allows us to specifically genetically
manipulate microglia in otherwise intact animals. Here we propose to use the respective
CX3CR1CreER mice to investigate the role of microglia-derived membrane-bound and shed
TNFα to the maintenance of brain homeostasis, as well as the development of autoimmune
inflammation and de- and remyelination. In a second line of experiments we aim to perform a
detailed characterization of the phenotypic changes microglia undergoes in comparison to
infiltrating monocyte-derived macrophages in neuroinflammation. Moreover we will combine
the CX3CR1CreER transgene with a RiboTag transgene to perform a gene expression profiling
of microglia in health and disease.
Zusammenfassung
Mikroglia sind gehirn-ansaessige Macrophagen, die vor Geburt in das Zentrale Nervensytem
einwandern und sich anschliessend hinter der Blut/Hirn Schranke durch lange Lebensdauer
und ein gegrenztes Selbsterneuerungspotential behaupten. Das Studium von Mikroglia in
ihrem physiologischen Kontext ist aufgrund Fehlens geeigneter experimenteller Systeme
erschwert. Unsere Arbeitsgruppe hat kuerzlich einen neuen experimentellen Ansatz etabliert,
der auf dem Einsatz von Cre-Rekombinase basiert und uns erlaubt Mikroglia spezifisch in
ansonsten intakten Maeusen genetisch zu manipulieren. Hier schlagen wir vor, die
entsprechenden CX3CR1CreER Maeuse einzusetzen um die Rolle von auf Mikrogliamembrangebundenem und von Mikroglia sezerniertem TNFα in Gehirn-Homeostasis, der Entwicklung
von autoimmunen Entzuendungen sowie De- und Remyelinisierung zu untersuchen.
Zusaetzlich wollen wir eine detallierte Charakterisierung der phaenotypischen
Veraenderungen von Mikroglia waehrend Entzuendungen bestimmen, im Vergleich zu
eingewandereten Gehirnmakrophagen. Schliesslich werden wir das obengenannte
CX3CR1CreER
Transgen
mit
einem
RiboTag
Transgene
kombinieren
um
Genexpressionsprofile von Mikroglia im gesunden und kranken Zustand zu definieren.
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1

State of the art and project report

1.1.1. State of the art
The mononuclear phagocyte system (van Furth et al., 1972) today comprises monocytes,
macrophages (MΦ's) and dendritic cells (DCs), as well as their respective committed bone
marrow (BM) progenitors (Geissmann et al., 2010). Collectively, these cells play central roles
in the maintenance of tissue integrity during development and after injury, as well as the
initiation and resolution of innate and adaptive immunity.
Historically, different mononuclear phagocyte populations have largely be defined
according to their anatomic location and surface marker profiles. More recently, this definition
has been extended to include the dependence of distinct cell populations on specific growth
and transcription factors (Hashimoto et al., 2011), subset-specific gene expression
signatures (Robbins et al., 2008) and distinct ontogenies (Geissmann et al., 2010).
Peripheral mononuclear phagocytes in the adult organism were long considered to all
descend, like lymphocytes, from bone marrow (BM)-derived cells generated from
hematopoetic stem cells (HSCs), as part of ongoing definitive hematopoesis. A major
breakthrough in defining this pathway was the identification of the clonotypic BM-resident
founder cell, termed the MΦ-DC precursor (MDP), that gives rise to peripheral mononuclear
phagocytes, while having lost granulocyte potential (Fogg et al., 2006). MDPs differentiate
within the BM into monocytes (Varol et al., 2007) and dedicated DC precursors, the preDCs,
that are subsequently released into the circulation thought to allow the repopulation of
peripheral tissue MΦ's and classical DCs, respectively. The MDP-preDC route is of particular
importance to ensure constant replenishment of the ephemeral DC compartment. In contrast,
peripheral MΦ populations are heterogeneous with respect to turnover rates and thus
thought to rely in steady state to varying extent on renewal by BM-derived precursors, i.e.
monocytes. Under inflammatory conditions most resident MΦ's are complemented by
recruited monocytes that differentiate in situ into MΦs. However, the contribution of these
cells is often transient (Ajami et al., 2011; Leuschner et al., 2012) and under certain
conditions the expansion of local MΦ populations can even rely solely on proliferation of
tissue-resident MΦs exclusive of monocyte influx (Jenkins et al., 2011).
Myeloid cells, including mononuclear phagocytes, are long known to arise from two
successive primitive and definitive hematopoetic waves (Orkin and Zon, 2008) although the
contribution of these HSC-independent and HSC-dependent pathways to the generation of
adult mononuclear phagocytes has remained unclear. Interestingly, the Merad group recently
showed - elegantly confirming earlier indications (Alliot et al., 1999) - that brain microglia
arise during development from primitive MΦs generated in extra-embryonic tissue, e.g. the
yolk sac (Ginhoux et al., 2010). Moreover, once established prior to birth microglia maintain
themselves throughout adult life by virtue of longevity and self-renewal without input from
definitive hematopoesis (Ajami et al., 2007; Mildner et al., 2007; Ginhoux et al., 2010). Such
a unique origin could encode functional specialization of the microglia. This notion is
supported by emerging evidence that microglia and macrophages that arise under conditions
of injury or autoimmune attack-associated inflammation from monocyte infiltrates display
differential functions (Figure 1). Interestingly, in these experiments monocyte-derived cells
either display anti-inflammatory activities and promoted the healing process, as we could
show in a spinal chord injury model (Shechter et al., 2009), or drive progression to severe
autoimmune encephalitis (Ajami et al., 2011). This highlights the plasticity of monocytes and
the impact the environment they encounter upon extravasation has on their fate and function.
However, whereas functions of monocyte-derived cells have been elucidated to some
extend, the exact contribution and especially molecular aspects of the brain-resident
microglia in their physiological brain context have remained in all of these models due to the
absence of suitable experimental systems poorly defined.
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Figure 1. Differential origins of microglia
and monocyte-derived brain macrophages.
Microglia derive from macrophages that arise
from primitive hematopoesis in the yolk sac,
seed the developing brain and expand.
Microglial
cells
subsequently
maintain
themselves through longevity and limited selfrenewal. Upon injury, the brain recruits
monocytes that differentiate locally into
monocyte-derived
macrophages
and
transiently complement the brain mononuclear
phagocyte compartment. Monocytes are
generated in the BM from MDPs that are
constantly replenished from self-renewing
HSCs
which
arise
from
definitive
hematopoesis.

1.1.2. Preceeding report
1.1.2.1 In vivo structure / function and expression analysis of the CX3C chemokine
fractalkine
Microglial cells are the only cells in the healthy brain expressing the chemokine receptor
CX3CR1, while its ligand, the unique membrane-tethered chemokine fractalkine/ CX3CL1 is
expressed by selected neurons. CX3CL1/R1-based neuronal-microglia communication has
been proposed to affect the severity of neurodegenerative diseases. Thus, several research
groups showed a neuroprotective function of CX3CL1 in vitro (Boehme et al., 2000; Mizuno et
al., 2003; Noda et al., 2011). Furthermore, CX3CR1 deficiency was reported to cause
microglial neurotoxicity (Cardona et al., 2006) and to promote tauopathies (Bhaskar et al.,
2010). CX3CR1-deficient mice seem also less sensitive to neuropathic pain (Clark et al.,
2009). However, the underlying mechanism of these phenotypes and, in particular, specific
differential contributions of the membrane-tethered vs. the shed isoforms to CX3CL1 activities
remain to be established. To study the CX3C interface in tissues of live animals, we
generated transgenic mice (CX3CL1cherry:CX3CR1gfp), which express red and green
fluorescent reporter genes under the respective control of the CX3CL1 and CX3CR1
promoters. Furthermore, we performed a structure/function analysis to differentiate in vivo
functions of membrane-tethered vs. shed CX3CL1 moieties by comparing their respective
ability to correct established defects in macrophage function and leukocyte survival in
CX3CL1-deficient mice. The results of these studies have been published.
Fluorescent microscopy analysis of brain sections of CX3CL1cherry: CX3CR1gfp mice revealed
prominent neuronal CX3CL1 expression in the hippocampus, striatum and cortical layer II
with CX3CR1 exclusively expressed by microglial cells (Figure 2). In steady state CX3CL1
expression was absent from the brain stem, midbrain and cerebellum. Supporting a role of
the CX3C axis in pain sensation we found CX3CL1/Cherry expressed by dorsal horn interneurons. However, in contrast to a previous report (Verge et al., 2004), CX3CL1 expression
was in steady state absent from the DRG sensory neurons that project CGRP fibers to these
interneurons. CX3CL1cherry:CX3CR1gfp mice should be instrumental in future studies to define
the functional roles of the CX3C chemokine family in steady state and under pathological
conditions in the CNS. We have shared the CX3CL1cherry:CX3CR1gfp mice with our FOR 1336
partners and the mice are currently used by the Prinz group to study the role of the CX3C
interface in brain development.
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BRAIN
Cortex ii

CX3CR1GFP:CX3CL1cherry

CX3CR1+ microglia
CX3CL1+ neurons

Amygdala

hippocampus

Figure 2.
Brain section of
CX3CR1gfp:CX3CL1Cherry double
reporter animals highlighting
CX3CR1-expressing microglia and
subsets of CX3CL1-expressing
neurons.

1.1.2.2. Fate Mapping of Murine Monocytes and Macrophages exploiting
CX3CR1 promoter activity
The chemokine receptor CX3CR1 is widely expressed in the mononuclear phagocyte system.
Indeed, CX3CR1gfp mice (Jung et al., 2000) have been instrumental in identifying and defining
MDPs, pre-DCs as well as tissue-resident mononuclear phagocyte populations (Niess et al.,
2005; Varol et al., 2009; Bar-On et al.; Lewis et al., 2011). Moreover, discrete expression
levels of CX3CR1/GFP in CX3CR1gfp animals led to the identification of two monocyte subsets
in mice as CX3CR1int Ly6C+ and CX3CR1hi Ly6C- cells (Palframan et al., 2001; Geissmann et
al., 2003).
To fate map the mononuclear phagocyte compartment and exploit the pronounced
activity of the CX3CR1 promoter in the mononuclear phagocyte system for the genetic
manipulation of CX3CR1+ monocytes, MΦs and DCs, we manipulated murine CX3CR1 loci to
harbour Cre recombinase genes. Specifically, we replaced the CX3CR1 gene in embryonic
stem (ES) cells with genes encoding either Cre recombinase or a Cre fusion to a mutant
estrogen ligand-binding domain (ERT2) that requires the presence of the estrogen antagonist
tamoxifen for activity (CreERT2) (Metzger et al., 1995). The CreER fusion protein resides in
the cytoplasm in a latent form complexed with heat shock proteins. Only upon 4-Hydroxytamoxifen (4-OHT) binding CreER is freed to translocate to the nucleus and mediate sitespecific recombination. Temporally controlled activativation of the system is achieved by
administration to CreERT2 transgenic mice of tamoxifen (TAM), the predrug processed into
4-OHT in the liver. Mimicking the situation of the CX3CR1gfp locus previously shown to tightly
reflect the endogenous CX3CR1 expression pattern (Jung et al., 2000), the first 390 bp of the
second CX3CR1 exon were replaced by the Cre or CreERT2 cassette retaining an upstream
non-coding exon and extended intron (Fig. 3A). Given the broad expression of the CX3CR1
gene within the mononuclear phagocyte system we decided to perform a side-by-side
comparison of the reporter gene activation pattern of CX3CR1gfp and CX3CR1Cre:R26-YFP
and CX3CR1CreER:R26-YFP mice. MΦ populations of CX3CR1gfp and CX3CR1Cre:R26-YFP
mice fell into two categories. Cells, such as the microglia, intestinal lamina propria MΦs and
renal MΦs expressed the chemokine receptor (Jung et al., 2000; Niess et al., 2005; Soos et
al., 2006) and were hence found labelled in both CX3CR1gfp and CX3CR1Cre:R26-YFP mice
(Fig. 3B). A second group of cells did not express the chemokine receptor but originated from
CX3CR1+ precursor, as indicated by absence and presence of label in CX3CR1gfp and
CX3CR1Cre:R26-YFP mice, respectively. This included peritoneal MΦs, liver Kupffer cells and
splenic MΦs (Fig. 3B).
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Since in CX3CR1Cre:R26-YFP mice Cre recombinase gene is constitutively active, the
CX3CR1+ precursors establishing the label of CX3CR1-negative mononuclear phagocytes
could have been associated with prenatal development, or represent adult precursors, such
as MDPs or monocytes (Jung et al., 2000; Fogg et al., 2006). To distinguish between these
two scenarios we took advantage of CX3CR1CreER:R26-YFP mice, in which Cre activity can
be regulated by TAM administration and hence induced after birth. One month of continuous
TAM exposure of adult animals resulted in the efficient reporter gene expression in CX3CR1+
resident MΦs and microglia of CX3CR1CreER:R26-YFP mice. However, no reporter gene
expression was detected in the CX3CR1- MΦ populations of the tamoxifen-treated
CX3CR1CreER:R26-YFP mice indicating that no monocytes had entered the pool. Collectively,
this argues that, like microglia, the peritoneal MΦ, Kupffer cell and splenic MΦ compartments
are established prior to birth originating from prenatal hematopoesis in the yolk sac or fetal
liver. We have summarized this finding and submitted a manuscript for publication with DGF
support acknowledged (Yona, Kim et al. manuscript submitted).
A

B

Figure 3. (A) Schematic of CX3CR1GFP, CX3CR1Cre:R26-YFP and CX3CR1CreER:R26-YFP mice. (B)
Flow cytometric analysis of resident mononuclear phagocyte populations of CX3CR1GFP/+,
CX3CR1Cre/+:R26-YFP and CX3CR1CreER/+:R26-YFP mice. CX3CR1CreERT2/+:R26-YFP mice were treated
for 4 weeks with Tamoxifen prior to analysis.

1.1.2.3 Establishment of a novel experimental model allowing the genetic
manipulation of microglia in brain context
Brain resident CD45int CD11b+ microglial cells display uniformly high expression of the
chemokine receptor CX3CR1 and are hence in mice that carry a targeted insertion of a GFP
reporter gene in the CX3CR1 locus bright green fluorescently labelled (Jung et al., 2000).
Given its prominent, stable and microglia-restricted expression pattern in the brain, the
CX3CR1 promoter is uniquely suited to target the microglia by genetic approaches using
CX3CR1Cre and CX3CR1CreER mice.
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Figure 4. (A) Tamoxifen induced reporter gene expression in microglia cells in brain and spinal chord
of CX3CR1CreER R26-YFP mice; left: flow cytometry analysis; right: YFP+ microglia cells in brain section
of CX3CR1CreER R26-YFP mice (B) Induction of reporter gene expression by activation but subsequent
progressive loss of cells harboring label in peripheral myeloid cells (monocytes, intestinal
macrophages) and persistence of genomic modification in microglial cells.

To test for potential leakiness and inducible Cre activity, CX3CR1CreER mice were crossed to
animals harboring a Cre YFP reporter gene (Srinivas et al., 2001). Untreated
CX3CR1CreER:R26-YFP mice did not display fluorescent cells in their brains, while the TAM
treatment resulted in activation of the recombinase, excision of the STOP cassette and
induction of YFP expression in the CX3CR1+ microglia (Fig 4A). After crossing these mice to
animals that harbor conditionally excisable “floxed” alleles of candidate genes, we will thus
be able to direct deficiencies to the microglia in otherwise unmanipulated animals. Notably
however, whereas in the brain CX3CR1 expression is restricted to the microglia, in the
periphery it can also be found in circulating monocytes, intestinal macrophages and defined
DC subsets, as well as certain lymphocytes. Accordingly, TAM treatment of CX3CR1CreER
mice also results in gene rearrangement in these cells (Fig 4B). However, most peripheral
myeloid cells that underwent Cre activation and rearrangements have a limited half-life and
are hence continuously replaced by BM-derived cells. Genetic modifications, such as the
activation of the YFP reporter gene or the deletion of “floxed” alleles are thus progressively
lost with time in these populations, as shown in Fig. 4B for CX3CR1+ blood monocytes and
intestinal macrophages. In contrast, the resident microglia pool which self-renews without
further input from the BM retains once introduced gene modifications throughout the life of
the organism. This feature thus allows us to generate animals that harbor specific
modifications restricted to the microglia, as illustrated by the YFP reporter gene expression.
We currently use these animals in FOR1336 funded research to determine the
contribution of microglia to EAE development after crossing the CX3CR1CreER mice to
Rosa26-iDTR mice (collaboration with Prinz and Waisman laboratories) and mice harboring
"floxed" MHC class II alleles (Hashimoto et al., 2002). These animals harbor microglia
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expressing diphtheria toxin receptor confering sensitivity for their ablation (Fig. 5) and
microglia deficient in antigen presentation to CD4+ T cells.

Figure 5. Protocol for conditional ablation of
microglial cells using the diphtheria toxin
(DTx) approach. Note absence of CD45lo
CD11b+ microglial cells in spinal cord isolate
of DTx treated animals.

Project-relaled publications
1.1.3. Articles published from the funded project
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1.1.5 Patents
1.1.5.1 Pending
None.
1.1.5.2 Issued
None.
2
2.1

Objectives and work programme
Anticipated total duration of the project

36 months.

2.2

Objectives

Specific Aim 1 :
Investigating the functional contribution of secreted and membrane-bound TNFα to microglia
functions in the steady state brain and in CNS pathology
Here we intend to investigate the role microglia-derived TNFα plays in steady state brain
function and maintenance, the development of autoimmune encephalitis and cuprizoninduced de- and remyelination using CX3CR1CreER:TNFαfl/fl mice. The additonal use of
CX3CR1CreER:TACE fl/fl mice should allow us to differentiate between contributions of secreted
and membrane-bound TNFα.
Specific Aim 2 :
Phenotypic and molecular characterization of microglia in homeostasis and neuropathology
by fluorochrome-based and mass spectometry-based cytometry
Under this aim we intend to
(1) perform a comprehensive phenotypic characterization of the genetically labelled microglia
of tamoxifen-treated CX3CR1CreER:Rosa26-YFP mice in early and late stages of brain
inflammation.
(2) apply the recently established RiboTag strategy to obtain expression profiles of microglia
in their in vivo context in steady state, after challlenge and from different brain regions and
the spinal cord.
2.3

Work programme incl. proposed research methods

Methods
Tamoxifen Induction of Cre activity in CX3CR1CreERT2 mice. A tamoxifen solution (20
mg/ml) will be prepared by heating 5 ml corn oil (Sigma, C-8267) in a 15 ml Falcon tube to
42°C for 30 minutes and adding 100 mg tamoxifen (Sigma, T-5648). Tamoxifen is dissolved
at 37°C (water bath) by frequently vortexing. The Tamoxifen solution is stored at 4°C,
wrapped in foil and keeps like that for one month although starts to precipitate before that.
Mice are gavaged using disposable gavaging needles: cat# 18061-20 (Fine Science Tools)
by holding animal as for IP injection but head up. Needle is entered at the side of the animals
mouth and proceed back along the roof of the mouth. Then the syringe is rotated up pushing
the mouse's head back to insert needle down fully into stomach. Adults tolerate doses of 10
mg Tamoxifen, i.e. 1ml. To efficiently induce rearrangement we perform 3 cycles of gavage,
every other day. CX3CR1CreER:R26-YFP mice are always included as controls in the gavages
to be able to monitor efficiency of rearrangements.
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Isolation of microglia for flow cytometric analysis and cell sorting. Mice are
anesthetized by ketamine/xylazine solution in PBS and are perfused with 10 ml PBS.
Following perfusion, brains and spinal cords are dissected into small fragments and
incubated in HBSS containing 2% BSA, 1mg/ml Collagenase D (Roche) and DNase (Roche)
for 25 minutes in 37C. Extracts are then filtered through an 80 μm mesh, washed with PBS
and centrifugated in 1000g, in 4C, for 5 minutes. Supertanants are discarded and the pellet is
loaded onto a 40% Percoll layer (Sigma) and centrifuged in 2200 RPM in room temperature
for 20 minutes without brakes or acceleration. Supertanants are again discarded, leaving a
pellet of enriched microglia and other hematopoetic cells (macrophages, lymphocytes). Cells
are washed extensively with FACS buffer (1% FBS, 2mM EDTA and NaAzide) and following
centrifugation in 1400 rpm, 4C for 5 minutes the cells are ready for staining. Antibodies used
in the study are CD11b, CD45, MHCII, CD11c, CD135, Ly6C, Ly6G, CD40, CD80, CD86
(Biolegend) and F4/80 (Serotec). In a variation of this protocol, we will use the Neural Tissue
Dissociation Kit (P) (Miltenyi BIOTEC, 130-092-628) in combination with the GentleMACS
tissue dissociator (Miltenyi BIOTEC).
Experimentally induced Autoimmune Encephalitis (EAE). To induce active EAE mice are
immunized s.c. in the flank with a 100 μl inoculum containing 200 μg antigen (MOG peptide)
emulsified in CFA containing 300 μg Mycobacterium tuberculosis, with or without i.v. injection
of pertussis toxin immediately and 48 h after the immunization. Mice will be monitored for
body weight and clinical score daily (0 = healthy; 1 = limp tail; 2 = ataxia and/or paresis of
hindlimbs; 3 = paralysis of hindlimbs and/or paresis of forelimbs; 4 = tetraparalysis; 5 =
moribund or death). The mice will be monitored for 2 months. Disease onset typically occurs
on days 11-12 after the encephalitogenic challenge. Animals reaching a score of 4 will be
euthanized by i.p. injection of an overdose of barbiturates.
For the induction of passive EAE, donor mice will be immunized subcutaneously with
200 μg MOG35-55 in CFA containing 1mg of M. tuberculosis.extract. At day 10 after
immunization lymph nodes are removed and homogenized, and erythrocytes are lysed. Cells
will be then be cultured for 4 days in RPMI1640 medium supplemented with 10% FCS, 10
μg/ml MOG peptide, and 2.5 ng/ml murine recombinant IL-12 (R&D Systems). Subsequently
the cells are injected into recipient mice (2.5x107 cells/mouse). Each animal will receive 250
ng PTx on days 0 and 2 after transfer. Clinical assessment of EAE will be performed daily
and mice will be scored according to tail tone, ataxia and progressive paralysis.
Animals will be scored daily. Food will be placed at the bottom of the cage and water bottles
with long sipper tubes will be installed. Animals will be taken care of according to instructions
specified in the following document:
(http://rwjms.umdnj.edu/research/orsp/ra/documents/07_EAE_Policy.pdf)
Histological analysis. Mice will be transcardial perfused with PBS and subsequent 4%
paraformaldehyde and 20 µm brain cryosections will be prepared. Sections are incubated in
PBS containing 5% fetal calf serum and incubated with primary and preabsorbed antibodies
overnight at a dilution of 1:100 for Iba-1 (WACO, Japan) and 1:100 for NeuN (Chemicon
International, Temecula, USA) immunohistochemistry. Cy3-conjugated secondary antibodies
(Dianova, Hamburg, Germany) are added at a dilution of 1:100 for Iba-1 and 1:600 for other
antibodies for 1h. Nuclei will be counterstained with 4,6-diamidino-2-phenylindole (DAPI).
Cuprizone treatment. To achieve experimental demyelination and remyelination in the
corpus callosum of the cerebrum we will use the cuprizone mouse model (Matsushima and
Morell, 2001; McMahon et al., 2002). The diet containing 0,2 m/m % cuprizone is prepared
by thoroughly mixing bis(cyclohexanone)oxaldihydrazone (Sigma; Cat.No. C9012) and
standard powder chow. Animals are provided with self-prepared food (approximately 5g of
food/mouse/day) on daily basis. The control group will receive breeder chow without
cuprizone.
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Flt3L treatments. Flt3L effects on activated Flt3 expressing microglia will be examined by
sub-cutaneous inoculation of B16 tumor cells (7x106) that had been manipulated to overexpress GM-CSF or Flt3L (Mach and Dranoff, 2000).
RiboTag Procedure. Brain or spinal cord tissue of CX3CR1CreER:RiboTag mice is quickly
removed and placed in a pre-chilled Dounce homogenizer with homogenization buffer
(50mM Tris, pH 7.4, 100mM KCl, 12mM MgCl2, 1mM DTT, 1% Nonidet P40, 200 units/ml
Promega purified RNasin, 100ug/ml cycloheximide, 1mg/ml heparin, and Sigma Protease
Inhibitor Cocktail) to create a 3% weight/volume homogenate. After douncing, the sample is
centrifuged at 10,000 rpm for 10min to create a post-mitochondrial supernatant and the
homogenate is transferred to a cold tube on ice. 800ul of the homogenate is transferred to a
microfuge tube and 2-5ul of Covance HA.11 ascites antibody (2mg/ml) is added to the
homogenate, which is then rotated in the cold room for 4 hours. After 4 hours, 400 ul of
Invitrogen Dynal Protein G magnetic beads in a new tube are washed and aspirated dry. The
antibody-homogenate sample (800ul) is transferred to the beads and rotated overnight in the
cold room. The following morning, the microfuge tube is placed in a magnetic rack causing
the magnetic beads to move to the side of the tube and the supernatant is removed. High
salt wash buffer (50mM Tris, pH 7.4, 300mM KCl, 12mM MgCl2, 0.5mM DTT, 1% Nonidet
P40, 200 units/ml Promega purified RNasin, 100ug/ml cycloheximide, 1mg/ml heparin, and
Sigma Protease Inhibitor Cocktail) is then added to the magnetic beads that now contain the
ribosome-associated cell-type-specific mRNAs and rotated in the cold room for 5min. The
washes are repeated a total of three times, the final wash supernatant is removed, and 600ul
of RLT reagent + Beta-mercaptoethanol from the Qiagen RNeasy mini prep kit is added to
the beads. The sample can be stored at -80°C or processed immediately to purify total RNA
using Qiagen RNeasy mini or micro plus kit, as appropriate. For further details see:
http://depts.washington.edu/mcklab/RiboTag.html.
Work program
Specific Aim 1 : Investigating the contribution of secreted and membrane-bound TNFα
to microglia functions in the steady state brain and in CNS pathology
Inflammation is an integral part of the reparative host response to challenges. According to
the emerging common theme, deviations from the steady state, injury and tissue damage are
sensed by resident cells and collectively trigger the expression of endogenous amplifyers,
effector molecules and chemoattractants that then orchestrate the local inflammatory
response. Expression of these potent effector molecules is tightly controlled to avoid
collateral damage and immunopathology.
Neuropathology and CNS inflammation are associated with the release of proinflammatory cytokines, such as IL-1, IL-6 and tumor necrosis factor alpha (TNFα), by
microglial cells and other glia (Glass et al., 2010). Among these factors, TNFα has received
particular attention due to its pleotropic action and established association with multiple
sclerosis (MS) (McCoy and Tansey, 2008), but also many other auto-immune and autoinflammatory conditions, such as rheumatoid arthritis and Crohn’s disease (Mueller, 2002;
Fleischmann et al., 2004). Moreover, genome wide association (GWA) studies suggest that
TNFα-308 G/A and -863 C/A polymorphisms affect the risk of developing Alzheimer's
disease (AD) (Di Bona et al., 2009; Ardebili et al., 2011).
TNFα is synthesized as a 212-amino acid-long type II transmembrane protein
arranged on the cell surface in stable homotrimers. From this membrane-tethered form
soluble homotrimeric cytokine (sTNFα) is released via proteolytic cleavage by the
metalloprotease ADAM17, also called TNFα converting enzyme (TACE). Both the
membrane-bound and shed form of TNFα harbor biological activity mainly mediated by TNF
receptor 1 and TNF receptor 2, respectively. TNFR1 (p55) and TNFR2 (p75) differ in
expression profiles, ligand affinity, cytoplasmic tail structure and downstream signalling
pathway activation. TNFR1, unlike TNFR2, contains a death domain (DD) localized within the
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cytoplasmic segment. sTNFα and tmTNFα are capable of binding to both receptors,
although with significantly different binding affinities. As a consequence, sTNFα, which has
higher affinity for TNFR1, primarily signals through this receptor mediating apoptosis and
chronic inflammation (Holtmann and Neurath, 2004). Conversely tmTNFα has higher affinity
for TNFR2 and preferentially signals through this receptor (Grell et al., 1995; Wajant et al.,
2003), regulating gene programs important for cell survival, resolution of inflammation,
maintenance of immunity to pathogens and re-myelination (Pasparakis et al., 1996;
Alexopoulou et al., 2006; Ierna et al., 2009). Tm- and sTNFα isoforms can thus have specific
and even opposing biological effects, which may explain the contrasting outcomes of TNFα
inhibition both in animal models of demyelinating diseases and human clinical trials (Fontaine
et al., 2002). Indeed, non-selective anti-TNFα biologics successfully used in treating
rheumatoid arthritis and Crohn’s disease (Tracey et al., 2008), have been reported to cause
serious adverse effects such as congestive heart failure and demyelination.
TNFα is closely linked to MS (McCoy and Tansey, 2008) with MS patients displaying
elevated TNFα levels in serum titers, CSF and within active lesions. Moreover, peaks of
serum and CSF TNFα correlate with active MRI-detectable MS lesions (Spuler et al., 1996).
Furthermore, overexpression of TNFα in mice leads to demyelinating disease (Akassoglou et
al., 1998; Dal Canto et al., 1999) and in the EAE animal model, TNFα blockade prevents or
ameliorates pathology (Ruddle et al., 1990; Baker et al., 1994). Despite these encouraging
results, the first anti-TNF trial in MS had however to be terminated due to increased MS
attacks. This underscores the necessity to better understand the complex roles of TNFα in
EAE. Studies in MS animal models showed that absence of TNFα or TNFR1/TNFR2
combined does not protect from the pathology, only delays it and induces exacerbation of
chronic disease (Eugster et al., 1999; Suvannavejh et al., 2000; Kassiotis and Kollias, 2001).
TNFR1 deficient mice, which lack the preferential sTNFα receptor are protected from EAE,
show faster regression of the pathology and remyelinate normally (Eugster et al., 1999;
Suvannavejh et al., 2000). Conversely, TNFα knock-out animals and mice lacking TNFR2,
the preferential tmTNFα receptor, develop worse EAE and show significantly impaired
remyelination (Eugster et al., 1999; Suvannavejh et al., 2000; Arnett et al., 2001). Finally,
using tmTNFα knock-in mice it was shown that tmTNFα is sufficient to suppress both
induction and chronic phases of EAE as well as anti-myelin autoimmune reactivity, while
maintaining antimicrobial host defences (Alexopoulou et al., 2006). Collectively, these
studies illustrate how the general understanding of TNF involvement in multiple sclerosis has
profoundly evolved over the past decade from the dogma that TNFα is a mere pathological
mediator in MS, to recognizing differential functions of sTNF and tmTNF, and that MS
pathology is associated with a detrimental effect of sTNF (Kassiotis and Kollias, 2001). Also
microglial cytotoxicity and NO production seem to be mediated partially and indirectly by
TNFα. Mice harboring TNFR1-deficient oligodendrocytes are relatively protected from EAE
(Hovelmeyer et al., 2005). However, interestingly, sTNFα does not kill oligodendrocytes, but
the TNFα has to be associated with the microglial surface (Zajicek et al., 1992; Merrill and
Benveniste, 1996).
Notably, an aspect that is widely underestimated by the scientific community is the
critical importance of the cellular source of effector molecules in complex tissue context.
While this issue might be more obvious for membrane-anchored effectors, even shed or
secreted factors often have short-range activities exerting effects locally restricted to
neighboring cells. We recently revealed, for instance, such a scenario in an in vivo setting by
demonstrating that a restricted TNFα deficiency in monocytes and macrophages was
sufficient to rescue animals from developping severe gut inflammation (Varol et al., 2009).
Given the established importance of TNFα in neuropathology, we propose here to
investigate the contribution of secreted and membrane-bound TNFα to microglia functions in
the steady state brain and in CNS pathology. Specifically, we intend to cross the
CX3CR1CreER mice to mice harboring conditional alleles of TNFα (Grivennikov et al., 2005)
and the metalloprotease responsible for TNFα shedding, i.e. ADAM17 (Adam17tm1.2Bbl/J mice
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(Horiuchi et al., 2007)). To induce microglia-restricted TNFα or ADAM17 deficiencies
CX3CR1CreER:TNFα fl/fl and CX3CR1CreER:TACE fl/fl mice will be treated with tamoxifen inducing
the respective deletions in the conditional alleles.
Aim 1.1. The contribution of microglial secreted and membrane-bound TNFα to EAE
Using the classical EAE protocol, TNFα knock-out and TNFR2 deficient mice (lacking
tmTNF receptor) were shown to develop worse EAE and show significantly impaired
remyelination (Eugster et al., 1999; Suvannavejh et al., 2000; Arnett et al., 2001). In contrast,
mice lacking TNFR1, the primary receptor of soluble TNFα are relatively protected from EAE,
showing enhanced regression and remyelination (Eugster et al., 1999; Suvannavejh et al.,
2000). As brain resident macrophages, microglia are likely a prime source of TNFα.
However, notably TNFα can also be produced by astrocytes (Phulwani et al., 2008), and in
inflammatory settings by infiltrating T effector cells and monocyte-derived macrophages. To
start to decipher this complexity, our study aims at defining the specific contribution of
microglia-derived TNFα to disease progression and recovery. To this end CX3CR1CreER:TNFα
fl/fl
mice will be gavaged with tamoxifen to induce the deletion of the floxed TNFα alleles. After
reconstitution of the periphery (Fig 3, including monocytes and DCs), CX3CR1CreER:TNFα fl/fl
mice will be challenged with MOG peptide in conjunction with CFA and Pertussis Toxin
(Mendel et al., 1995). Disease grades will be scored and at various stages mice will be
sacrificed for flow cytometric analysis of inflammatory brain and spinal cord infiltrates. If
delayed onset of EAE is observed this would indicate a critical contribution of resident
microglia, vs. infiltrating cells, in disease establishment. Impaired recovery would support the
earlier notion of the critical importance of (membrane?) TNFα for oligodendrocyte recovery
and remyelination and highlight a role of microglia in the healing process.
In parallel to the EAE challenges of CX3CR1CreER:TNFα fl/fl mice, we will perform
experiments with TAM-treated CX3CR1CreER:TACE fl/fl mice. These animals will harbor
microglia uncapable of shedding membrane-anchored molecules requiring cleavage by the
metalloprotease ADAM17. Although the list of ADAM17 substrates is ever growing
(Pruessmeyer and Ludwig, 2009), the sheddase generally is expected to cleave in 'cis', i.e.
only substrates co-expressed by the same cell. Thus, the effect of the ADAM17 deficiency is
expected to be restricted to surface molecules expressed by microglia, most prominently
tmTNFα. Whereas CX3CR1CreER:TNFα fl/fl mice lack expression of both secreted and
membrane-bound TNFα by their microglia, CX3CR1CreER:TACE fl/fl mice will retain tmTNFα
but lack secreted TNFα. Side-by-side comparison of the EAE profiles of the two mouse
strains thus should allow to discriminate contributions of secreted vs. membrane-bound
TNFα to the development of the encephalitis and the recovery form the disease.
Aim 1.2. The contribution of microglial secreted and membrane-bound TNFα to de-and
remyelination
Here we will study the involvement of TNFα in CNS demyelination and remyelination
following cuprizone treatment. In this model, primary demyelination and the subsequent
remyelination occur with minimal contribution from peripheral immune cells (Remington et al.,
2007), allowing us to characterize the role of microglia independently of peripheral immunity.
Genetic ablation of TNFα had no effect on demyelination in the cuprizone model, but
significantly impeded remyelination due to inadequate recruitment and differentiation of
oligodendrocyte precursor cells (OPCs) (Arnett et al., 2001; Mason et al., 2001). Again, one
might suspect that this is a function of mTNFα rather than the shed entity. This highlights the
complex nature of the relationship between inflammation and remyelination. Moreover,
microglia was recently reported to upregulate TNFα during demyelination and remyelination,
together with other M1-type macrophage genes, such as Tlr4, IL-1 and Mmp12 (Olah et al.,
2012).
CX3CR1CreER, CX3CR1CreER: TNFα fl/fl and CX3CR1CreER:TACE fl/fl mice treated with
TAM (and rested) will be exposed at the age of 10 weeks to cuprizone according to the
following schedule:
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• control group (regular powder chow),
• 2 weeks demyelination group (2 week cuprizone diet)
• 5 weeks demyelination group (5 week cuprizone diet)
• 1-week remyelination group (5 week cuprizone diet followed by 1 week of regular chow)
• 2 weeks remyelination group (5 week cuprizone diet followed by 2 week of regular chow)
Animals will be perfused and sacrificed. Changes in the level of myelination of the corpus
callosum will be detected with Luxol Fast Blue histochemistry. To detect the ingestion of
myelin debris by microglia, oil red O staining will be performed. In some cases, brains will be
cut into 2- to 3-mm-thick coronal sections from which the corpora callosa will be dissected
under a stereo-microscope and processed to yield corpora callosa microglia for flow
cytometric analysis. Side by side comparison of CX3CR1CreER, CX3CR1CreER: TNFα fl/fl and
CX3CR1CreER:TACE fl/fl mice will allow to address the contribution of microglia-derived
membrane-tethered and shed TNFα to the inflammatory response and the resolution. These
experiments will be carrried out in colaboration with the Biber group which has ample
experience with the cuprizone model.
Specific Aim 2.
Phenotypic and molecular characterization of microglia in
homeostasis and neuropathology.
Despite the central role of microglia in the maintenance of CNS homeostasis and the
pathogenesis of neurodegenerative diseases, our understanding of many basic aspects of
these cells is still incomplete. This lack of insights includes both the in depth phenotypic
characterization of these cells, as well as their gene expression profile and molecular and
epigenetic make up.
Aim 2.1. Phenotypic characterisation.
The flow cytometric definition of microglia and their discrimination from other myeloid and
lymphoid cells relies currently on microglial expression of reduced levels of the panhematopoetic transmembrane phosphatase CD45 in combination with the integrin CD11b
(Fig. 6A). However, while these markers might suffice in steady state, activated microglia is
known to upregulate these surface molecules and the cells become hence virtually
indistinguishable from infiltrating monocytes or monocyte-derived macrophages by flow
cytometry. To nevertheless perform a comprehensive phenotypic charcterization of activated
microglia we hence propose here to take advantage of the CX3CR1CreER:Rosa26-YFP
animals that allow to introduce a persisting genetic label into the microglia compartment,
when treated with Tamoxifen and recovery of the periphery is ensured. Notably, this protocol
leave monocyte and monocyte-derived macrophages unlabelled (Fig. 6A). Subsequent
focusing on YFP+ cells allows hence to follow microglia fates during inflammatory reactions.
In Fig 5B, we show such a preliminary analysis of the dynamics of microglia surface marker
alterations in the early stages of EAE development. Interestingly, this analysis revealed
profound CNS-wide changes of the microglia expression profile, when animals are
peripherally challenged with the CFA/MOG/PTx regimen (Mendel et al., 1995). Moreover,
these changes well preceded clinical signs of EAE, corroborating earlier reports of the early
activation of microglia (Ponomarev et al., 2005).
The array of induced molecules included MHC II and costimulatory molecules, but
interestingly also Fms-like tyrosine kinase 3 (FLT-3) (CD135), a receptor-type tyrosineprotein kinase whose function on microglia remains to be defined and which is growth factor
receptor generally associated with dendritic cell generation and proliferation.
A thorough understanding of the microglial activation state seems critical to understand
microglial responses in inflammation.
We intend to adress the following questions:
(1) Which inducing molecules and potential secondary effectors are required?
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Here we will test, if incomplete and complete Freund's adjuvants or PTx alone suffice for
the effect. Moreover we will test whether this systemic micrglia activation depends on
known pro-inflammatory cytokines such as IL-6 or IL1.
(2) What is the underlying mechanism that leads to this global microglia activation?
We will test if microglial exposure to serum factor due to BBB breakdown plays a role.
(3) What is the functional significance of expression of Flt3 ?
Here we will study the effect of Flt3L exposure on the Flt3-expressing microglia and
investigate its potential role in driving microglia expansion. Furthermore we will analyze
the microglia of Flt3-deficient mice (Mackarehtschian et al., 1995). Notably, microglia
expansion is a key feature in the resolution phase of EAE and likely required to restore
homeostasis (Ajami et al., 2011).
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Figure 6. (A) Flow cytometric analysis of single cell suspension prepared from healthy brain of
CX3CR1CreER:Rosa26-YFP animal untreated (open histogram) or treated 2 months before analysis with
TAM (grey histogram). (B) Analysis of YFP+ cells of TAM-treated CX3CR1CreER:Rosa26-YFP mice at
varies time points after challenge with EAE protocol. Note prominent induction of the Flt3 receptor
(CD135)

Fluorescence-based flow cytometry allows us the analysis of surface markers, intracellular
epitopes of stored cytokines and transcription factors, phospho-epitopes and even the
methylation stati. However, it remains practically confined to the simultaneous measurement
of an absolute maximum of 8 parameters including complex compensation for spectral
overlap. This serious constraint is due to the limited number of available fluorochromes. In a
critical extension of our phenotypic charcterization of microglia wil we hence take advantage
of a mass spectometry-based single cell "mass cytometer" which overcomes this limitation by
detecting - instead of fluorophores - transition element isotopes that are not found in
biological systems as chelated antibody tags (Bendall et al., 2011; Bendall et al., 2012).
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Importantly, because the method is largely unhampered by interference from spectral
overlap, it enables the simultaneous detection of up to 45 parameters. Moreover, the
quantitative nature of the atomic mass spectrometry analysis allows multiplexed
measurement of single-cell biological parameters that can exhibit vastly different dynamic
ranges during signaling or over time (such as signaling changes indicated by shifts in protein
phosphorylation).
As such, a single run of cells in the CyTOF platform (http://www.dvssciences.com/cytofinstrument.html), which is in the process to be installed at the Weizmann Institute, will enable
us to the detect of a large number of readouts in a single cell basis without any
compensation concerns.

Aim 2.2. Molecular characterization.
A major impediment to the molecular
characterization of microglia is the fact that these cells are notoriously difficult to isolate in
sufficient numbers for analysis and moreover likely to be significantly altered by the isolation
procedures and primary culture conditions. McKnight and Amieux recently generated a
mouse line, called RiboTag mice (B6.129-Rpl22tm1.1Psam/J), which carries an allele of the core
ribosomal subunit Rpl22 with a floxed wild-type C-terminal exon followed by an identical Cterminal exon that has three copies of the hemagglutinin (HA) epitope inserted before the
stop codon (Sanz et al., 2009). When the RiboTag mouse is crossed to a cell-type-specific
Cre recombinase-expressing mouse, Cre recombinase activates the expression of epitopetagged ribosomal protein RPL22HA, which is incorporated into actively translating
polyribosomes. Immunoprecipitation of poly-somes with a monoclonal antibody against HA
yields ribosome-associated mRNA transcripts from specific cell types (Fig. 6). This method
thus obviates the need to isolate cells prior to mRNA preparation and allows to retrieve
mRNAs actively transcribed in specific cells from crude tissue extracts. The potential of this
approach to study brain resident cells was demonstrated in the original publication (Sanz et
al., 2009), in which the authors applied the technique in the CNS using neuron-specific
DARPP32-Cre mice.

CX3CR1CreER
Rpl22 gene in
Microglia

Figure 7. Schematic of RiboTag
procedure. In CX3CR1CreER
:Rpl22tag mice animals treated 2
months before with TAM microglia
specifically expressed an HAepitope tagged ribosomal subunit,
that allows immunoprecipitation of
polysome associated mRNAs from
tissue homogenates for profiling
by microarray or QRT-PCR
analysis

Here we propose to apply the RiboTag procedure to microglia by crossing the RiboTag mice
(B6.129-Rpl22tm1.1Psam/J) to CX3CR1CreERT2 mice. TAM-induced Cre activation in
CX3CR1CreER:Rpl22tag mice will result in removal of the LoxP-flanked wt Rpl22 exon 4 and its
replacement with the HA-tagged exon. Once the RPL22-HA protein is expressed and
incorporated into the ribosome particle, immunoprecipitation of HA-tagged ribosomes from
whole brain, brain subregion or spinal cord extracts will enable us to perform a global
profiling of mRNAs undergoing translation in microglial cells within the CNS and spinal cord
in vivo.
This approach is expected to provide valuable definitive insight into molecular microglia
profiles in normal and disease states enabling the long-due validation of results obtained in in
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vitro models.
In a first set of experiments the system will be applied to map the steady state
microglia expression profile. Here we expect to confirm the earlier notion that microglia in
resting state exhibits a deactivated phenotype associated with the production of antiinflammatory and neurotrophic factors (Streit, 2002). Next we intend to determine the
transcriptional changes associated with the above-mentioned CFA/MOG/PTx induced global
microglia activation. Comparison of the flow cytometry profiles and the mRNA profiles
obtained from the RiboTag approach will allow us to assess the accuracy and sensitivity of
the method. Subsequently, we will apply the approach to define expression profiles of
microglia at different stages of EAE progression, including the disease peak and the
resolution phase. Furthermore, we will address the upstanding question whether microglia
differ with respect to their basic expression profile in different regions of the brain. Notably,
preliminary evidence for differential local expression patterns has been obtained by our FOR
1336 partner Knut Biber. Our study will include a comparative analysis of the olfactory bulb,
vs. the cerebellum, the gray and white matter, as well as the spinal cord.
Candidate genes displaying interesting expression dynamics in microglia between the resting
and disease states will be selected for further studied by gene ablation using the
CX3CR1CreER system, if mice harboring conditional alleles of the respective genes are
available.
Moreover, once the animals carrying the floxed allele of the P2RX7 receptor become
available, which are generated in the frame of the FOR 1336 by Knut Biber (Project A4),
they will be crossed to the CX3CR1CreER mice and we will introduce the Rpl22tag mice allele to
test the outcome of impaired ATP response on the microglia expression profile.
Table. Mouse lines to be used in this study
Parental strain 1

Parental strain 2

Purpose of breeding

CX3CR1
CX3CR1CreER
CX3CR1CreER

R26-STOP-YFP
TNFαfl/fl
TACE/ADAM17fl/fl

CX3CR1CreER
CX3CR1CreER

Rpl22tag mice
P2X7fl/fl

Microglia-restricted reporter label
Microglia-restricted TNFa deficiency
Microglia restricted TACE deficiency, (no
secreted TNFα)
RiboTag approach
analysis of microglial ATP response

CreER

(as mice become available)

Time schedule
Year 1

Year 2

Year 3

Specific Aim 1
Investigating the contribution of secreted and
membrane-bound TNFα to microglia functions in
the steady state brain and in CNS pathology
Generation and initial characterization of
CX3CR1CreERT2 :TNFα fl/fl mice and
CX3CR1CreERT2 :TACE fl/fl mice
EAE experiments with TNFα deficient animals
EAE experiments with TACE deficient animals
Cuprizone challenge of TNFα deficient mice
Cuprizone challenge of TACE deficient mice
Specific Aim 2
Phenotypic and molecular characterization of
microglia in homeostasis and neuropathology
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Phenotypic Characterization of YFP-tagged
microglia
Investigation of mechanism and trigger underlying
global microglia activation
Anlaysis of the role of microglial Flt3 expression
Establishment of CX3CR1CreER: Rpl22tag mice and
RiboTag procedure
Characterization of expression profile of activated
microglia
Characterization of expression profile of microglia
during EAE progression
Probing for differential microglia expression
profiles in spinal cord, vs. brain subregions in
steady state and after challenge

Data handling
All research data will be stored according to the existing standards, e.g. protocol books and
electronic data will be stored in the department.
2.4

Other information
Non applicable.
2.5

2.6

Descriptions of proposed investigations involving experiments on humans,
human materials or animals

- Experiments involving humans or human material
Non applicable.
- Experiments with animals (Tierversuche)
All mice to be used in this study will be maintained under specific pathogen-free conditions
and handled according to protocols approved by the Weizmann Institute Animal Care
Committee as per international guidelines. Our state of the art animal facility has the
following accreditations: Israeli Ministry of Health: The Council For Experimentation On
Animals (approval since 24 September 1997); National Institute of Health (NIH): Office of
Laboratory Animal Welfare PHS approved Animal Welfare Assurance A5005-01, date of
last approval January 13, 2011, Expiration date January 31, 2016; Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC): full accreditation since
26 June 2007.
2.7

Information on scientific and financial involvement of international cooperation
partners

Providing critical tools and expertise the Israeli group is an integral part of the Research Unit
1336 and participates in the renewal of the application as already done in the first application
period.
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4

Requested modules/funds

4.1

Scientific staff (Job description of staff funding is requested for)

PhD student (N.N.); This position is required to cover the student who will analyze the mice
harbouring the TNFα and TACE-deficient microglia using EAE challenges and the Cuprizon
model.
PhD student (N.N.); this position is required for the phenotypic and molecular
characterization of the microglia using Flow cytometry and the RiboTag approach.

PhD salary
PhD salary
Subtotal
Total over 3 years

Year 1
18,240 €
18,240 €
36,480 €

4.2
-

Scientific instrumentation

4.3

Consumables
Year 1
Biology 7500 €

Molecular
reagents
3500 €
tissue culture
antibodies, MACS 5600 €
beads
Affymetrix Chips
Subtotal
Total over 3 years

16,600 €

Year 3
18,240 €
18,240 €
36,480 €

Year 3
18,240 €
18,240 €
36,480 €
109,440 €

Year 3
6500 €

Year 3
8000 €

3500 €
5600 €

3500 €
5600 €

2000 €
17,600 €

17,100 €
51,300 €
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4.4

Travel

See project D.
4.5

Publication expenses

See project D.
4.6

Other costs (Sonstige Kosten)

Year 1
4,160 €
Animal Purchase
Animal Maintenance 7,920 €
Charges
of 13,000 €
Biological Services
(Flowcytometry,
Bioinformatics)

Year 3
4,160 €
7,920 €
12,000 €

24,080 €

24,080 €
73,240 €

Microscopy,

Subtotal
Total over 3 years

5

Year 3
4,160 €
7,920 €
12,000 €

25,080 €

Project requirements

Employment status information
Steffen Jung is a tenured Associate Professor in the Department of Immunology at the
Weizmann Institute, with a permanent position.
5.1

First-time proposal data
Non applicable.
5.2

Composition of the project group
The following people will assist the people funded by the FOR 1336:
5.3

Rita Krauthgamer (Technician): Rita will spend 20 % of her working time to this project by
helping with mouse breeding and flow cytometry. Rita's salary is provided by the Weizmann
Institute.
Steffen Jung (Principal Investigator, permanent contract), will spend 15 % of his working time
with supervising the project.
Yochai Wolf (PhD student), will spend 100 % of his working time with supervising the project.

5.4
5.4.1

Cooperation with other researchers
Researchers with whom you have agreed to cooperate on this project

Collaborations within the Research Unit 1336
A2

Neumann: In collaboration with the Neumann group we have CX3CR1CreERT2 :SHP1fl/fl
mice for conditional deletion of SHP1 in microglia.
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A3
C1
C2
C3

5.4.2

Rosenbauer: We generated CX3CR1CreER:PU.1fl/fl mice that allow the conditional
ablation of the gene encoding the transcription factor PU.1 with the Rosenbauer group
and analyze these animals together.
Biber: The Biber group assists us with the Cuprizone experiments and we will
contribute our expertise in BAC manipulation and the manipulation of embryonic stem
cells to the generation of conditional mutant P2X7fl/fl animals.
Prinz: We have shared the CX3CL1cherry:CX3CR1gfp mice with our FOR 1336 partners
and the mice are currently used by the Prinz group to study the role of the CX3C
interface in brain development.
Waisman: We have an ongoing collaboration with the Waisman and Prinz groups to
investigate the role of microglia in EAE development, involving CX3CR1CreER:iDTR
mice and CX3CR1CreER:I-Abfl/fl mice for ablation and MHCII deficiency.
Researchers with whom you have collaborated scientifically within the past
three years (in alphabetical order)

- Yinon Ben-Neriah, Hebrew University
- Eran Hornstein, Weizmann Institute
- Sergio Lira, Mount Sinai
- Dan Littman, Skirball Institute
- Boris Reizis, Columbia University
- Michal Schwartz, Weizmann Institute
- Guy Shakhar, Weizmann Institute

5.5

Scientific equipment

My laboratory has a BD LSRFortessa Flowcytometer with 4 lasers. All additional major
instrumentation required for the successful execution of the project is available against
service charges in the Interdepartmental Service Units of the Weizmann Institute. The
CyTOF "mass cytometer" is currently in the process to be installed at the Weizmann Institute.

5.6

Project-relevant interests in commercial enterprises

Non applicable.

6

Additional information

6.1

Proposal submitted elsewhere

I have not requested funding for this project from any other sources. In the event that I
submit such a request, I will inform the Deutsche Forschungsgemeinschaft immediately.
6.2

Rules of good scientific practice

In submitting a proposal for a research grant to the DFG, I agree to adhere to the DFG’s
rules of good scientific practice.
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6.3

Publication list and bibliography

In preparing my proposal, I have adhered to the guidelines for publication lists and
bibliographies.

7

Signature:

Steffen Jung, PhD

Rehovot, May 1th 2012
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B1 Project Description – Project Proposals
Francesca Odoardi, Dr.med., PhD &

Alexander Flügel, Prof. Dr.med.

Department of Neuroimmunology
Institute for Multiple-Sclerosis Research
University of Göttingen
Waldweg 33
37073 Göttingen
phone: +49-551/39 – 13332
fax. +49-551/39 - 13348
E-mail: IMSF@med.uni-goettingen.de

B.

Project Description

Visualizing the role of myeloid cells during CNS autoimmunity
Summary
In this project we will study the function of myeloid cells during the initiation of experimental
autoimmune encephalomyelitis (EAE), an animal model for multiple sclerosis. The following
questions will be followed: 1. What are the migratory steps of myeloid cells into the CNS
during incipient EAE? 2. What are the molecular cues that mediate their transmigration of the
blood brain barrier (BBB)? 3. What role do myeloid cells play in opening the BBB? 4. Which
myeloid cells mediate the initial antigen presentation to autoaggressive encephalitogenic T
cells? The methodic focus of this project lies in the combination of 2-photon laser scanning
microscopy with functional/molecular analyses. Myeloid cells will be made visible by staining
them with fluorescence dyes or by use of genetically encoded fluorescence proteins. The
migratory behavior of the cells at the BBB and in the different CNS milieus and EAE phases
will be visualized by live 2-PM. The analyses of the interactions of myeloid cells with
autoagressive T cells in acute and chronic EAE models will be performed using functional
markers which will be introduced into the T cells. These markers will make possible the
visualization of the binding between T cells and myeloid APCs and the consecutive activation
of the effector T cells.
Zusammenfassung
In diesem Projekt wird die Funktion von myeloiden Zellen bei der Initiierung der
experimentellen Autoimmunenzephalomyelitis (EAE), einem Tiermodell für multiple Sklerose
untersucht. Die folgenden Fragestellungen stehen dabei im Vordergrund. 1. Wie wandern
myeloide Zellen in das ZNS ein? 2. Welche molekularen Grundlagen vermitteln die
Wanderung der Zellen durch die Bluthirnschranke? 3. Welche Rolle spielen die Zellen bei
der Öffnung der Bluthirnschranke? 4. Welche myeloiden Zellen vermitteln die die
Antigenpräsentation für enzephalitogene T-Zellen? Der methodische Schwerpunkt des
Projekts liegt in der Kombination aus 2-Photonenlaserscanningmikroskopie (2-PM) mit
funktionellen/molekularen Analysen. Myeloide Zellen werden durch Fluoreszenzfarbstoffe
oder genetisch kodierte Fluoreszenzproteine sichtbar gemacht. Die Wanderung der Zellen
an der Bluthirnschranke und in verschiedenen ZNS- Milieus und EAE-Phasen wird durch
Live-2-PM visualisiert. Die Analyse der Interaktionen der myeloiden Zellen mit
autoaggressive T-Zellen in akuten und chronischen EAE-Modellen erfolgt mit funktionellen
Markern, die in die T-Zellen eingeführt werden. Diese ermöglichen die Visualisierung der
Bindungen zwischen T-Zellen und myeloiden Antigen-präsentierenden Zellen und die
darauffolgende Aktivierung der T-Zellen.
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1

State of the art and project report

1.1.1

State of the art

The initiators of autoimmune CNS processes are T cells carrying receptors on their
membrane that are directed against distinct brain-derived proteins. In order to recognize
these targets within the CNS, the pathogenic T cells require the help of brain resident
antigen-presenting cells (APCs) that are derivatives of the myeloid lineage and are
distributed throughout the CNS tissues as meningeal-, perivascular- and choroid plexusmacrophages and, parenchymal microglia. All these cells – at least in part – constitutively
express MHC class I and II molecules and thus have the capacity of presenting neural
antigens to T cells invading the CNS. In fact, after ex vivo-extraction and stimulation most of
the cells were shown to be capable of provoking signs of T cell activation (reviewed
in:(Chastain et al., 2011)). However, currently it is not clear which cells function as T cell
activators in vivo during the course of the autoimmune process. Consecutively, it is
unresolved where these contacts take place and which molecules contribute to these
interactions nor what the exact functional outcome of these contacts between the T cells and
APCs is.
In this project we want to address the role of myeloid cells in autoimmune
pathogenesis by using a dual approach. The first approach is a direct examination of myeloid
cells in the living CNS tissues. In the second approach the function of the myeloid presenters
will be evaluated indirectly, i.e. by visualizing the effects of the myeloid cells on T cells. For
the latter approach we have already worked out several experimental and technological
prerequisites. Thus, in our previous studies we established intravital two photon laser
scanning microscopy (2-PM) to track fluorescently labeled myelin-specific effector T cells
during experimental autoimmune encephalomyelitis (EAE) in rats and mice. We observed
that the T cells have to be efficiently re-activated within the CNS milieu in order to be able to
invade into the CNS tissue and to unfold their encephalitogenic potential in situ (Flügel et al.,
2001;Volovitz et al., 2010). Thereby, the T cellular activation levels strictly correlated with the
grade of inflammation and clinical disease (Kawakami et al., 2004;Odoardi et al., 2007a). We
furthermore found that the T cells enter the CNS at the level of leptomeningeal vessels
where they come in contact with meningeal and perivascular macrophages that
systematically scan their environment by extending and retracting their cellular processes
(Bartholomäus et al., 2009). Studies of the last funding period addressed the relevance of
Ca2+ signalling in T cells during this early EAE state. Blocking of Ca2+ signaling with a newly
developed inhibitor of NAADP significantly suppressed cytokine production and clinical
disease (Dammermann et al., 2009;Cordiglieri et al., 2010). Furthermore, the numbers of T
cellular arrests in the leptomeningeal environment were markedly reduced, indicating that T
cell contacts with leptomeningeal phagocytes are important for their initial reactivation
process.
We are currently developing imaging tools that make it possible to visualize different
stages of T cell activation concurrently with contact formations to potential APCs (Lodygin et
al. in preparation). Additionally, we are performing transcriptional and protein analyses of
meningeal/perivascular phagocytes during the different EAE stages. Apart from MHC
molecules we have found a basic expression and strong up-regulation of chemokines in
leptomeningeal phagocytes (Schläger et al. in preparation). This is likely to be of functional
relevance since the release of chemokines is instrumental for the homing of immune cells to
the inflamed tissue and the interactive behavior of the pathogenic T cells within the CNS
milieu (Miljkovic et al., 2011;Cardona et al., 2008).
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1.1.2
1.1.2.1

Preceeding report
Results of the previous research period (published results)

1.1.2.1.1
Establishment of technical requirements
Imaging the interactions of autoaggressive T cells with myeloid cells in the CNS is
complicated by the necessity of demarking these cells from the other immune and brainresident cells. Color dyes have the disadvantage of disappearing a short time after being
applied to mitotic cells. Our previous work revealed that encephalitic effector T cells during
the preclinical phase of Lewis rat transfer EAE perform a migratory tour through the lung,
mediastinal lymph nodes, spleen and blood before they invade the CNS tissue (Flügel et al.,
Immunity 2001; Odoardi et al., unpublished results). On their way the T cells strongly
proliferate and, by the time they finally arrive at the CNS, have undergone numerous cycles
of amplifications (Odoardi et al., unpublished results). Chemical dyes are therefore not
suitable for T cell labeling under these experimental settings. The situation is different with
the differentiated resident myeloid cells within the CNS (although at least a certain
proliferative capacity has been ascribed to microglia (Graeber et al., 1998)). Here, the
difficulty resides mainly in the integration of the myeloid cells within the tissue not allowing an
ex vivo isolation and reinsertion into the network without major structural and functional
changes. We use a retroviral gene transfer method for T cell engineering whereby a marker
gene is inserted into the genome, thus guaranteeing a stable fluorescent label (Flügel et al.,
1999). These fluorescently labeled effector T cells can be reliably tracked over the entire
course of EAE. Furthermore, this approach can also be used to examine the effects of
therapeutic strategies. Thus, in the last funding period green fluorescent protein-expressing T
cells were exploited to study the mechanism of action of T cell vaccination strategies
(Volovitz et al., 2010). Another advantage of the retroviral transduction method resides in its
potential to insert additional genetic elements into the cell together with the fluorescent
marker genes. In our current studies we exploit this possibility by including fluorescent
functional indicators (see section 1.2.2.2.2). Myeloid cells are labeled by intrathecal injections
of fluorescently tagged dextran that is readily taken up and maintained by phagocytic cells
(Odoardi et al., 2007a;Bartholomäus et al., 2009). Alternatively, we use GFP or RFP
transgenic animals and generate bone marrow chimeras where the fluorescent
hematopoietic stem cells are implanted in non-fluorescent wild type hosts. This method
enabled us to label meningeal and perivascular macrophages that are constantly replaced by
hematopoietic
myeloid
cells
(Lassmann
and
Hickey,
1993).
Labeling
of
microglia/macrophages can be achieved by using fluorescence-conjugated antibodies or
lectins (e.g. MHC class II, CD11b/c, isolectin B4). However, this technique is most reliable in
labeling myeloid cells in CNS explants since fluorescently-tagged antibodies/lectins would
not pass the intact BBB. For studying cell behavior in an intact living milieu in high optical
resolution two photon laser scanning microscopy (2-PM) is currently the most suitable
technique. Due to its near-infrared excitation light 2-PM combines acceptable penetration
into the tissue with relatively low phototoxicity (reviewed in (Denk and Svoboda, 1997). This
technology is established in our laboratory and we routinely perform imaging analyses to
monitor (auto)immune processes in different living milieus, e.g. spinal cord, spleen, lymph
nodes, peripheral nerves, subcutaneous fatty tissue and muscles (Kawakami et al., 2005;
Odoardi et al., 2007a; Odoardi et al., 2007b; Muller et al., 2008; Bartholomäus et al., 2009;
Cordiglieri et al., 2010).
1.1.2.1.2
Real time imaging of antigen presentation in different natural milieus.
We applied our intravital imaging setting to follow encephalitogenic effector T cells over the
entire course of Lewis rat tEAE. This disease is induced by the transfer of activated myelin
basic protein-reactive T cells retrovirally engineered to express GFP (TMBP-GFP cells). During
the obligatory preclinical phase of 2-3 days there were only very few of these cells detectable
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within the CNS tissue. Surprisingly TMBP-GFP cells that arrived first into the CNS extensively
crawled along the inner surface of leptomeningeal vessels, preferentially against the blood
stream, i.e. a behavior of the effector T cells that was not observed in peripheral vascular
beds. After diapedesis, the cells continued their search, this time on the outside of the
vascular structures. In the perivascular and meningeal areas the T cells came into contact
with phagocytes. Ex vivo analyses of these meningeal/perivascular cells revealed that they
express constitutively (c.a. 60%) MHC class II molecules and in co-cultures with TMBP cells
they were able to present myelin antigens and evoke an activatory response of the T cells. In
vivo we observed that some effector T cells that had been migrating at high velocity
throughout the meningeal milieu became arrested when they came into contact with the
meningeal phagocytes. When isolated ex vivo, the T cells from meninges displayed signs of
recent activation, i.e. they up-regulated activation markers on the cell membrane (OX40
antigen, IL-2 receptor) and released pro-inflammatory cytokines (IFNγ and IL-17). We
therefore hypothesized that the first antigen re-encounters of invading effector T cells during
the autoimmune process takes place in the leptomeningeal areas where the effector T cells
contact resident myeloid cells (Bartholomäus et al., 2009). This hypothesis was further
supported by studies of the last funding period. There, we tested a newly developed
antagonist of the calcium releasing second messenger nicotinic acid adenine dinucleotide
phosphate (NAADP). This antagonist in vitro strongly reduced antigen receptor-triggered
cytokine release from effector T cells and their proliferation (Dammermann et al., 2009).
When applied in vivo, the encephalitogenic effector T cells within the CNS reduced their
production of pro-inflammatory cytokines, and the clinical disease was significantly
suppressed (Cordiglieri et al., 2010). Notably, the numbers of arrested T cells in the
leptomeninges were significantly reduced. Although these data also support the view that
myeloid cells of the leptomeninges are the initial APCs in EAE, this important aspect of the
pathogenesis has to be corroborated.
Interestingly, TMBP-GFP cells extracted from the CNS parenchyma during the acute
phase of EAE also produced pro-inflammatory cytokines. In fact the percentage of cytokineproducing cells was even higher compared to the one of the meninges (Bartholomäus et al.,
2009), indicating that T cells within the CNS parenchyma might encounter antigen presented
by endogenous microglia or recruited peripheral myeloid cells. These observations are in line
with previous reports that emphasize an active part of microglia as effector cells in EAE
(Heppner et al., 2005;Matyszak et al., 1999). 2-PM recordings of TMBP-GFP cells in live
explants of the spinal cord support this view: whereas the majority (55-65%) of the T cells
migrated seemingly unhindered through the tissue, a significant number of effector T cells
were arrested (35-45%). Immunohistochemical staining revealed that the anchor points
resemble immunological synapse with clustering of T cell receptors directed to MHC-class II+
cells (Kawakami et al., 2005). This might indicate that the effector T cells migrating from the
leptomeninges into the parenchyma meet up with antigen-presenting cells within the tissue
and are stimulated there. Further evidence for this hypothesis came from observations after
i.v. administration of soluble MBP. It emerged that in the acute stage of EAE exogenously
applied MBP diffused into the CNS parenchyma via the BBB made penetrable by
inflammation. Here, the exogenous MBP was taken up by phagocytic cells and presented on
MHC class II molecules to T cells. Thereupon nearly all autoaggressive T cells in the CNS
tissue stopped their forward movement and underwent a massive activation, resulting in a
significant worsening of the clinical EAE (Odoardi et al., 2007a). Up to now, the relevance of
the contacts between effector T cells and myeloid APCs in the different CNS compartments
for the immune pathogenesis of EAE is still hypothetical. Therefore, aim 2 of the following
funding period will include a more detailed characterization of these leptomeningeal and
parenchymal contacts.
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1.1.2.1.3
Factors controlling T cell/myeloid cell entry into the CNS and their
interaction in situ.
Knowledge about the signals that guide immune cells into the CNS and that determine their
behavior within the tissue are of great importance for understanding the immune
pathogenesis of EAE and the development of potential therapeutic strategies. For example,
Tysabri, a monoclonal antibody directed against the integrin VLA-4 ranges under the most
potent drugs available for the treatment of MS. Integrin interactions with endothelial ligands
(e.g. VCAM-1) is thought to stabilize the adherence of cells within the vessels and thus, to be
important for diapedesis. In our previous studies we analyzed the effect of anti-VLA4
antibody treatment on effector T cells and found that VLA4 is essential for T cell crawling on
the inner vascular surface of CNS venules. Within minutes after application of anti-VLA4
antibodies the T cells were washed away by the blood stream (Bartholomäus et al., 2009;
Odoardi and Schläger, unpublished).
Chemokines are another important group of molecules that are essential for the mobility of
immune cells, guiding them within the immune compartments and inflamed tissues (Cardona
et al., 2008). This group of small polypeptide mediators (8-14kDa) can be subdivided into
constitutively produced "homeostatic" and activation-induced "inflammatory" chemokines.
They attract leukocytes according to chemokine gradients (chemotaxis) and promote their
locomotion activity in a non-directional fashion (chemokinesis). However, they were also
shown to stabilize the formation of immunological synapses and thus are actively involved in
the activation process of T cells (Molon et al., 2005). Therefore it is not surprising that
chemokines also play a role in the pathogenesis of EAE. A large number of inflammatory
(CCL1-5, CXCL1, CXCL9-11, CXCL16) and homeostatic chemokines (CCL19, CCL21,
CXCL12) have been reported as having been expressed in CNS lesions during EAE
(Holman et al., 2011). Pathogenic T cells and recruited immune cells including myeloid cells
carry the corresponding receptors for at least some of these chemokines. Recently, it was
detected that chemokines might even exert repulsive effects on leukocytes (Vianello et al.,
2005). This latter observation is in line with our recent findings about the role of one of these
facultative repulsive chemokines (CXCL12) in EAE susceptibility. We observed that the
resistance of developing EAE in AO compared to DA rats might be – at least partially –
explained by a higher expression of CXCL12 within the CNS tissue of AO rats (Miljkovic et
al., 2011).

1.1.2.2

Preliminary results (unpublished)

1.1.2.2.1
Migratory steps of immune cells at the BBB
Our previous studies focused on the motility steps of effector T cells at the BBB.
Conspicuously, the cells extensively crawled along the luminal surface of the endothelial
cells, a behavior that was previously observed with blood monocytes (Auffray et al., 2007). In
contrast, cell rolling of effector T cells at the pial vessels was very short. In peripheral vessels
the T cells behaved contrariwise: they hardly crawled at all but rather tended to roll
extensively along the vessels (Bartholomäus et al., 2009). Surprisingly, the crawling cells
moved preferentially against the blood stream. In the moment of transmigration, some cells
provoked a leak in the vascular wall that became visible by permeation of the intravascular
fluorescent tracer (texas red-conjugated dextran, TR-dextran) into the perivascular
environment (Bartholomäus et al., 2009). In our current work we have started to analyze the
locomotive behavior of phagocytic myeloid cells at CNS vessels. Our preliminary data
indicate that very early in the course of EAE (during the pre-clinical phase) cells that had
engulfed TR-dextran together with effector T cells crawled intraluminally along the vessels.
Thereby, their speed and the directionality of their crawling resembled that of the effector T
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cells (Fig. 1). First analyses about their identity showed that these cells are CD11+ cells, i.e.
most likely monocytic cells (not shown).

15
10
5
0

120

53

***

25

0.8
0.6
0.4
0.2
0.0

20
15
10
5
0

200

ns
tr ack l ength [µm ]

1.0

cra w li ng duration [m in]

ns

m e a nde r. inde x

V e loci ty [µm/ mi n]

20

ns

150
100
50
0
T-Lymphocytes
Macrophages

T-Lymphocytes
Macrophages

Figure 1. Intraluminal crawling of phagocytes in CNS vessels during preclinical EAE.
The motility characteristics of TR+ phagocytes are compared with the ones of TMBP-GFP cells. 2-PM recordings of
leptomeningeal area were acquired in animals during the preclinical phase of EAE. Red: Texas-red conjugated
dextran labeled vessels. Scale bar: 50 μm.
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The search for molecular cues that guide cells through the BBB indicated a prominent role
for integrins. Apart from VLA4 we identified ninjurin-1 (Ninj-1) as adhesion molecule that is
important for intraluminal T cell crawling (Fig. 2). This molecule was recently found to be
expressed in the endothelia of the CNS, and was up-regulated during EAE (Ifergan et al.,
2011). Ninj-1 was transiently up-regulated in effector T cells (Fig. 2). Intriguingly, cells of the
myeloid lineage constitutively expressed Ninj-1 and this molecule seems to be also of
importance for their capacity to transmigrate the BBB (Ifergan et al., 2011).

24h

48h

60h

72h

Before Ninj-116-45 treatment

After Ninj-1 16-45treatment

Ninj-1

Figure 2. Ninjurin-1 contributes to effector T cell crawling in leptomeningeal vessels.
Left: Expression of ninj-1(white histograms) in TMBP-GFP cells, isolated from blood at the indicated time points after
transfer, was detected by flow cytometry. Gray histograms: isotype control. Right: Intraluminal crawling (yellow
tracks, 60 min duration) of TMBP-GFP cells is depicted in pial vessels before (left panel) and 45 min after i.v.
injection of blocking Ninj-116-45 peptide. 2-PM images of leptomeningeal area were acquired in animals 60 hours
p.t., i.e. during the preclinical phase of EAE. Green: TMBP-GFP cells. Red: Texas-red conjugated dextran labeled
vessels. Scale bar: 50 μm.

However, chemokines also seem to play an important role in mediating the intraluminal
crawling behavior of cells in CNS vessels. Application of pertussis toxin, which irreversibly
blocks Gαi, a molecule essential for chemokine signaling, significantly reduced the numbers
of crawling effector T cells (Fig. 3a).
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Importantly, the perivascular/meningeal phagocytes were found to constitutively express
chemokines, e.g. CCL5, CXCL9-11, CXCL12, for which effector T cells carry the
corresponding receptors (CCR5, CXCR3 and CXCR4, respectively). In the course of EAE,
the phagocytes strongly up-regulate the expression of the chemokines (Fig. 3b). Intriguingly,
chemokines seem to regulate the interactive behavior of effector T cells with myeloid cells in
the leptomeninges. PTX application significantly shortened the contact durations of effector T
cells with perivascular/meningeal phagocytes (Fig. 3c).
In the next funding period we will characterize the myeloid cells that enter together with
effector T cells during the early state of EAE. Furthermore, we therefore will explore the
effects of chemokines (CCR2, CCR5, CXCR3, CXCR4) and adhesion molecules (VLA4,
LFA-1, Ninj-1) during diapedesis and successively, in the leptomeninges and CNS
parenchyma (aims 1 and 3; points 2.3.1.1 and 2.3.1.3, respectively).

1.2.2.2.2

Functional evaluations of contacts between effector T cells and myeloid
cells

Our intravital imaging analyses revealed that, almost immediately after their transgression of
the CNS vessels, effector T cells met perivascular and meningeal phagocytes with whom
they formed both short-lasting (<10 min) and long-lasting (>30 min) contacts. In later phases
of EAE, when the T cells had already penetrated deep into the CNS parenchyma, we
observed that the T cells within the tissue also got arrested, obviously in contact with resident
or recruited cells and remained stationary for prolonged time periods (>30 min) where they
moved around their anchor point. To evaluate the functional meaning of these different
contacts within the CNS we in the last funding period constructed a fluorescent version of
Nuclear Factor of activated T cells (NFAT). This fluorescently tagged transcription factor was
inserted in a retroviral vector that can be used to transduce the pathogenic effector T cells
(Flügel et al., 1999). In non-activated T cells NFAT is located in a highly phosphorylated state
within the cytosol. Within minutes after antigenic stimulation, NFAT is dephosphorylated by
the Ca2+-dependent phosphatase calcineurin and then, as a result of the freeing up of
nuclear localisation signals, transported to the cell nucleus (reviewed in (Hogan et al.,
2003;Macian, 2005). Here, together with other transcription factors such as AP1, T-bet and
MAF etc., NFAT regulates numerous factors associated with classical T cell activation, e.g.
the expression of IL2, IFNγ, IL17, IL-4, and α-chain of IL2 receptor. We introduced a
truncated NFAT-YFP protein (lacking the regulatory transcriptional domain) or a combination
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of mCherry-fused histone protein H2B together with NFAT-YFP into MBP-reactive T cells (T
cells or T MBP-NFAT/YFP - Cherry/H2B cells, respectively). In addition to cytosolic yellow
the latter cells co-expressed a nuclear red fluorescence. The ectopically expressed NFATYFP sensors did not measurably disturb the functional properties of the effector T cells. Nonstimulated T-MBPNFAT-YFP cells expectedly displayed a homogenously labeled yellowfluorescent cytoplasm. Upon addition of the Ca2+ ionophor ionomycin, the fluorescence
rapidly translocated into the nucleus of the T cells. In TMBP-NFAT/YFP-Cherry/H2B cells the addition of
ionomycin led to a similar nuclear shift of the yellow fluorescence that by then co-localized
with the H2B-tagging red fluorescence (Fig. 4a). Furthermore, the Cherry/H2B tag very
clearly indicated cell mitoses (not shown). This sensor faithfully indicated T cell activation in
vivo upon activation of T cells in lymph nodes (not shown).
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Figure 4. NFAT translocations in effector T cells.
a Translocation of the fluorescently labeled NFAT upon
2+
treatment of TMBP-NFAT/YFP-Cherry/H2B cells with the Ca liberator
ionomycin (upper panel before, lower panel after application
of ionomycin). b Fluorescence microscopy showing NFAT
translocations in TMBP-NFAT/YFP cells during acute Lewis rat tEAE
(days 4 p.t.). CNS myeloid cells were labeled with an antiIBA1 monoclonal antibody (red). Blue: DAPI stain labeling
nuclei. c Intravital 2-PM recording of an NFAT translocation
(yellow arrow) in a TMBP-NFAT/YFP-Cherry/H2B cell that came in contact
with a TR-marked meningeal phagocyte (red, dotted line).
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t
the fluorescent YFP-NFAT marker in an
inflammatory CNS lesion during active EAE in C57Bl6 OTII
transgenic mice that had received YFP-NFAT-transduced
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microscopy (b and c) of fixed tissue.
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Figure 4. NFAT translocations in effector T cells.
a Translocation of the fluorescently labeled NFAT upon treatment of TMBP-NFAT/YFP-Cherry/H2B cells with the Ca2+
liberator ionomycin (upper panel before, lower panel after application of ionomycin). b NFAT translocations in
TMBP-NFAT/YFP cells during acute Lewis rat tEAE (days 4 p.t.). CNS myeloid cells were labeled with an anti-IBA1
monoclonal antibody (red). Blue: DAPI labeling nuclei. c A RFP+ MOG-specific T cells that had translocated the
fluorescent YFP-NFAT maker in an inflammatory CNS lesion during active EAE in C57BL6 OTII transgenic mice
that had received YFP-NFAT-transduced bone marrow from a RFP tg mouse. Laser scanning microscopy (b and
c) of fixed tissue.

First analyses of T MBP-NFAT/YFP-Cherry/H2B cells in the CNS showed a substantial percentage of
the cells translocated the sensor when coming in contact with perivascular/leptomeningeal
phagocytes (Fig. 4b). Most importantly, in aims 2 and 5 we will now analyze NFAT
translocations of the pathogenic T cells in different CNS milieus and locations over the entire
course of the disease. Furthermore, we will combine the NFAT sensor with a fluorescently
tagged version of the linker of activated T cells (LAT-GFP) that accumulates in
immunological synapses. This will help us to directly visualize the contacts between myeloid
cells and the effector T cells.
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1.2.2.2.3

Generation of novel experimental tools

Our protocol for establishing antigen-specific cell lines yields CD4+ Th1/Th17 effector cells.
To address the abilities of CNS myeloid cells to interact with and activate other T cell subsets
(e.g. naïve CD4+ or Treg), we will apply newly established TCR-transgenic Lewis rat strains
(Kitz et al., unpublished, in cooperation with the lab of H. Reichardt). One of these strains,
generated by lentiviral transgenesis, carries T cells that express, along with EGFP,
ovalbumin-specific transgenic TCR, while in the other strain the majority of T cells are
specific for MBP (not shown).
To further diversify our toolkit for the intravital analysis of CNS autoimmunity, we set out to
establish fluorescent reporters of T cell activation in the mouse. To this end, we first tested
our established rat NFAT reporter using a retrogenic approach. Bone marrow isolated from
double-transgenic RFP/2D2 mice (harbouring RFP-expressing T cells directed against
myelin oligodendrocyte glycoprotein, MOG) was transduced with a retrovirus encoding the
NFAT-YFP reporter and transferred into irradiated C57Bl6 wild type hosts. A portion of
lymphocytes derived from such bone marrow chimeras displayed a clear expression of YFP.
Moreover, a translocation of the yellow fluorescence from the cytosol to the nucleus could be
induced with ionomycin or anti-CD3 antibodies. T cells isolated from these retrogenic
chimeras were transferred into OTII host (TCR-transgenic mice harboring T cells directed
against ovalbumin; these mice are resistant to MOG-induced EAE). After induction of active
EAE by immunization with MOG35-55 peptide the histologic examination of the CNS in animals
which had developed EAE (score 4) revealed inflammatory infiltrates in the spinal cord and
brain comprising RFP+ cells and RFP/YFP double positive cells with a clear nuclear
translocation of the yellow fluorescence (Fig. 4d). Similar findings were obtained when bone
marrow from retrogenic chimeras was transplanted into irradiated Rag1 knock-out mice.
These animals developed spontaneous EAE (50% of the animals, atypical
ataxia/hemiparesis) four weeks after transplantation. These preliminary experiments indicate
that the rat NAFT-YFP reporter is apparently also functional in mouse cells and can be
exploited to monitor T cell activation and, indirectly, antigen presentation by APC in the
mouse. We recently generated a targeting construct of Cre-inducible NFAT/YFP-CherryH2B
cassette for the integration into the mouse ROSA26 locus. We are currently performing
homologous recombination in mouse ES cell cultures to derive a stable mouse strain with
conditional Ca2+-signalling/ T-cell activation reporter.
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1.1.5
1.1.5.1

Patents
Pending

None.
1.1.5.2

Issued

None.
2
2.1

Objectives and work program
Anticipated total duration of the project

36 months.
2.2

Objectives

In the previous research period we performed initial intravital imaging studies to track effector
T cells and myeloid cells at the BBB and within the CNS during early phases of tEAE in
Lewis rats. In addition, the functional states of the effector T cells in the spinal cord during
the entire course of clinical tEAE in the Lewis rat were characterized. We furthermore
established a tool to visualize Ca2+ signaling (FRET construct TNXXL), NFAT-translocation
(NFAT-YFP), proliferation (H2b-RFP) and synapse formation (LAT-GFP) in effector T cells in
situ. In the following research period the combination of intravital 2-PM with the use of the
fluorescent functional markers will enable us to track T cellular activation together with
immunological synapse formation in the living nervous tissue over the entire course of EAE.
We now want to exploit these tools to characterize the interactions of pathogenic effector T
cells with members of the myeloid cell lineage in the CNS tissue in more detail. The project
will be subdivided into the following parts:
1. In vivo characterization of the migratory steps of myeloid cells into the CNS tissue.
2. Characterization of T-cell-APC (myeloid cell) interactions in different CNS milieus.
3. Investigation of the role of adhesion molecules/chemokine signaling in the formation
and stability of immune synapses.
4. Establishment of novel fluorescent markers to further characterize the interactive
behavior between myeloid cells and effector T cells and to visualize pathogenic
effector functions of members of myeloid cells in situ.
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5. Imaging of effector T cell/myeloid cell interactions during chronic EAE in C57Bl6 mice.
In summary, the focus of this proposal will be to localize and characterize interactions of
autoaggressive T cells with members of the myeloid lineage at different time points and in
diverse CNS milieus during EAE. These studies should help us to gain insights into the
functional relevance of the different contacts for the autoimmune inflammatory process.

2.3

Work program incl. proposed research methods

2.3.1 Work program
Working program ad aim 1: In vivo characterization of the migratory steps of
myeloid cells into the CNS tissue.
In our preliminary data we quantified the numbers of CD11b+ myeloid cells that were
recruited to the CNS tissue in the course of EAE. We will next characterize these cells in
more detail (by subdividing these infiltrating myeloid cell fractions, i.e. macrophages,
dendritic cells and granulocytes, and determining their functional state). Another focus will be
the phagocytic cells found in our 2-PM studies to be crawling simultaneously with the arriving
autoaggressive effector T cells at leptomeningeal vessels during the very early stages of
EAE. We will characterize these cells and analyze their transmigration steps using intravital
2-PM and fluorescence video microscopy.
2.3.1.1

We aim here to address the following questions:
a. When and where are myeloid cells from the peripheral immune repertoire recruited to
the CNS?
b. How do myeloid cells transmigrate the BBB?
i. transmigration steps: components of diapedesis, i.e. rolling, adhesion,
crawling, diapedesis,
ii. transmigration modes: para- vs. transcellular transmigration,
iii. consequences of the penetration step: leakage.
Research design of a:
EAE will be induced in Lewis rats by transfer of activated T cells (myelin basic proteinreactive, retrovirally engineered to express the gene of green fluorescent protein, TMBP-GFP
cells). The rats will be analyzed at different time points after T cell transfer (p.t.). Pre-EAE:
days 2 and 2.5 p.t., early clinical EAE: day 3 p.t., acute EAE days 4 and 5 p.t., recovery
phase: day 7 p.t. One group of animals will be perfused with 4% paraformaldehyde for
morphological analyses. The other group will be used for FACS analyses. The myeloid
cells will be extracted and analyzed for surface membrane molecule expressions by flow
cytometry. Additionally, the transcriptome of the sorted cells will be analyzed by
quantitative PCR analyses and gene chip microarrays (AffymetrixR 230.0 expression chip).
Measured parameters of a:
Sub-fractions of myeloid cells will be analyzed in different stages of EAE and in different
areas (meninges and grey/white matters of spinal cord, cerebellum and cerebrum) using
morphological and flow cytometric analyses. The different fractions of myeloid cells will be
distinguished by surface markers (macrophages: CD11bhigh, dendritic cells: CD11c,
neutrophils: Rb-1). The cells will be further analyzed after ex vivo isolation with FACS
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(MHC class II, B7.1/B7.2, pro- and anti-inflammatory factors/cytokines, TNFα, iNOS, IL-2,
TGFβ, IL-10, etc.).
Expected outcomes of a:
Our experiments should reveal novel information about the invasion kinetics of the
different myeloid cell types in the course of EAE. Furthermore, these studies could unravel
new aspects of the transmigration mode of myeloid cells and its molecular basis.
Research design of b:
As in a, EAE will be induced in Lewis rats by transfer of activated TMBP-GFP or TMBP-RFP cells.
Texas red –conjugated dextran will be injected i.v. and the phagocyte migratory pattern at
the CNS vessels followed via intravital 2-PM microscopy during early-EAE (day 3 p.t.) and
acute EAE (day 4/5 p.t.). Furthermore, different fractions of myeloid cells will be isolated
from GFP-/RFP-transgenic animals (both animal strains are available for this proposal)
and i.v. transferred into animals that had previously received TMBP-GFP/RFP cells. To analyze
the molecular factors that mediate the motility steps of the myeloid cells at the BBB we will
infuse interfering agents (e.g. antibodies neutralizing LFA-1/-VLA4,-ninjurin-1, or
chemokine blockers).
Depletion studies (clodronate containing liposomes, specific depleting sera) will reveal the
effects of myeloid cells on effector T cell motility at the BBB.
Measured parameters of b:
For i), 2-PM recordings will be analyzed according to the percentages of
rolling/adhering/crawling cells, velocities, meandering indices, orientation relative to the
blood stream, etc. (Bartholomäus et al., 2009 and Schläger et al., unpublished).
For ii), the transmigration modus of effector T cells and myeloid cells will be analyzed
ultrastructurally in cooperation with I. Bechmann (B 2).
For iii), different sized Texas red-conjugated dextran will be infused i.v. and the amount of
leakage determined by direct visualization of fluorescence leakage and/or the uptake of
the fluorescent proteins by meningeal phagocytes (Schläger et al., unpublished).
Expected outcomes of b:
These experiments will give insights into both the migratory pattern of myeloid cells
transgressing the BBB and the molecular cues they engender. Furthermore, the
experiments might provide information on the contribution of myeloid cells to the disruption
of the BBB during the autoimmune process.

2.3.1.2

Working program ad aim 2: Characterization of T-cell-APC (myeloid cell)
interactions in different CNS milieus.

The preliminary studies for this part of the working program showed that effector T cells
come in contact with perivascular macrophages immediately after the T cells’
transmigration of leptomeningeal vessels (the locations where the effector T cells firstly
arrive at the CNS tissue). A substantial percentage of these T cells (20 - 30 %) show signs
of activation, i.e. NFAT translocations (Fig. 4). These very first antigen encounters might
therefore be essential for the initiation of the autoimmune process. However, it is currently
unclear what kind of contacts the macrophages contribute to the activation process of the
effector T cells. Both stable long-lasting “bullseye” immunological synapses and transient
contacts during locomotion (“kinapses”) have been described for these contacts (Dustin,
2008) and they have also been observed in different stages of T-cell priming (Mempel et
al., 2004). Obviously both kinds of contacts can operate synergistically to promote full T
cell activation. It is important to note that the activation state of effector T cells within the
CNS during Lewis rat EAE never reached the levels observed in secondary lymph nodes:
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although the cells are stimulated to produce pro-inflammatory cytokines, the pool of
proliferating T cells is scarce (Bartholomäus et al., 2009). Obviously, the stimulation
conditions in the CNS milieu might fundamentally differ from the ones in an optimized in
vitro system or within the specialized immune environment such as in lymph nodes.
Therefore, one aim of this proposal will be a characterization of the immunological
synapses combined with functional analyses in different disease stages and different CNS
locations. The results will be compared with the situation during re-activation in the lymph
nodes.
Specifically, the following points will be addressed:
a. Characterization of T cell – meningeal/perivascular phagocytes interactions during
the leptomeninges at the initiation phase of EAE.
b. Identification of antigen presenting cells during the acute and recovery phase in the
CNS parenchyma.
c. Analyses of immunological synapses of effector T cells with the different myeloid
cells during EAE.
Research design:
EAE will be induced as in the working program of aim 1. However, in this part T cells will
be transferred that have been transduced with TNXXL (a FRET sensor of Ca2+ signaling
(Mank et al., 2008)), NFAT-YFP and/or mCherry-H2b and/or LAT-GFP. This will allow us
to visualize the activation levels of the T cells in the different CNS milieus (Ca2+ signaling:
TNXXL, transcriptional regulation: NFAT-YFP and proliferation: mCherry-H2b) together
with T cell receptor polarizations (LAT-GFP) at immunological synapses.
For visualization of the myeloid interaction partners the following techniques will be used:
1. Characterization of the leptomeningeal phagocytes at the initiation of the disease:
bone marrow transplantation with GFP-Tg animals or TR-dextran injection or
intrathecal directly labeled anti-CD11b or anti-IBA1 or anti-MHC class II (rat OX3,
that binds but does not block MHC class II).
2. Characterization of the parenchymal endogenous phagocytes (microglia): slices
and staining with isolectin B4 or CD11b.
3. Characterization of synapses with recruited myeloid cells: Bone marrow TX: GFPTg bone marrow in wildtype with CNS protection (to minimize the leptomeningeal
phagocyte exchange), EAE induction and staining of slices with lectins or CD11b.
For further characterizations of the myeloid cells (e.g. ex vivo stimulations of naïve and
effector T cells) the respective phagocyte populations will be prepared (cooperation with
Knut Biber, A4) from GFP-/RFP-transgenic rats and used for ex vivo stimulation assays
and for transfer studies. As source of naïve T cells we will use our recently established T
cell receptor transgenic rats (MBP-TCR and OVA-TCR transgenic animals, see point
1.2.2.2.3). For intravital visualizations of T cell-myeloid cell contacts, spinal cord or cranial
windows will be prepared in anaesthetized animals (Odoardi et al., 2007 and
Bartholomäus et al., 2009; see methods). For studying T cell-myeloid cell contacts in the
CNS parenchyma, CNS explants will be prepared (Kawakami et al., 2005). For activation
of T cells in the lymph nodes resting TMBP-NFAT/YFP cells will be i.v. transferred. 24 hours
later the animals will be intracutaneously immunized and the T cell motility and activation
levels monitored within the draining LNs.
Measured parameters:
Imaging of T cell/myeloid cell motilities. The velocities, meandering indices, contact
durations, Ca2+FRET/NFAT-translocation rates/durations will be recorded. Parallel ex vivo
analyses of the sorted T cells and myeloid cells will be performed. These include flow
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cytometry and/or qPCR analyses of (membrane) activation markers (e.g. OX40, CD25,
CD69, MHC class II, OX42, ED1/-2, IBA1, IFNγ, IL17, TNFα, IL-10, TGFβ, iNOS, CCL2,
CXCL9/-10/-11)
Expected outcomes:
Our experiments should reveal novel information about the synapse formation and
activation levels of T cells in different CNS locations and during the different disease
stages of EAE. This might help us to understand the preferential distribution of
inflammatory lesions in certain CNS areas. Furthermore, the data might provide hints on
the role of distinct myeloid cells as antigen presenting cells for autoaggressive effector T
cells.

2.3.1.3

Working program ad aim 3: Role of adhesion molecules/chemokine signaling
in the formation and stability of immune synapses.

In the literature on EAE, astrocytes and not macrophages are mainly discussed as the
major source of chemokines (Holman et al., 2011). However, our initial ex vivo
characterizations of resident meningeal and perivascular macrophages (Fig. 3) indicate
that already during the preclinical phase of EAE these cells constitutively express
chemokines (CCL5, CXCL9/-10/-11) that are strongly up-regulated during the manifested
disease. Furthermore, they express adhesion molecules (LFA-1, ICAM-1, Ninjurin-1) and
MHC class II molecules (Fig. 2). Global blocking of chemokine signaling in the invading
autoaggressive effector T cells by pretreatment with pertussis toxin (irreversible blocker of
Gαi, a small G protein member that is essential for chemokine signaling) shortened the
contacts of the T cells with perivascular/meningeal phagocytes and strongly reduced T cell
recruitment into the CNS tissue (Fig 3., Schläger et al. unpublished). Therefore, in the next
research period we will examine the role of chemokine and adhesion molecules for the
formation of synapses between effector T cells and meningeal/perivascular phagocytes.
Thereafter, we will extend these studies to include parenchymal APCs.
Research design:
At different time points after transfer of encephalitogenic TMBP-GFP; MBP-NFAT/YFP, MBP-LAT/GFP
cells (i.e. at days 2.5, 4 and 8 p.t., during initiation, acute phase and recovery,
respectively) the animals will be analyzed using intravital 2-PM microscopy. Treatment
with chemokine blockers (PTX, anti-CXCR3 (provided by Thomas Issekutz, Halifax),
metRANTES (provided by Peter Nelson, München), plerixafor (commercially available
CXCR4-antagonist) will be performed intrathecally, and the effects on T cell/myeloid cell
interactions will be monitored via 2-PM microscopy of the dorsal spinal cord (mainly
meningeal/perivascular phagocytes) and of spinal cord explants (microglia and recruited
myeloid cells).
Measured parameters:
- Locomotive behaviors and contact durations (analyzed using Imaris software).
- Formation of synapses (LAT-GFP cells) and activation (NFAT-translocations, ex vivo
analysis of the activatory state using qPCR and flow cytometry, see above).
Expected outcomes:
These studies will elucidate how chemokines act on T cell activation within the CNS. Their
results might be of potential clinical relevance for the design of blocking agents.
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2.3.1.4

Working program ad aim 4: Establishment of novel fluorescent markers to
further characterize the interactive behavior between myeloid cells and
effector T cells and to visualize pathogenic effector functions of members of
myeloid cells in situ.

Rational and research design:
In this part of the program we want to expand the tools for identifying myeloid cells in rat
EAE models. To this end we will apply intrathecal injection of self-inactivating lentiviruses
which confer fluorescent reporter (e.g.GFP) under the control of compact rat promoters
Iba1, CX3CR1, MHCII, DC-SIGN, CD11b and ubiquitin genes combined with subsequent
labeling by the injection of fluorescent dextran. This will help to identify regulatory
elements that could allow specific tracking of meningeal macrophages. Positive
candidates will be validated in rat bone marrow chimeras using RFP-transgenic Lewis
rats. Furthermore, to add a functional read-out option to the tracking, fluorescence will
coupled to an indicator of specific activities (e.g. NFAT/YFP-Cherry/H2B cassette can be
used to monitor Ca2+ dynamics during activation of myeloid cells) In addition, we will try to
establish other fluorescent reporters of intracellular signaling relevant for myeloid cells in
particular, for NFkB, STAT and IRF transcription factors, all known to be regulated by
subcellular localization. The final goal would be to generate transgenic Lewis strain with
stable, bright and specific fluorescent reporter expressed in meningeal APCs.

2.3.1.5

Working program ad aim 5: Imaging of effector T cell/myeloid cell interactions
during chronic EAE in C57BL6 mice.

Rational and research design:
In this aim the expertise of the consortium will particularly inure to the benefit of this
project. We will exploit the CX3CR1-GFP and CX3CR1-ERT2-GFP transgenic mouse lines
generated from the Steffen Jung group (C1) to visualize specifically parenchymal
microglia and their interaction with autoantigen-specific (MOG-reactive) T cells. These
self-reactive T cells will be either purified from 2D2 mice and subsequently transduced
with NFAT-YFP/mCherry-H2b or, if available, purified directly from the 2D2 Cre-inducible
NFAT/YFP-Cherry-H2B mice (see point 1.2.2.2.3). Active immunization of the animals
with MOG after transfer will lead to preferential stimulation of TMOG-NFAT-YFP/mCherry/H2b cells
that then will be tracked during the course of EAE (days 10, 15 and 21 after MOG
immunizations, i.e. during the preclinical, acute and chronic phases of EAE, respectively).
Measured parameters:
The effector TMOG-NFAT-YFP/mCherry/H2b cells will be analyzed by intravital 2-PM during different
phases of the EAE. Here, the reactivation of the effector T cells can be analysed by
monitoring direct contacts between effector T cells and myeloid cells, and it can be
assessed whether the re-activation takes place in response to contacts with parenchymal
microglia or recruited myeloid cells. Effector T cells and microglia will be separately sorted
and their functional states determined by ex vivo flow-cytometry (activation, e.g. MHC II
expression, CD80/86 on microglia, activation markers such as CD44, CD62L and CD25
on T cells) and molecular analyses by real-time PCR (cytokine expression, chemokines,
chemokine receptors).
Expected outcomes:
This part of the proposal will complement the previous aims. We expect that the results
obtained in the rat EAE model can be confirmed in these mouse studies. However, the
more elaborate transgene and knock-in/out technologies in mice together with the
availability of many more agents that make it possible to distinguish and deplete different
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myeloid cell populations will enable us to examine the role of myeloid cells during EAE in
more detail. Furthermore, since Lewis rat EAE represents an acute monophasic model,
MOG-induced EAE in C57Bl6 mice will allow us to analyze chronically-inflamed CNS
tissue.
2.3.3

Methods

All instruments and technologies required by our studies are available within our department.
Key methods include:
Animal models:RFP/GFP transgenic, MBP and OVA TCR transgenic rats are available in
our in-house animal facility and kept in standard conditions.
CNS autoimmunity: active EAE in Lewis and in C57Bl/6 mouse as well passive transfer of
encephalitogenic T cells are routinely performed in the lab. Encephalitogenic T lymphocyte
lines retroviral engineered to express fluorescent protein or the reporter genes are
established as previously described (Flügel et al. 1999).
Intravital microscopy: live imaging of spinal cord, spleen and lymph nodes is established in
our laboratory.The department is equipped with a conventional video microscopy (Zeiss
axioscope) and a confocal and 2-photon laser scanning microscopy (Zeiss LSM 710
microscope equipped with a coherent chameleon system vision II laser) combined with a
high-resolution cooled CCD camera for fluorescence detection. An inhalation anesthesia
protocol that allows long time imaging is established. In order to monitor the vital parameters
during anesthesia the imaging facility is equipped with 2 Ohmeda patient monitors (for
controlling O2, CO2, Airway pressure, Blood oxygenation), ECG and thermo controller. All
the parameters are constantly registered by custom built software. Imaris 7.1, Image J and
Photoshop are used to analyze cell movement and process the images.

Tracking of the different populations of monocytes/macrophages, microglial cells and T cells
will be achieved by using fluorescently labeled cells (e.g. by retroviral/lentiviral gene transfer,
intrathecal/peripheral injection of fluorochrome-conjugated dextran, use of bone marrow
chimeras reconstituted with GFP-transgenic hematopoietic stem cells and vice versa, and/or
the use distinct transgenic animals, e.g. CX3CR-/IBA1-GFPtg mice).
Ex vivo isolation of distinct cell populations will be performed by gradient centrifugations,
FACS, magnetic bead-based cell separation, or by laser micro dissection. Our laboratory
can perform its own analytical and preparative flow cytometry studies. In addition to a BDFACS-CaliburTM, a BD-FACS-ARIA IITM was added to our equipment in January 2011. For
gene expression profile analysis of the sorted population the laboratory is equipped with 2
real time PCR machine (Becton Dickinson)
The techniques required are well established and described in Flügel et al. NM 1999 and
Immunity 2001; Priller et al. NM 2001, Odoardi et al. PNAS 2007a and b, Bartholomäus et
al, Nature 2009 and Cordiglieri et al. 2010.
References see point 3.
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Time schedule

Year 1

Year 2

Year 3

Ad 1: In vivo characterization of the migratory
steps of myeloid cells into the CNS tissue
Characterizations of myeloid cells in the CNS
Studying the BBB transmigrations steps

Ad 2: Characterization of T-cell-APC (myeloid
cell) interactions in different CNS milieus
Characterization of T cell – meningeal/perivascular
phagocytes interactions at the initiation phase of EAE
Identification of antigen presenting cells in the CNS
parenchyma
Analyses of immunological synapses

Ad 3: Role of adhesion molecules/chemokine
signaling in the formation and stability of immune
synapses.
Ad 4. Establishment of novel fluorescent markers
Ad 5: Imaging of effector T cell/myeloid cell
interactions during chronic EAE in C57BL6 mice

2.4

Data handling

All research data will be stored according to the existing standards, e.g. lab books and
electronic data will be stored in the department.

2.5

Other information

Non applicable.
2.6

Descriptions of proposed investigations involving experiments on humans,
human materials or animals

- Experiments involving humans or human material
Non applicable.
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- Experiments with animals (Tierversuche)
Accordingly to animal protection law: permissions: Az. 33.11.42502-04-016/09, Az.
33.11.42502-04-10/0195 and follow up applications.

2.7

3

Information on scientific and financial involvement of international cooperation
partners
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uncovers microglial engraftment. Nat Med 2001 7:1356-1361.
Vianello F, Olszak IT, Poznansky MC (2005) Fugetaxis: active movement of leukocytes away from a
chemokinetic agent. J Mol Med (Berl) 83:752-763.
Volovitz I, Marmor Y, Mor F, Flügel A, Odoardi F, Eisenbach L, Cohen IR (2010) T cell vaccination
induces the elimination of EAE effector T cells: analysis using GFP-transduced,
encephalitogenic T cells. J Autoimmun 35:135-144.
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4

Requested modules/funds

4.1 Scientific staff
Funding is requested for one postdoc position:
(month 1 – 36, full position, TVÖD Entgeltgruppe 13).
The work program requires an experienced scientist trained in imaging, surgical procedures
(spinal cord and cranial windows, intrathecal injections), cell culture (establishment of T
cells), and molecular biology (ex vivo analyses of the myeloid cells and effector T cells,
generation of vectors). Christian Schläger is performing his PhD in the IMSF and by the end
of 2012 will continue to work in this project as postdoctoral fellow. He is very experienced in
all techniques that are required for this project. With the support of Simone Hamann and
Francesca Odoardi he will perform all of the experimental work.

4.2 Scientific instrumentation (Wissenschaftliche Geräte)
4.3 Consumables (Verbrauchsmaterial)

Consumables for each year
Plastic material, medium and growth factors for cell
culture
Plastic material, enzymes, oligonucleotides, taqman
probes for molecular biology
molecular assays (ELISA, Western blots, gene chips)

€

4,000

€

4,000

€
€

3,000
6,000

Primary and secondary antibodies for fluorescence
microscopy, flow cytometry, immunohistochemistry and
functional blocking experiments, labeling ingredients
(conjugated antibodies, lectins, Q-dots, etc.)
Material for EAE inductions (antigens, CFA, etc.)
€
Imaging accessories (dyes, instruments, anesthesia etc.) €
Subtotal €
Total over 3 years

3,000
3,000
23,000 €/year
69,000 €

4.4 Travel (Reisen)

See project D.

4.5 Publication expenses (Publikationskosten)
See project D.
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4.6 Other costs (Sonstige Kosten)
Lines

400

Weeks
Mainten
ance
per
animal
8

Costs
0.60/1.20€/
animal/
Week
(mice/rat)
3.840

250

14

2.100

Experiment

No of
animals

Rats

Establishment and culture of T
cell lines, bone marrow
donors, EAE induction and
imaging experiments

Mice

T cell establishment and
stimulations, Induction of EAE
and imaging

5
5.1

Total per year

5.940

Total over 3 years

17.820

Project requirements
Employment status information

Francesca Odoardi holds currently a permanent scientist position at the department of
Neuroimmunology of the University of Göttingen. Alexander Flügel works as full Professor
ibidem.
5.2

First-time proposal data

Non applicable.
5.3

Composition of the project group

Job description of staff paid from core support for the funding period requested:
Director, Dr. Alexander Flügel. This position is supported by the University Göttingen .
Alexander Flügel will supervise together with Francesca Odoardi the project. He will organize
cooperations and write (together with Francesca Odoardi) publications. He will dedicate 10 %
of his working time to this project.
Group leader, Dr. Francesca Odoardi. This position is supported by the University Göttingen.
Dr. Odoardi is an experienced group leader in the Department of Neuroimmunology and has
longstanding experienced in all the techniques of the program. She will participate in the
intravital 2-photon work and coordinate and supervise the work. She will dedicate 20 % of
her working time to this project.
Simone Hamann. Technical assistant. This position is supported by the University of
Göttingen. Mrs. Hamann joined our group in March 2009. She will contribute to the animal
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handling, EAE inductions and T cell culture. She will dedicate 20 % of her working time to
this project.
Birgit Curdt will contribute by genotyping animals. She will dedicate 10 % of her working time
to this project.
5.4
5.4.1

Cooperation with other researchers
Researchers with whom you have agreed to cooperate on this project

Collaborations within the Research Unit 1336
A1
A2
C1
B2
C4
A4

5.4.2

Hanisch: Functional characterization of myeloid cells.
Neumann: Expertise in lentiviral gene transfer into bone marrow precursor cells.
Biber/Meyer-Luehmann: Isolation of distinct myeloid cell population.
Bechmann: Ultrastructural studies.
Priller: Sharing of technical tools (lenti-/retro-viral vectors, transgenic animals) and
expertise in 2-photon laser scanning microscopy.
Jung: Use of transgenic mouse models developed by this group to target distinct
myeloid cell populations in the autoimmune process.

Researchers with whom you have collaborated scientifically within the past
three years (in alphabetical order)

Wolfgang Brück, Göttingen
Frank Emmrich, Leipzig
Andreas Guse, Hamburg
Thomas Issekutz, Halifax
Peter Nelson, München
Wilfried Nietfeld, Berlin
Barry Potter, Bath
Hartmut Wekerle, München
Jürgen Wienands, Göttingen
5.5

Scientific equipment

The Department of Neuroimmunology is equipped with all institutional and technical
requirements for the proposed project. This includes a fluorescence video microscopy setting
and a combined confocal-2PM microscope (both Zeiss), a FACS-sort and a FACS-Aria flow
cytometer (both B&D) and standard cell culture, molecular biology and biochemistry facilities.
The required rat and mouse strains are bred in our central animal facility.

5.6

Project-relevant interests in commercial enterprises

Non applicable.
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6

Additional information

6.1

Proposal submitted elsewhere

No funding for this project was requested from any other sources. In the event that such a
request will be submitted, the Deutsche Forschungsgemeinschaft will be immediately
informed.
6.2

Rules of good scientific practice

In submitting a proposal for a research grant to the DFG, the applicants agree to adhere to
the DFG’s rules of good scientific practice.
6.3

Publication list and bibliography

The applicants adhered to the guidelines for publication lists and bibliographies.

7

Signatures:

Francesca Odoardi

Alexander Flügel

Göttingen, May 1th 2012

153

FOR 1336 - Diversity of brain macrophages

154

FOR 1336 – Diversity of brain macrophages

B2 Project Description – Project Proposals
Ingo Bechmann, Prof. Dr. med.
Institute of Anatomy
University of Leipzig
Liebigstr. 13
04103 Leipzig, Germany
Phone: +49-341-97-22001
FAX:
+49-341-97-22009
E-mail: ingo.bechmann@medizin.uni-leipzig.de

B.

Project Description

Developmental specialization or local adoption: The case of “new microglia”

Summary
Microglia represent a stable population of brain antigen-presenting cells (APC) which differ
from other APC by their immune phenotype and their radio-resistance. Upon irradiation and
anterograde axonal degeneration induced by entorhinal cortex lesion CCR2+ precursors are
recruited and adopt to the local environment in that they morphologically transform into
ramified microglia. At present it is unknown whether irradiation and axonal injury-induced
intraparenchymal recruitment is dependent on the induction of metalloproteinases (MMP) -2
and -9 as it has been shown for autoimmune encephalomyelitis (EAE) and pertussis toxininduced neuroinflammation. It is also unclear if the local adoption involves phenotypical
changes and radio-resistance which are typical of intrinsic microglia. In fact, we found that
microglia has a strong capability of repairing DNA after irradiation. In this proposal, we have,
therefore, three major aims: 1. Determining whether and, if so, at which part of the vascular
tree, MMP-2 and -9 are upregulated after irradiation and axonal injury, 2) studying whether
invaded mononuclear cells adopt phenotypically and 3) whether they acquire radioresistance typical of microglia.
Zusammenfassung
Mikroglia stellen eine hochstabile Population antigenpräsentierender Zellen (APZ) dar, die
sich von APZ anderer Organe phänotypisch und durch ihre Strahlenresistenz unterscheiden.
Nach Bestrahlung, aber auch nach axonaler Läsion (induziert durch entorhinale
Cortexläsion, ECL) werden CCR2-positive Vorläuferzellen ins Gehirn rekrutiert, wo sie zu
ramifizierter Mikroglia transformieren. Es ist derzeit unbekannt, ob diese Rekrutierung auch
von der Induktion der Metalloproteinasen (MMP) 2 und 9 abhängt, wie es für die
Autoimmune Enzephalomyelitis (EAE) und eine pertussistoxininduzierte Neuroinflammation
gezeigt wurde. Unbekannt ist auch, ob einwandernde Präkursorzellen den Immunphänotyp
und die Radioresistenz von Mikroglia erwerben. Wir konnten zeigen, dass Mikroglia eine
besondere Fähigkeit zeigt, nach Bestrahlung DNA zu reparieren. Wir verfolgen deshalb in
diesem Projekt drei Hauptziele: Wir wollen herausfinden, ob und wo am Gefäßbaum MMP-2
und -9 nach Bestrahlung und axonaler Läsion induziert werden, ob eingewanderte Zellen
den Phänotyp von Mikroglia annehmen und ob sie deren Strahlenresistenz erwerben.
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State of the art an project report
1.1.1

State of the art

According to the current view microglia mainly stem from yolk sac-derived precursors giving
rise to a highly stable population (Takahashi et al. 1989, Ginhoux et al. 2010) which is largely
maintained by local mitosis and to a much lesser extent or not at all by recruitment of bloodderived mononuclear cells (Ajami et al. 2007, Wirenfeld et al. 2007). This lack of constant
substitution by bone marrow (bm)-derived mononuclear cells under normal conditions is
reflected by morphological alterations and loss of function in aged microglia which has been
reported originally by Streit (Streit 2006). On the other hand, we found that perivascular
macrophages, a population residing outside of the brain parenchyma between the glia
limitans and the vascular wall, are constantly repopulated by blood-derived monocytes in
chimeric and non-chimeric animals (Bechmann et al. 2001a/b). Understanding the population
dynamics of microglia may help to specifically target novel microglia into the brain.
Using chimeric animals, incomplete, but profound substitution of microglia by blood-derived
mononuclear cells has been detected in irradiated mice grafted with green-fluorescent
protein (gfp)-expressing bm (Priller et al. 2001). Strikingly, substitution was lost in areas of
the cns shielded during irradiation pointing to photon-effects causing the recruitment of
blood-derived cells into the brain’s parenchyma in chimeric mice (Mildner et al. 2007);
several lines of evidence show that irradiation-induced release of CCL2 is a crucial
mechanism for the recruitment of bm-derived CCR2+Ly-6Chigh precursors giving rise to new
microglia (Mildner et al. 2007, Lee et al. 2010, Ajami et al. 2011).
Using injections of the cell tracker CFDA into spleens of non-irradiated mice, we have shown
that blood-derived microglia also accumulate in areas of axonal degeneration induced by
entorhinal cortex lesion (ECL) (Bechmann et al. 2005), where high levels of CCL2 and
Mac1/CD11b+ CD45high-cells have been detected in the denervated hippocampi using in
situ hybridization and FACS analysis, respectively. Mac1/CD11b+ CD45high-cells were,
however, absent in CCR2-, but not in CCR5-deficient animals (Babcock et al. 2003). Thus, it
appears that after irradiation and axonal injury the induction of CCL2 is a common
mechanism for the recruitment of bm-derived CD45-cells into the brain’s parenchyma, while
the perivascular and leptomeningeal compartment is continuously repopulated in nonirradiated and non-lesioned animals (Bechmann at al. 2001b, Mildner et al. 2007). Of note,
deficiency in CCL2/CCR2 interaction also aggravates disease progression in a mouse model
of Alzheimer’s disease due to inhibited recruitment of monocytes into the brain (Neart et al.
2011 & 2012).
We have previously suggested that recruitment of blood-derived cells into the brain occurs in
two differentially regulated steps, 1) passage of vascular wall into perivascular spaces which
occurs under steady-state conditions and depends on CCL2/CCR2 and 2) progression
across the glia limitans into the neural parenchyma which requires pathological stimuli such
as irradiation and axonal degeneration (Bechmann et al. 2007, Owens et al. 2008).
Interestingly, genetic deficiency of matrix metalloproteinases (MMPs) 2 & 9 effectively
prevents step 2 in experimental autoimmune encephalomyelitis (EAE) thereby conferring
complete resistance in respective double knock-out mice (Agrawal et al. 2006). Similarly, in a
pertussis toxin-induced model of brain inflammation, blood-derived cells are put on hold in
perivascular spaces and cannot progress across the glia limitans when treated with the
broad-spectrum MP inhibitor BB-94/Batimastat (Toft-Hansen et al. 2006). The specificity of
MMP-deficiency/blockade to affect only the second step of neuroinflammation can be
explained by the differential laminin composition of the vascular (laminin 8 and 10) and the
glial (laminin 1 and 2) basement membranes (BM) (Sixt et al. 2001): Dystroglycan, a
transmembrane receptor that anchors astrocyte endfeet to the glial BM via high affinity
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interactions with laminins 1 and 2, perlecan and agrin, has been identified as a specific
substrate of MMP-2 and MMP-9 (Agrawal et al. 2006). Although of high clinical interest, the
potential induction of MMPs at the gliovascular compartment by irradiation of the brain has
not been studied at present.
Another lesson which can be drawn from the work with bone-marrow chimeras is that
microglia appears to be radio-resistant, while mononuclear antigen-presenting cells (APC) of
the perivascular and leptomeningeal compartment as well as those of the circulation, the
spleen and the bm are not (Ransohoff 2007). We have recently established irradiation of
organotypic brain- and glioblastoma slice cultures with photons and heavy ions and found
that microglia survive even highest doses (40 Gy) and among other brain cells respond to
irradiation by repairing DNA using γH2Ax (Merz et al. 2010, Merz and Bechmann 2011). It is
known that irradiation induces the NF-kappaB pathway via p53-induced protein (Dong et al.
2010) which may induce the release of CCL2 detected in irradiated brains (Mildner et al.
2007). At present, it is unknown whether radio-resistance of microglia is a feature inherent to
the origin and development or induced by local cues of the brain parenchyma which would
convey radio-resistance to de novo recruited CCR2+Ly-6Chigh precursors. To address this
issue, we have systematically compared CD45high, CD45intermediate, and CD11c+ microglia to
APCs of other organs (spleen, lung, liver). We can now allow these cells invasion into
organotypic brain slices and study their local adoption in situ and upon re-isolation and FACS
analysis (Fig. 3; Vinet et al. 2012).

1.1.2 Preceding report
Irradiation of slice cultures. We have employed organotypic entorhino-hippocampal slice
cultures as a tool to observe and interfere with microglial responses to various stimuli in vitro
(Kluge et al. 1998, Gimsa et al. 2000, Nitsch, Bechmann et al. 2000) and have now begun to
use this model to evaluate mechanisms of susceptibility to irradiation and radio-resistance of
brain cells (Müller et al. 2010, Merz et al. 2010, Merz and Bechmann 2011). Upon exposure
to various doses of photons and after various time points after irradiation, slices can be fixed
and cut perpendicularly to their longitudinal axis to search for dying cells (activated caspase
3), proliferation (Ki67), DNA repair (γH2Ax), and markers of microglial activation
(morphology, IBA-1, CD11c, CD11b, MHC-II). We found little, if any dying microglia even
after supraclinical doses (40Gy), but rapid induction of γH2Ax, the serine 139-phosphorylated
form of H2AX (Fig. 1). This phosphorylation occurs in response to double strand breaks and
allows access of the repair machinery.
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Fig.1: Irradiation induces
DNA repair using γH2Ax:
Perpendicular sections of
organotypic slice cultures
exposed to Carbon with a
fluency
of
8E6p/cm2.
Individual particle tracks are
reflected by γH2Ax staining
(red
arrows).
Similar
responses are found after
irradiation with photons at
equal doses
(Merz et al.,
2010).
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Comparison of phenotypes of CD45+ cells from various organs. In cooperation with
FOR1336-members Biber and Hanisch, we have developed a uniform protocol allowing
isolation of the CD45+ fraction from brain, spleen, liver, and lung. In a comparative approach,
we compared expression of MHC-II, F4/80, CD80, CD86, CD103, CXCR1, CCR2, CCR7,
and Flt2 among these populations, and found remarkably low MHC-II as a unique feature of
both, the CD45intermediate and CD45high population of the brain (Fig. 2). We can now allow
originally non-brain derived CD45+ populations to invade organotypic slices (Fig. 3, Vinet et
al. 2012), then re-isolate them in order to test for (in-)complete transformation into microglialike elements.

Fig. 2: Comparison of APC’s immune phenoptype in different organs. An
apparent feature is the low level of MHC-II on brain cells. We can now explore
whether e.g. spleen cells transferred onto brain adopt a similar phenotype.
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Fig. 3: Invasion of isolated mononuclear populations into organotypic slice cultures.
Here, CD11c-GFP cells isolated from spleen have been seated on slices and allowed to
adapt to their new environment for 48h. Slices were then fixed and counterstained for
microglial markers.

Medial entorhinal cortex lesion (ECL). We have extensively used this model to induce
layer-specific axonal degeneration in the hippocampus of mice and rats to study e.g. gial
phagocytosis (Bechmann and Nitsch 1997), invasion of T cells and antigen presentation
(Bechmann et al. 2001, Mutlu et al. 2007), transsynaptic neurodegeneration (Kovac et al.
2004), but also invasion of bm-derived mononuclear cells (Fig. 4) (Bechmann et al. 2005,
Prodinger et al. 2011), which arrive in the parenchyma within the first 24h after lesion.
Fig. 4: Invasion of BM-derived
GFP-expressing cells into areas of
axonal injury after ECL. Please
note that leptomeningeal and
perivascular recruitment occurs in
the
non-lesioned
contralateral
hemisphere (A/C), while bloodderived mononuclear cells reach the
parenchyma only in the lesioned
hippocampus, where they ramify into
microglia-like elements (B/D).
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Figure 5:. Invasion of CFDA-labeled splenocytes after ECL. A–B) control with no CFDA injection.
C–D) CFDA injection 24 h before ECL. Overviews of the entorhino-hippocampal region (A, C) and the
denervated hippocampus (B,D) at 48 hpl. A bright fluorescence is visible at the lesion site (A–C), and
cellular structures are seen in the dentate gyrus and cornu ammonis of CFDA-injected animals (C–D).
Although the former is apparently autofluorescent, because it can also be observed in controls with no
CFDA injections (A–B), the cellular structures are absent in the cross sections of these animals (C–D).
E–G) CFDA-labeled cells (arrowheads in E) express MAC-1 (arrowheads in G), as demonstrated in
the overlay (arrowheads in F). Note that CFDA is located in the perinuclear regions of labeled cells.
Therefore, their ramified morphology becomes apparent only after staining them with MAC-1. The red
arrows point to ramified and round cells, which are not labeled with CFDA, most likely representing
intrinsic microglia or recruited monocytic cells, which were not present in the spleen at the time of
CFDA injection.

Importantly, recruitment does not only occur in irradiated bm-chimeras, which were created
to distinguish between intrinsic microglia and GFP-expressing infiltrating cells (Fig. 4), but
also in non-irradiated, non-chimeric mice, which received intrasplenic injections of the cell
tracker CFDA for the detection of blood-borne mononuclear cells (Fig. 5).
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Project-related publications

1.1.3 Articles published from the funded project
#

Locatelli G, Wörtge S, Buch T, Ingold B, Frommer F, Sobottka B, Krüger M, Karram K, Bühlmann C,
Bechmann I, Heppner FL, Waisman A, Becher B (2012). Primary oligodendrocyte death does
not elicit anti-CNS immunity. Nat. Neurosci. 15(4), 543-50.

Kaminski M, Bechmann I, Pohland M, Kiwit J, Nitsch R, Glumm J (2012). Migration of monocytes after
intracerebral injection at entorhinal cortex lesion site. J. Leukoc. Biol. (online) (with title page
and an Editorial by J.D. Laman and R. Weller)
Prodinger C, Bunse J, Krüger M, Schiefenhövel F, Brandt C, Laman JD, Greter M, Immig K, Heppner
F, Becher B, Bechmann I (2011). CD11c-expressing cells reside in the juxtavascular
parenchyma and extend processes into the glia limitans of the mouse nervous system. Acta
Neuropathol. 121(4), 445-58.
#

Mildner A, Schlevogt B, Kierdorf K, Böttcher C, Erny D, Kummer MP, Quinn M, Brück W, Bechmann I,
Heneka MT, Priller J, Prinz M (2011). Distinct and non-redundant roles of microglia and
myeloid subsets in mouse models of Alzheimer's disease. J. Neurosci. 31(31), 11159-71.

#

Pukrop T, Dehghani F, Chuang HN, Lohaus R, Bayanga K, Heermann S, Regen T, Van Rossum D,
Klemm F, Schulz M, Siam L, Hoffmann A, Trümper L, Stadelmann C, Bechmann I, Hanisch
UK, Binder C (2010). Microglia promote colonization of brain tissue by breast cancer cells in a
Wnt-dependent way. Glia 58(12), 1477-89.

1.1.4

Other publications

Cervantes-Barragán L, Firner S, Bechmann I, Waisman A, Lahl K, Sparwasser T, Thiel V, Ludewig B
(2012). Regulatory T Cells Selectively Preserve Immune Privilege of Self-Antigens during Viral
Central Nervous System Infection. J. Immunol. 188(8), 3678-85.
Gil-Cruz C, Perez-Shibayama C, Firner S, Waisman A, Bechmann I, Thiel V, Cervantes-Barragan L,
Ludewig B (2012). T helper cell- and CD40-dependent germline IgM prevents chronic virusinduced demyelinating disease. Proc. Natl. Acad. Sci. U S A. 109(4), 1233-8.
Ferreira A, Marguti I, Bechmann I, Jeney V, Chora A, Palha NR, Rebelo S, Henri A, Beuzard Y,
Soares MP (2011). Sickle hemoglobin confers tolerance to Plasmodium infection. Cell 145(3),
398-409.
Krueger M, Bechmann I (2010) CNS pericytes: concepts, misconceptions, and a way out. Glia 58(1),
1-10.
Merz F, Müller M, Taucher-Scholz G, Rödel F, Stöcker H, Schopow K, Laprell L, Dehghani F, Durante
M, Bechmann I (2010) Tissue slice cultures from humans or rodents: a new tool to evaluate
biological effects of heavy ions. Radiat. Environ. Biophys. 49(3), 457-62.
#

these publications are joint publications from members of the research unit 1336

1.1.5 Patents
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1.1.5.1 Pending
None.
1.1.5.2 Issued
None.

2

Objectives and work programme

2.1

Anticipated total duration of the project

36 months.
2.2
Objectives
Microglia represent a stable population of brain APC which differ from other APC by their
immune phenotype and their radio-resistance. Upon irradiation and anterograde axonal
degeneration induced by entorhinal cortex lesion CCR2+ precursors are recruited and adopt
to the local environment in that they morphologically transform into ramified microglia
(Babcock et al. 2003, Wirenfeldt et al. 2005, Bechmann et al. 2005). At present it is unknown
whether irradiation and axonal injury-induced intraparenchymal recruitment is dependent on
the induction of MMP-2 and -9 as it has been shown for EAE and pertussis toxin-induced
neuroinflammation (Agrawal et al. 2006, Toft-Hansen et al. 2006). It is also unclear if the
local adoption also involves phenotypical changes and radio-resistance which are typical of
intrinsic microglia.
Specifically, we have three major aims in this proposal:
We want to
1.

examine whether and, if so, at which part of the vascular tree MMP-2 and -9 are
induced after irradiation and axonal injury and how long it takes until/-if the glial
basement membrane recovers

2.

examine whether invaded mononuclear cells adopt phenotypically

3.

examine whether invaded mononuclear cells aquire radio-resistance

Taken together our experiments will clarify whether i) recruitment of blood-derived cells into
the brain parenchyma in EAE, axonal injury, and irradiation share induction of MMP-2 and -9
as a common mechanism enabling the second step in neuroinflammation, and ii) whether
typical microglial features such as low MHC-II expression and radio-resistance are intrinsic
and due to developmental peculiarities or driven by local cues on mononuclear cells in
general.
2.3

Work programme incl. proposed research methods

Methods
Entorhinal cortex lesion. Stereotactic surgery is performed under deep ketamine
anesthesia (1.0 mg/100 g body weight). The left medial entorhinal cortex is lesioned using a
1,2 mm broad knife. The medial edge of the knife was adjusted to the following coordinates
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as measured from λ: anteroposterior 0.4 mm, lateral 1.2 mm, and dorsoventral down to the
base of the skull.
Irradiation of bone marrow chimeric mice. CD11c-GFP mice are killed by cervical
dislocation. Bone marrow (BM) cells are isolated by flushing femur and tibia bones with
Dulbecco’s Modified Eagle Medium (DMEM) containing 1% penicillin/streptomycin and 1%
fetal bovine serum (all from GIBCO, Invitrogen, Karlsruhe, Germany) filtered through a 40 lm
cell strainer (BD, Heidelberg, Germany). C57BL/6J wild type (wt) recipient mice are lethally
irradiated with 11 Gy (split dose 2 x 5.5 Gy) and intravenously injected with 5x106 BM cells.
Cell isolation. After transcardic perfusion with ice-cold PBS, liver, lung, spleen and brain
were removed. Organs and brain are homogenized with a glass potter (Braun) and filtrated
through a 70 µm cell strainer (BD). Mononuclear cells are isolated from brain homogenates
with a Percoll-Gradient (GE, Healthcare). Organs are incubated for 30 minutes in
erythrocyte-lysis-buffer. After washing cells with ice-cold-PBS, cells are prepared for flow
cytometry.
Flow cytometry staining. Seven-color flow cytometry is performed. Cells are incubated for
10 minutes with CD16/CD32-antibody (eBioscience) to block Fc-receptors. For primary
labeled antibodies like CD11c, CD11b, CD45, F4/80, MHC-II, CD80, CD86, CD103 and
CCR7 (eBioscience, BD Pharmingen), cells are incubated for 30 min followed by washing
with PBS. For non-primary labeled antibodies like Flt3, CCR2 and CX3CR1 (Abcam), cells
are incubated for 30 min with the primary antibody, washed once with PBS and incubated
also for 30 min with the secondary antibodies. Cell staining is analyzed using a LSR II flow
cytometer ( Becton Dickinson) which is available in a core facility of the faculty.
Organotypic slice cultures. Organotypic slice cultures are prepared from either 3-day old
or adult mice. In brief, mice are perfused with saline to eliminate blood leukocytes from the
circulation. After decapitation, the brain is rapidly removed under sterile conditions and
placed in ice-cold preparation medium consisting of 50% minimum essential medium (MEM)
(Gibco, Karlsruhe, Germany), 49 ml aqua pro inject, with 2 mM L-glutamine (Gibco,
Karlsruhe, Germany) at pH 7.35. The hippocampi are taken from the brain and cut into 350
lm thick vertical slices on a tissue chopper (Technical Products International, St. Louis, MO,
USA) or a vibratom. Subsequently, the slices are cultured on Millipore cell culture inserts
(pore size 0.4 lm; Millipore, USA) in six-well plates containing cultivation medium. The sterile
medium contained 25% MEM, 25% basal medium eagle (BME) (Gibco, Karlsruhe,
Germany), 25% heat-inactivated normal horse serum (Gibco), 20.9 ml aqua pro inject, 2 mM
L-glutamine, 0.65% glucose-20 (Braun, Melsungen, Germany), at pH 7.2. The organotypic
slice cultures are incubated at 37oC in a humidified atmosphere with 5% CO2 for various
phases of time. The culture medium is changed every 48 h. The serum-free medium
contained (for 100 ml) 37.5 ml MEM, 20.9 ml aqua pro inject, 37.5 ml BME with 2 mM
glutamine and 0.65% glucose-20 (Gibco, Karlsruhe, Germany) at pH 7.2.
Specific aim 1
In EAE after pertussis toxin-induced neuroinflammation double gene-deficiency or blockade
of MMP-2 and MMP-9 has been shown to put infiltrating cells on hold in perivascular spaces.
Monocytes and T cells were no longer able to cross the glia limitans, while their passage of
the vascular wall was not effected (Agrawal et al. 2006, Toft-Hansen et al. 2006).
We hypothesize that induction of MMP-2 and/or MMP-9 is crucial for disconnecting the glial
basement membrane from astrocytic endfeet at the glia limitans as a decisive step in
parenchymal infiltration (step 2 in neuroinflammation) and therefore, that MMP- 2 and -9 are
also induced after brain irradiation and axonal injury were infiltration of CCR2+ precursors
giving rise to novel microglia have been detected.
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Experiments to be performed:
We will perform medial entorhinal cortex lesions (ECL) in C57bl6 mice, were we found
invasion to occur within 24 h after surgery (Bechmann et al. 2005). Also, mice will be
irradiated with initially two times 5,5 Gy. Activation and expression of MMP-2 and -9 will be
measured using immune fluorescence staining for pan-laminin and β-dystroglycan (which
has been shown to disappear upon MMP 2 & 9 activation; Agrawal et al. 2006), qPCR for
MMP 2 & 9 (compared to the contralatral non-lesoned hippocampus and non-irradiated,
respectively), and zymography. Experiments in organotypic entorhino-hippocampal slice
cultures, where ECL and irradiation are established (Kluge et al. 1998, Merz et al. 2010,
Müller et al. 2010) will be performed in parallel to test whether MMP induction depends on
the presence of a blood/immune compartment or also occurs in isolated neural tissues.
It is currently unknown how long the glial barrier is opened in response to axonal injury and
irradiation. We therefore will not restrict our experiments to the first days after ECL (on each
of days 1, 3, 5, and 7 we plan to sacrifice five animals), but also study potential long term
damage or recovery of the connection of astrocytic endfeet to the glia bm at the βdystroglycan complex using the above mentioned techniques and (immune) electron
microscopy with which we already detected massive digestion at the glia limitans in post
capillary venules after ECL (Fig. 5). If we find long-term alterations (beyond day 7) of βdystroglycan at the glia limitans, we will perform intrasplenic CFDA-injections (Bechmann et
al. 2005) in order to test whether recruitment takes place at later times after ECL.

Fig. 5: Glia limitans of post capillary venules under normal conditions and in acute EAE. Note
the massive digestion at the glial bm and the mononuclear cells attached to the endothelium.

These experiments will for the first time explore the induction of MMP-2 & -9 in response to
axonal injury and irradiation and aim at testing whether the induction occurs at specific parts
of the vascular tree, e.g. at capillaries or venules. If our hypothesis is confirmed, we could
provide a uniform mechanism underlying the passage of the glia limitans by inflammatory
monocytes. Moreover, we can determine how long it takes to repair the glial bm.
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Specific aim 2
In the first funding period we have begun to systematically compare CD45high, CD45intermediate,
and CD11c+ microglia to APCs of other organs (spleen, lung, liver; please see Fig. 2 & 6)
under normal conditions and in EAE (Fig. 4). Cells from all organs were isolated using the
same protocol which we developed with the help of FOR1336-members Biber and Hanisch.
We studied expression of MHC-II, CD80, CD86, CD103, F4/80, CX3CR1, CCR2, CCR7, and
Flt3 and found very low MHC-II expression on microglia as the only clearly distinctive feature.

Fig. 6: Comparison of immune phenotypes of APCs from brain, spleen, liver, and lung under
normal conditions and in EAE.

This raises the question of whether microglia by default is MHC-IIlow under normal conditions
or whether local cues drive this adoption. In fact, it has been an early notion that blood
monocytes and spleen macrophages cultured on astrocytes ramify and develop microglialike inward and outward K(+)-rectifyer and the Na(+)-currents (Schmidtmayer et al. 2004,
Sievers et al. 1994).
Therefore, we hypothesize that local cues (e.g. CD200, IL-10, matrix elements) rather than a
default-differentiation determines the site-specific phenotype of APCs. This would imply that
recruited mononuclear cells could widely transform into microglia-like elements. But it is also
conceivable that they do not, thereby keeping certain features such as expression of MHC-II
and co-stimulatory molecules which may critically alter the regulation of tolerance versus
immunity within the brain upon a period of recruitment of novel, non-original microglia.
On the other hand, we have shown that T cells and monocytes can leave the brain via the
cribriform plate. In the nasal mucosa, they gain access to lymph vessels and specifically
target deep cervical lymph nodes (dCLN; Fig. 7) (Goldmann et al. 2006, Kaminsiki 2012).
Moreover, we found that myelin epitopes are present in dCLN after axonal degeneration and
diphtheria-toxin driven death of oligodendrocytes and their presentation causes immune
tolerance rather than autoimmunity (Mutlu et al. 2006, Locatelli et al. 2012). Thus, we want to
know as to how far (CD11c+) microglia cultured on slices from lymphoid organs (we will use
spleen cultures established in our lab) maintain their tolerogenic MHC-IIlow/CD80low phenotyp.

166

FOR 1336 – Diversity of brain macrophages

Fig. 7: Migration of injected monocytes from brain to dCLN after axonal injury. Arrows indicate
representative deep CLNs at 12 h post injection (hpi) (A), 24 hpi (B), 48 hpi (C), and 7 days pi (D) of
GFP monocytes at ECL lesion site. At 12 hpi, no GFP-positive cells were detectable (A). After 24
hpi, generally at least one section of a LN contained one GFP cell (B). We detected a slight increase
of the amount of GFP cells at 48 hpi, with one or two GFP cells/section (C). The number of GFPexpressing cells peaked at 7 dpi, with at least 10 GFP cells/section (D). The graph (E) demonstrates
the average of the total number of cells/mm2 found in slices at different time-points (n_10; except for
14 and 21 dpi, n_5). The highest accumulation was typically found at 7 dpi with 11 GFP cells/mm2,
and virtually no cells could be detected after 14 dpi (*P_0.00005).
From Kaminski et al., 2012

Experiments to be performed:
We will test this hypothesis by culturing CFDA-labeled APCs from lung, spleen, and liver
onto brain slices for 12, 24, 36, and 48 and 96h and subsequently re-isolating them for FACS
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analysis. Vice versa we will culture CFDA-labeled microglia on spleen and liver slices and
subsequently analysis whether this environment causes them to transform into
phenotypically spleen-like cells. (Fig. 8).

Fig. 8: The scheme shows the planned approach to test as to how far environment
determines a site specific environment. Lung, liver, and spleen-derived APCs will be
seated on organotypic brain slice cultures, while microglia will be allowed to adapt to liver
and spleen (we were hitherto unable to prepare slices from lungs). All required steps are
established in our laboratory.
These experiments will for the first time test whether microglia, once outside the brain,
adopts to a new environment by exhibiting the typical local immune phenotype.
They will also explore whether local cues of the brain parenchyma drive adoption into a
microglia-like phenotype, most importantly by down-modulating the expression of MHC-II on
non-brain derived APC. The acquired data will moreover allow for novel concepts on
reversible and irreversible commitments during development and differentiation of
mononuclear cells and the test system can be used by other members of the consortium.

Specific aim 3
The use of bm-chimeric mice to dissect between intrinsic microglia and bm-derived cells
implies that microglia are radio-resistant (Ransohoff 2007). In fact, Kennedy and Abkowitz
(1997) reported that alveolar and Kupffer cell replacement takes place after bmtransplantation, but in the brain bm-derived cells were widely restricted to the leptomeningeal
and the perivascular compartment. It is, however, unclear whether microglia survive
irradiation due to well-working intrinsic repair programs or the local absence of deathinducing signals (such as death-ligand expressing cells) as we have proposed recently
(Müller et al. 2010). We have established irradiation of organotypic slice cultures with
photons and heavy ions in order to directly monitor their effects on different brain populations
(Merz et al. 2010, Bechmann and Merz 2011).
We plan to irradiate microglial cultures and compare the dose-dependent cell death to the
rate induced in APC from spleen, liver, and lunge. If microglia proof to be more radioresistant under such isolated conditions, it would strongly argue for superior repair
mechanism or enhanced resistance to irradiation-induced apoptosis in microglia. If the latter
is true, microglia may survive irradiation and look intact, but be strongly defective and/or
unable to proliferate. This would be of high interest, e.g. in regard to the interpretation of data
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obtained in bm-chimeras. However, it is also conceivable that isolated microglia does not
differ from other CD45+ populations pointing to brain specific features driving radioresistance. If so, we would use the paradigm shown in Specific Aim 2 to confirm that CD45+
cells regardless of their origin develop relative radio-resistance once inside the brain. It is, in
fact, becoming increasingly clear that irradiation does not only involve damage of the DNA,
but also cytoplasmic affection and activation of bystander cells which may eventually be
crucial for cell death induction e.g. via death ligands such as TRAIL (Müller et al. 2010). The
distance to bystander cells in the neuropil of the white matter could be a simple reason for a
lack of death induction.

Time schedule
Year 1

Year 2

Year 3

Specific aim 1 (MMP)
Specific aim 2 (Transformation)
Specific aim 3 (Radio-resistance)

2.4

Data handling

All research data will be stored according to the existing standards, e.g. lab books and
electronic data will be stored in the department.
2.5

Other information

Non applicable.
2.6

Descriptions of proposed investigations involving experiments on humans,
human materials or animals

- Experiments involving humans or human material
Non applicable.

- Experiments with animals (Tierversuche)
Our group takes the issue of animal welfare very seriously. We are currently funded by the
BMBF within the call for the development of models substituting in vivo experiments in
rodents and I am among the panel of experts of the BMBF in the respective field. We are
applying respective techniques (acute and organotypic slice culturing) also in this proposal.
2.7

Information on scientific and financial involvement of international cooperation
partners

169

FOR 1336 – Diversity of brain macrophages

3

Bibliography

Agrawal S, Anderson P, Durbeej M, van Rooijen N, Ivars F, Opdenakker G, Sorokin LM (2006).
Dystroglycan is selectively cleaved at the parenchymal basement membrane at sites of
leukocyte extravasation in experimental autoimmune encephalomyelitis. J Exp Med. 203(4),
1007-19.
Ajami B, Bennett JL, Krieger C, Tetzlaff W, Rossi FM (2007). Local self-renewal can sustain CNS
microglia maintenance and function throughout adult life. Nat Neurosci. 10(12), 1538-43.
Ajami B, Bennett JL, Krieger C, McNagny KM, Rossi FM (2011). Infiltrating monocytes trigger EAE
progression, but do not contribute to the resident microglia pool. Nat Neurosci. 14(9), 1142-9.
Babcock AA, Kuziel WA, Rivest S, Owens T (2003). Chemokine expression by glial cells directs
leukocytes to sites of axonal injury in the CNS. J Neurosci. 23(21), 7922-30.
Bechmann I, Peter S, Beyer M, Gimsa U, Nitsch R (2001). Presence of B7--2 (CD86) and lack of B7-1 (CD(80) on myelin phagocytosing MHC-II-positive rat microglia is associated with
nondestructive immunity in vivo. FASEB J. 15(6), 1086-8.
Bechmann I, Nitsch R (1997). Astrocytes and microglial cells incorporate degenerating fibers following
entorhinal lesion: a light, confocal, and electron microscopical study using a phagocytosisdependent labeling technique. Glia 20(2), 145-54
Bechmann I, Priller J, Kovac A, Böntert M, Wehner T, Klett FF, Bohsung J, Stuschke M, Dirnagl U,
Nitsch R (2001a). Immune surveillance of mouse brain perivascular spaces by blood-borne
macrophages. Eur J Neurosci. 14(10), 1651-8.
Bechmann I, Kwidzinski E, Kovac AD, Simbürger E, Horvath T, Gimsa U, Dirnagl U, Priller J, Nitsch R
(2001b). Turnover of rat brain perivascular cells. Exp Neurol. 168(2), 242-9.
Bechmann I, Goldmann J, Kovac AD, Kwidzinski E, Simbürger E, Naftolin F, Dirnagl U, Nitsch R,
Priller J (2005). Circulating monocytic cells infiltrate layers of anterograde axonal degeneration
where they transform into microglia. FASEB J. 19(6), 647-9.
Bechmann I, Galea I, Perry VH (2007). What is the blood-brain barrier (not)? Trends Immunol. 28(1),
5-11.
Dong XR, Luo M, Fan L, Zhang T, Liu L, Dong JH, Wu G (2010). Corilagin inhibits the double strand
break-triggered NF-kappaB pathway in irradiated microglial cells. Int. J. Mol. Med. 25(4), 5316.
Gimsa U, Peter SV, Lehmann K, Bechmann I, Nitsch R (2000). Axonal damage induced by invading T
cells in organotypic central nervous system tissue in vitro: involvement of microglial cells.
Brain Pathol. 10(3), 365-77.
Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, Mehler MF, Conway SJ, Ng LG, Stanley
ER, Samokhvalov IM, Merad M (2010). Fate mapping analysis reveals that adult microglia
derive from primitive macrophages. Science 330(6005), 841-5.
Goldmann J, Kwidzinski E, Brandt C, Mahlo J, Richter D, Bechmann I (2006). T cells traffic from brain
to cervical lymph nodes via the cribroid plate and the nasal mucosa. J Leukoc Biol. 80(4), 797801.
Kaminski M, Bechmann I, Pohland M, Kiwit J, Nitsch R, Glumm J (2012). Migration of monocytes after
intracerebral injection at entorhinal cortex lesion site. J. Leukoc. Biol., (online 2012 Jan 30)

170

FOR 1336 – Diversity of brain macrophages
Kennedy DW, Abkowitz JL (1997). Kinetics of central nervous system microglial and macrophage
engraftment: analysis using a transgenic bone marrow transplantation model. Blood 90(3),
986-93.
Kluge A, Hailer NP, Horvath TL, Bechmann I, Nitsch R (1998). Tracing of the entorhinal-hippocampal
pathway in vitro. Hippocampus 8(1), 57-68.
Kovac AD, Kwidzinski E, Heimrich B, Bittigau P, Deller T, Nitsch R, Bechmann I (2004). Entorhinal
cortex lesion in the mouse induces transsynaptic death of perforant path target neurons. Brain
Pathol. 14(3), 249-57.
Lee WH, Sonntag WE, Mitschelen M, Yan H, Lee YW (2010). Irradiation induces regionally specific
alterations in pro-inflammatory environments in rat brain. Int J Radiat Biol. 86(2), 132-44.
Locatelli G, Wörtge S, Buch T, Ingold B, Frommer F, Sobottka B, Krüger M, Karram K, Bühlmann C,
Bechmann I, Heppner FL, Waisman A, Becher B (2012). Primary oligodendrocyte death does
not elicit anti-CNS immunity. Nat Neurosci. 15(4), 543-50.
Merz F, Müller M, Taucher-Scholz G, Rödel F, Stöcker H, Schopow K, Laprell L, Dehghani F, Durante
M, Bechmann I (2010). Tissue slice cultures from humans or rodents: a new tool to evaluate
biological effects of heavy ions. Radiat. Environ. Biophys. 49(3), 457-62.
Merz F, Bechmann I (2011). Irradiation of human tumor tissue cultures: optimizing ion radiation
therapy. Future Oncol. 7(4), 489-91.
Mildner A, Schmidt H, Nitsche M, Merkler D, Hanisch UK, Mack M, Heikenwalder M, Brück W, Priller
J, Prinz M (2007). Microglia in the adult brain arise from Ly-6ChiCCR2+ monocytes only under
defined host conditions. Nat. Neurosci. 10(12), 1544-53.
Müller M, Durante M, Stöcker H, Merz F, Bechmann I (2010). Modeling radiation effects at the tissue
level. Eur.Phys.J.D 60, 171–176.
Mutlu L, Brandt C, Kwidzinski E, Sawitzki B, Gimsa U, Mahlo J, Aktas O, Nitsch R, van Zwam M,
Laman JD, Bechmann I (2007). Tolerogenic effect of fiber tract injury: reduced EAE severity
following entorhinal cortex lesion. Exp. Brain Res. 178(4), 542-53.
Naert G, Rivest S (2011). CC chemokine receptor 2 deficiency aggravates cognitive impairments and
amyloid pathology in a transgenic mouse model of Alzheimer's disease. J Neurosci. 31(16),
6208-20.
Naert G, Rivest S (2012). Hematopoietic CC-Chemokine Receptor 2 (CCR2) Competent Cells Are
Protective for the Cognitive Impairments and Amyloid Pathology in a Transgenic Mouse Model
of Alzheimer's Disease. Mol. Med. 18(3), 297-313.
Nitsch R*, Bechmann I*, Deisz RA, Haas D, Lehmann TN, Wendling U, Zipp F (2000). Human braincell death induced by tumour-necrosis-factor-related apoptosis-inducing ligand (TRAIL).
Lancet 356(9232), 827-8.
Owens T, Bechmann I, Engelhardt B (2008). Perivascular spaces and the two steps to
neuroinflammation. J. Neuropathol. Exp. Neurol. 67(12), 1113-21.
Priller J, Flügel A, Wehner T, Boentert M, Haas CA, Prinz M, Fernández-Klett F, Prass K, Bechmann I,
de Boer BA, Frotscher M, Kreutzberg GW, Persons DA, Dirnagl U (2001). Targeting genemodified hematopoietic cells to the central nervous system: use of green fluorescent protein
uncovers microglial engraftment. Nat. Med. 7(12), 1356-61.
Prodinger C, Bunse J, Krüger M, Schiefenhövel F, Brandt C, Laman JD, Greter M, Immig K, Heppner
F, Becher B, Bechmann I (2011). CD11c-expressing cells reside in the juxtavascular

171

FOR 1336 – Diversity of brain macrophages
parenchyma and extend processes into the glia limitans of the mouse nervous system. Acta
Neuropathol. 121(4), 445-58.
Ransohoff RM (2007). Microgliosis: the questions shape the answers. Nat. Neurosci. 10(12), 1507-9.
Sievers J, Parwaresch R, Wottge HU (1994). Blood monocytes and spleen macrophages differentiate
into microglia-like cells on monolayers of astrocytes: morphology. Glia 12(4), 245-58.
Schmidtmayer J, Jacobsen C, Miksch G, Sievers J (1994). Blood monocytes and spleen macrophages
differentiate into microglia-like cells on monolayers of astrocytes: membrane currents. Glia
12(4), 259-67.
Sixt M, Hallmann R, Wendler O, Scharffetter-Kochanek K, Sorokin LM (2001) Cell adhesion and
migration properties of beta 2-integrin negative polymorphonuclear granulocytes on defined
extracellular matrix molecules. Relevance for leukocyte extravasation. J. Biol. Chem. 276(22),
18878-87.
Streit WJ (2006). Microglial senescence: does the brain’s immune system have an expiration date?
Trends Neurosci. 29, 506–510
Takahashi K, Yamamura F, Naito M (1989). Differentiation, maturation, and proliferation of
macrophages in the mouse yolk sac: a light-microscopic, enzyme-cytochemical,
immunohistochemical, and ultrastructural study. J. Leukoc. Biol. 45(2), 87-96.
Toft-Hansen H, Buist R, Sun XJ, Schellenberg A, Peeling J, Owens T (2006). Metalloproteinases
control brain inflammation induced by pertussis toxin in mice overexpressing the chemokine
CCL2 in the central nervous system. J. Immunol. 177(10), 7242-9.
Vinet J, Weering HR, Heinrich A, Kälin RE, Wegner A, Brouwer N, Heppner FL, Rooijen Nv, Boddeke
HW, Biber K (2012). Neuroprotective function for ramified microglia in hippocampal
excitotoxicity. J. Neuroinflammation 9, 27.
Wirenfeldt M, Babcock AA, Ladeby R, Lambertsen KL, Dagnaes-Hansen F, Leslie RG, Owens T,
Finsen B (2005). Reactive microgliosis engages distinct responses by microglial
subpopulations after minor central nervous system injury. J. Neurosci. Res. 82(4), 507-14.
Wirenfeldt M, Dissing-Olesen L, Anne Babcock A, Nielsen M, Meldgaard M, Zimmer J, Azcoitia I,
Leslie RG, Dagnaes-Hansen F, Finsen B (2007). Population control of resident and immigrant
microglia by mitosis and apoptosis. Am. J. Pathol. 171(2), 617-31.

4
4.1

Requested modules/funds
Scientific staff (Job description of staff funding is requested for)

Funding is requested for one post-doc position:
(month 1-36, full position, TVÖD 13)

59,700 € per year,
total 179,100 €

The work requires an experienced scientist trained in animal surgery and irradiation, cell
isolation and culture and FACS-analysis/FACS-sorting. Kerstin Immig has acquired
respective knowledge in the first funding period and will perform her PhD in 2012/early 2013.
She would like to continue working within the FOR1336 and is already well interconnected to
other projects.
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4.2

Scientific instrumentation (Wissenschaftliche Geräte)

Non applicable.

4.3

Consumables (Verbrauchsmaterial)

Consumables for each year
Cell culture media
6/12-Well Plates, alcohol, antibiotics
Material for PCR including primers
Primary antibodies for flow cytometry
Secondary antibodies for flow cytometry
Primary antibodies for immunhistochemistry
Secondary antibodies for immunhistochemistry
Chemicals
Subtotal
Over 3 years

€
€
€
€
€
€
€
€

2.000
2.000
2.000
2.000
1.500
4.000
2.000
3.000
18.500 € per year
total 55.500 €

4.4
Travel (Reisen)
See project D.
4.5
Publication expenses (Publikationskosten)
See project D.
4.6

Other costs (Sonstige Kosten)

Animal costs will be covered from the publication-bonus of the faculty (“LOM”).

5
5.1

Project requirements
Employment status information

Bechmann, Ingo: I am currently Professor of Anatomy and heading the Institute of Anatomy
at the University of Leipzig. I have a permanent position.
5.2

First-time proposal data

Non applicable.
5.3

Composition of the project group

The following people from the Institute of Anatomy will be funded from the basic equipment
and will provide support for the project:
Annemarie Brachmann (Technician, permanent contract): She will spend 20 % of her
working time to this project by helping with histology (perfusion of animals, preparing of the
CNS tissue, embedding of the samples, providing paraffin sections).
Judith Cratz (Technician, permanent contract): She will spend 20% of her time embedding
and cutting tissues for electron microscopy for us and other members of the consortium.
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Martin Krüger (Physician, Research Assistant, three years contract): He will spend 10-20% of
his time performing electron microscopy for members of the consortium.
Ingo Bechmann (Head of the department, permanent contract): as director of the institute I
will spend 15 % of my working time with supervising the project.

5.4

Cooperation with other researchers

5.4.1

Researchers with whom you have agreed to cooperate on this project

Collaborations within the Research Unit 1336
A1
A3
A4
B1
B3
C2
C3

5.4.2

Hanisch: Our groups have shared protocols, exchanged PhD students and
published one paper on migration of tumour cells into slice cultures.
Rosenbauer: We provide slice cultures as test system for defective microglial
adoption.
Biber/Meyer-Luehmann: Our groups shared protocols and exchanged PhD
students.
Odoardi/Flügel: We provide electron microscopical analysis for this group
Priller: Our groups have been cooperating for more than a decade and
published seven papers together
Prinz: We provide ultrastructural analysis and published a first paper together
Wörtke/Waisman: Our groups are already strongly interacting and we have
published four papers together in the last three years.

Researchers with whom you have collaborated scientifically within the past
three years (in alphabetical order)

- Burkhard Becher, Zürich
- Matthias Blüher, Leipzig
- Torsten Buch, München
- Marco Durante, Darmstadt (Darmstadt, GSI)
- Frank Heppner, Berlin
- Tamas Horvath, Yale
- Ulrich Kalinke, Hannover
- Burkhard Ludewig, St. Gallen
- Torsten Schöneberg, Leipzig
- Miguel Soares, Lissabon
- Gisela Taucher-Scholz, Darmstadt (GSI)
- Ana Zenclussen, Magdeburg
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5.5

Scientific equipment

All the institutional and technical requirements for the proposed project are already available
und usable. The institute of anatomy is fully equipped with state-of-the-art-imaging
instruments such as a confocal microscope, two electron microscopes, a Two-Photon
microscope. A flow-cytometer is also available in the institute. The needed mouse-strains are
currently breeding in our central mouse facility. At this point, there is no further funding by
other third party sources for this project.

5.6

Project-relevant interests in commercial enterprises

Non applicable.

6

Additional information

6.1

Proposal submitted elsewhere

I have not requested funding for this project from any other sources. In the event that I
submit such a request, I will inform the Deutsche Forschungsgemeinschaft immediately.
6.2

Rules of good scientific practice

In submitting a proposal for a research grant to the DFG, I agree to adhere to the DFG’s
rules of good scientific practice.
6.3

Publication list and bibliography

In preparing my proposal, I have adhered to the guidelines for publication lists and
bibliographies.

7

Signature:

Ingo Bechmann, MD

Leipzig, April 1 th 2012
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C1 Project Description – Project Proposals
Biber Knut, Prof. Dr. rer. nat.
Department of Psychiatry and
Psychotherapy
University of Freiburg
Hauptstr. 5,
D-79104 Freiburg, Germany
Phone: + 49-761-270-66580
E-mail: Knut.Biber@uniklinik-freiburg.de

B.

Meyer-Luehmann Melanie,
Prof. Dr. rer. nat.
Department of Neurology and
Neurophysiology
University of Freiburg
Breisacherstr. 64
D-79106 Freiburg, Germany
Phone: + 49-761-27052350
E-mail: melanie.meyerluehmann@uniklinik-freiburg.de

Project Description

Understanding the protective function of microglia: focus on P2X7
Summary
ATP is an important extracellular messenger with numerous functions in health and disease.
In the brain, ATP is released from neurons and glia cells under physiological conditions (i.e.
synaptic transmission) and pathological conditions like excitotoxicity, tissue damage and
inflammation. Microglia express a variety of different ATP receptors and an important role of
ATP in the control of microglia function is currently discussed. In the first funding period, we
have provided evidence for a protective function of microglia in three different brain
pathologies: excitotoxicity, cuprizone-induced demyelination and amyloid-β plaque formation.
Interestingly, various lines of evidence suggest that the ATP receptor P2X7 in microglia is
crucial for the protective activity of these cells. How P2X7 receptor function contributes to the
protective function of microglia is not known. In this project, microglia-specific chimeric slices,
P2X7-knockout mice and the microglia depletion model (CX3CR1-iDTR) will be used to verify
and analyse the role of microglia P2X7 in excitotoxicity and amyloid-β plaque formation in
vitro and in vivo. Finally, a microglia-specific P2X7 mutant will be generated to decipher the
role of microglia P2X7 in brain disease.
Zusammenfassung
ATP ist ein wichtiger extrazellulärer Botenstoff mit vielfältigen Funktionen. Im Gehirn wird
ATP von Neuronen und Gliazellen unter physiologischen Bedingungen (z.B. synaptischer
Transmission) als auch unter pathologischen wie Excitotoxizität, Gewebsverletzungen und
Entzündungsreaktionen ausgeschüttet. Mikroglia exprimieren viele verschiedene ATP
Rezeptoren; eine Rolle von ATP bei der Kontrolle von Mikrogliazellen wird gegenwärtig
diskutiert. Während der ersten Förderperiode haben wir Hinweise für eine Schutzfunktion der
Mikrogliazellen in 3 verschiedenen Krankheitsbildern gefunden: Excitotoxizität,
Demyelinisierung und Amyloid-β Ablagerung. Interessanterweise deuten mehrere Befunde
darauf hin, dass der ATP Rezeptor P2X7 auf Mikroglia entscheidend für die Schutzfunktion
dieser Zellen ist. Es ist jedoch unbekannt, wie der P2X7 Rezeptor seine Schutzfunktion auf
Mikrogliazellen ausübt. Wir werden mikrogliaspezifische, chimäre Schnittkulturen, P2X7Knockout Mäuse und Mäuse mit depletierten Mikrogliazellen (CX3CR1-iDTR) verwenden,
um die Rolle von P2X7 bei Excitotoxizität und bei der Amyloid-β Ablagerung in vitro und in
vivo zu analysieren. Darüber hinaus soll eine mikrogliaspezifische P2X7 Mutante generiert
werden, um die Rolle von P2X7 im Gehirn bei verschiedenen Krankheiten zu entschlüsseln.
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State of the art and project report
1.1.1

State of the art

Extracellular ATP: a signal with multiple functions
An impressive amount of studies has shown beyond any doubt that ATP is a crucial
extracellular messenger in and outside of the CNS. Intracellular ATP concentrations can
reach up to 10mM whereas the extracellular concentration of ATP is low but can rise
dramatically up to micromolar ranges under conditions of intense cellular stimulation, tissue
damage and inflammation. These properties have made ATP an evolutionary early signal
with multiple functions in physiology and pathology. Nearly all cells are able to release and to
respond to ATP, making ATP one of the most abundant signals used by mammalian cells. In
the CNS, extracellular ATP functions as a neuromodulator or neurotransmitter on its own
(Abbrachio et al., 2009). ATP is stored in synaptic vesicles that are released in an activity
dependent manner. In addition, ATP is also released from glial cells (astrocytes,
oligodendrocytes and microglia) through a variety of different pathways. Accordingly, an
important role of ATP in the concept of gliotransmission is currently discussed (Butt, 2011).
Besides its role in physiology, a number of pathophysiological functions have been attributed
to ATP. Leakage of ATP from damaged cells serves as a chemotactic and activating signal
for surrounding immune cells. Since ATP is massively released from injured or dying cells, it
is moreover regarded as a so-called damage-associated molecular pattern (DAMP) (di
Virgilio, 2005; 2007; di Virgilio et al., 2009).
ATP exerts its effects via a large group of P2 receptors that are subdivided into two families.
P2X receptors are classical cationic ligand-operated channels that upon ATP binding are
permeable for Na+, K+ and Ca2+. There are currently 7 members of this family (P2X1-7)
known. P2Y receptors are seven-transmembrane receptors that signal via heterotrimeric Gproteins. P2Y1, 2, 4, 6 and 11 couple to Gq/G11 and activate the PLC/IP3 pathway, whereas
P2Y12, 13 and 14 are coupled to Gi/o proteins and inhibit adenylate cyclase activity. It is
generally assumed that all mammalian cells express at least one P2 receptor, but most cells
express several P2 receptors.
P2 receptor control of microglia function
More than 10 years ago, it was recognised that microglia respond to ATP with chemotaxis or
cytokine release. Since then, numerous papers have been published concerning the role of
P2 receptors in microglia (Inoue, 2008; Oshawa and Kohsaka, 2011). At least 4 different P2
receptors (P2Y6, P2Y12, P2X4 and P2X7) are mainly found in microglia (Inoue, 2008;
Oshawa and Kohsaka, 2011) and control various important aspects of microglia function.
The elongation of processes, the first morphological reaction of microglia to tissue injury, is
controlled by P2Y12 (Haynes et al., 2006), whereas the subsequent migratory response is
controlled P2X4 by and/or P2Y12 (Oshawa and Kohsaka, 2011). For the phagocytosis of
neuronal debris utilize microglia P2Y6 another P2 receptor subtype (Koizumi et al., 2007).
Apart from these basal functions, microglial P2 receptors have been reported to control the
activity of various kinases, cell proliferation and the release of numerous cytokines,
chemokines and neurotrophic factors (Inoue, 2002; Franke et al., 2007). Understanding the
function of P2 receptors in microglia has substantially contributed to our knowledge
concerning these cells, especially about the role of spinal cord microglia in neuropathic pain
(Inoue, 2008).
P2X7: the receptor to control microglia double-edged function?
The fourth P2 receptor mainly found in microglia is P2X7, which is unusual among the P2
receptors because besides the non-specific cation channel P2X7, its activation also opens a
non-selective pore that allows the passage of molecules up to 900 Da. These features may
elicit the massive influx of Ca2+ ions and subsequently cell death, which is why P2X7 has
originally been regarded as a “cell death receptor”. It has moreover been recognized that
P2X7 is essential for the release of various pro-inflammatory cytokines from microglia (Inoue,
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2002; Franke et al., 2007). The expression of P2X7 is usually up-regulated in brain diseases,
like AD, MS, ALS, peripheral nerve damage, stroke, which is why this receptor has gained
interest as a potential therapeutic target. Indeed, there are some few reports showing that an
inhibition of P2X7 signalling ameliorates brain diseases. It was for example shown in OHSC
that LPS and ATP strongly enhance IL-1β release from microglia, thereby increasing
excitotoxicity (Bernardino et al., 2008). Similarly, in microglia neuronal co-cultures P2X7
stimulation caused neuronal death (Sakper et al., 2006). The deficiency or blockade of P2X7
suppressed EAE development in mice, although it was not clear whether P2X7 in microglia
or other cells was responsible here (Matute et al., 2007; Sharp et al., 2008). In a mouse
model of Alzheimer´s disease, it was recently found that microglial P2X7 expression is
accompanied by neuronal damage (Lee et al., 2011). On the other hand, numerous trophic
roles of P2X7 in microglia have been published, indicating that the activity of this receptor is
vital for proper functioning of these cells (Monif et al., 2009; Adinolfi et al., 2010).
Subsequently, protective properties of P2X7, for example in focal cerebral ischemia
(Yanagisawa et al., 2008), in pilocarpine-induced seizures (Kim et al., 2011) and in vitro
(Suzuki et al., 2004) have been published. Our own data gained in the first funding period
furthermore corroborate the idea that P2X7 in microglia is related to the protective function of
these cells (see below for detailed description).
How may this double-edged function be explained? As outlined above ATP is considered to
be a DAMP, a signal that is released from damaged cells. According to the two-hit
hypothesis of innate immunity a pathogen-associated molecular pattern (PAMP) (for example
LPS) is additionally needed to a DAMP to induce a full-blown response. Indeed there is a
considerable amount of literature that shows that stimulation with LPS only in microglia
causes IL-1β up-regulation but not its release. Only co-treatment of LPS with ATP (via P2X7
receptor activity) leads via inflammasome activation to IL-1β maturation and release (Inoue,
2002; di Virgilio, 2007; Bernadino et al., 2008; Rampe et al., 2004; Mingam et al., 2008).
Also, ATP and P2X7 receptor activity alone is not sufficient to induce the release of
neurotoxic IL-1β in microglia. However, P2X7 receptor stimulation alone induces the
expression and release of neuroprotective cytokines like IL-6 and TNFα (Inoue, 2002; Friedle
et al., 2011; Hide et al., 2000). Thus, the presence of a PAMP (like LPS) may change the
ATP-induced cytokine release pattern in microglia from beneficial to neurotoxic.
Preceding report
The role of microglia for brain diseases in general is undisputed. It is, however, less known
whether or not distinct properties of microglia in different brain regions are related to the fact
that brain diseases are mostly region specific. In the first funding period, we therefore
compared microglia from different brain regions (corpus callosum, cortex, hippocampus and
spinal cord) and analysed their properties in brain-region specific models of disease.
1.1.2

Microglia in the hippocampus protect neurons from NMDA-induced neuronal death
Neurons display considerable differences in their sensitivity to stressors. For example,
hippocampal neurons of CA1, CA3 and DG display significant differences towards excitotoxic
conditions in vivo and in vitro, which has mainly been discussed to be due to differences in
glutamate receptor expression. It has been shown, that CA1 neurons express relatively high
levels of AMPA- and NMDA-receptor (-subtypes), while neurons in the CA3 region express
relatively high levels of kainate-receptors, with corresponding vulnerabilities to NMDAinduced or kainate-induced insults. Thus, variability in glutamate receptor (-subtype)
expression of the distinct neuronal populations in the CA1, CA3 and DG regions could (in
part) explain their selective vulnerability towards excitotoxicity (see for summary: van
Weering et al., 2011).
Using organotypic hippocampal slices we provided evidence for specific regional effects of
the chemokine CXCL10 and its receptor CXCR3 in modulating NMDA-induced excitotoxicity.
Whereas blocking the signalling of CXCR3 was beneficial for the survival of CA1 and CA3
regions, excitotoxicity in the DG was enhanced. These differential effects were strictly
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dependent on the presence of microglia, suggesting that neuronal death is differentially
influenced by these cells when stimulated by CXCR3 ligands (see for summary: van Weering
et al., 2011).
Surprisingly, the ablation of microglia from the hippocampal preparation was detrimental for
neuronal survival in general. Thus, without the presence of microglia in the slices neuronal
cell loss was significantly enhanced in all regions after NMDA-challenge. Moreover, the
differences in neuronal sensitivity towards the NMDA challenge were almost completely
abolished, suggesting that the presence of microglia strongly influenced the sensitivity of
neurons towards toxic insults. Intriguingly, morphological activation of microglia was not
required for these cells to exert their neuroprotective effect, showing for the first time that
ramified microglia have neuroprotective functions (see for summary: Vinet et al., 2012, see
also commentary on this work by Howe and Barres, 2012).
In subsequent experiments, we have further investigated the mechanism by which microglia
may protect neurons from excitotoxicity. Since various reports have suggested a protective
role of microglia P2X7 receptor (Yanagishawa et al., 2008; Kim et al., 2011), we focussed on
the potential role of P2X7. As shown in Figure 1, it was observed that high concentrations
(500µM) of ATP significantly protected neurons from excitotoxicity, an effect that was
dependent on the presence of microglia (Heinrich et al., unpublished. Figure 1).
100

Figure 1 Depletion of microglia leads to
severely increased neuronal death (determined
by PI uptake) in excitotoxicity and loss of
protective ATP function. Graphs represent
neuronal cell death in response to 10 and 25
μM NMDA and stimulation with different ATP
concentrations in control (black bars) and
microglia-depleted slice cultures (grey bars).
Data are a summary of three individual
experiments with at least 6 slice cultures per
condition. Bars indicate mean ± SEM. **p <
0.01, ***p < 0.001, ANOVA.
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A pharmacological comparison revealed that specific P2X7 agonists (Bz-ATP) and
antagonists (BBG) either protected neurons or inhibited the protective effects of ATP,
respectively (Heinrich et al., unpublished. Figure 2), whereas the pharmacological activation
or inhibition of P2X4 did not have any effect (data not shown).
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Figure 2 Effects of P2X7 agonist
(BzATP) and antagonist (BBG) on
neuronal death in NMDA treated
hippocampal slices. Graphs represent
neuronal cell death in response to 10
and 25 μM NMDA and stimulation with
ATP or BzATP in the presence of
absence of BBG. Data are a summary of
three individual experiments with at least
6 slice cultures per condition. Bars
indicate mean ± SEM. **p < 0.01, ***p <
0.001, ANOVA.
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These data strongly suggest a protective function of P2X7 in hippocampal excitotoxicity and
corroborate recent findings (Yanagishawa et al., 2008; Kim et al., 2011). Since there is
conflicting literature about the cellular expression of P2X7 in the hippocampus (for a
discussion of this issue see: Skaper et a., 2010) we analysed the expression of P2X7 in
hippocampal preparations. Real-time PCR studies showed that upon microglia depletion
P2X7 mRNA expression levels decreased to approximately 10% compared to control slices.
An immunohistochemical analysis co-localized P2X7 immunoreactivity mainly to Iba1
positive microglia (Heinrich et al., unpublished. Figure 3), but did not show large overlay with
GFAP-positive astrocytes or NeuN-positive neurons (data not shown). A similar experiment
using P2X7-deficient slices did not show any specific staining, revealing the specificity of the
used antibody (Heinrich et al., unpublished. Figure 3). In agreement with other studies, our
data reveal a pre-dominant expression of P2X7 in microglia.
Figure
3
Immunohistochemical
analysis of P2X7 in hippocampal
sections. IBA1-positive microglia
(green fluorescence) were found to
co-localize with P2X7 staining (red
fluorescence). Little P2X7 staining
was observed not to be colocalized
with microglia. The specificity of the
P2X7 staining was controlled
hippocampal sections from P2X7deficient mice. Similar results were
obtained in cultured hippocampal
slices (data not shown). Space bar
20µm.
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Figure 4 Depletion of microglia leads to
severely enhanced neuronal death in
excitotoxicity. In cultured slices from
P2X7-/- mice the same extent of
excitotoxicity was found as in microgliadepleted wild type slices. Graphs
represent neuronal cell death in
response 25 μM NMDA. Data are a
summary
of
three
individual
experiments with at least 6 slice
cultures per condition.
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Culturing slices from P2X7 deficient animals confirmed the neuroprotective function of this
receptor. In P2X7-receptor deficient slices, it was observed that NMDA-induced neurotoxicity
caused similar levels of neuronal death as in wild type slices without microglia (Figure 4).
These experiments confirmed our pharmacological evidence using agonists and antagonists
that P2X7 receptor function is neuroprotective in hippocampal excitotoxicity.
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Comparison of white and grey matter microglia
In the first funding period, we compared microglia from white matter (corpus callosum) and
grey matter (cortex) for mRNA expression, protein expression and in various functional tests.
This comparison revealed differences between these cells even under physiological
conditions on the mRNA expression level and in functional tests. For example, significant
differences in ATP responses in electrophysiology (Olah et al., submitted. Figure 5) and
calcium signalling (not shown) where observed between white and grey matter microglia,
whereas phagocytic capacities did not differ (not shown). A pharmacological analysis of the
P2 receptors that are responsible for the differences in electrophysiology and calcium
signalling is ongoing at the moment. A genome-wide mRNA expression analysis revealed
more than 2.000 mRNAs that showed a significant differential pattern between white and
grey matter cells. For example, numerous genes of the TLR signalling pathway or antigen
processing machinery were significantly higher expressed in white matter cells, indicating
that white matter microglia have a higher inflammatory capacity compared to grey matter
cells (not shown). This assumption was corroborated by peripheral LPS injection, where
white matter microglia showed a more robust response with respect to CD40, CD45, CD80,
CD86 and MHCII expression compared to grey matter cells (see for summary: Olah et al.,
manuscript submitted). In order to compare the mouse findings with human microglia, we
developed in the first funding period a new protocol to rapidly isolate living human microglia
from autopsy post-mortem human brain. Differences with respect to inflammatory
markers/receptors were also observed between acutely isolated grey and white matter
microglia from human post-mortem tissue (see for summary: Olah et al., 2012a).
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Figure 5 Electrophysiological
properties of microglia acutely
isolated from white and grey
matter. A) Whole cell patch clamp
recordings of acutely isolated
microglia A’) Photomicrographs of
a white and a grey matter
microglia
A’’)
Recordings
depicting the current profile of
white and grey matter microglia
on the day of isolation and after
24 hours in vitro. A’’’) On the day
of isolation, white matter microglia
showed a trend of stronger
inward currents than grey matter
microglia. After 24 hours in vitro
grey matter microglia developed
significantly
larger
inward
currents than white matter
microglia. (** represents a p value
< 0,01; *** represents a p value <
0,001; ns not significant). B) The
induction of inward currents by
application of ATP (500 μM, 60
seconds) was significantly higher
in white than in grey matter
microglia. B’) Current profile
changes of white and grey matter
microglia in response to topical
application of ATP (500 μM, 60
seconds). (B’’’). B’’’’ shows the
difference between the control
currents and the ATP stimulated
ones (GM mg grey matter
microglia; WM mg white matter
microglia; * p value < 0,05; ** p
value < 0,05).

Corpus callosum microglia acquire a protective phenotype in demyelination
In order to specifically analyse the function of white matter microglia in disease, we
investigated the expression profile of corpus callosum microglia throughout cuprizoneinduced de- and re-myelination of the corpus callosum. We used the cuprizone model in
which the uncompromised blood–brain barrier (Bakker and Ludwin, 1987; Kondo et al., 1987;
McMahon et al., 2002) and the lack of infiltrating peripheral immune cells (McMahon et al.,
2002; Remington et al., 2007) allow detailed study of microglia. Moreover, demyelination and
remyelination in the cuprizone model follow a highly reproducible time course (Gudi et al.,
2009; Matsushima and Morell, 2002), making it technically feasible to experimentally dissect
the two processes and the related microglia phenotype changes. In contrast to our
expectation, we did not find major differences in the microglia reaction in de- or
remyelination. Thus, despite the fact that massive demyelination and oligodendrocyte death
was ongoing, microglia acquired a single phenotype. Thus, despite the potentially higher
inflammatory capacity of white matter microglia, active demyelination of the corpus callosum
did not induce a classic pro-inflammatory signature in these cells. Instead, a phenotype was
found that was related to re-myelination and tissue repair. The classic idea of a doubleedged sword of microglia activation was thus not observed, rather microglia already started a
repair program at the beginning of the disease (see for summary: Olah et al., 2012b).
With respect to this proposal, it is interesting to point out that among the expressed purine
receptors in microglia only P2X7 was up-regulated during the disease course. Thus, while
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P2X7 expression increased fourfold after two weeks of demyelination and remained at this
level throughout the experiment, the other P2 receptors (P2Y6, P2Y12 and P2X4) were
unchanged (Olah et al., 2012a). In striking parallel to P2X7, TNFα-expression was also
induced (Olah et al., 2012a). Since it is known that microglial TNFα release occurs via P2X7
receptor activity (Inoue, 2002; Suzuki et al., 2004; Kim et al., 2011) and that TNFα promotes
proliferation of oligodendrocytes precursor cells and remyelination (Arnett et al., 2001) it is
hypothesized here that the induction of P2X7 and TNFα expression in microglia is part of
their beneficial repair program in cuprizone-induced demyelination.
Microglia prevent amyloid-β plaque formation in hippocampal slices: implication for
P2X7 signalling?
Although it is long known that microglia cells are associated with amyloid-β plaques (Aβ),
their role in Aβ plaque formation or clearance currently is an intensively and controversially
debated topic (Meyer-Luehmann et al. 2008, Bolmont et al. 2009, Grathwohl et al., 2009,
Streit, 2006; Streit et al., 2009). In vivo imaging revealed that new plaque formation attracted
microglia followed by their activation (Meyer-Luehmann et al. 2008) and that systemic antiAβ antibody administration further induced a rapid and marked increase of microglial cells
(Koenigsknecht-Talboo et al. 2008). It was also proposed that microglia may restrict the
growth of Aβ plaques via phagocytosis of Aβ fibrils (Simard et al. 2006, Bolmont et al. 2009),
but also this issue is controversially discussed (Streit et al., 2009). Our own recent
experiments in aging mouse models showed a pre-activated microglia phenotype connected
to strongly reduced Aβ plaque load (see for summary: Roylan et al., 2011). Contradictory
results showed that microglial accumulation resulted in decreased amyloid β clearance (El
Khoury et al. 2007), or that depletion of microglia in AD mouse models did not reveal any
change in either number or size of Aβ plaques (Grathwohl et al. 2009). Whether or not
microglia have different capacities to take up soluble Aβ or more solid Aβ material (fibrils or
plaques) that might explain these different findings is poorly understood at the moment. To
further investigate this point, we applied soluble Aβ for 7 days (FAM-labelled) to organotypic
hippocampal brain slices (OHSCs) in the presence and absence of microglia. We found that
Aβ plaque-like structures only developed when microglia were depleted from the tissue, no
Aβ plaques were found in the presence of microglia (Hellwig and Heinrichs, unpublished
data, Figure 6).

Figure 6 Treatment of cultured slices with FAM-labelled soluble Aβ (green signal) did not lead to plaque formation in the
presence (A) but in the absence of microglia (B). Higher magnification revealed the typical pattern of Aβ plaques in
hippocampal tissue without microglia (C) and the presence of small Aβ debris in highly activated microglia in control slices.

Moreover we observed morphologically activated microglia in slices treated with soluble Aβ
that most likely had taken up FAM-labelled Aβ (Figure 6). Remarkably, plaque formation
occurred in wild-type brain tissue only in the absence of microglia, suggesting that microglia
may prevent the formation of Aβ plaques, again corroborating a protective function of
microglia in AD pathology.
These findings in combination with recent reports point towards a potential role of P2X7 here.
It is long known that P2X7 receptor in microglia is up-regulated in mouse models of AD and
in human AD post-mortem brain (McLarnon et al., 2006). A similar up-regulation was found in
the hippocampus of rats after injection of Aβ-peptide (McLarnon et al., 2006). Interestingly,
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recent data from another group suggest that P2X7 is required to sense the stimulation of
microglia with soluble Aβ since P2X7 deficient microglia did not respond to soluble Aβ with
calcium transients or IL-1β release, indicating that P2X7 is a non-dispensable factor for Aβdependent stimulation of microglia (Sanz et al., 2009). Based on these findings and together
with our preliminary results, it is tempting to speculate that in organotypic brain slices with
P2X7 deficient microglia, Aβ plaque formation is accelerated.
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1.1.5

Patents

none
2

Objectives and work programme

Anticipated total duration of the project
36 months.
2.1

Objectives
Our results show that P2X7 receptor expression in microglia is important for the
neuroprotective function of microglia in excitotoxicity and suggest that P2X7 is part of the
beneficial reaction of microglia in demyelination and required to prevent the formation of
amyloid β plaques.

2.2
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In the next funding period we specifically want to
i)

understand the mechanism of P2X7-dependent neuroprotection in excitotoxicity

ii)

use OHSCs in order to determine how microglia prevent the formation of amyloid
plaques and to investigate whether P2X7 stimulation may facilitate the digestion
of already existing plaques

iii)

delineate the function of microglial P2X7 in excitotoxicity, demyelinating CNS
disease and Alzheimers Disease in microglia-specific P2X7 mutants

Taken together, the proposal intends to elucidate the potential protective function of P2X7 in
microglia in brain disease.
2.3

Work programme incl. proposed research methods

Methods
Acute microglia isolation
Acute microglia isolation will be performed as described recently (de Haas et al., 2007). To
determine microglia purity and number, cells will be stained with the DNA binding dye
DRAQ5 and antibodies against CD11b and CD45. After 15 min of preincubation at 4°C in
100 µL ice-cold PBS containing 10% rat serum (Invitrogen 10710C) and anti-CD16/32
(eBioscience 14- 0161, 1:100), 2 x 104 cells will be incubated with monoclonal antibodies
against CD11b (PE-conjugated: eBioscience 12-0112, 1:170), CD45 (FITC-conjugated:
eBioscience 11- 0451, 1:200) or isotype controls (eBioscience 12-4331, 1:50 and 11-4331,
1:100) for 15 min at 4°C. Cell-size, granularity and fluorescence intensity will be analyzed by
flow cytometry using a 488-nm laser FACSCalibur (Becton Dickinson). Microglia purity using
this protocol is typically > 95% (de Haas et al., 2007). The staining for other microglial
membrane markers will be performed accordingly.
Neonate microglia cultures
Shake-off microglia from neonate mouse brain will be prepared by standard procedures as
described (Vinet et al., 2011).
Preparation of organotypic hippocampal slice cultures
Organotypic hippocampal slice cultures (OHSCs) will be prepared as described (Vinet et al.,
2011).
Depletion (and replenishment) of microglia in OHSCs
Multi-lamellar CL2MDP (clodronate)-liposomes (Lip-CL) will be obtained from the Department
of Molecular Cell Biology of the Free University of Amsterdam. Depletion of microglia will be
achieved by incubation of freshly prepared OHSCs with approximately 0.5 mg/ml Lip-CL
solution (1:10 liposome dilution in standard slice culture medium) for 24 hours at 35oC.
Subsequently, the slice cultures will be carefully rinsed in PBS (35oC) to wash away residual
liposomes and placed on fresh culture medium and cultures as described above (see Figure
4). Liposomes containing PBS (Lip-PBS) and PBS will be used as negative controls. For
replenishment pure primary microglia (> 95%, determined by CD11b flow cytometry) will be
resuspended in slice culture medium to 200 cells per µl. For microglia replenishment
experiments, 400 cells in a volume of 2 µl will be carefully pipetted onto 9-days old slice
cultures depleted of their endogenous microglia population. These slice cultures will be
maintained for an additional 12 days prior to analysis. In this time acquire microglia a
ramified morphology. Primary microglia ramify albeit to a lesser extent than the endogenous
cells of the slice (Vinet et al., 2012). Interestingly, when acutely isolated adult microglia are
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used for replenishment they develop into a cell that is indistinguishable from microglia in the
unchallenged in vivo brain (Heinrich et al., unpublished, Figure 7).

Figure 7 Acutely isolated adult microglia invade microglia-free slices and acquire an in vivo-like morphology as revealed by
3D reconstruction (A). Quantification of dendritic length (B) and number of branch points (C) showed that replenished
cultured primary microglia had a less ramified morphology that the endogenous microglia in the slice. Replenished adult
microglia acquired a morphology that was indistinguishable from brain microglia in vivo.

3D-reconstruction of microglia
To analyse microglia morphology z-stacks will be generated by confocal microscopy using a
ZEISS LSM 510 META UV inverted microscope at 50x magnification (LD LCI Plan-Neofluar
25x/0.8 Imm. Korr. DIC, oil immersion, 2x digital zoom). 3D-reconstructions of microglia
filaments will be done by IMARIS filament tracer software tool (Bitplane) (Figure 7A). The
following parameters will be detected in at least 25 cells per experimental group: total
dendritic length, number of branch points, number of dendrite segments and number of
dendrite terminal points.
Induction of excitotoxicity in OHSCs
After 6-10 days in culture, OHSCs will be placed in culture medium containing 0, 10, 15, 25
or 50 μM N-methyl-D-aspartic acid (NMDA; Sigma) for 4 hours to induce excitotoxicity and
transferred afterwards to standard culture medium. NMDA-treated OHSCs will be kept in
culture for maximally 48 hours after the NMDA challenge and subjected in
immunohistochemistry and quantification of cell death.
Immunohistochemistry
Immunohistochemical analysis in OHSCs will be performed as described (de Jong et al.,
2005). The following primary antibodies will be used: rabbit-anti-Iba1 (1:1000; Wako 01919741) for detection of microglia, mouse-anti-GFAP (1:600; Chemicon MAB3402) for
detection of astrocytes and mouse-anti-NeuN (1:1000; Chemicon MAB377) for detection of
neuronal nuclei. Secondary antibodies used: donkey-anti-mouse-Alexa488 (Molecular
Probes) for NeuN, donkey-anti-rabbit-Alexa633 (Molecular Probes) for Iba1 and goat-antimouse-Cy3 (Jackson IR Laboratories) for GFAP. Analysis of the slice cultures will be done
by confocal imaging using a Leica SP2 AOBS system (Leica Microsystems).
Quantification of neuronal cell death
To determine neuronal cell death in response to NMDA-induced excitotoxicity, OHSCs will be
incubated with 5 μg/ml propidium iodide (PI) during and after the NMDA-challenge. Confocal
images of the neuronal layers will be taken mid-section at 40x magnification and both NeuN+
and NeuN+/PI+ cells will be quantified using ImageJ software. The percentage of neuronal
cell death will be determined by the number of NeuN+/PI+ cells divided by the total number of
NeuN+ cells per neuronal layer (Figure 5).
Induction of Aβ plaques in OHSC
OHSC will be depleted from microglia as described above. After 16 days in culture slices will
be treated with 2µl of a 15 µM FAM-labelled soluble Aβ (1-42) or unlabelled soluble Aβ (1-42)
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solution and maintained for another 7 days in culture. Analysis and quantification of Aβ
plaque formation will be done as described bellow.
Kainate injections
Wild type mice and P2X7 animals (6-8 weeks old) will be systemically injected (i.p.) with
kainate (25mg/kg body weight). Seizure activity will be scored directly after the injections.
The induction of neuronal death in the hippocampus will be determined by
immunohistochemical analysis 24h and 48h after the injections.
Cuprizone-induced demyelination
Eight week old mice (C57BL/6) will be fed with a diet including 0.2% of the chopper chelator
cuprizone (as described in Olah et al., 2012b). This diet will lead to highly reproducible
demyemlination (and microglia activation) of the corpus callosum. This reaction is reversible
within 3 weeks after cuprizone treatment is stopped, leading to complete remyelination and
deactivation of microglia.
Generation of conditional mutant P2X7 animals
This part of the proposal will be performed in close collaboration with Steffen Jung. The
P2X7 deficient mouse that we are currently using was originally generated by targeted
disruption of exon 2 through insertion of a PGK-Neo cassette resulting in the disruption of the
P2X7 gene and its function (Solle et al., 2001). Exon2 will therefore be the target of choice to
be flanked by loxP sites. To construct the P2X7 targetting vector, we will order the bacterial
artificial chromosome (BAC) clone RP23-272C22 carrying 170 kb of genomic C57BL/6 DNA
spanning the P2X7 locus from the "BACPAC Resource Center" (BPRC)
(http://bacpac.chori.org/home.htm). After confirmation of the BAC integrity by pulsed field gel
electophoresis (PFGE), the corresponding part of the P2X7 gene will be subcloned using a
recombineering approach into pBluescript plasmid vector for construction of the targeting
vector. The targeting vector will be constructed containing a 5`homologous arm, a loxP site,
exon 2 of the P2X7 gene, a second loxP site in the same orientation and an Frt-flanked Neocassette for positive selection and 3´homologous arm. This vector will be linearized and
electroporated into mouse ES cells and recombinant cells will be selected by G418.
Southernblot analysis will reveal correctly recombinant clones that subsequently will be used
for blastocyte injection and generation of chimeras. After germline transmission, the
conditional mutant P2X7fl/fl allele will be crossed onto the CX3CR1CreER background to
achieve microglia-restricted ablation of the purinoceptor. Confirmation of the loss of P2X7 in
microglia will be done by rapid microglia isolation from adult double-transgenic animals and
analysis of the microglia by PCR and flow cytometry.
In-vivo multiphoton imaging of transgenic mice and OHSC
We will perform cranial window installation of P2X7ko x APPPS1 as described previously
(Meyer-Luehmann et al. 2008; Spires-Jones TL et al. 2011), allowing two-photon imaging of
amyloid pathology in the living mouse brain. During each imaging session, images at low
resolution will be captured to provide an overview of the area, followed by images with high
resolution to zoom in on a specific area. Observations of the same amyloid plaques over time
will be made using the 4D stack acquisition feature within imaging sessions and by taking
images of the same areas in subsequent weekly imaging sessions.
At the end of imaging sessions, mice are allowed to recover on a heating pad and placed
singly in their home cage. For subsequent weekly or daily imaging sessions, mice will be
repeatedly injected with methoxy-XO4, a fluorescent compound that specifically labels
compact plaques, the day before imaging, then anaesthetized and observed under the twophoton microscope. After the last imaging session, mice were sacrificed and the brains
immersion-fixed in 4% paraformaldehyde in phosphate buffer with 15% glycerol
cryoprotectant.
Intracerebral injections of FAM-labelled soluble Aβ
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Bilateral stereotaxic injections of 2 μl of FAM labelled Aβ are placed into the hippocampus of
CX3CR1-iDTR (provided by Ari Weismann) mice devoid of microglia as well as in wildtype
mice. After an incubation time of 1 week up to 2 months, animals are sacrificed and
immunohistochemically analysed with the following antibodies for detection of Aβ deposits:
mouse anti 6E10 ( 1:1000; Abcam); microglia :rabbit-anti-Iba1 (1:1000; Wako 019-19741).
Some sections will be stained with Thioflavin S in order to detect compact plaques. Our
previous work has shown that a single injection of amyloid-containing brain extract induces
massive amyloidosis in hippocampus of APP transgenic mice (Meyer-Luehmann et al. 2006).
We anticipate an incubation time of 1 week up to 2 months since our preliminary experiments
with OHCS show induced plaque formation as early as 1 week post incubation time. Initially,
five mice per group will be injected with FAM labelled Aβ. Previous experiments have shown
that induced amyloid plaque formation shows low variability among the mice. Less than 5%
deaths related to surgery are expected.
Mice. Breeding of mice will be performed at the central animal housing facility of the
University Hospital Freiburg. P2X7-/- mice were a kind gift from Francois Rassendren
(Montpelier, France). CX3CR1GFP/+ mice were a kind gift of D. Littman, New York.
Cross of…
P2X7

…with

-/-

CX3CR1-iDTR mice
P2X7fl/fl CXC3R1-CreER
P2X7fl/fl CXC3R1-CreER

APPPS1

Function
Neuroprotection in excitotoxicity in vitro and
in vivo, cuprizone de-remyelination, Aβplaque formation
In vivo depletion of microglia: effect on
excitotoxicity, cuprizone-demyelination, AD
pathology
Delete P2X7 in microglia, effect on
excitotoxicity, cuprizone-demyelination, AD
pathology
Delete P2X7 in microglia: effect on AD
pathology

Work program
Objective 1) understanding the mechanism of P2X7-dependent neuroprotection in
excitotoxicity
i) Is neuroprotection related to P2X7 function in microglia?
The results obtained in the first funding period clearly show a neuroprotective role of P2X7 in
NDMA-induced excitotoxicity. Our immunohistochemical analysis suggests that microglia are
the main P2X7 expressing cells in the hippocampus. However, low level expression of P2X7
in other cells seems likely due to the remaining 10% of mRNA expression in microglia-free
slices and the immunohistochemical P2X7 staining that does not co-localize with microglia
(see above for details). It therefore is possible that P2X7 receptor in other cells is vital for the
neuroprotective function. To understand whether or not P2X7 needs to be expressed in
microglia to exert its neuroprotective function, we will make P2X7 chimeric slices with respect
to the microglia genotype. In the last funding period, we have developed a technique to repopulate microglia-free slices with either cultured microglia (Vinet et al., 2012) or acutely
isolated microglia from adult mouse brain (Figure 7), which allows the construction of
microglia-specific chimeric slices (Heinrich et al., manuscript submitted). Importantly, we
have shown that replenished microglia not only ramify to an in vivo-like extent (Figure 7), but
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also acquire their neuroprotective function (Vinet et al., 2012). We will thus repopulate
microglia-free slices from wild type animals with P2X7 deficient microglia and vice versa and
determine neuronal death in response to NMDA treatment. These experiments will clearly
reveal whether P2X7 receptor in microglia is required for these cells to be neuroprotective.
ii) Is neuroprotection of P2X7 (in microglia) dependent on cytokine/chemokine release?
As outlined above, P2X7 function is involved in various cellular functions and mostly
important for the release of a variety of cytokines and chemokines like IL-1b, TNFa, IL-6,
CCL3, CXCL12 (Inoue, 2008; Oshawa and Kohsaka, 2011). Since most of these factors
have a potential influence on the survival of neurons, it is our working hypothesis that P2X7dependent cytokine/chemokine release is instrumental for the neuroprotective function of this
receptor. In a first set of experiments, we will measure the expression of all these
cytokines/chemokines in OHSCs in response to NMDA by qPCR. These experiments will be
done a) in the presence or absence of microglia, b) with and without ATP stimulation and c)
in P2X7 deficient slices. Potentially interesting cytokines/chemokines from this analysis will
be further investigated for their function by using specific blocking antibodies or blocking
compounds like eternacept or anakinra for TNFα or IL-1β, respectively. The functionality of a
promising candidate factor will further be investigated using cytokine/chemokine deficient
slices (mice deficient for these factors are published), and whether or not microglia are the
cellular source for these factors in neuroprotection will be investigated using chimeric slices.
iii) Is there a microglia P2X7 function in excitotoxicity in vivo?
All of our results so far concerning the role of P2X7 (in microglia) in protecting neurons from
excitotoxicity have been gained in OHSCs. Although these cultured slices are an excellent in
vivo-like model, it will be of crucial importance to understand whether similar neuroprotective
activity of microglia or P2X7 also occurs in animal models of excitotoxicity (see also Howe
and Barres, 2012). First, we will use CX3CR1-iDTR mice (collaboration with Weissman,
project C3) that can be depleted of microglia by diphtheria toxin injection. In these animals
KA injections will be performed to analyze seizure scores and neuronal death in the
presence or absence of microglia. Second, it was recently described in seizure models that
P2X7 deficiency was correlated to higher seizure scores (Kim et al., 2011; Kim and Kang,
2011). Although these reports focussed on pilocarpin-induced seizures, the results presented
also show a slight increase in seizure scores in P2X7 deficient animals after kainate
injection, indicating a protective function of P2X7 (Kim et al., 2011; Kim and Kang, 2011).
However, neuronal cell loss in response to seizures in P2X7 -/- animals has never been
determined. In order to further elucidate the function of P2X7 in excitotoxicity, we will
therefore compare the loss of neurons in the hippocampus in response to kainate injections
in wild type animals and P2X7 deficient mice.
iv) Does the double-edged function of P2X7 depend on PAMP signalling? (Collaboration with
project A1: Hanisch)
Given that ATP and its receptor repertoire are being considered as a DAMP signaling
system, its contribution to infectious (PAMP-driven only), non-infectious (DAMP-initiated
only) and mixed (PAMP/DAMP-orchestrated) scenarios awaits unraveling. Based on findings
of the project A1 (Hanisch), PAMP and DAMP responses mediated through TLR4 are not
only highly regulated to lead to individual inductions of gene patterns and functions, but can
also compete with each other (Regen et al., 2011, personal communication U. Hanisch).
The TLR4 co-receptor CD14 is thereby emerging as a gate keeper for DAMP actions (as
outlined in A1). In addition, CD14 seems to exert a sophisticated control over the response
magnitude and profile and organizes access to distinct activities of microglia. In our work, we
will thus include studies on the interplay between the novel DAMP ATP and the
DAMP/PAMP systems representing the focus of project A1. We hypothesize that the
outcome of P2X7 receptor activity (neuroprotective vs. neurotoxic) may depend on the
presence of a PAMP like LPS. In order to address this question, we thus will co-stimulate
TLR4 (LPS treatment) and P2X7 and determine cytokine expression and neuronal loss as
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described under ii. Moreover, since CD14 is itself induced in microglia in response to
stimulation (for example TLR4) ATP may also control CD14 as a gate keeper of TLR4
signaling. In this respect, neuronal damage causing ATP leakage may employ CD14 to
render microglia (more) sensitive to additional damage signs. In collaboration with project A1
(Hanisch), we will build up experiments on cd14-/- mice and P2X7-/- mice to delineate the ATP
impact in the presence or absence of CD14 with respect to cytokine expression/release and
neuronal loss as described under ii.
Objective II) use OHSCs in order to determine how microglia prevent the formation of
amyloid plaques and to investigate whether P2X7 stimulation may facilitate the digestion of
already existing plaques
i) Analysis of Aβ plaque structure
Although the Aβ deposits detected in our preliminary results are most likely amyloid-β fibrils
due to their characteristic shape and size and thus most likely correspond to real Aβ plaques
we will analyse the structure of Aβ deposits in OHSC. First, Thioflavin S staining and
structural analysis on the EM level (done in collaboration with Bechmann, project B2) will
reveal whether or not the Aβ plaque structures we detected in microglia free OHCS treated
with FAM labelled Aβ are fibrillar in nature and correspond to real Aβ plaques. Second,
unlabelled soluble Aβ will be applied to microglia-free OHSC in order to further demonstrate
the development of real plaques. Here Thioflavin S staining will allow the detection and the
quantification of Aβ plaques. Thirdly, we will analyse the development of Aβ plaques in
OHSC cultured from APPPS1 transgenic mice in the presence and absence of microglia. It is
hypothesized that due to the lack of microglia, Aβ plaques will develop more rapidly in this
APP overexpressing mouse. This experiment will be vital to prove that the plaques we see in
OHSC are indeed comparable to the situation in transgenic models of AD.
ii) Function of (microglial) P2X7 in the development and maintenance of Aβ plaques
In order to investigate whether P2X7 receptor is required for microglia to sense Aβ as it was
recently suggested (Sanz et al., 2009), OHSC from P2X7-/- animals will be treated with
soluble Aβ and analysed for plaque development as described above. Moreover, OHSC from
APPPS1 animals will be depleted from microglia and replenished with wild type or P2X7deficient microglia before analysis of plaque formation. In addition, we will replenish
microglia-free slices after Aβ plaque-formation (either by treatment or in APPPS1 OHSC)
with microglia. These experiments will reveal whether or not microglia are capable to digest
already existing plaques. Additionally, P2X7 will be stimulated in order to investigate whether
the activation of this receptor changes the potential plaque digestion capacity of microglia.
iii) In vivo experiments
In addition we would like to repeat the above described experiments concerning plaque
formation in vivo by performing intrahippocampal injections of FAM labeled soluble Aβ into
CX3CR1-iDTR mice (collaboration with Weissman, project C3) that can be depleted from
microglia by diphtheria toxin injection. Moreover, FAM labeled soluble Aβ injections will be
done in P2X7-/- animals. The potential development of Aβ plaques will be monitored by
immunohistochemistry and in vivo by two photon microscopy.
Objective III) delineate the function of microglial P2X7 in excitotoxicity, demyelinating CNS
disease and Alzheimers Disease in microglia-specific P2X7 mutants
During the proposed grant period, microglia-specific P2X7ko mice will be created in a
collaborative effort with Steffen Jung (Project C1) in order to determine the role of microglial
P2X7 in different disease conditions.
These animals will be used in three different disease models.
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i) KA injections will be used as a model for excitotoxicity; here seizure scores and neuronal
death will be analyzed as described above. Based on our findings and the literature, it is
hypothesized that animals without P2X7 expression in microglia have higher seizure scores
and increased neuronal loss in response to KA injections.
ii) Cuprizone-induced de-and remyelination experiments in these animals will reveal whether
or not microglial P2X7 expression affects the cause of this myelin disease. De- and
remyelination will be compared in wild type animals, general P2X7 receptor knockout mice
and microglia-specific P2X7-/- animals by immunohistochemical methods at 2 and 4 weeks
of cuprizone diet and 2 and 4 weeks of recovery. Since next to P2X7 also TNFα is
upregulated in microglia during curprizone-induced demyelination, we will perform a similar
experiment in collaboration with Steffen Jung (project C1) on microglia-specific TNFα and
TACE mutants (see project C1).
iii) The potential influence of microglial P2X7 on Aβ plaque formation will be investigated in
FAM labeled Aβ injection experiments as described above. Moreover, we will crossbreed
microglia-specific P2X7-/- animals to APPPS1 transgenic mice. In a first set of experiments,
the protein levels of Aβ in the brains will be determined by westernblotting. Aβ load and
plaque formation will be further monitored by in vivo two photon microscopy over time
followed by postmortem immunhistochemical analysis and compared to control mice. Based
on the literature (Sanz et al 2009) and together with our own preliminary findings we
hypothesize that APPPS1 transgenic mice lacking specifically the P2X7 receptor in microglia
may have an increased plaque burden and an earlier onset of Aβ plaque deposition.
Time schedule
Year 1

Year 2

Year 3

Mechanism of P2X7-dependent neuroprotection in excitotoxicity
Is neuroprotection related to P2X7 function in
microglia?
Is neuroprotection of P2X7 (in microglia)
dependent on cytokine/chemokine release?
Is there a microglia P2X7 function in excitotoxicity
in vivo?
Does the double-edged function of P2X7 depend
on PAMP signalling?
Effect of microglia on the formation of amyloid
plaques
Analysis of Aβ plaque structure
Function of (microglial) P2X7 in the development
and maintenance of Aβ plaques
In vivo experiments
Microglial P2X7 in excitotoxicity,
demyelinating CNS disease and Alzheimers
Disease in microglia-specific P2X7 mutants
Generation of microglia-specific P2X7ko mice
KA-induced excitotoxixity
Curpizone-induced demyelination
Crossbred with APPPS1 and anaylsis of AD
pathology
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2.4

Data handling

All research data will be stored according to the existing standards, e.g. lab books and
electronic data will be stored in the department.
2.5

Other information

Non applicable.
2.6

Descriptions of proposed investigations involving experiments on humans,
human materials or animals

- Experiments involving humans or human material
Non applicable.
- Experiments with animals (Tierversuche)
The issue of animal welfare is taken very seriously in our group. Furthermore, the laws of
Germany are unambiguous on this matter and are strictly enforced. All laboratory animals
must be handled in a responsible manner according to the veterinarian law. The animal
facilities at the University of Freiburg are clean, well-organized and properly maintained. The
University provides an exceptional staff of veterinarians and animal caretakers who are
responsible for maintaining the facility and monitoring the health of the animals daily. The
vast majority of the animal experiments described in this proposal do not involve invasive or
potentially painful experiments in mice. The mutations and transgenes in our experimental
mice confer relatively mild phenotypes that do not cause the animals undue pain or suffering.
For in vivo two-photon imaging and intrahippocampal injections, mice will be anaesthesized.
At the end of the experiment animals will need to be euthanized for experimental analysis via
carbon dioxide inhalation. Carbon dioxide inhalation is rapid, painless, and is an approved
method of euthanasia according to animal law. The animal experiments will be performed in
accordance with the guidelines of the Bezirksregierung Stuttgart legislation for animal
experiments.

2.7

Information on scientific and financial involvement of international cooperation
partners

Because the group of Steffen Jung at Rehovot, Israel, is integral part of the whole Research
Unit 1336 and also essential for this proposal he will be involved in this renewal application
as already done in the first application period.
No further international cooperation partners are required for this proposal.
3
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4
4.1

Requested modules/funds
Scientific staff

Postdoctoral fellow (Annette Heinrich, TV-L E13). Annette Heinrich has been working on this
project in the last 2 years and has almost single handed developed the technique of
microglia replenishment and chimeric slices. Her further contribution is of vital importance of
the project. She will be responsible for all the experiments around OHSCs and the in vivo
seizure experiments.
4.2
4.3

Scientific instrumentation (Wissenschaftliche Geräte)
Consumables (Verbrauchsmaterial)

Consumables for each year
Cell culture media
Oligonucleotides, restriction enzymes, PCR requirements
Primary antibodies for immunhistochemistry
Secondary antibodies for immunhistochemistry
Chemicals
Subtotal
Total over 3 years

€
€
€
€
€

2.000
2.000
2.000
2.000
2.000
10.000 €/year
30.000 €

4.4
Travel (Reisen)
See project D.
4.5
Publication expenses (Publikationskosten)
See project D.
4.6

Other costs (Sonstige Kosten)
Lines

C57BL/6, P2X7-/-,
P2X7 fl/fl, CX3CR1
Cre-ER

Experiment

OHSCs, in vivo excitotoxicity,
cuprizone-induced demyelination,
AD models

No of
animals

weeks

158

53

Costs
(0.60
€/animal/
week)
5024

Total per year

5.024

Total per 3 years

15.072

This project includes intense imaging work which will be done in the imaging facility of the
Zentrum für Biosystem Analyse (ZBSA) in Freiburg (http://www.zbsa.uni-freiburg.de/). We
have to pay a fee of 20€ per hour in this facility. It is estimated that we will require 150 hours
per year in this facility, which results in costs of 3.000€ per year.
Total 4.6 per year
Total 4.6 per 3 years

Euro 8.024,Euro 24.072,-
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5

Project requirements

5.1

Employment status information

Knut Biber is currently the head of Molecular Psychiatry Section of the Department of
Psychiatry of the University of Freiburg. He has a permanent position.
Melanie Meyer-Lühmann is currently a Professor in the Neurology Department of the
University of Freiburg. She has a permanent position.
First-time proposal data
Not applicable.
5.2

5.3

Composition of the project group

The following people from the Department of Psychiatry will be funded from the basic
equipment and will provide support for the project:
Knut Biber (Head of Molecular Psychiatry Section, permanent position): I will spend 15 % of
my working time with supervising the project.
Sabine Hellwig (Neurologist and researcher, temporary contract): Sabine Hellwig has had the
6-month Gerok position financed from the first funding period and in this time she discovered
that amyloid-beta plaques developed in OHSC without microglia. After her maternity leave in
may 2012 she will continue this project on a 50% contract.
Ulrike Götzinger-Berger (Technician, permanent position): She will spend 20 % of her
working time to this project by helping with cell culture work and OHSC preparation.
The following people from the Department of Neurology will be funded from the basic
equipment and will provide support for the project:
Melanie Meyer-Luehmann (Prof. Department of Neurology, permanent position): I will spend
15% of my working time with supervising the project.
NN (Postdoctoral fellow): This position needs to be filled in order to perform the in vivo twophoton imaging experiments in mice as well as the intrahippocampal injections. This person
will also be responsible for genotyping the mice.
5.4
5.4.1

Cooperation with other researchers
Researchers with whom you have agreed to cooperate on this project

Collaborations within the Research Unit 1336
A1
Hanisch: co-operation concerning CD14-P2X7 interactions in modulating the
microglia response
B1
Flügel: we will provide support with the isolation of myeloid cells from adult brain
B2
Bechmann: EM analysis of Aβ-plaques in OHSC
C1
Jung: Generation of the P2X7 fl/fl mouse. Curpizone experiment with microglia
specific TNFα and TACE mutants
C2
Prinz: There will be a collaboration concerning IRF-8 microglia in hippocampal
slices and with 2-PM imaging of IRF-8 animals
C3
Waisman: CXCR3-iDTR animals
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5.4.2

Researchers with whom you have collaborated scientifically within the past
three years (in alphabetical order)

- Ettiene Audinat, Paris, Frankreich

- Brad Hyman, USA

- Alain Bessis, Paris, Frankreich

- Kazuhide Inoue, Fukuoka, Japan

- Erik Boddeke, Groningen, Niederlande

- Helmut Kettenmann, Berlin

- Michael Frotscher, Hamburg

- Cristina Limatola, Rom, Italien

- Magdalena Goetz, München

- Richard Miller, Chicago, USA

- Christian Haass, München

- Francois
Frankreich

- Frank Heppner, Berlin

5.5

Rassendren,

Montpelier,

Scientific equipment

All the institutional and technical requirements for the proposed project are already available
und usable. The needed mouse strains (except P2X7 fl/fl) are currently breeding in our
central mouse facility. At this point, there is no further funding by other third party sources for
this project.
Project-relevant interests in commercial enterprises
Non applicable.
5.6

6

Additional information

6.1

Proposal submitted elsewhere

We have not requested funding for this project from any other sources. In the event that we
submit such a request, weI will inform the Deutsche Forschungsgemeinschaft immediately.
6.2

Rules of good scientific practice

In submitting a proposal for a research grant to the DFG, we agree to adhere to the DFG’s
rules of good scientific practice.
6.3

Publication list and bibliography

In preparing my proposal, we have adhered to the guidelines for publication lists and
bibliographies.
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7

Signatures:

Knut Biber, PhD

Melanie Meyer-Luehmann, PhD

Freiburg, May 1th 2012
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C2 Project Description – Project Proposals
Marco Prinz, Prof. Dr. med.
Department of Neuropathology
University of Freiburg
Breisacher Str. 64
D-79106 Freiburg, Germany
Phone: +49-761-270-51050
FAX:
+49-761-270-50500
E-mail: marco.prinz@uniklinik-freiburg.de

B.

Project Description

Role of the transcription factor IRF-8 for microglia homeostasis and function
Summary
Only few factors are known so far that regulate microglia quiescence under non-diseased
conditions. Interferon regulatory factor (IRF)-8 has a well known role for the development,
maturation and expansion of myeloid cells such as granulocytes, monocytes, plasmacytoid
and CD8+ dendritic cells and bone marrow-derived macrophages but also B cells. Notably,
IRF-8 mutations were also recently described in humans associated with severe defects in
overall innate immune responses. However, very few is known about the function of IRF-8 in
myeloid cells of the primitive haematopoiesis, especially microglia in the brain. We will
therefore investigate in this project the precise role of IRF-8 for microglia function during
health and disease. In preliminary experiments we found that IRF-8 deficiency profoundly
changed cellular architecture and function of microglia in vivo. Thus, IRF-8 function will be
examined during development and expansion of microglia after birth as well as during
homeostasis in the adult brain. In detail, we intend to decipher the molecular pathways of
IRF-8 function and the interaction partners involved. Next, the regulation of IRF-8
transcription will be investigated and finally, we will generate inducible microglia-specific IRF8 mutants to delineate the function of IRF-8 for CNS diseases.
Zusammenfassung
Bislang sind nur wenige Faktoren bekannt, welche die Mikrogliahomeostase im gesunden
Gehirn regulieren. Der interferonregulierende Faktor (IRF)-8 hat eine wichtige Funktion bei
der Entstehung, Reifung und Expansion von Granulozyten, Monozyten, plasmazytoiden und
CD8+ dendritischen Zellen als auch von B-Zellen. Interessanterweise wurden kürzlich bei
immundefizienten Patienten IRF-8 Mutationen gefunden, welche mit Beeinträchtigungen der
angeborenen Immunantwort einhergingen. Die Funktion von IRF-8 für Mikrogliazellen im
Gehirn ist nur unzureichend unbekannt. Erste Daten zeigen, dass das Fehlen von IRF-8 die
Morphologie und die Funktion von Mikrogliazellen deutlich beeinträchtigt. Im Rahmen dieses
Antrages wollen wir daher die Rolle von IRF-8 für die Mikrogliahomeostase im gesunden und
erkranken Gehirn untersuchen. Im Besonderen beabsichtigen wir, die molekularen
Signalwege und die entsprechenden Interaktionspartner zu identifizieren. Weiterhin soll die
Regulation der IRF-8 Transkription auf molekularer Ebene untersucht werden. Schließlich
wollen wir induzierbare mikrogliaspezifische IRF-8 Mäuse generieren, die es erlauben,
zeitlich terminierte IRF-8 Mutanten während ZNS-Erkrankungen zu untersuchen.
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State of the art and project report
1.1.1

State of the art

Interferon regulatory factor (IRF)-8 (or interferon consensus sequence-binding protein
[ICSBP]) is a member of the IRF family of IFN-γ-inducible transcription factors and is in
contrast to other family members not broadly expressed in various cell types but restricted to
cells of the myeloid and lymphoid lineages, mainly bone marrow-derived macrophages
(BMDM), monocytes, plasmacytoid and CD8+ dendritic cells but also B cells (Tamura and
Ozato, 2002;Holtschke et al., 1996). IRF-8 is up-regulated by IFN-γ via a STAT1-dependent
pathway and modulates transcription through multiple target DNA elements, such as the IFNstimulated response element (ISRE), Ets/IRF composite element or IFN-γ activation site
(GAS). IFN-γ in concert with LPS, however, can synergistically enhance IRF-8 expression
indicating a cross talk between the STAT1 and NF-κB pathways (Wang et al., 2000).
Once expressed, IRF-8 either activates or represses the transcription of downstream target
genes, which is dependent upon the sequence of the cis element and its interacting partners.
Although IRF-8 alone can bind to the promoter of responsive genes and initiate transcription,
its transcriptional efficacy can be markedly enhanced through the formation of
heterocomplexes with IRF-1, IRF-2, IRF-4 and PU.1 (Tamura et al., 2008). Developmentally,
IRF-8 has been shown to be essential for definitive myelopoiesis under physiological
conditions, which is thought to occur during the stage where it interacts with Ets transcription
factor PU.1 (Tamura and Ozato, 2002). Furthermore, IRF-8 regulates the production of
inflammatory cytokines, such as IL12p40, IL-18 and RANTES (Wang et al., 2000), which are
important for immunosurveillance and adaptive immunity.
The essential role of IRF-8 in regulating myeloid cell development, differentiation and lineage
commitment in definitive haematopoiesis has especially been illustrated in IRF-8-deficient
mice (Holtschke et al., 1996). The lack of IRF-8 revealed profound changes in definitive
hematopoiesis, accompanied by markedly increased neutrophilic granulocytes and
macrophages in the spleen, lymph nodes and bone marrow (BM). Additionally, IRF-8-/BMDM and granulocytes exhibited heightened levels apoptotic resistance (Gabriele et al.,
1999). In sum, IRF-8 obviously differentially regulates lineage selection of myeloid progenitor
cells in the BM, whereas it promotes macrophages differentiation and inhibits the
differentiation of granulocytes. Additional key observations in myeloid cell biology have
revealed that IRF-8 may do so, in part, by repressing the transcription of several antiapoptotic genes, notably Bcl-2, Bcl-Xl or FAP-1, or by enhancing the expression of proapoptotic genes such as caspase 3 (Gabriele et al., 1999;Burchert et al., 2004).
Importantly, despite the well known role of IRF-8 for myeloid differentiation, expansion and
homeostasis in tissues of definitive hematopoiesis such as BM and spleen very few is known
about its role in microglia as part of the evolutionary distinct primitive hematopoiesis (Masuda
et al. 2012). Since microglia are in contrast to BMDM yolk sac-derived (Ginhoux et al.,
2010;Schulz et al., 2012) and already appear early during embryogenesis the potency of
IRF-8 to influence microglia development, maturation during embryogenesis and function
during adulthood is currently not known and will therefore be investigated in this proposal.
Just recently, several IRF-8 mutations in humans associated with dendritic cell
immundeficiency were described (Hambleton et al., 2011). Some of these disease-causing
mutations associated with an autosomal recessive trait exhibited a complete lack of
circulating monocytes and dendritic cells. Interestingly, Langerhans cells in skin biopsies
were obviously preserved in autosomal recessive IRF-8 deficiency suggesting heterogeneity
within the mononuclear phagocyte compartment with respect to IRF-8 independence or a
potential for local self-renewal (Hambleton et al., 2011). However, the authors did not provide
a detailed quantitative and histomorphological analysis if these tissue macrophages.
In order to examine the function of IRF-8 for microglia in vivo as well as in vitro we will use
the recently generated IRF-8+/+IRF-8-VENUS and IRF-8-/-CX3CR1GFP/+ mice (provided by the
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Rosenbauer group) as new tool for convenient characterization and isolation of cells.
Notably, we found histologically IRF-8 expressed in the brain selectively on microglia but not
on cells of neuroectodermal origin (Kierdorf et al., unpublished). Furthermore, IRF-8-/CX3CR1GFP/+ mice exhibited strongly disturbed changes of microglia architecture with
alterations in cellular branching pattern in vivo (Kierdorf et al., unpublished). Most strikingly,
IRF-8-deficient microglia exhibited increased levels of activation markers but showed a
phenotype of immature macrophages as depicted by elevated levels of CD45, CD44 and the
lectin ILB4 as measured by flow cytometry (Kierdorf et al., unpublished). Taken together,
these data suggest a novel role of the transcription IRF-8 for the function of tissue
macrophages in the brain as local representatives of the early primitive hematopoiesis. In the
frame of the current proposal, the function of IRF-8 for microglia development and
homeostasis will be investigated and the underlying mechanisms shall be elucidated.

1.1.2

Preceding report

Myeloid cell engraftment in the diseased brain. Myeloid cell recruitment to the brain is a
characteristic feature of several diseases. However, the manner by which myeloid cells
selectively accumulate in central nervous system (CNS) lesions is largely unknown. In
previous studies using bone marrow (BM) chimerisms (BMCh) we have examined the
engraftment of BM-derived microglia-like phagocytes (BMDP) under physiological and
pathophysiological conditions. We have demonstrated enhanced BM-DP engraftment in
several disease models, such as stroke and facial nerve axotomy (Priller et al., 2001),
spongiform encephalopathies (Priller et al., 2006) and bacterial meningitis induced by S.
pneumoniae (Djukic et al., 2006). All these chimeric mice studies used total body irradiation
as the condition regimen for the BM transplantation, thereby exposing the brain to potential
irradiation-induced changes in the local microenvironment. We therefore designed a set of
experiments using CNS protected and unprotected BMCh. By doing so we could clearly
show that BMDP engraftment in CNS pathologies, which are not associated with overt bloodbrain-barrier disruption, required previous conditioning of the brain (for example, by direct
tissue irradiation) (Mildner et al., 2007). We further defined BM-derived chemokine receptor 2
(CCR2)+ myeloid cells as the direct precursor cell of BMDP and described the local
conditions within the brain, that are necessary for monocyte engraftment into the CNS
(Mildner et al., 2007). Similar results were obtained from the Rossi group (Ajami et al.,
2007;Ajami et al., 2011).
To elucidate the spatiotemporal roles of mononuclear phagocytes during Alzheimer`s
disease (AD), we targeted myeloid cell subsets from different compartments and examined
disease pathogenesis in three different mouse models of AD (APPswe/PS1, APPswe and
APP23 mice). We identified CCR2-expressing myeloid cells as the population that was
preferentially recruited to β-amyloid (Aβ) deposits (Mildner et al., 2011). Unexpectedly, AD
brains with dysfunctional microglia and devoid of parenchymal BMDP did not show overt
changes in plaque pathology and Aβ load. In contrast, restriction of CCR2-deficiency to
perivascular myeloid cells drastically impaired β−amyloid clearance and amplified vascular
Aβ deposition, while parenchymal plaque deposition remained unaffected. Taken together,
these data advocate selective functions of CCR2-expressing myeloid subsets in AD
(summarized in Figure 1).
We furthermore demonstrated that CX3CR1loCCR2+Ly-6Chi monocytes are rapidly recruited
to the inflamed brain and were crucial for the effector phase of autoimmunity in the CNS
(Mildner et al., 2009a). In contrast, CX3CR1loCCR2+Ly-6Chi monocytes play a redundant role
for the host defence during bacterial meningitis and that predominantly neutrophilic
granulocytes (CD11b+Ly-6G+CCR2-) are involved in the restriction of extracellular bacteria
(Mildner et al., 2008). Collectively, these data indicate that CCR2+Ly-6Chi myeloid cells are
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recruited to the damaged brain where they can accomplish a disease-promoting role during
diseases of the CNS.

Figure 1: Myeloid cells in the CNS, their origin and their involvement in
neurodegeneration. Microglia in the CNS (orange ramified cells) are predominantly yolk sacderived from early embryonic days. In neurodegenerative diseases, bone marrow-derived
phagocytes (BMDP) can engraft in the brain (green ramified cells). These myeloid cells
originate from circulating Lys-6Chi monocytes or from bone marrow-derived progenitors, e.g.
granulocyte-macrophage progenitors (GMP) or other progeny of haematopoietic stem cells
(HSC). Peripheral blood monocytes arise from macrophage/dendritic cell progenitors (MDP) in
the marrow, which also generate common dendritic cell progenitors (CDP). In models of
Alzheimer’s disease and Huntington’s disease, endogenous microglia degenerate, whereas
BMDP, including perivascular macrophages, decrease amyloid burden. In genetic models of
amyotrophic lateral sclerosis (ALS), motor neuron death is propagated by endogenous
microglia expressing the mutant SOD1 protein and reactive oxygen species (ROS), whereas
wildtype (WT) BMDP can alleviate the disease course. Microglia, BMDP and invading
lymphocytes (yellow round cells) also partake in the neuroinflammatory condition, which is
held to be responsible for dopaminergic neurotoxicity in models of Parkinson’s disease (PD)
(adapted from Prinz et al. 2011).

Innate immunity of the brain. The IκB kinase (IKK) complex induces NF-κB activation and
has recently been recognized as a key player of autoimmunity in the CNS. Surprisingly, we
found that brain-specific IKK2 expression is dispensable for proper myelin assembly and
repair in the CNS, but instead plays a fundamental role for the loss of myelin (Raasch et al.,
2011). Importantly, IKK2 depletion in glial cells, but not in oligodendrocytes, was sufficient to
protect mice from myelin loss. These results revealed a crucial role of glial cell-specific
IKK/NF-κB
signaling
for
CNS
damage.
Furthermore,
we
found
distinct
macrophage/microglia-restricted responses essential for innate immunity in the CNS (Regen
et al., 2011; Yogev et al. 2012).
The action of cytosolic RIG-I-like helicases (RLHs) in the CNS during autoimmunity was
largely unknown. In a very recent report we showed that during EAE, mice lacking the RLH
adaptor IPS-1 developed exacerbated disease accompanied by markedly higher
inflammation (Dann et al., 2012). Furthermore, activation of RLH ligands such as 5´triphosphate RNA oligonucleotides decreased CNS inflammation and improved clinical signs
of disease. RLH stimulation repressed maintenance and expansion of committed TH1/TH17
cells whereas T-cell differentiation was not altered. Notably, TH1/17 suppression required
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type I IFN receptor (IFNAR) engagement on dendritic cells but not macrophages or microglia.
Our results identified a novel function for RLHs as negative regulators of TH1/TH17
responses in the CNS and demonstrated a protective role of the RLH pathway for brain
inflammation.
Lineage of microglia from the yolk sac. Two different types of hematopoietic cells can give
rise to macrophages in vertebrates. In mice, microglia develop in the yolk sac (YS) from
embryonic day 8.0 (E8.0) (Ginhoux et al., 2010;Schulz et al., 2012) (McLaren et al. 2010). In
contrast, definitive hematopoietic stem cells appear within the hematogenic endothelium of
the aorto-gonado-mesonephros region at E10.5 and migrate to the fetal liver where they
expand and differentiate starting from E12.5 (Cumano and Godin, 2007). Macrophages and
dendritic cells (DCs) are present in all tissues and are critical effectors and regulators of
immune responses. However, BM transplantation leads to relatively inefficient replacement
of tissue macrophages as shown by us and several other groups in the past. We recently
reinvestigated microglia development in vivo (Schulz et al., 2012). We found that the
transcription factor Myb was required for development of haematopietic stem cells (HSCs)
and all CD11bhigh monocytes and macrophages, but was dispensable for yolk sac (YS)
macrophages and for the development of YS-derived F4/80bright macrophages in several
tissues, such as liver Kupffer cells, epidermal Langerhans cells and microglia (Figure 2) that
all can persist in adult mice independently of HSCs (Schulz et al., 2012).

Figure 2: Myb-dependent and independent tissue macrophages including microglia in
fetuses. Above: Flow cytometric analysis of the indicated organs at E14.5 and E16.5 of WT (n
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= 11 and 6, respectively), Myb+/− (n = 8 and 15), Myb−/− (n = 4 and 4), and Pu.1−/− (n = 3 to 5)
mice, gated on CD45+ cells. F4/80bright CD11blow macrophages are color-gated in blue in dot
plots and represented by white bars in histograms. F4/80low CD11bhigh macrophages are colorgated in red and represented by black bars in histograms. KIT+ cells (color-gated green) are
shown in skin and spleen. Histograms represent means ± SEM, *P < 0.05 of Myb−/− versus
WT. Below: Confocal images of E14.5 neuroectoderm sections stained for Iba-1 (red) and
DAPI (blue) from Pu.1-/-, Myb-/- and WT littermates. Bar is 25 µm. Histograms represents
number of Iba-1+ cells per mm2 (mean ± SEM) (Adapted from Schulz et al. 2012).

Regulation of microglia homeostasis in vivo. Microglia are the local tissue macrophages
in the CNS belonging to the broadly distributed and highly heterogeneous group of
mononuclear myeloid cells in the body that mediate the local immune response during
development, health, inflammatory and degenerative diseases (Ransohoff and Cardona,
2010;Prinz and Mildner, 2011;Prinz et al., 2011). However, it is only poorly understood which
factors control microglia activation and homeostasis. The role of transcription factors for
microglia (or any other resident tissue macrophage population) homeostasis is still under
explored. In order to image the expression of the transcription factor IRF-8 in the brain we
took advantage of a recently generated IRF-8 reporter mice carrying a bacterial artificial
chromosome (BAC) in which a VENUS yellow fluorescence marker was knocked into the
non-coding region of the last IRF-8 gene exon (IRF-8-VENUS) (Schönheit & Rosenbauer,
unpublished). Importantly, in brain sections of IRF-8-VENUS mice we found co-localization of
VENUS-labelled cells exclusively with Iba-1+ microglia but not with GFAP+ astrocytes, NeuN+
neurons (Figure 3) or olig2+ oligodendrocytes (not shown).

Figure 3: IRF-8 is in the CNS is only expressed in microglia. Direct fluorescence
microscopic visualization revealed VENUS-positive cells in IRF-8-VENUS mice co-expressing
Iba-1 (left panel) but not GFAP (middle) or NeuN (right). Arrows point to VENUS+ cells with
typical microglia morphology. Arrow heads indicate NeuN+ neurons. Scale bar represents 50
µm (unpublished).

In accordance with this finding the VENUS signal in the brain was restricted to
CD45loCD11b+ cells as shown by flow cytometry (Figure 4, left panel). In order to further
examine the role of IRF-8 for microglia function we characterized the immunoprofile of
CD45loCD11b+ microglia by FACS analysis (Figure 4, right panel). We took advantage of
the CX3CR1GFP/+ mice, in whose brains only microglia are labelled (Jung et al., 2000) and
generated double transgenic IRF8-/-CX3CR1GFP/+ mice. Notably, IRF-8-deficient
CD45loCD11b+ microglia strongly upregulated the activation markers CD45 and CD44, and
revealed a weaker upregulation of MHC class II, thus being indicative of an elevated
activation status.
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Figure 4: Increased expression of surface markers in IRF-8 deficient microglia. Left
panel: FACS analysis of density gradient-isolated CNS cells revealed that VENUS expression
is restricted to CD45loCD11b+ microglia. Percentage of positive cells is indicated. FSC: forward
scatter. Right panel: Surface expression of CD45, CD44 and MHC class II (right panel) on
CD45loCD11b+ microglia in IRF8-/- (black bars) and IRF8+/+ (grey bars) mice. White bars
indicate isotype controls. Quantitative data are expressed as mean ± S.E.M. One experiment
out of three is presented. At least 4 mice per group were analyzed. Asterisks indicate
statistical significance (** = p<0.01). n.s.: not significant (unpublished).

Because microglia activation is frequently accompanied by morphological changes we next
performed a detailed quantitative morphometric analysis of cortical microglia in IRF8-/CX3CR1GFP/+ mice (Figure 5). Indeed, we observed striking alterations in microglia
morphology in the absence of IRF-8. Control IRF-8 competent mice had typical homeostatic
microglia morphology such as round to spindle-shaped soma and a distinct arborization
pattern with fine delineate processes. In contrast, IRF8-/-CX3CR1GFP/+ microglia had much
shorter and fewer processes. Cell dimension, as judged by total dendrite length, number of
dendrite segments, number of dendrite branch points and number of dendrite terminal points
was always significantly reduced in IRF-8-/- microglia (not shown). The curtailed cellular
structure of IRF8-/-microglia could further be corroborated in 3-D reconstructions of confocal
images.

Figure 5: Dysmorphic
microglia in the absence
of IRF-8.
GFP immunofluorescence
(green) and DAPI staining of
the nuclei (blue) reveal
strikingly
altered
morphology and malformed
arborisation
pattern
of
parenchymal microglia in
the cortex of IRF-8 deficient
animals (right columns)
compared to wt microglia
(left columns). Scale bar =
50 µm. Lower left panel: 3Dreconstruction
of
a
representative microglia cell
in IRF8-/-CX3CR1GFP/+ and
IRF8+/+CX3CR1GFP/+
individuals.
Scale bar = 10 µm
(unpublished).
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Project-related publications
1.1.3

Articles published from the funded project

#

Dann A, Poeck H, Croxford A, Gaupp S, Kierdorf K, Knust M, Pfeifer D, Maihoefer C, Endres S,
Kalinke U, Meuth S, Wiendl H, Knobeloch KP, Akira S, Waisman A, Hartmann G, Prinz M
(2012): Cytosolic RIG-I-like helicases act as negative regulators of sterile inflammation of the
CNS. Nat Neurosc, (15):98-106.

#

Mildner A, Schlevogt B, Kierdorf K, Böttcher C, Erny D, Kummer M, Quinn M, Brück W, Bechmann I,
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myeloid subsets in mouse models of Alzheimer`s disease. J Neurosci, 31(31):11159-71.

#
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Riethmacher D, Birnberg T, Blank T, Reizis B, Korn B, Wiendl H, Jung S, Prinz M, Kurschus FC,
Waisman A (2012): Dendritic cells ameliorate CNS autoimmunity in mice by controlling the steady
state of PD-1+ regulatory T cells. Immunity, 2012 (in press)

#

Raasch J, Zeller N, Van Loo G, Merkler D, Mildner A, Erny D, Knobeloch KP, Bethea JR, Waisman A,
Knust M, DelTurco D, Deller T, Blank T, Priller J, Brück W, Pasparakis M, Prinz M (2011): IκB
kinase 2 determines oligodendrocyte loss by non-cell-autonomous activation of NF-κB in the
CNS. Brain, 134(4):1184-98.

#

Regen T, van Rossum D, Scheffel J, Kastriti ME, Revelo NH, Prinz M, Brück W, Hanisch UK (2011):
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Cells Independent of Myb and Hematopoietic Stem Cells. Science. 2012 Mar 22. [Epub ahead
of print]

1.1.4

Other publications

McLaren A, Ransohoff R, Prinz M (2010). Microglial pilgrimage to the brain. Nat Med, 16(12):13801381.
Prinz M, Mildner A (2011). Microglia in the CNS: immigrants from another world. Glia, 59(2):177-87.
#

Prinz M, Priller J, Sisodia SS, Ransohoff RM (2011). Heterogeneity of central nervous system
myeloid cells and their roles in neurodegeneration. Nat Neurosc, 13(10):1227-35.

#

these publications are joint publications from members of the research unit 1336

1.1.5
1.1.5.1

Patents
Pending

None
1.1.5.2

Issued

None
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2

Objectives and work programme
Anticipated total duration of the project

2.1

36 months.
Objectives

2.2

According to our preliminary data IRF-8 expression in the brain is restricted to cells of the
myeloid lineage, especially microglia. We furthermore observed that IRF-8 deficient murine
microglia exhibit marked changes of cellular morphology and alterations in the expression of
immune-associated surface marker indicating essential roles of IRF-8 for microglia
homeostasis. Notably, IRF-8 mutations were also recently described in humans associated
with severe defects in overall innate immune responses in these patients. However, the
precise role of IRF-8 for microglia function during health and disease is not known so far.
Therefore, the main objective of this proposal is to establish the role of IRF-8 for
development, maturation and function of microglia during health and disease.
Specifically we want to:
•

examine the role of IRF-8 for the development of myeloid cells in the CNS.

•

investigate the function of IRF-8 for microglia homeostasis and decipher the
interaction partner involved.

•

generate inducible microglia-specific IRF-8 mutants to delineate the function of IRF-8
for demyelinating CNS diseases.

Taken together, the proposal intends to elucidate whether IRF-8 represents a novel factor
that regulates microglia quiescence under healthy conditions, and as such might also be
involved in controlling changes of the brain environment during pathological situations such
as CNS disorders.

2.3

Work programme incl. proposed research methods

Methods
IRF-8 expression analysis. The expression of IRF-8 in myeloid cells during microglia
development will be done on both mRNA and protein level. For RNA expression data
analysis we will performed in FACS-sorted (MoFlow) cells. RNA will be extracted from sorted
cells by adding RLT lysis buffer, followed by RNA isolation with RNeasy Mini Kit (Qiagen,
Hilden, Germany). The qRT-PCR reaction will be performed as described recently (Mildner et
al., 2007). Fate mapping of IRF-8 expression in microglia during development will be done in
IRF-8-VENUS transgenic mice recently generated by the Rosenbauer group (unpublished).
IRF-8 reporter mice carry a bacterial artificial chromosome (BAC) in which a VENUS yellow
fluorescence marker is knocked into the non-coding region of one IRF-8 exon (IRF-8VENUS). Subsequent FACS analysis will be performed on distinct microglial developmental
stages, partially described by us recently (Schulz et al., 2012) in E8.0 yolk sac cells (ckit+CD45-CX3CR1-, c-kit-CD45+CX3CR1-, c-kit-CD45-CX3CR1- populations). E9.5 yolk sac
cells and brain macrophages/microglia c-kit-/+CD45+CX3CR1lo[A1 population], c-kit209
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CD45+CX3CR1hi[A2 population], CD45loCX3CR1+ E14 embryonic and P60 adult microglia.
For flow cytometry analyses CNS samples will be prepared as described previously (Schulz
et al., 2012). In short, samples were stained with CD11b, CD45, c-kit or F4/80 (eBioscience,
BD Pharmingen). Suspensions will be analyzed on a FACS Canto II (Becton Dickinson).
Data will be acquired with FlowJo.
Microglia isolation and stimulation. Murine microglia from adult IRF-8 or WT mice can be
isolated using percoll gradient as described by us before (Mildner et al., 2007;van et al.,
2006). For culture experiments, primary microglia will be prepared from newborn mice as
described (Prinz and Hanisch, 1999). Briefly, the brain is dissected and meningeal tissue will
be stripped off. Brains are mechanically dissociated with fire-polished Pasteur pipettes and
the resulting cell suspension is passed through a sterile nylon mesh (pore size 70 μm,
Falcon) in DMEM. After washing by centrifugation at 1000 rpm for 5 min, all cells from one
brain will be seeded into 25 cm2 culture flasks (Falcon) in DMEM supplemented with 10%
fetal calf serum and antibiotics and grown for 10 to 14 days at 37oC. The resulting confluent
cell monolayer usually consists of >95% microglia, as confirmed by staining with isolectin B4
(ILB4). For MHC class II induction, cells will be stimulated with IFNγ (20 ng/ml) alone or in
combination with IFNβ (100 U/ml) for 18 h. For measurement of myelin phagocytosis FITClabelled myelin will be exposed to microglia at a protein concentration of 4 µg/ml for 1 or 2 h
alone or in the presence of cytochalasin D (5 µM). For measurement of microglia proliferation
culture medium is supplemented with different concentrations of recombinant mouse M-CSF
(R&D Systems, Wiesbaden, Germany). After 48h 10 µM BrdU (Sigma, Munich, Germany)
will be added for 1h. Cells sre fixed in 4% PFA and stained with the BrdU in-situ detection kit
according to the manufacturer’s instructions (BD Pharmingen, Heidelberg, Germany).
Organotypic hippocampal slice cultures. Organotypic hippocampal slice cultures will be
prepared as described previously (Vinet et al., 2012). In brief, slice cultures are prepared
from 2 to 3 day old mouse pups under sterile conditions. After decapitation, the brains are
removed and the hippocampi from both hemispheres will be acutely isolated in ice cold
serum-free Hank's Balanced Salt Solution (HBSS), supplemented with 0.5% glucose (Sigma)
and 15 mM HEPES. Isolated hippocampi are cut into 350 μM thick slices using a tissue
chopper (McIlwain) and are transferred to 0.4 μM culture plate inserts (Millipore,
PICM03050). The slice cultures will be kept at 35°C in a humidified atmosphere (5% CO2)
and the culture medium is refreshed the first day after preparation and every consecutive 2
days. To deplete endogenous microglia, slice cultures are placed on culture plate inserts and
incubated with approximately 0.5 mg/ml Lip-CL solution (1:10 liposome dilution in standard
slice culture medium) for 24 h at 35°C. Subsequently, the slice cultures are carefully rinsed in
PBS (35°C) to wash away residual liposomes and placed on fresh culture medium.
Replenishment of slice cultures with be performed with isolated in E8.0 yolk sac cells (ckit+CD45-CX3CR1-, c-kit-CD45+CX3CR1-, c-kit-CD45-CX3CR1- populations). E9.5 yolk sac
cells and brain macrophages/microglia c-kit-/+CD45+CX3CR1lo [A1 population], c-kitCD45+CX3CR1hi [A2 population], CD45loCX3CR1+ E14 embryonic and P60 adult microglia.
Morphology of cells will be determined 10 days after transfer using measurements of 3D
datasets that are were generated IMARIS software as described below (Bitplane,
Switzerland).
Microarray analysis. Total RNA from either IRF-8 ko or WT microglia will be prepared using
the RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA integrity is subsequently analysed by
capillary electrophoresis using a 2100 Bioanalyzer (Agilent Technologies, CA). RNA samples
with an RNA integrity number (RIN) of greater than 9 will be further processed with the
Affymetrix GeneChip Whole Transcript Sense Target Labeling Assay as described by the
manufacturer. We use the Genedata Expressionist software for further data analysis
(Genedata AG, Basel, Switzerland). CEL files will be imported into the Refiner module of
Expressionist (version 5.3.8) where background subtraction, quantile normalization and
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probe summarization is performed using the Refiner implementation of the RMA condensing
algorithm. To control the false discovery rate, the Benjamini-Hochberg q-value is calculated.
We then use the 'N-fold regulation'-activity of Analyst to calculate the mean Fold-change
between wt and IRF-8 ko microglia. Only genes from the categories "main" and "unmapped"
(see Affymetrix transcript annotation MoGene-1_0-st-v1.na30.1.mm9.transcript) are included,
such omitting control probes. As significance thresholds, we use a fold-change >2x and a qvalue < 0.05. To find overrepresented Gene Ontologies within filtered gene lists, Fisher's
Exact Test is used as implemented in Genedata Analyst. Selected dysregulated genes will
be confirmed by qRT-PCR as described before (Prinz et al., 2008).
Microglia quantification and morphometry. After transcardial perfusion with phosphatebuffered saline (PBS) and subsequent 4% paraformaldehyde (PFA), 20 and 30 µm
cryosections will be obtained from the brains for immunohistochemistry and for
morphometrical analysis. Sections are incubated in PBS containing 5% bovine serum
albumine. Primary and preabsorbed antibodies are added overnight at a dilution of 1:500 for
Iba-1 (WACO, Japan), 1:400 for F4/80 (Serotec, Oxford, UK), 1:400 for CD11b (abcam, UK),
1:400 for CD45 (BD Pharmingen, Germany) and 1:500 for cleaved caspase-3 (R&D systems,
USA) immunohistochemistry. Isolectin B4 stainings are performed as decribed before (Prinz
and Hanisch, 1999). Alexa Fluor 555- and Alexa Fluor 488-conjugated secondary antibodies
(Invitrogen, Germany) shall be added at a dilution of 1:500 for all antibodies for 2h at room
temperature. Nuclei are counterstained with 4,6-diamidino-2-phenylindole (DAPI). Microglia
are counted in at least three sections each of individual animal. The immunostainings will be
examined microscopically using at a 200 fold microscopical magnification, using a
conventional fluorescence microscope (Olympus BX-61, Germany) equipped with a color
camera (Olympus DP71, Germany). For morphometrical analysis, confocal stacks of
microglial cells will be recorded with a confocal laser scanning microscope (Olympus
FluoView FV1000, Germany). Morphometric measurements of 3D datasets are performed by
using IMARIS software (Bitplane, Switzerland).
Cuprizone treatment and EAE. Cuprizone experiments are performed on 9-10 week old
chimeric mice as described recently by us (Raasch et al., 2011). The animals will be housed
under standard laboratory conditions with food and water ad libitum. Mice are fed for 5 weeks
with 0.2 % (wt/wt) cuprizone (Sigma, St Louis, MO, USA) in the ground breeder chow. The
control group will receive breeder chow without cuprizone admixture. Histological
examination of demyelination will be performed as described before by us (Raasch et al.,
2011). EAE experiments are done in female 8- to -10 week old mice from each group as
recently described (Dann et al., 2012). Mice are immunized subcutaneously with 200 μg of
MOG35-55 peptide emulsified in CFA containing 1 mg of Mycobacterium tuberculosis (H37RA;
Difco Laboratories, Detroit, Michigan, USA). Mice shall receive intraperitonal injections with
250 ng pertussis toxin (Sigma-Aldrich, Deisenhofen, Germany) at the time of immunization
and 48 hours later. Histology will be performed as described recently (Dann et al., 2012).
Spinal cords are removed on day 35 after immunization and fixed in 4% buffered formalin.
Then, spinal cords shall be dissected and embedded in paraffin before staining with H&E,
luxol fast blue (LFB) to assess the degree of demyelination, MAC-3 (BD Pharmingen) for
macrophages/microglia, CD3 for T cells and APP for indication of axonal damage (Serotec,
Düsseldorf, Germany). Spinal cord sections will be evaluated using the cell-P software
(Olympus). Passive EAE will be performed as described previously (Prinz et al., 2008). In
brief, donor mice are immunized subcutaneously with with 200 μg of MOG35-55 peptide in CFA
supplemented with 500 μg Mycobacterium tuberculosis. Immediately after and 2 d later the
mice receive 250 ng of pertussis toxin. 11 d after immunization, mice are killed and spleens
will be removed, homogenized, and RBCs are lysed. Cells are cultured for 4 d in RPMI 1640
supplemented with 10% FCS (both obtained from BioWhitaker), 10 μg/ml of MOG peptide,
and 2.5 ng/ml of recombinant IL-12 (PeproTech). The cells are harvested, and dead cells will
be removed by Ficoll (Sigma-Aldrich) centrifugation. Cells are then washed and injected into
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recipient mice (5–25 × 106 cells/mouse). Animals receive 250 ng/mouse pertussis toxin on
day 0 and 2 after transfer. Clinical disease usually begins 6–10 d after cell transfer.
Generation of BV-2 reporter cell lines. For stable transfection assays, cells are needed in
logarithmic growth phase. Hence, cell lines are propagated at low cell density. DMEM without
supplements is used to resuspend the cells to a final cell concentration of 1*E07/ml. For
transfection 20 μg linearized of IRF-8 or IRF-8 delta50KB plasmid and 2μg antibiotic
resistance cassette carrying vector is mixed to 500 μl cell suspension and incubated for 5
min at RT. The cell/DNA mix is transferred to a 0.4 ml electroporation cuvette (Biorad) and
electroporated in a Biorad electroporation device (Genepulser Xcell, Biorad), following
standard electroporation protocols. Positively transfected cells are identified by antibiotic
resistance and propagated for downstream application. Stratagene site directed mutagenesis
kit is employed to introduce mutations of transcription factor binding motifs within reporter
plasmids. Here, a PCR based method will be used, making use of a proof-reading PFUPolymerase and synthetic oligonucleotides harbouring thedesired mutations. Plasmid DNA
carrying the sequence of interest serves as template for the reaction. Mutations within the
transcription factor binding site are then introduced using the indicated primers in which the
mutated binding motifs are underlined. After PCR amplification the methylation specific
Endonuclease DpnI is used to digest pDNA. That way only methylated parental pDNA of
dam-positive bacterial origin is digested, whereas newly synthesized unmethylated DNA is
not cut. The success of mutation will be verified by sequencing.
Intravital 2-Photon microscopy. A cranial window over the right cortical hemisphere will be
surgically implanted as previously described (Fuhrmann et al., 2010;Meyer-Luehmann et al.,
2008). The mice will subsequently be anesthetized with an intraperitoneal injection of
ketamine/xylazine (0.13/0.01 mg/g body weight). Additionally, dexamethasone (0.02 ml at 4
mg/ml) is intraperitoneally administered immediately before surgery. A circular piece of the
skull over the somatosensory cortex (4 mm in diameter) is removed using a dental drill
(Schick-Technikmaster C1; Pluradent; Offenbach, Germany). Special care will be taken to
leave the underlying dura intact. The dura is covered with PBS. Immediately, a round
coverslip (5 mm diameter) is glued to the skull using dental acrylic (Cyano-Veneer fast;
Heinrich Schein Dental Depot, Munich, Germany) to close the craniotomy. A small metal bar,
containing a screw thread, shall be glued next to the coverslip to allow repositioning of the
mouse during subsequent imaging sessions. After surgery, mice receive a subcutaneous
analgesic dose of carprophen (Rimadyl; Pfizer, New York, USA) for 3 days (5 mg/kg).
Imaging will begin following a 21 day rest period after surgery for the window to become
stable.
Two-photon imaging will be performed using an upright Zeiss (Jena, Germany) Axioskop 2Fs
mot LSM5MP setup, equipped with a MaiTai HP two-photon laser (Spectra Physics,
Darmstadt, Germany). All fluorophores are excited at 880 nm and the fluorescence emission
is detected by two non-descanned detectors with large aperture detection optics. Prior to
each imaging session, mice are anesthetized by an intraperitoneal injection of
ketamine/xylazine (0.13/0.01 mg/g body weight). To label the blood vessels a tail vein
injection with 5 mg/kg body weight of Texas Red dextran in sterile 0.9% Saline is carried out.
Imaging sessions last for no longer than 60 minutes. Image acquisition is performed with the
Zeiss LSM510 Rel3.5 software. To measure the microglia surveying capacity (turnover rate
TOR) time-lapse image stacks (140 x 140 x 40 μm³; 2 μm z-resolution; Δt: 5 min) with 512 x
512 pixels per image frame (0.27 μm/pixel) are generated. The TOR of microglial fine
processes will be determined by overlaying subsequent maximum intensity projected zstack-images spanning 40 μm in z-direction. These will be pseudocolored in green and red
allowing to measure the area of gained processes in green, lost in red and stable in yellow
(Supplementary Video 4). The TOR is then calculated as the sum area of gained and lost
processes, divided by the whole area occupied by the microglial cells in percent.
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Mice. Breeding of mice will be performed at the central animal housing facility of the
University Hospital Freiburg. IRF-8-/-, IRF-8-/-CX3CR1GFP/+, IRF-8-/-IRF-8-VENUS, IRF8+/+IRF-8-VENUS, IRF-8-/--50kbΔIRF-8-VENUS mice will be obtained from the Rosenbauer
group. IRF-8 fl/fl mice will be obtained from Jackson labs.
Work program
Ad (1) Role of IRF-8 for the development of myeloid cells in the CNS
The proposed subproject is based on our own observation that IRF-8 expression in the brain
is obviously restricted to myeloid cells, e.g. microglia. In IRF-8 deficient animals microglia are
apparently present, despite the fact that a detailed quantitative assessment of their number is
still lacking. In contrast, both IRF-8-deficient rodents and humans lack circulating monocytes
and dendritic cells suggesting a divergent role of the transcription factor IRF-8 for primitive
and definitive haematopoiesis (Holtschke et al., 1996;Hambleton et al., 2011). However, our
extensive non-biased morphometric measurements revealed in IRF-8-/-CX3CR1GFP/+ animals
strongly altered morphological features in the absence of IRF-8.
To investigate the expression of IRF-8 during distinct stages of microglia development from
the yolk sac (YS) to the CNS (Figure 6) we will take advantage of the recently generated
IRF-8+/+IRF-8-VENUS mice that carry a bacterial artificial chromosome (BAC) in which the
VENUS yellow fluorescence marker was inserted into the non-coding region of one IRF-8
exon.

Figure 6: Check points for IRF-8 protein expression/function during microgliogenesis.

Flow cytometric measurements will be done by examining IRF-8-VENUS expression in the
following myeloid cell subsets as already partially defined by us before (Schulz et al., 2012):
yolk sac cells from E8.0 (c-kit+CD45-CX3CR1-, c-kit-CD45+CX3CR1-, c-kit-CD45-CX3CR1populations). E9.5 yolk sac cells and brain macrophages/microglia c-kit-/+CD45+CX3CR1lo [A1
population], c-kit-CD45+CX3CR1hi [A2 population], CD45loCX3CR1+ E14 embryonic and P60
adult microglia. For flow cytometry analyses cell samples will be prepared as described
previously (Schulz et al., 2012). Cells are subsequently analyzed on a FACS Canto II
(Becton Dickinson). Data will be acquired with FlowJo. Microglia number in the absence or
presence of IRF-8 will be determined by quantification of the total cell number and by
stereological measurements in tissue samples as described by us before (Mildner et al.,
2011). IRF-8 protein expression data will be supplemented by quantitative mRNA data by
applying IRF-8 q-RT-PCR in these myeloid subsets.
Next, isolated cell populations will be transferred to organotypic hippocampal slice cultures
depleted of endogenous microglia (Vinet et al., 2012). The capacity of transferred cells to
generate Iba-1 cells will be examined 10 days after transfer and morphometric
measurements for microglia parameter will be performed as well.
Finally, after determination of IRF-8 expression on both mRNA and protein level the myeloid
subsets will be analyzed quantitatively. This is reasonable, because absence of IRF-8 in the
HSCs strongly changes myelopoiesis (Holtschke et al., 1996). We therefore hypothesize that
distinct myeloid subsets in the YS or developing embryo might be altered. If we identify
quantitative changes of distinct myeloid subsets we will afterwards investigate their apoptotic
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resistance (Annexin V, Caspase 3, Ki-67 expression) according to a previous report
(Gabriele et al., 1999). In fact, earlier observations in HSCs have revealed that IRF-8 may, at
least in part, repress the transcription of several anti-apoptotic genes, notably Bcl-2, Bcl-Xl or
FAP-1, or enhance the expression of pro-apoptotic genes such as caspase 3 (Gabriele et al.,
1999;Burchert et al., 2004).
Ad (2) Role of IRF-8 for microglia homeostasis and molecular mechanisms involved
First, in order to examine microglia features in the absence of IRF-8 in vivo we want to apply
first intravital 2-Photon microscopy. Our previous morphometric measurements revealed
striking changes of microglia shape in the absence of IRF-8 (see preliminary data). To shed
more light on the role of IRF-8 for microglia function in vivo, we will monitor microglia
behaviour in IRF-8-/-CX3CR1GFP/+ and IRF-8+/+CX3CR1GFP/+ animals at two different time
points, namely 8 and 50 weeks after birth. Specifically, as measure of microglia surveying
capacity within cortical layers I and II, we will analyze the total fine process turnover rate
(TOR) under steady state conditions. In the next step the kinetics of microglia activation and
recruitment to a lesion site in vivo will be measured. Upon traumatic brain injury, microglial
processes rapidly and autonomously converge on the site of injury without cell body
movement, establishing a potential barrier between the healthy and injured tissue (Prinz and
Mildner, 2011). This rapid chemotactic response can be mimicked by local application of a
laser beam. To do so a laser beam is applied as described recently (Meyer-Luehmann et al.,
2008;Fuhrmann et al., 2010). For each experimental paradigm at least 30 microglia cells of
each genotype will be examined. Following in vivo intravital 2-Photon microscopy brain
sections will subsequently be analysed on histological level for microglia-specific regulation
of the surface molecules MHC class II, CD44, CD45 and ILB4.
Phagocytosis, proliferation and the regulation of immunmostimmulatory molecules such as
MHC class II are important executive functions of microglia (Ransohoff and Cardona,
2010;Streit, 2002;Finsen and Owens, 2011;Yong and Rivest, 2009;Rivest, 2009). First, we
will therefore determine the surface expression of MHC class II molecules usually needed for
antigen representation which is upregulated upon IFNγ supplementation for 18 h in IRF-8-/and IRF-8+/+ primary microglia. Recombinant IFNβ in turn, is usually able to reduce the MHC
class II expression levels. Since IRF-8 could not only affect the activation response, we will
further investigate the role of this transcription factor for cell proliferation. We will treat
microglia with M-CSF and measure a dose dependent increase in mitotic cells, indicated
through the specific integration of BrdU. Phagocytosis represents another major executive
function of myeloid cells during health and disease. We will therefore expose cultured
microglia to fluorescently labelled myelin and measure the kinetics and quantity of myelin
phagocytosis as described before by us (Mildner et al., 2007).
To get further inside into the molecular mechanisms of cellular dysregulation that is obviously
accompanying the loss of IRF-8 in microglia gene array studies will be performed. Total RNA
from either IRF-8-/- and IRF-8+/+ sorted microglia will be prepared. RNA samples with a high
RNA integrity number (RIN) will be further processed with the Affymetrix GeneChip Whole
Transcript Sense Target Labeling Assay. We will then use the 'N-fold regulation'-activity to
calculate the mean Fold-change between the he IRF-8 competent and deficient microglia. As
significance thresholds, we will use a fold-change > 2x and a q-value < 0.05. To find
overrepresented Gene Ontologies within filtered gene lists, Fisher's Exact Test is used as
implemented in Genedata Analyst. Cluster analysis will be performed to decipher the most
affected functional cluster. A special focus will be on genes involved in apoptosis, survival,
proliferation, phagocytosis and immune regulation. Selected dysregulated genes will be
confirmed by qRT-PCR as described above.
In order to reveal what controls IRF-8 gene expression on molecular level in microglia, IRF-8
locus configuration will be assessed in more detail. It is well known that gene function often is
mediated cell type specifically by upstream regulatory cis-elements (Leddin et al., 2011). The
group of Rosenbauer recently found in peripheral myeloid cells that within the IRF-8 locus
the -50 kb, -16 kb and -11 kb enhancer elements were highly acetylated suggesting that IRF214
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8 expression might be controlled via regulatory elements rather then by the promoter
alone(Schönheit & Rosenbauer, unpublished). It was further shown by the same group that
the proper -50 kb function, e.g. by mutating the binding motifs for the upstream transcription
factors RUNX1 and PU.1 resulted in the loss of function of the enhancer and thus
deregulation of the IRF8 promoter. Notably, mouse models with impaired RUNX1 or PU.1
function revealed dysregulated microgliogenesis (Ransohoff and Perry, 2009).
To validate first the relevance of the transcription factors binding the -50 kb elements in
microglia in vitro, sh-RNA constructs against RUNX1 and PU.1 will be used in the BV-2
microglia cell line. In detail, knock down studies in stable BV-2 reporter cell lines containing
the luciferase reporter driven by the IRF-8 promoter and enhanced by the -50 kb element will
be employed (Figure 7A). Significant down regulation of the reporter activity will be observed
when RUNX1 and PU.1 binding sites are indispensable for IRF-8 regulation in microglia.
These findings will be confirmed by a subsequent mutation study of the described reporter
construct. In detail, binding motifs of RUNX1 and Pu.1 will be mutated using site directed
mutagenesis. Stable microglia cell lines will be generated carrying these mutations (Figure
7B).

Figure 7: Constructs for the investigation of – 50 kb element functionality for the IRF-8
promoter. A: Sh-RNA construct carrying the –50 kb element (-50) driven by the IRF-8
promotor (prom) containing the luciferase reporter (luc). B: PU.1 and RUNX1 binding sites at
the – 50kb element will be mutated as indicated. (Adapted from Schönheit & Rosenbauer)

In the second step we want to establish the in vivo relevance of these binding sites at the –
50 kb enhancer for IRF-8-mediated function in microglia. To do so we will use the recently
generated transgenic mouse specifically lacking the -50 kb element on an IRF-8 deficient
background, namely IRF-8-/--50kbΔIRF-8-VENUS mice (Schönheit & Rosenbauer,
unpublished). In these transgenic mice the peripheral myeloid phenotype of IRF-8 deficient
mice is largely rescued with increased number of circulating Ly-6Chi monocytes. However,
whether observed changes in IRF-8-/- microglia can also be rescued is not known. We will
therefore use IRF-8-/--50kbΔIRF8-VENUS mice for I) histological (is the dysmorphic
phenotype of IRF-8-/- microglia dependent on the -50 kb element?) and II) functional studies
(2-PM in vivo imaging, measurements of microglia phagocytosis, proliferation, antigen
presentation, gene expression).
Ad (3) Role of inducible microglia-specific IRF-8 mutants for CNS demyelination
Our own preliminary data indicate that IRF-8 is apparently a key regulator of microglia
immune function. In addition, IRF-8 mutations in humans associated with myeloid cell
immundeficiency were described (Hambleton et al., 2011). Furthermore, a recent metaanalysis identified IRF-8 as a susceptibility locus for multiple sclerosis (De Jager et al.,
2009). However, to what extend microglia-restricted IRF-8 deficiency can shape autoimmune
inflammation in the CNS similar to inflammatory Ly-6Chi monocytes as shown by us before
(Mildner et al., 2009b) is currently unclear. Further, IRF-8 is up-regulated by IFN-γ via a
STAT1-dependent pathway that is important for sterile inflammation in the CNS (Steinman,
2007;Gold et al., 2006).
Microglia, macrophages and monocytes are considered as essential modulators of myelin
repair. Indeed, there is recent evidence indicating that microglia could exert a
neuroprotective function in MS and EAE (Neumann et al., 2009). Myeloid cells in the CNS
are involved in neuroprotection by the secretion of soluble mediators that trigger neural repair
and usually contribute to the creation of an environment conductive for regeneration. The
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efficient removal of apoptotic cells and clearance of debris at the lesion site are obviously
essential for the induction of remyelination (Neumann et al., 2009).
In order to delete IRF-8 specifically in microglia of adult animals without affecting myeloid cell
development we will generate tamoxifen inducible IRF-8-/- mice by intercrossing IRF-8 fl/fl
animals with CX3CR1 Cre-ERT2 mice that will result in a stable and highly specific
recombination in microglia cells only (own data and Jung lab, unpublished). Tamoxifen (1 mg
per animal, 10:1 mixture of sunflower seed oil/ethanol, Sigma) will by injected
intraperitoneally once per day for five consecutive days. Two weeks after treatment
experiments will be performed.
In detail, the role of microglia-specific IRF-8 for autoimmune CNS inflammation (MOG35-55
EAE model) and toxic de-and remyelination (copper chelator cuprizone) will be investigated.
Both disease models and the methods required are well established in our lab (Dann et al.,
2012;Mildner et al., 2009b;van et al., 2006).
Cuprizone experiments:
Despite the fact that the cuprizone model is far from being a perfect MS model it represents
an ideal tool to study the biology of de- and remyelination in a time dependent and spatial
manner (Matsushima and Morell, 2001). Among the most induced cytokines during toxic
demyelination is IFN-γ that is a potent IRF-8 inducer (Matsushima and Morell, 2001). Thus,
we can perfectly investigate the role of microglia-specific IRF-8 deletion for de-and
remyelination on light and electron microscopical level. We will study A) demyelination in
CX3CR1 Cre-ERT2 x IRF-8 fl/fl mice (after 5 weeks of cuprizone treatment) and B) remyelination
(cuprizone diet is discontinued after 5 weeks and animals will be maintained for a further 5
weeks under normal diet to allow spontaneous remyelination).
For both stages the following parameters shall be examined:
1. Light microscopical changes (degree of demyelination by LFB-PAS, MAC-3,
GDAP for glial cells, degraded MBP, PLP, MBP, CNP and NogoA for
oligodendrocytes),
2. Electron microscopical changes of axons and myelin (analyzes for fiber
diameter, axon diameter and myelin thickness using the analySIS Docu
System),
3. The inflammatory milieu and presence of myelin proteins (qRT-PCR for CCL2,
CXCL10, CCL3, TNFα, IL-1β, CNP, MAG, Olig1 and SOX2)
EAE experiments:
Two weeks after last tamoxifen treatment CX3CR1 Cre-ERT2 x IRF-8 fl/fl mice animals will be
actively immunized using MOG35-55 peptide emulsified in CFA and the disease modulating
role of microglia-specific IRF-8 will be investigated. We will monitor the clinical course and
disease severity. Furthermore, we shall:
1. examine the Th1, Th2, Th17 cytokines (mRNA for TH1: IFN-γ, IL-12p35, Tbet, for TH2: IL-4, IL-10, IL-13, STAT6 and GATA 3, for TH17, RORγt, IL-17A,
IL-17F, IL-23p19, IL-6, IL-1β and TGF-β) ) in the draining lymph nodes (recall
assay) and in the CNS at different time points of disease (7, 21, 35 dpi),
2. study the CNS damage histologically (immunohistochemistry for APP and
SMI31/ 32 for axonal damage, LFB-PAS and NOGOA for demyelination and
loss of oligodendrocytes),
3. investigate the inflammatory make up of the infiltrated CNS by histology
(immunohistochemistry for CD3, B220, MAC-3) or FACS at peak of disease.
For examination of T-cell subsets by FACS (Th1, Th17 cells and Treg) we will
use CD4, CD8, IFN-γ, IL-17, CD25, Foxp3 as marker. For myeloid subsets we
will use the following marker: CD115, Ly-6C, CD11b, F4/80 and Gr-1 for
determination of inflammatory monocytes (CD115+CD11b+CD45hiLy-6Chi),
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resident monocytes (CD115+CD11b+CD45hiLy-6Clo), granulocytes (CD11b+Gr1+) and microglia (CD11b+CD45loLy-6Clo).
4. perform passive EAE with antigen-specific encephalitogenic T cells into IRF-8
competent and deficient hosts.
In sum, the proposed experiments will help to reveal to what extent IRF-8 represents a novel
factor that regulates microglia quiescence under steady state conditions, and as such IRF-8
might also be involved in controlling changes of the brain environment during pathological
situations such as autoimmune demyelinating CNS disorders.
Table. Mouse lines used in this study

Cross of…
IRF-8

…with

-/-

IRF-8+/+IRF-8-VENUS
IRF-8-/-IRF-8-VENUS
IRF-8-/--50kbΔIRF-8-VENUS

IRF-8 fl/fl
CX3CR1GFP/+

CX3CR1ERT2 Cre
IRF-8-/-

Function
Depletion of IRF-8 in microglia in the CNS
and myeloid cells in periphery
VENUS+IRF-8+ microglia, VENUS+IRF-8+
cells in periphery on IRF-8+/+ back ground
VENUS+IRF-8+ microglia, VENUS+ IRF8+cells in periphery on IRF-8-/- back ground
VENUS+-50kbΔIRF-8+ microglia, VENUS+50kbΔIRF-8+ cells in periphery on IRF-8-/back ground
Depletion of IRF-8 in microglia only
GFP+ microglia lacking IRF-8, GFP+IRF-8-/myeloid cells in periphery

Time schedule

Work plan element
Role of IRF-8 for myeloid cell development
Analysis of IRF-8 Venus expression in myeloid
cell subsets, mRNA expression
Quantitative evaluation myeloid subsets,
expression of apoptotic/proliferative molecules
Role of IRF-8 for microglia homeostasis
Intravital 2-Photon microscopy
Phagocytosis, Proliferation, Immunregulation
Gene array studies, qRT-PCR
Promotor/enhancer studies in vitro
Promotor/enhancer/rescue studies in vivo
Inducible IRF-8 knockouts during disease
Toxic demyelination incl. analysis
Autoimmune demyelination (active & passive)

2.4

Year 1

Year 2

Year 3

Data handling
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All research data will be stored according to the existing standards, e.g. lab books and
electronic data are continuosly in the department.

2.5

Other information

Non applicable.

2.6

Descriptions of proposed investigations involving experiments on humans,
human materials or animals

- Experiments involving humans or human material
Non applicable.

- Experiments with animals (Tierversuche)
Our laboratory takes the issue of animal welfare seriously. All laboratory animals must be
handled in a responsible manner according to the veterinarian law. The animal facilities at
the University of Freiburg (headed by Dr. R. Sanchz) are clean (SPF), well-organized and
properly maintained. The University provides an experienced staff of veterinarians and
animal caretakers who are responsible for maintaining the facility and monitoring the health
of the animals daily. The animal experiments described in this proposal do not involve
invasive or potentially painful experiments in mice. The mutations and transgenes in our
experimental mice confer relatively mild phenotypes that do not cause the animals undue
pain or suffering. Occasionally, animals will need to be euthanized for experimental analysis
via carbon dioxide inhalation. Carbon dioxide inhalation is rapid, painless, and is an
approved method of euthanasia according to animal law. The animal experiments will be
performed in accordance with the guidelines of Bezirksregierung Stuttgart legislation for
animal experiments. The respective animal permission number is G-87.007.

2.7

Information on scientific and financial involvement of international cooperation
partners

Because the group of Steffen Jung at Rehovot, Israel, is integral part of the Research Unit
1336 and also essential for this proposal he will be involved in this renewal application.
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Requested modules/funds

4.1 Scientific staff
1. Postdoctoral fellow (N.N., TV-L E13), this position is required because the project deals
with several sophisticated methods that require extensive and detailed experiences such as
in vitro transcription of the RNA, transfections, qRT-PCR, gene array analysis, multicolour
FACS analysis of lymphoid and CNS tissue, mouse immunizations and recall experiments.
2. Maria Oberle, Technician (NN, TV-UK E9), is currently a research technician at the Dpt. of
Neuropathology, University of Freiburg. She has profound experiences in flow cytometry and
histology/immunohistochemistry. She will mainly perform histology, genotyping and RT-PCR.
4.2 Scientific instrumentation (Wissenschaftliche Geräte)
Non applicable.
4.3 Consumables (Verbrauchsmaterial)
Consumables for each year
Cell culture media
Oligonucleotides, restriction enzymes
Taq-polymerase, fluorescent detection dyes
Primary antibodies for flow cytometry
Secondary antibodies for flow cytometry
Primary antibodies for immunhistochemistry
Secondary antibodies for immunhistochemistry
Chemicals
Subtotal
Total over 3 years

€
€
€
€
€
€
€
€

2.000
2.000
2.000
2.000
1.000
2.000
2.000
2.000
15.000 €/year
45.000 €

4.4 Travel (Reisen)
See project D.
4.5 Publication expenses (Publikationskosten)
See project D.
4.6 Other costs (Sonstige Kosten)
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Mouse lines

IRF-8-/-, IRF-8-/-CX3CR1GFP/+,
IRF-8-/-IRF-8-VENUS, IRF8+/+IRF-8-VENUS, IRF-8-/-50kbΔIRF8-VENUS, IRF-8fl/fl

5

Experiment

No of
animals

weeks

Time pregnancies, 2-PM,
EAE, cuprizone

158

53

Costs
(0.60
€/animal/
week)
5024

Total per year

5.024

Total per 3 years

15.072

Project requirements

5.1

Employment status information

Prinz, Marco: Professor of Neuropathology and heading the Department of Neuropathology
at the University Hospital Freiburg with permanent position.

5.2

First-time proposal data

Non applicable.

5.3

Composition of the project group

The following people will from the Department of Neuropathology will be funded from the
basic equipment and will provide support for the project:
Christoffer Fix (Technician, permanent contract): He will spend 10 % of his working time to
this project by helping with mouse histology (perfusion of animals, preparing of the CNS
tissue, embedding of the samples, providing paraffin sections).
Marco Prinz (Head of the department, permanent contract): as director of the Department of
Neuropathology I will spend 10 % of my working time with supervising the project.

5.4
5.4.1

Cooperation with other researchers
Researchers with whom you have agreed to cooperate on this project

Collaborations within the Research Unit 1336
A1
A3
A4
C1

Hanisch: We will provide selective tools to investigate type I IFNs in his model
Rosenbauer/Dugas: This interaction is instrumental since this group has long
lasting experiences in the myeloid transcription factors PU.1, IRF8. Furthermore,
unique tools are available by this group.
Biber/MeyerLuehmann: There will be joint experiments on organotypic
hippocampal slices and with 2-PM imaging of IRF-8 animals.
Jung: The IRF-8 ko mouse will be intercrossed and examined in the CX3CR1ERT2
line generated by the Jung group.
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5.4.2

Researchers with whom you have collaborated scientifically within the past
three years (in alphabetical order)

Brück, Göttingen

Mildner, Rehovot

Deller, Frankfurt

Montalban, Barcelona

Fontana, Zurich

Müller, Heidelberg

Hartmann, Bonn

Pasparakis, Cologne

Heikenwälder, Munich

Poeck, Munich

Kalinke, Hannover

Prat, Montreal

Korn, Munich

Ransohoff, Cleveland

Merkler, Geneva

Van Loo, Ghent

5.5

Scientific equipment

All the institutional and technical requirements for the proposed project are already available
und usable. The Department of Neuropathology is fully equipped with state-of-the-artimaging instruments such as a confocal microscope (Olympus FluoView FV1000, Germany),
a transmission electron microscope (Zeiss), a 2-PM microscope (Olympus FluoView
FV1000) and a multi-color-flow cytometer (FACS Ario II, BD) are present in the department.
The required knock out mouse strains are currently breeding in our central mouse facility. At
this point, there is no further funding by other third party sources for this project.

5.6

Project-relevant interests in commercial enterprises

Non applicable.

6

Additional information

6.1

Proposal submitted elsewhere

I have not requested funding for this project from any other sources. In the event that I
submit such a request, I will inform the Deutsche Forschungsgemeinschaft immediately.
6.2

Rules of good scientific practice

In submitting a proposal for a research grant to the DFG, I agree to adhere to the DFG’s
rules of good scientific practice.
6.3

Publication list and bibliography

In preparing my proposal, I have adhered to the guidelines for publication lists and
bibliographies.
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7

Signature:

Marco Prinz

Freiburg, May 1th 2012
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C3 Project Description – Project Proposals
Waisman, Ari, Prof. Dr. rer. nat.
Institute for Molecular Medicine
University Medical Center Mainz
Obere Zahlbacher Str. 67
55131 Mainz,
Tel: 06131-17-9129
E-mail: waisman@uni-mainz.de

B.

Wörtge, Simone, Dr. rer nat.
Institute for Molecular Medicine
University Medical Center Mainz
Obere Zahlbacher Str. 67
55131 Mainz
Tel: 06131-17-9209
E-mail: woertge@uni-mainz.de

Project Description

Role and function of microglia cells in autoimmune CNS inflammation

Summary
Unlike other glia cells, microglia originate from the myeloid cell lineage and therefore often
are considered resident brain macrophages. They act in the first response to direct injury or
peripheral insults. However, the exact role microglia play during the process of autoimmune
disease in the CNS is not yet clear. In this proposal we suggest the utilization of currently
available mouse lines and their combination with newly developed strains to further
determine the role of microglia in a mouse model of multiple sclerosis. Focusing on the
activation of microglia we will first make use of mouse lines that allow for the conditional
deletion of two deubuiquitinating (DUB) enzymes, CYLD and A20, in microglia. As these
DUB enzymes normally suppress inflammatory mediators such as the NFκB pathway, their
deletion should lead to hyper-activation of microglia. Furthermore we will analyze the role of
ionotropic glutamate receptors in microglia activation as rising evidence propose their
contribution in the pathogenesis of neuroinflammation and moreover their relevance in
microglia activation. In a more generalized approach we will deplete microglia during CNS
inflammation and progression and analyze the altered disease outcome.
Zusammenfassung
Im Gegensatz zu anderen Gliazellen entstammen Mikroglia der Myeloiden Zelllinie, weshalb
sie auch als residente Gehirn Makrophagen angesehen werden. Sie sind die erste Antwort
auf Verletzungen oder periphere Einflüsse. Allerdings ist die genaue Funktion von Mikroglia
während Autoimmunerkrankungen des ZNS noch immer unklar. In diesem Antrag planen wir
die Verwendung innovativer transgener Mauslinien, um die Rolle von Mikroglia in einem
Mausmodel der Multiplen Sklerose zu evaluieren. Fokussierend auf die Aktivierung der
Mikrogliazellen wollen wir mit Hilfe konditioneller Knock-out Linien die deubiquitinierenden
Enzyme (DUB) CYLD und A20 spezifisch in Mikrogliazelle deletieren. Da diese DUB’s
normalerweise Entzündungssignalwege wie z.B. NFkB unterdrücken, sollte deren Deletion
zu einer Hyperaktivierung der Mikrogliazellen führen. Darüber hinaus werden wir die Rolle
der ionotropen Glutamatrezeptoren bei der Mikrogliaaktivierung untersuchen, da vermehrt
Hinweise ihre Beteiligung an neuroinflammatorischen Prozessen und auch ihre Bedeutung
im Aktivierungsprozess von Mikroglia nahelegen. In einem generelleren Ansatz planen wir
die Depletion von Mikroglia während neuroinflammatorischer Prozesse und die Analyse des
Krankheitsverlaufs.
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1

State of the art and project report

1.1.1

State of the art

Multiple Sclerosis (MS) is an autoimmune disease mainly driven by autoreactive T and B
cells directed against CNS myelin antigens. Experimental autoimmune encephalomyelitis
(EAE) is the prototypical animal model of MS (Kurschus et al., 2011) and can be induced
either by active immunization with myelin proteins, peptides or by adoptive transfer of myelinspecific T cells. Mice with EAE develop tail and limb paralysis, associated with the infiltration
of lymphocytes into the CNS (Zamvil and Steinman, 1990). Many factors are involved in the
development of EAE. First, an efficient T cell activation has to take place. This is achieved by
the activation of the pathogenic (encephalitogenic) T cells in the lymph nodes of the animals.
These T cells have then to enter the CNS via the blood brain barrier (BBB). Following their
entry to the CNS, the T cells need to be reactivated by local APCs or by immigrating dendritic
cells (DCs) (Greter et al., 2005). Following this cascade of T cell activation and reactivation,
the myelin sheet is damaged leading to oligodendrocyte (ODCs) cell death (Hövelmeyer et
al., 2005) and neuronal degeneration.
The induction and progression of EAE (and MS respectively) is a highly complex process
depending on the synergy of various cell types and mediators compromising the peripheral
immune compartment and the resident CNS cells. Microglia are the innate immune cell
population within the CNS. They have been shown to be highly activated once EAE is
induced, leading to upregulation of MHCII and secretion of inflammatory mediators. By MHC
II expression and cytokine secretion they are thought to contribute as local APCs in the
reactivation of the CNS-infiltrating lymphocytes and an overall proinflammatory
microenvironment (reviewed in (Chastain et al., 2011)). Although microglia constitute about
20% of all glial cells, their exact immunological role, during autoimmune diseases such as
Multiple Sclerosis (MS) is not yet clear. Microglia may be beneficial in MS, as they clear dead
cells and reduce edema. On the other hand microglia may contribute to the autoimmune
disease by secreting chemokines, pro-inflammatory cytokines, neurotoxic agents or by direct
activation of autoreactive T cells (Becher et al., 2000).
Different subsets of T helper cells contribute to the pathogenesis of EAE. Whereas EAE has
been considered for long time to be mainly driven by proinflammatory Th1 cells in the last
years it became apparent that IL-17 expressing Th17 cells are also important as both in EAE
and in MS an increased frequency of these cells was observed (Lock et al., 2002; Langrish et
al., 2005). More recent studies showed that the Th17 population has a rather transient nature
as they can turn off IL-17A and RORγt expression and upregulate IFNγ and T-bet. Indeed a
significant percentage of CNS infiltrating cells during EAE originally expressed IL-17 and lost
this marker (Kurschus et al., 2010; Hirota et al., 2011) as a response to the local
microenvironment.
Up to now the search for efficient treatments of MS has focused on agents compromising
immunomodulatory effects. However, during the last years it emerged that the blocking of
ionotropic glutamate receptors (iGluRs) in particular N-methyl-D-aspartate (NMDA) and
α-amino-3-hydroxy-5-isoxazolepropionic acid (AMPA) family of glutamate receptors
remarkably reduces the clinical signs of EAE (Pitt et al., 2000; Smith et al., 2000). The most
prominent function of AMPA as well as NMDA receptors is the mediation of excitatory
synaptic transmission as L-Glutamate is the major excitatory neurotransmitter in the
mammalian CNS. But in the last years functional iGluRs revealed to be also expressed on
glia cells, including microglia (Pocock and Kettenmann, 2007). Moreover the functional role
of glial NMDA/AMPA receptors seems to be completely different compared to their role in
neurons. For instance AMPA receptors have been shown to regulate the microglial release of
tumor necrosis factor α (TNFα) (Hagino et al., 2004) and seem to be involved in directed
chemotaxis of microglia (Liu et al., 2009). However, the molecular mechanisms by those
ionotropic glutamate receptors contribute to the pathogenesis of EAE remains elusive so far.
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Deubiquitination of proteins is an important regulatory tool in many cellular processes.
Ubiquitin (Ub) is a highly conserved protein composed of 76 amino acids that can be
covalently attached to lysine (K) residues of target proteins. Deubiquitination of the substrate
is performed by deubiquitinating enzymes (DUB), which recycle the Ub for further usage.
Protein-attached Ub is a substrate for the attachment of further Ub residues, which leads to
the formation of a polyubiquitin (polyUb) chain (Hershko and Ciechanover, 1998; Pickart and
Fushman, 2004). CYLD, originally identified as a tumor suppressor gene that is mutated in
patients with familial cylindromatosis (Bignell et al., 2000), is an example of a DUB that has
substrate specificity for mediators involved in the NF-κB pathway (NEMO and TRAF2) and is
supposedly specific for K63 linked Ub (Brummelkamp et al., 2003; Kovalenko et al., 2003;
Trompouki et al., 2003), although a recent study suggests also the deubiquitination of K48 Ub
linkages by CYLD (Reiley et al., 2006). The NF-κB pathway not only utilizes CYLD but also
another DUB called A20. A20 is a cytoplasmic protein that inhibits TNF-induced NF-κB
activity (Boone et al., 2004). Intriguingly both CYLD and A20 interact with TRAF2 and
NEMO to deubiquitinate K63 linked Ub. In contrast to CYLD, there is no doubt that A20 can
deubiquitinate both K63 and K48 ubiquitin conjugated substrates (Lee, 2000). In addition, A20
is able to conjugate K48 ubiquitin chains to proteins involved in the NFκB pathway (Boone et
al., 2004; Wertz et al., 2004). Deletion of A20 leads to lethality early after birth, due to multiorgan inflammation (Turer et al., 2008). This lethality can be overcome by crossing the A20
deficient mice to the TNF KO mice, thus showing again the importance of A20 in NFκB
signaling, which plays an important role in TNF signal transduction.

1.1.2

Preceding report

Microglia depletion using the iDTR system
The well-established iDTR mouse model allows Cre-dependent cell type specific cell ablation
upon administration of diphtheria toxin (DT). We successfully used this system to deplete
different cell types including oligodendrocytes (ODCs) (Buch et al., 2005; Locatelli et al.,
2012), the myelin-forming cells of the central nervous system (CNS). Since microglia and
macrophages both are derived from the same myeloid lineage they share most genetic
markers. It therefore is difficult to target using genetic approaches microglia cells alone. To
address the role of microglia in EAE, independent of macrophages, it was essential to
develop a tool that allows microglia specific gene expression. To overcome this problem we
made use of the CX3CR1CreER mice, generated by Steffen Jung in the frame of this research
unit. CX3CR1 (fractalkine receptor) is expressed in both, microglia as well as macrophages.
Administration of tamoxifen subsequently leads to Cre-mediated excision of a loxP flanked
DNA fragments in both cell types. Whereas macrophages have a fast turnover and are
replaced by unaffected precursors, the microglia persist in the modified stage (see details in
proposal C1 of the Jung group). By crossing the CX3CR1CreER mice to the Rosa26-RFP
reporter line (Luche et al., 2007) we could show that after tamoxifen treatment in the age of 2
weeks, mature mice (8 weeks of age) exhibit no RFP positive macrophages whereas 70%
and more of the microglia still express RFP. This phenotype was also observed during EAE
progression, where none of the CNS infiltrating macrophages were found to express RFP.
We subsequently crossed the CX3CR1CreER mice to the iDTR line (Buch et al., 2005) to
specifically express the diphtheria toxin receptor (DTR) in microglia cells. To optimize the
system for efficient microglia depletion we tested different DT administration protocols. With
two successive DT injections we could achieve efficiency of 80% microglia cell ablation as
early as 48 hours following the first injection. Interestingly, already 6 days after depletion we
observed a repopulation of the microglia compartment of about 50%. Approximately 2 weeks
after depletion the microglia cell numbers were even increased compared to unaffected
control animals.
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Fig. 1: microglia specific RFP expression and depletion. (A) Upper line: Schematic diagram of the
experimental outline and histogram of RFP expression in CD11b+/CD45low microglia (bottom). (B)
Upper line: Schematic diagram of the experimental outline. Bottom left: immunostaining of Iba-1
positive microglia from mDTR and control mice. Bottom right: Quantification of the depletion efficiency
in mDTR mice (cortex; quantification from M. Prinz, C2).

Priming microglia to present the MOG peptide p35-55 in the context of MHC II
Although microglia cells are considered as the resident macrophages of the CNS it is still
under debate whether these cells are efficient antigen presenting cells and contribute to the
progression of CNS autoimmunity. Nevertheless it has been widely reported that microglia,
activated during the progression of EAE upregulate MHC class II (MHC II) expression. To
test the capacity of adult microglia in antigen presentation we made use of the IiMOG mouse
line (Frommer et al., 2008) where upon Cre-mediated recombination, a mutated invariant
chain is expressed allow for the presentation of the MOG peptide p35-55 (MOG35-55) by MHC
II. We isolated microglia from the CNS of adult IiMOG mice where the transcriptional STOP
cassette was ubiquitously removed and therefore microglia are disposed to present the MOG
peptide on MHC II. Those cells were stimulated with IFNγ and subsequently co-cultured with
CFSE labeled Th1 or Th17 polarized 2D2 cells. Under control conditions (naïve/wt microglia)
we could not detect any T cell proliferation. Only activated IiMOG microglia mediated antigen
specific proliferation of the Th17 polarized 2D2 T cells and to a lower extend also the Th1
polarized cells. Next, we crossed the IiMOG mice to the CX3CR1CreER line mentioned above
to achieve presentation of the MOG peptide p35-55 in vivo specifically in microglia. The mice
were treated with tamoxifen according to the protocol used for microglia depletion and
subsequently immunized with MOG peptide in CFA at the age of 8 weeks after repopulation
of the macrophages occurred. We found that the CX3CR1CreER /IiMOG mice are almost
completely resistant to EAE. Whether this tolerance is mediated by the microglia or by initial
priming of the immune system through MOG presenting macrophages prior repopulation
remains elusive so far and is subject of our ongoing research.
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Fig. 2: Antigen presentation by microglia. (A) Co-culture of either wt, naïve IiMOG or IFNγ prestimulated microglia with naïve or pre-differentiated CFSE labeled CD4+ 2D2 T cells. (B) Clinical
scores of MOG35-55 immunized CX3CR1CreER+/-/IiMOG+/- mice (n=6), CX3CR1CreER-/-/IiMOG+/- mice
(n=7) and CX3CR1CreER+/- (n=2) mice.

Overexpression of short CYLD in Microglia
CYLD is a deubuiquitinating enzyme (DUB) that catalyzes the removal of Lys63-conjugated
ubiquitin (Ub) molecules from a restricted array of target proteins, many of which are involved
in the NFκB signaling cascade. By removing these Ub molecules, CYLD represses NFκB
signaling. We have previously generated mice that exclusively overexpress a natural splice
variant of CYLD (lacking exons 7 and 8), by flanking exon 7 of cyld with loxP sites
(Hövelmeyer et al., 2007). These mice are termed CYLDFL/FL (before Cre-mediated deletion
of exon 7) and CYLDex7/8, after deletion. CYLDex7/8 mice do not express the full-length CYLD
protein (FL-CYLD), but only the shorter form of CYLD (sCYLD). sCYLD lacks the binding
sites of NEMO (IKKγ, NFκB essential modulator) and TRAF2, but is still able to bind to Bcl-3
and to remove K63 linked Ub. After crossing the CYLDFL/F mice to the microglia/macrophage
specific LysM-cre line (Clausen et al., 1999) we could confirm an overexpression of sCYLD
in microglia as well as macrophages. Upon MOG peptide immunization mice develop a more
severe EAE and enhanced CNS infiltration of CD4+ T cells compared to control animals. As
the LysM-Cre mice mediate recombination in almost all myeloid cells we generated bone
marrow chimeras to discriminate the between microglia and macrophages. Therefore we
either reconstituted CYLDFl/FL/LysM-Cre mice with WT BM cells (microglia specific sCYLD
overexpression) or C57Bl/6 mice with CYLDFl/FL/LysM-Cre cells (macrophage specific sCYLD
overexpression). After reconstitution we subsequently immunized these two mouse groups.
Interestingly we observed in both cases a comparable enhanced EAE severity. Thus
indicating that overexpression of sCYLD in both cell types, microglia as well as
macrophages, contributes equally to the worsened disease progression. Moreover we
performed real-time PCR (RT-PCR) of purified microglia and macrophages isolated from
untreated CYLDFl/FL/LysM-Cre mice to further analyze expression levels of different members
of the NFκB pathway. By that we observed in unstimulated macrophages and microglia an
increase in the expression of NFκb2, RelB and IL-1β.
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Fig. 3: EAE in mice overexpressing sCYLD. (A) Clinical scores of CYLDfl/fl/LysM-Cre mice after
MOG35-55 immunization. (B) Percentage of the CD4+ T cells of total CNS infiltrating Lymphocytes.
Gated on CD45+/CD11b- cells.

IL-17A depending microglia activation
The proinflammatory cytokine IL-17A is produced by a special type of T helper cells (Th17)
and by a sub-population of γδ T-cells, and plays a pivotal role in the pathogenesis of many
autoimmune diseases, including multiple sclerosis (MS) and its animal model EAE. IL-17A
(as well as IL-17F, IL-17C and IL-17E) signals through the ubiquitously expressed IL-17
receptor (IL-17RA), that forms a heterocomplex with IL-17RC. It was reported recently that
IL-17RA is constitutively expressed in the CNS on microglia as well as astrocytes, and is
upregulated during EAE in those cells (Sarma et al., 2009).
To test the role of IL-17A in microglia cell activation, we added this cytokine to microglia
cultures, and these cells were activated and subsequently proliferated. Next, we used
organotypic cortical slice cultures from P3 mice and treated them with IL-17A for 24 hours.
As a control we additional treated the cultures with a neutralizing α-IL-17A antibody.
Activated microglia were identified by the expression of CD68, a lysosomal membrane
protein that is associated with microglia activation. Significant activation of microglia could be
detected upon stimulation with IL-17A whereas this activation could be inhibited in those
cultures with additional α-IL-17 treatment. Furthermore, we could show an increased
proliferation as well as enhanced production of reactive oxygen species (ROS) upon IL-17A
stimulation in the microglial cell line BV2. Both, the IL-17A mediated ROS production as well
as the proliferation could be inhibited by blocking the NAD(P)H-Oxidase with the specific
inhibitor Apocynin. Thus, suggesting an involvement of ROS signaling in IL-17 dependent
microglia activation (Huppert, Wörtge et al, manuscript in preparation).

Fig. 4: Microglial response to IL-17A stimulation. (A) Relative proliferation of the microglia cell line
BV2 in response to IL-17 stimulation compared to unstimulated controls. (B) Number of CD68+ cells in
cortical slice cultures. The cultures were ether untreated (control), treated with IL-17A alone, IL-17A
plus α-IL-17 antibody or IL-17A plus isotype control.
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Glutamate receptors in EAE and microglia activation
Ionotropic glutamate receptors are ligand-gated ion channels that are activated by glutamate,
the main excitatory neurotransmitter in the CNS. It has been shown that systemically
pharmacological blocking of AMPA as well as NMDA receptors ameliorates the clinical signs
of EAE (Pitt et al., 2000). But still only little is known about the underlying mechanism.
Several studies could show that systemic treatment with NMDA or AMPA receptor
antagonists leads to reduced oligodendrocyte (ODC) death and neuronal degeneration as
well as improved blood brain barrier (BBB) integrity (reviewed in (Bolton and Paul, 2006).
The involvement of microglia in this process remains unclear. We could show that in vitro
microglia activation could be achieved by the proinflammatory cytokine IL-17A. Therefor we
treated the microglia cell line BV2 with IL-17A to achieve activation and subsequently treated
the cultures with the NMDA receptor antagonists MK801 and AP5 to block NMDA receptor
signaling. By that we have been able to inhibit activation mediated ROS production as well
as proliferation of the BV2 cells. Additionally we could detect increased secretion of IL-6 and
G-CSF when we analyzed supernatants of the IL-17A stimulated BV2 cultures by ELISA. In a
similar experiment we treated cortical slice cultures as described before for the BV2 cells. In
accordance with our previous data we could demonstrate reduced microglia activation,
quantified by the number of CD68 positive cells, in the cultures treated with the NMDA
receptor antagonists.

Fig. 5: Inhibition of microglia activation by NMDA receptor antagonists. (A) Secretion of the
proinflammatory cytokines IL-6 and G-CSF from IL-17A stimulated BV2 cells (ELISA). (B) Proliferation
measured by Almarblue fluorescence of IL-17A or LPS stimulated BV2 cells. (C) Number of CD68+
cells in cortical slice cultures. The cultures were ether untreated (control), treated with ether IL-17A
alone, IL-17A and the MK801 or AP5 respectively. (D) Quantification of immunostained Iba-1 positive
cells in MOG35-55 immunized C57Bl/6 mice ether treated with PBS or MK801. As a negative control
naïve wt mice are shown. (E) Quantification of immunostained Iba-1 positive cells in DTx treated
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oDTR or iDTR control mice. The mice have been treated for 4 weeks daily with MK801, starting 4 days
after DTx administration.

To further analyze the NMDA receptor depended microglia activation we made use of two
different mouse models that provoke different mechanisms of microglia activation. In EAE a
strong inflammatory process activates microglia, accompanied by infiltrating lymphocytes. In
contrary, in the oDTR (MOGi-cre/iDTR) mice, activation occurs due to induced ODC death in
the absence of infiltrating cells whereas the BBB integrity is not impaired (Locatelli et al.,
2012). Interestingly it revealed that in the context of EAE microglia/macrophage activation
was clearly diminished when mice were treated with MK801 whereas inhibition of the NMDA
receptor had no effect on microglia activation in the oDTR mice. In line with the in vivo data
we show that inhibition of microglia activation takes place only when the cells were
stimulated with IL-17A and not upon stimulation with LPS. Taken together these findings
indicate that glutamate receptors, in particular NMDA receptors, are not involved in general
microglia activation but rather play a role in microglia activation in an inflammatory context
(Huppert, Wörtge et al, manuscript in preparation).
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2

Objectives and work programme
Anticipated total duration of the project

2.1

36 months.
2.2 Objectives
Microglia are the innate immune cell population within the CNS. They have been shown to be
highly activated once EAE is induced, leading to upregulation of MHCII and secretion of
inflammatory mediators. By MHC II expression and cytokine secretion they are thought to
contribute as local APCs in the reactivation of the CNS-infiltrating lymphocytes and an overall
proinflammatory microenvironment. To further elucidate the role of microglia in EAE we will
make use of different transgenic mouse lines, available in our lab.

In particular we will focus on the following aims:
i)

Do microglia cells participate in shaping of T cell responses in the CNS?

ii)

How do DUB enzymes influence the activation state of APCs in the CNS and
influence susceptibility to EAE?

iii)

Does glutamate receptor dependent microglia activation contribute to EAE
induction and progression?

iv)

Does the lack of IL-17RA signaling alter microglia activation activation and the
inflammatory response in EAE?

Altogether we aim to draw a picture of how microglia are activated in the context of CNS
inflammation and by what mechanisms they participate in the disease induction and
progression.
2.3 Work programme incl. proposed research methods
2.3.1 Methods
FACS
Antibodies are from BD-Biosciences or eBioscience. For intracellular cytokine staining cells
are activated for 4 h in PMA (50 ng/mL) and Ionomycin (750 ng/mL) in the presence of
Brefeldin A (1 mg/mL). Thereafter, cells are surface stained, washed and fixed in 2% PFA in
PBS for 10min on ice or at 4° over night. Cells are then permeabilized using a saponin buffer
(SB): 0.1 % saponin, 1% BSA and 0.02 % NaN3. To block unspecific binding sites, Rat IgG
is added to the permeabilization step. Thereafter, cells are stained for IL-17A and IFN-g in
SB for 30min’s on ice and then washed with SB buffer. Alternatively, Th17 cells are analyzed
by cytokine secretion assay according to the manufacturers’ instructions (Miltenyi Biotech).
Cells are analyzed using a Calibur Flow cytometer or a Canto II flow cytometer (BDBioscience).
Histological analysis
Mice are euthanized with Isofluran and perfused with PBS. For cryosections, brain and spinal
cord are isolated, embedded (Mdite, Nunningen CH), frozen on dry ice and stored at -80°C.
Tissues are cut sagittally at 10 µm and thaw-mounted onto glass slides (Menzel GmbH,
Braunschweig, Germany). Sections are air dried over night, fixed with 4% paraformaldehyde
(PFA; AppliChem, Darmstadt, Germany) for 10 min and washed 3x with PBS. For vibratome
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sections the tissues were fixed overnight with 4% PFA, cut sagittally in 40µm thick sections
and stained as described before (Spergel et al., 1999) with the appropriate antibodies.
CNS lymphocyte and microglia isolation
For isolation of lymphocytes and microglia two different methods are used.
CNS infiltrating lymphocytes are isolated as previously described (Greter et al., 2005).
Briefly, mice are perfused using ice cold PBS. Brain and spinal cord are removed and
incubated in PBS containing collagenase type II (2mg/ml, Gibco) and DNAse (20 Units,
Sigma). The tissues are then homogenized loaded on a 30/37/70 percent percoll gradient for
enrichment of CNS infiltrates. Lymphocytes are harvested from the 30/37 interphase.
For microglia isolation the tissues are homogenized using the MACS neural tissue
dissociation kit (papain) (Miltenyi Biotec) according the manufacturer’s instructions. After
homogenization the cells are purified using a 30/70 percoll gradient.
EAE
MOG35-55 peptide (amino acid sequence MEVGWYRSPFSRVVHLYRNGK) was obtained
from Research Genetics (Huntsville, Alabama, USA). Active EAE is induced by immunization
with MOG35–55 peptide (500μg/ml) emulsified in CFA (Difco Laboratories, Detroit, Michigan,
USA), which was supplemented with 5.5mg/ml of heat-inactivated Mycobacterium
tuberculosis H37RA (Difco Laboratories). The emulsion is administered as a 100μl
subcutaneous injection into the tail base. Mice also receive 200ng of Pertussis toxin (Sigma
Aldrich, Steinheim, Germany) intraperitonealy on the day of immunization and two days later.
A clinical assessment of EAE is performed daily according to the following criteria: 0 = no
disease; 1 = decreased tail tone; 2 = abnormal gait (ataxia) and/or impaired righting reflex
(hind limb weakness or partial paralysis); 3 = partial hind limb paralysis; 4 = complete hind
limb paralysis; 5 = hind limb paralysis with partial fore limb paralysis; 6 = moribund or dead.
Passive EAE and in vitro differentiation
T cells are differentiated to either Th1 cells or Th17 cells in RPMI medium containing 10%
FCS, 2mM L-glutamine, 100 units/mL penicillin, 100 mg/mL streptomycin, 1 mM sodium
pyruvate, 50 mM 2-mercaptoethanol, 10 mM HEPES and 1% non-essential amino acids
(MEM). 2D2 cells are stimulated during differentiation either using MOG35–55 peptide (20
mg/mL) for 9 days with two stimulations (d0 and d5) or with anti-CD3 (1 mg/mL)/CD28 (6
ng/mL) for 5 days. Polarization for Th1 cells is performed using IL-12 (20ng/mL) and IL-18
(20 ng/mL) and IL-2 (10 ng/mL). Th17 cells are differentiated using rh-TGFb1 (2 ng/mL) IL-6
(20 ng/mL), IL-23 (20ng/mL) and anti-IFN-g (10mg/mL).
Transfer EAE is induced by i.v. transfer of the indicated number of cells and i.p. injection of
200ng of pertussis toxin (Sigma- Aldrich) at days 0 and day 2. Mice are scored daily as
described to monitor the clinical signs according a standard scale from 1-6. Organs were
analyzed for transferred cells at peak EAE (days 13–15)
Real-time PCR
Total RNA is isolated and prepared using ether the RNeasy Mini kit (Qiagen) or purified
using TRIzol RNA isolation reagent (Invitrogen Life Technologies) together with FastPrep
Lysing Matrix D tubes from MP Biomedicals, pursuant to the manufacturer’s protocol. RNA is
subsequently subscribed in cDNA and used for quantitative Real-Time PCR using an iCycler
(Light Cycler II, Roche) with the QuantiTect SYBR Green RT-PCR Kit (Qiagen) in
accordance with the manufacturer’s instructions. Primers for quantitative Real-Time PCR are
obtained from Qiagen. Expression is normalized to that of HPRT expression.
Western blot analysis
For western blot analysis proteins are isolated with an Ultra Turrax in 25 mM HEPES (ph 7,4)
containing protease inhibitors (Complete, EDTA-free; Roche, Mannheim, Germany). The
homogenates are centrifuged (900 g; 10 min at 4°C) to remove cell debris and 10-25 µg of
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protein is resolved on a 8-12% SDS-polyacrylamid gel, transferred onto nitrocellulose
membranes and probed with the appropriate antibodies.
Ex vivo microglia culture
This method was recently developed in the lab of Uwe-Karsten Hanisch (Scheffel et al,
manuscript submitted). The detailed procedure is described in the Project A1. Tommy Regen
contributed to the development of this method during his PhD in the lab of Uwe-Karsten
Hanisch started as a postdoc in the institute for molecular medicine in March 2012. He will
perform the experiments that depend on the ex vivo culture of adult microglia.

2.3.2 Work program
Ad 1: Do microglia participate in shaping of T cell responses in the CNS?
Microglia are a heterogeneous macrophage population within the CNS that can contribute by
different mechanisms to the proinflammatory response in neuroinflammatory processes. One
major role of microglia is to remove cellular debris by phagocytosis. But moreover microglia
have a pivotal function in the regulation of the CNS microenvironment. Microglia rapidly
respond to inflammatory or traumatic triggers and in turn direct the inflammatory response in
the CNS. They are a major source of pro-inflammatory but also of anti-inflammatory
cytokines, such as interleukin 10 (IL-10), tumor necrosis factor α (TNFα), IL-23 and other T
cell polarizing factors. In addition, microglia are also considered as the main local antigen
presenting cells (APCs) and by that have important function in the reactivation of pathogenic
T cells that infiltrate the CNS, a crucial step in the development of EAE.
Based on the newly established depletion tool (CX3CR1CreER /iDTR mice, herein termed
mDTR) that allows specific depletion of microglia, we will analyze the importance of microglia
in the induction and progression of EAE. Furthermore, we will characterize the phenotype
and function of the repopulating microglia as we observed in those cells morphological
changes and an altered tissue distribution compared to the original population. We will also
address the question of the origin of these repopulating cells, as it is still under debate
whether blood derived monocytes can populate the adult CNS. Finally we will follow the
importance of antigen presentation by microglia for autoimmune responses by making use of
the IiMOG mice, that allows conditional tissue specific expression of the MOG peptide p3555 (Frommer et al., 2008).
1A. Characterization of the CNS infiltrating T cells in microglia depleted mice
To further elucidate the role of microglia during EAE induction and progression and moreover
characterize the nature of the infiltrating encephalitogenic T cells we will use the mDTR mice
to deplete microglia by injecting diphtheria toxin (DTx). Microglial ablation will occur at
different time points before and during the process of EAE. First, we will follow the disease
course by monitoring the clinical signs to compare the development of the disease in
microglia deficient mice with non-depleted littermates. Later on we will isolate the CNS of the
immunized mice at different time point after disease induction (days 10, 14 and 21) and
analyze the tissue by immunohistochemistry (IHC). This will allow us to determine the
localization of the infiltrating immune cells in the tissue, more precisely if they are located
predominately close to the blood vessels or if they are also found in the parenchyma.
Furthermore we will see whether the T cells are found only in regions with remaining Iba-1
positive microglia that escaped depletion or are also present in microglia ablated parts of the
CNS. We will also analyze the activation status of the remaining microglia by morphology,
and expression of activation markers (e.g. MHCII, CD68, CD40, CD86) to distinguish the
ramified resting microglia from activated microglia. In addition we will isolate the infiltrating
lymphocytes from the CNS to further characterize the nature of the infiltrating immune cells
by flow cytometry (FACS). Those cells will be analyzed for the expression of IL-17A, IFNγ
and FoxP3 to discriminate the single T helper subsets. Staining with CD45 and CD11b will
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also allow us to document the extent of lymphocyte and innate cell infiltration (macrophages,
neutrophils and DCs) to the CNS as well as the efficiency of microglia ablation. As proper T
cell priming and reactivation in the target organ is a crucial requirement for EAE induction we
will perform in vitro recall assays with CNS isolated as well as peripheral lymphocytes to test
their response to secondary exposure to MOG35-55. Furthermore we will use the supernatants
of these cultures to perform ELISA assays to determine the cytokine profile from the
infiltrating T cells.
Recently, it was shown that both Th1 as well as Th17 cells are able to induce EAE. On the
other hand, recent articles as well as our own work demonstrate that both populations,
namely Th1 and Th17 cells do not assess a stable cell population, but moreover can further
trans-differentiate ((Kurschus et al., 2010) for a review see (Zhou et al., 2009)).
Nevertheless, it is not clear what are the conditions that allow this plasticity of T cells in vivo.
Microglial involvement in this process is conceivable by either direct interaction with the T
cells such as by antigen presentation or expression of costimulatory molecules as well as via
secretion of T cell polarizing factors such as cytokines. To further address the role of
microglia in T cell plasticity we will induce EAE by passive transfer of already differentiated
Th1 as well as Th17 cells. In particular we will transfer MOG-specific pre-differentiated 2D2
TCR transgenic Th1 or Th17 cells to mDTR mice where we will also ablate the microglia
cells. By that we will be able also to address the question whether depletion of microglia
affects passive induced EAE, and at the same time how these cells shape the intra-CNS T
cell plasticity.
1B. Antigen presentation by microglia
Although microglia are often termed as the local antigen presenting cells in the CNS, their
actual capacity to mediate antigens to pathogenic T cells in vivo is still controversially
discussed in the field. Whereas on one hand radiation sensitive so called perivascular
microglia (also often termed perivascular macrophages) have been stated to be the pivotal
APCs in EAE (Greter et al., 2005), data from Heppner et al reveal striking evidence that also
the radiation resistant parenchymal microglia are crucial for the disease (Heppner et al.,
2005). To further elucidate this issue of antigen presentation by microglia cells we crossed
the previously described IiMOG mouse line (Frommer et al., 2008) to the CX3CR1CreER mice
to achieve microglia specific presentation of the MOG35-55 peptide in the context of MHCII. An
initial experiment revealed that those mice were resistant to EAE induction. To determine
whether this resistance is based on initial priming of the immune system through MOG
presenting macrophages prior repopulation we will inject CFSE-labeled T cells (CD90.1+)
from 2D2 mice (Bettelli et al., 2003) into CX3CR1CreER animals (CD90.2+) a few days after
tamoxifen treatment and subsequently immunize the mice as we described before (Locatelli
et al., 2012). By this tolerized mice will show a reduced number of CD90.1+ proliferating
lymphocytes compared with untolerized mice. In case that early peripheral tolerization
becomes evident we will overcome this ether by treating the animals with anti-CD25 antibody
or by generation of bone marrow chimeras. Once upon peripheral tolerance can be excluded
we will induce EAE in those mice to reveal if specific presentation by MHC class II on
microglia cells will cause tolerance and ameliorate the disease, or in contrast will worsen
disease.
In another set of experiments we will focus on the question whether direct interaction of
microglia with pathogenic T cells is involved in mediating T cell plasticity. Therefor we will
perform experiments, similar to those described in aim 1A. Meaning the transfer of
differentiated Th1 or Th17 cells to CX3CR1CreER mice in order to study how expression of the
MOG peptide by microglia cells will impact on passive disease induction. Further, we will
analyze the transferred T cells for intracellular expression of IL-17A, IFNγ and FoxP3, to
determine if antigen presentation by microglia directly influences the expression of proinflammatory cytokines by T cells in the CNS and how it change the balance between
effector and regulatory T cells. Finally we will use histological methods to determine the
distribution of the MHC II positive microglia in the tissue.
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Ad 2. How do DUB enzymes influence the activation state of APCs in the CNS and
influence susceptibility to EAE?
We have shown that overexpression of sCYLD in microglia/macrophages leads to enhanced
EAE severity. Next, we plan to further characterize the phenotype of CYLD mutant microglia
cells and will investigate their activation status and concentrate on the role of the NFκB
pathway in this context. In addition, we plan to delete yet another DUB enzyme specifically in
microglia. A20 is a DUB with a similar range of targets as CYLD. In contrast to CYLD, it can
also catalyze the addition of Lys48 Ub chains to its targets. We have recently obtained mice
where A20 can be conditionally deleted, and will cross them to the CX3CR1CreER mice to
specifically delete this gene in microglia cells. We will then investigate how A20 is involved in
the physiology of microglia cells and further how its inactivation affects susceptibility to EAE.
2A. Conditional deletion of FL-CYLD in microglia
As described above, cross of the CYLDFL/FL mice to Cre-expressing mice results in deletion
of the full length CYLD protein and overexpression of a short CYLD splice variant, we name
sCYLD. We have previously shown that cross of that conditional KO allele of CYLD to the
LysM-Cre, resulting in deletion of FL-CYLD in macrophages and microglia cells lead to
enhanced EAE. To specifically test the contribution of CYLD to microglia cells, we will cross
the CYLDFL/FL mice to the above-mentioned CX3CR1CreER line, and using early-age injection
of TAM, generate microglia-specific deletion of FL-CYLD. We will test these microglia for
activation after ex-vivo isolation, and further analyze the expression of proteins involved in
the NFκB signaling pathway. We will also test whether mutation of CYLD results in difference
in function of microglia by testing their function as APCs and phagocytosis.
Next, we will induce EAE in mice where CYLD is specifically deleted in microglia, and
analyze whether these mice have a similar phenotype to the mice where CYLD was deleted
using the LysM-Cre line. The mice will be analyzed for clinical disease as well as
pathological manifestations associated with EAE. Further, we will isolate cell infiltrate (T & B
cells, DCs and macrophages) as well as microglia and analyze them for different parameters
associated with EAE, pathogenicity and activation. T cells will be analyzed for Th1/Th17
phenotype, macrophages, DCs and microglia for activation, distribution of sub-populations
and numbers. Together, these results should indicate whether deletion of FL-CYLD results in
hyper-activation of microglia cells, and how that influences susceptibility to EAE.
2B. Conditional deletion of A20 in microglia
DUB enzymes are important in many signaling processes in the cell. CYLD and A20 belong
to a group of enzymes that can catalyze the removal of Lys63-conjugated Ub molecules from
targets such as TRAF2 and NEMO, both involved in the signaling cascade leading from the
TNF receptor to the NFκB proteins. Most mutations of CYLD, unless they harm strictly the
catalytic domain are viable, while mice lacking A20 die early after birth from multiple organ
inflammation. It is clear therefore that these two proteins have different functions. It is
considered that A20 is an inflammation “gate keeper” and in its absence uncontrolled
activation of cells occur, while CYLD is more involved in shutting down inflammation. To
study the function of A20 in microglia and compare its deletion to that of microglia deficient
for CYLD, we plan to cross the A20 (Hövelmeyer et al., 2011) mice to the CX3CR1CreER mice
and use the same protocol listed above to inject TAM at early stage and delete the gene only
in microglia cells. The mice where microglia will lack A20 will be analyzed as indicated above
for CYLD. Importantly, we will analyze how deletion of A20 affects steady-state microglia, as
it is well plausible that we will see an effect even without EAE induction. Following analysis of
naïve mice and microglia isolated from them, we will repeat the experiments indicated above
and analyze the mice for EAE susceptibility, as well as pathological and cellular
manifestations associated with the disease.
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Ad 3. Does glutamate receptor dependent microglia activation contribute to EAE
induction and progression?
Utilizing glutamate receptor antagonist the involvement of ionotropic glutamate receptors in
EAE has been clearly shown by others as well as by our own experiments (Pitt et al., 2000;
Kanwar, 2004). Moreover we could clearly demonstrate a NMDA receptor dependent
activation of microglia when stimulated with the proinflammatory cytokine IL-17A. We will
now further address the importance glutamate receptors in microglia activation and the
impact on neuroinflammation. We therefor will breed the CX3CR1CreER mice to mice where
different AMPA and NMDA receptor subunits can be conditionally deleted. This will enable us
to determine relevant receptor subunits and subsequently allow us analysis of the
downstream signaling.
3A. NMDA receptors in EAE
In our previously described experiments using the microglial BV2 cell line as well as cortical
slice cultures we could clearly demonstrated that functional NMDA receptors are not only
expressed in microglia but indeed actively contribute to the process of microglia activation.
As it was previously reported that the treatment with specific NMDA receptor antagonists
significantly ameliorates the clinical signs in EAE we now want to examine if this can be
attributed to NMDA receptor dependent microglial activation. Making use of the CX3CR1CreER
mice we have a unique tool to the function of genes specifically in microglia apart from
macrophages and other myeloid cells. We therefore will cross mice where the exons 11-18 of
the NR1 gene are flanked by LoxP sites (NR1fl/fl mice (Niewoehner et al., 2007)) to the
CX3CR1CreER mice to obtain microglia specific NR1 knock out mice. NMDA receptors are
voltage gated iron channels with a heteromeric receptor composition (subunits NR1-3).
Although the assembling differs depending on the cell type or synapse all NMDA receptors
include the NR1 subunit. This implicates that the lack of NR1 prevents the availability of
functional NMDA receptors. We will treat the mice with TAM according to the above
described early-age injection protocol and induce EAE at the age of 8 weeks. The analysis of
the mice will be carried out similar as described in aim 1A. Briefly we will monitor the clinical
outcome upon MOG35-55 immunization, characterize the inflammatory processes in respect to
microglia activation and characterize the infiltrating inflammatory immune cells. Moreover we
will analyze the downstream signaling and phosphorylation status of the NR1 receptor in ex
vivo microglia cultures.
3B. Role of the AMPA receptor subunits GluRA and GluRB in microglia
Besides NMDA receptors AMPA receptors are the second member of the family of ionotropic
glutamate receptors (iGluRs). They have originally been described to mediate the majority of
fast excitatory neurotransmission in central synapses. AMPA receptors are heteromeric ion
channels composed of four types of subunits, designated as GluRA, GluRB, GluRC and
GluRD. It is well established that AMPA receptor subunit configuration controls the Ca2+
permeability of the ion channel. In particular incorporation of the GluRB subunit determines
low Ca2+-permeability of AMPA receptors. Gnomically encoded GluRB exhibits at position
587 the amino acid glutamine (Q). In a process of RNA editing this is changed to arginine
(R)(Higuchi et al., 1993). Whereas GluRB(Q) permits Ca2+-permeability, AMPA receptors
containing GluRB(R) are impermeable. During the last year it became evident that functional
AMPA receptors are expressed on a variety of different cell types others then neurons. Like
that it has been recently shown that AMPA receptors can modulate the release of TNFα by
microglia (Hagino et al., 2004). Similar to NMDA receptors also treatment with AMPAR
antagonists has been shown to significantly ameliorate the clinical signs of EAE (Kanwar,
2004). Up to now little to nothing is known about the cellular and molecular mechanisms by
those AMPA receptors contribute to the pathogenesis of EAE. Making use of the
CX3CR1CreER mice we will generate microglia specific knockout mice deficient for the AMPA
receptor subunits GluRA (cross to GluRAfl/fl mice (Zamanillo et al., 1999)) and GluRB (cross
to GluRBfl/fl mice (Shimshek, 2005)) respectively. This will allow us to further elucidate the
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role GluRA/B in microglia for the pathogenesis of EAE. Moreover we will use ex vivo cultures
of adult microglia to study in how far those subunits contribute to microglial activation and
analyze the downstream signaling involved in this process.
Ad. 4. Does the lack of IL-17RA signaling alter microglia activation and the
inflammatory response in EAE?
Different subsets of T helper cells contribute to the pathogenesis of EAE. Whereas EAE has
been considered for long time to be mainly driven by proinflammatory Th1 cells, in the last
years IL-17 expressing Th17 cells came into the focus of the current research as both in EAE
and in MS an increased frequency of these cells was observed (Lock et al., 2002) (Langrish
et al., 2005). IL-17 coordinates local tissue inflammation through the upregulation of
proinflammatory and neutrophil-mobilizing cytokines and chemokines including IL-6, G-CSF,
TNF-a, IL-1, CXCL1(KC), CCL2(MCP-1), CXCL2(MIP-2), CCL7(MCP-3), and CCL20(MIP3A) as well as matrix metalloproteases (MMPs) to allow activated T cells to penetrate the
extra- cellular matrix. Recent studies have shown that IL-17 signals through a widely
expressed heteromeric receptor complex formed by IL-17RA and IL-17RC (Ely et al., 2009).
Expression of functional IL-17RA in microglia and astrocytes has been proven and moreover
in both cell types IL-17RA expression is significantly increased in mice suffering from EAE
(Sarma et al., 2009). In addition, our own studies clearly demonstrate that microglia are
highly responsive to IL-17A stimulation (Huppert, Wörtge et al, manuscript in preparation).
We have recently generated mice that allow conditional deletion of the IL-17RA by flanking
exons 4-7 of the murine IL17ra gene with LoxP sites (IL-17RAfl/fl mice, El Malki, Karbach,
Huppert et al, manuscript in revision). By that we are able to generate cell type specific
knock-out mice in a Cre-dependent manner. We will cross the IL-17RAfl/fl mice to the
CX3CR1CreER mice to obtain mice deficient for IL-17RA signaling specifically in microglia.
4A. Influence of microglial IL-17RA signaling in CNS autoimmune inflammation
It is well established that the proinflammatory cytokine IL-17 has a pivotal role in the
induction and progression of CNS autoimmunity. Whereas the cellular source of IL-17 is well
characterized, namely CD4+ Th17 and γδ T cells, remarkably little is known IL-17 signaling in
the different CNS cells contributes to the disease. To figure out to what extend IL-17
signaling in microglia contributes to the induction and progression of EAE we will make use
of the IL-17RAfl/fl/ CX3CR1CreER mice, described above and directly immunize them with
MOG35-55. In an initial experiment we will follow the disease by monitoring the clinical scores.
In subsequent experiments we will isolate the CNS infiltrating inflammatory cells and analyze
them by flow cytometry in respect to cytokine secretion, the different T helper cell subsets
(namely Th1, Th17 and Treg) and total cell number of infiltrating cells. In parallel we will also
isolate the microglia cells to examine activation status and secretion of proinflammatory
cytokines.
In a second set of experiments, similar to those described in aim 1A we will induce passive
EAE with 2D2 T cells, pre differentiated in Th1 or Th17 cells. Consistent with the experiments
suggested previously, this approach will give important information on the influence of
microglia on passive EAE. Furthermore, we will gain insight on the contribution of microglia
or more precise IL-17RA signaling in microglia on plasticity and differentiation of the
infiltrating pathogenic T cells.
4B. IL-17A signaling in microglia
Intracellular IL-17 signaling can occur by two distinct pathways. Signaling can be evoked by
binding of Act1 (transcription factor nuclear factor-kB activator 1) to the SEFIR domain of the
IL-17RA. This complex in turn mediates through tumor necrosis factor (TNF)-receptorassociated factor (TRAF)6 and transforming growth factor activated kinase (TAK)1 activation
of NFκB. In an Act1 independent pathway binding of IL-17A/F to the IL-17RA/C complex
involves the Janus kinase (JAK)1 and phosphatidylinositol 3-kinase (PtdIns3K), followed by
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subsequent inactivation of glycogen synthase kinase (GSK)-3β (Ivanov and Lindén, 2009).
Although it was recently proposed that Act1 dependent IL-17RA signaling in microglia has
only minor effects on EAE (Kang et al., 2010) almost nothing is known about the mode of
action of IL-17A mediated microglia activation as observes by us and others (Huppert,
Wörtge et al, manuscript in preparation) (Kawanokuchi et al., 2008).
In this aim we want to further elucidate the molecular mechanisms of IL-17 signaling in
microglia we will make use of the IL-17RAfl/fl/ CX3CR1CreER mice that lack the IL-17RA
specifically in microglia. In a first set of experiments we will make use of a novel technique to
culture primary microglia from adult mice, developed in the lab of Uwe-Karsten Hanisch. We
will isolate microglia from naïve mice as well as IL-17RA deficient mice and stimulate those
cells with different stimuli. In addition we will stimulate the microglia with IL-17A and treat the
cells with specific inhibitors for TRAF6 and JAK1 respectively (or downstream mediators of
the corresponding pathways). We will subsequently analyze those cultures in respect to
microglia activation and production of proinflammatory cytokines such as IL-6 and G-CSF. In
addition we will perform western blot and real time PCR analysis to determine expression
and phosphorylation levels of the single mediators.
Table. Mouse lines used in this study
Cross of…

…with

Function
CreER

iDTR
Rosa26-RFP

CX3CR1
CX3CR1CreER

IiMOG

CX3CR1CreER

CYLDfl/fl

LysM-Cre

fl/fl

A20
NR1fl/fl
GluRAfl/fl
GluRBfl/fl
IL-17RAfl/fl

CX3CR1CreER
CX3CR1CreER
CX3CR1CreER
CX3CR1CreER
CX3CR1CreER

Microglia depletion
RFP expression in microglia
MHC II restricted presentation of the MOG35-55
peptide specifically in microglia
Overexpression
of
sCYLD
in
microglia/macrophages
Microglia specific A20 knockout
Microglia specific NR1 knockout
Microglia specific GluRA knockout
Microglia specific GluRB knockout
Microglia specific IL-17RA knockout

Time schedule
Year 1
EAE pathogenesis in microglia depleted mice
X X X
Influence of microglia on T cell plasticity
X X X
Antigen presentation by microglia
X X X
EAE pathogenesis in mice overexpressing sCYLD X X X
in microglia
Overexpression of sCYLD and microglia activation X X X
Analysis of A20 deficient microglia in EAE
X
IL-17RA signaling in microglia activation
X
Role of IL-17RA deficient microglia in EAE
X
NMDA receptor dependend microglia activation
X X X
Analysis of NR1 deficient microglia in EAE
X X X
AMPA recepters and microglia activation
Role of GluRA/GluRB deficient microglia in EAE

Year 2

Year 3

X
X X X X X
X X X X X
X X X
X
X
X
X
X
X

X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X

X
X
X
X
X
X
X

X
X
X
X
X
X
X

X X
X X
X X
X X X X
X X X X
X X X X
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2.4

Data handling

All research data will be stored according to the existing standards, e.g. lab books and
electronic data will be stored in the department.

2.5

Other information

Non applicable.
2.6

Descriptions of proposed investigations involving experiments on humans,
human materials or animals

- Experiments involving humans or human material
Non applicable.
- Experiments with animals (Tierversuche)
All animal experiments performed are in accordance with the animal protection law and our
license of the government agency for animal welfare of Rheinand-Pfalz (Mainz, Germany),
permission AZ 23 177-07/G08-1-020.
2.7

Information on scientific and financial involvement of international cooperation
partners

Because the group of Steffen Jung at Rehovot, Israel, is integral part of the whole Research
Unit 1336 and also essential for this proposal he will be involved in this renewal application
as already done in the first application period.
Not further international cooperation partners are required for this proposal.
3
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4
4.1

Requested funds
Scientific staff (Job description of staff funding is requested for)

Tommy Regen, PhD (E13) 58.800€ / year
Tommy Regen was trained as a PhD student in the lab of Uwe Karsten Hanisch. During his
PhD period he worked with microglia cells and was a member of the FOR1336 consortia. He
moved to the Institute of Molecular Medicine in March 2012. He is very experienced with all
techniques required for the project and in addition extremely knowledgeable in the field. He is
very experienced with molecular, cellular and immunological techniques and is in fact already
leading well the project described in this grant application.
4.2
N/A

Scientific instrumentation (Wissenschaftliche Geräte)

4.3

Consumables (Verbrauchsmaterial)

Cell culture media, serum, plastics (including reagent for €
isolation of cells from the CNS)
€
Cytokines and other cell-stimulators (antibodies etc.)

3.500
2.000
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Microbeads for cell separation
Restriction enzymes and other enzymes

Peptides (immunizations, activation)
Antibodies (FACS, sort, immunostaining, ELISpot)
Radiochemicals and films
Molecular biology, RNA preparation, cloning
General lab consumables
Subtotal
Total over 3 years

4.4

€
€
€
€
€
€
€

2.000
1.000
1.500
3.000
1.000
2.000
1.000
17.000 €/year
51.000 €

Travel (Reisen)

See project D.
4.5

Publication expenses (Publikationskosten)

See project D.
4.6

Other costs (Sonstige Kosten)

We will purchase from Central Laboratory Animal Facility 200 C57BL/6 mice per year
for the different experiments that need wild type mice. Each mouse costs 5 €, which
amount to 1000 €/year.
In addition, we will host the different mutant mice we have generated in the
laboratory and their crosses to the different reporter and Cre expressing mice.
We calculate that at every given moment we will host 320 mice, which amounts to
about 80 cages (4 mice/cage). Our animal facility charges 0.6 € per mouse per week,
therefore resulting in 9.984 €/year.
Total expenses for mice per year, 10.984 €
Total expenses for mice for 3 year: 33.000 €
5

Project requirements

Employment status information
Waisman, Ari: I am currently a Professor of Immunology and heading the Institute for
Molecular Medicine at the University Medical Center Mainz. I have a permanent position.
5.1

Wörtge Simone: I am currently a senior postdoc at the Institute for Molecular Medicine at the
University Medical Center Mainz. My contract ends in December 2012. It will be extended in
case this application is successful.
5.2

First-time proposal data

Non applicable.
5.3

Composition of the project group

The following people will from the Institute for Molecular Medicine will be funded from the
basic equipment and will provide support for the project:
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1. Ari Waisman, PhD
Ari Waisman trained in mouse work during his PhD and two postdoctoral periods. He has
vast experience with the generation of mouse mutants, acquired in a period of 5 years spent
in the lab of Klaus Rajewsky in Cologne. Before hand he was trained in mouse models of MS
in the lab of Lawrence Steinman, at that time in the Weizmann Institute in Israel. His lab
studies for many years the response of T cells during EAE in mice.
2. Simone Wörtge, PhD
Simone Wörtge was well educated in neurobiology as well as in the generation and analysis
of transgenic mouse models during her PhD in the Department for molecular neurobiology
(headed by Peter Seeburg) at the Max-Planck Institute for molecular medicine in Heidelberg.
Over the last 5 years as a postdoc in the lab of Ari Waisman she focused on the process of
neuroinflammation in the context of EAE. In addition she continued successfully in
generating multiple conditional mouse mutants.
3. Julia Bruttger, MSc, PhD candidate
Julia Bruttger is currently a PhD student jointly supervised by Drs. Wörtge and Waisman.
She is very experienced with the techniques and methods used for this application, and she
collaborates with the postdoc paid in the project, namely Tommy Regen (see section 4.1).
She is paid by the Institute budget.
4. Petra Adams-Quack, BTA
Petra Adams-Quack is an experienced technician that is assisting in this project with all
needed techniques, including mouse breeding, typing and immunological techniques. She is
paid by the Institute budget.
5.4
5.4.1

Cooperation with other researchers
Researchers with whom you have agreed to cooperate on this project

Collaborations within the Research Unit 1336
A4
Jung: With him we collaborate on the CX3CR1CreER tg mouse that allow to delete or
overexpress genes in microglia cells.
B1
Flügel: In vivo analysis of T cell interaction with microglia.
C2
Prinz: He will supply the experimental expertise in analyzing the pathology of the
experimental mice.
B2
Bechmann: He will contribute to the analysis of antigen presenting cells in the CNS.
A1
Hanisch: He will help us in the analysis of ex vivo isolated adult microglia cells.
C1
Biber: We will analyze together the microglia depletion in organotypic slice culture
experiments using the mDTR mice.
5.4.2

Researchers with whom you have collaborated scientifically within the past
three years (in alphabetical order)

Burkhard Becher, Zürich
Thorsten Buch, München
Anja Hauser, Berlin
Karsten Kretschmer, Dresden
Rohini Kuner, Heidelberg
Birgit Sawitzki, Berlin
Serge Thal, Mainz
Jacqueline Trotter, Mainz
Frauke Zipp, Mainz
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5.5

Scientific equipment

All the institutional and technical requirements for the proposed project are already available
und usable. The Institute for Molecular Medicine is fully equipped with state-of-the-artinstruments needed for the proposed experiments. At this point, there is no further funding by
other third party sources for this project.
5.6 Project-relevant interests in commercial enterprises
Non applicable.

6

Additional information

6.1

Proposal submitted elsewhere

I have not requested funding for this project from any other sources. In the event that I
submit such a request, I will inform the Deutsche Forschungsgemeinschaft immediately.
6.2

Rules of good scientific practice

In submitting a proposal for a research grant to the DFG, I agree to adhere to the DFG’s
rules of good scientific practice.
6.3

Publication list and bibliography

In preparing my proposal, I have adhered to the guidelines for publication lists and
bibliographies.

7

Signatures:

Ari Waisman, PhD

Simone Wörtge, PhD

Mainz, May 1th 2012
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Josef Priller, Prof. Dr. med.

Chotima Böttcher, Dr. rer. nat.

Department of Neuropsychiatry &
Laboratory of Molecular Psychiatry
Charité-Universitätsmedizin Berlin
Charitéplatz 1
10117 Berlin, Germany

Department of Neuropsychiatry &
Laboratory of Molecular Psychiatry
Charité-Universitätsmedizin Berlin
Charitéplatz 1
10117 Berlin, Germany

Phone: +49 30 450 517209
Fax: +49 30 450 517962
E-mail: josef.priller@charite.de

Phone: +49 30 450 560184
Fax: +49 30 450 560983
E-mail: chotima.boettcher@charite.de

1.

Project Description

Pathogenic
role
of
microglia
and
macrophages
in
degeneration/amyotrophic lateral sclerosis with TDP-43 pathology

frontotemporal

lobar

Research area and field of work
Neuroinflammation, Neurodegeneration, Biological Psychiatry

Summary
Frontotemporal lobar degeneration (FTLD) has been associated with abnormal activities of
the transactive response DNA-binding protein 43 (TDP-43). Hyperphosphorylated fragments
of TDP-43 are found in intracellular ubiquitinated inclusions, which are the hallmark of
amyotrophic lateral sclerosis (ALS)-FTLD. Recently, TDP-43 was discovered to interact with
the p65 subunit of nuclear factor (NF)-κB, which may induce neuroinflammation and
neurodegeneration. In this project, we shall use transgenic mice with moderate and
ubiquitous expression of human wild type TDP-43 or familial ALS-linked mutant TDP-43
(G348C) to study the pathogenic role of myeloid cells in FTLD. We shall interfere with TDP43 function in microglia and macrophages by inactivating p65 or the NF-κB upstream
regulator IκB kinase 2/β in myeloid cells, followed by an assessment of the impact on
disease progression. In order to compare the results with the human pathology, we shall
analyze post-mortem brain and spinal cord tissue from FTLD patients for neuroinflammatory
changes. Moreover, we intend to generate induced pluripotent stem (iPS) cells from FTLD
patients and characterize FTLD-iPS-derived microglial cell lines functionally.
Zusammenfassung
Einige Formen der frontotemporalen Lobärdegenerationen (FTLD) wurden mit
Funktionsstörungen des Proteins TDP-43 (transactive response DNA-binding protein-43) in
Verbindung gebracht. Bei der Amyotrophen Lateralsklerose (ALS)-FTLD finden sich
charakteristische intrazelluläre Einschlusskörperchen mit hyperphosphorylierten Fragmenten
von TDP-43 und Ubiquitin. Kürzlich deutete der Nachweis einer Interaktion von TDP-43 mit
der p65-Untereinheit des nukleären Faktors (NF)-κB auf ein Zusammenspiel von
Neuroinflammation und Neurodegeneration bei der FTLD. In diesem Projekt wollen wir die
pathogenetische Rolle myeloider Zellen bei FTLD untersuchen und dazu transgene Mäuse
verwenden, die ubiquitär und moderat das humane Wildtyp TDP-43 oder die TDP43Mutation G348C exprimieren, welche mit der familiären ALS assoziiert ist. Die Funktion von
TDP-43 soll spezifisch in Mikroglia und Makrophagen gehemmt werden durch die
Inaktivierung von p65 oder der übergeordneten regulatorischen IκB Kinase 2/β in myeloiden
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Zellen, und so der Einfluss auf die Krankheitsprogression bestimmt werden. Zum Vergleich
zur humanen Pathologie soll post-mortem Gewebe von FTLD-Patienten auf
neuroinflammatorische Veränderungen hin untersucht werden. Schliesslich wollen wir
Patienten-spezifische induzierte pluripotente Stammzellen (iPS) gewinnen und FTLD-iPSMikrogliazelllinien funktionell charakterisieren.
1.1

State of the art and project report

1.1.1

State of the art

TDP-43 proteinopathies. Frontotemporal lobar degeneration (FTLD) is a heterogeneous
group of disorders that constitute the second most common cause of early-onset dementia
(Piguet et al., 2011). Two main clinical presentations of FTLD are recognized: 1. progressive
behavioural changes including disinhibition, apathy, loss of sympathy/empathy,
perseverative/compulsive behaviours, hyperorality and frontal executive deficits (behaviouralvariant FTD, bvFTD), and 2. progressive language breakdown (nonfluent/agrammatic and
semantic variants of primary progressive aphasia). All FTLD subtypes can occur in
conjunction with motor neuron disease (FTD-MND). Amyotrophic lateral sclerosis (ALS) or
Lou Gehrig’s disease is a rare neurodegenerative disorder, which affects upper and lower
motor neurons causing progressive weakness and death (Kiernan et al., 2011). Since FTLD
is complicated by ALS in a significant proportion of patients (FTD-ALS), and more than 50%
of ALS patients show frontotemporal dysfunction on neuropsychological testing, FTLD and
ALS are increasingly recognized as part of a spectrum of related disorders. Recent advances
in neuropathology and molecular genetics have started to reveal the biological basis for the
clinical concurrence.
Most FTLD cases are characterized by prominent atrophy of the frontal and temporal lobes
with neuronal loss and gliosis. In approximately 40% of cases, neuronal and/or glial
inclusions of the microtubule-binding protein tau are present (FTLD-tau), e.g. Pick’s disease,
progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), agyrophilic grain
disease, multiple system tauopathy with dementia and neurofibrillary tangle dementia (Cairns
et al., 2007). However, the majority of FTLD cases are tau-negative and ubiquitin-positive
(FTLD-U). It has recently been recognized that almost all of these cases show intracellular
inclusions of a protein called transactive response DNA-binding protein (TDP)-43, suggesting
that FTLD-TDP is the most frequent type of FTLD (Arai et al., 2006; Neumann et al., 2006;
Rohrer et al., 2011). Approximately 5% of FTLD cases are characterized by pathological
depositions of fused in sarcoma (FUS) protein (Rohrer et al., 2011). Importantly, TDP-43 is
also the major disease protein in ALS with or without dementia (Arai et al., 2006; Neumann
et al., 2006). Moreover, FUS-immunoreactive inclusions are a common feature in sporadic
and familial ALS (Deng et al., 2010), lending support to the concept of common pathogenetic
pathways in ALS/MND-FTLD spectrum disorders (Fig. 1). Notably, TDP-43 appears to play a
direct role in neurodegeneration as dominant mutations in the TARDBP gene, which encodes
TDP-43, are a primary cause of familial ALS and have also been identified in FTD-ALS cases
(Sreedharan et al., 2008; Benajiba et al., 2009).

Figure 1: Clinical and neuropathological spectrum of FTLD (modified from Seelaar et al., 2011).

TDP-43 in the pathogenesis of ALS/MND-FTLD spectrum disorders. TDP-43 and FUS
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are both ubiquitously expressed DNA/RNA-binding proteins, which are involved in gene
expression, transcriptional regulation, RNA splicing, RNA transport and protein translation
(Ito and Suzuki, 2011). Intermediate-length polyQ expansions (27-33 glutamines) in ataxin-2
have recently been associated with ALS (Elden et al., 2010). Notably, ataxin-2 is also an
RNA-binding protein and acts as a potent modifier of TDP-43 toxicity in an RNA-dependent
manner (Elden et al., 2010). TDP-43 is normally localized in the nucleus, but in
neurodegenerative diseases hyperphosphorylated fragments of TDP-43 can be found in
cytoplasmic ubiquitinated inclusions, which are the hallmark of ALS and FTLD-TDP
(Neumann et al., 2006). TDP-43 pathology can also be observed in cases of Lewy body
disease and in more than 20% of patients with Alzheimer’s disease (AD), suggesting an even
broader role in neurodegeneration (Amador-Ortiz et al., 2007). One hypothesis concerning
the pathogenesis of TDP-43 proteinopathies asserts that cytoplasmic mislocalization and
depletion of nuclear TDP-43 result in neurodegeneration. In support of the loss-of-function
hypothesis, flies lacking Drosophila TDP-43 presented deficient locomotive behaviours,
reduced life span and anatomical defects at the neuromuscular junctions (Feiguin et al.,
2009). Conditional deletion of Tardbp in mice resulted in rapid postnatal death (Chiang et al.,
2010). In addition, overexpression of either wild type or mutant TDP-43 in Drosophila
mimicked a loss-of-function phenotype with a dominant-negative effect (Estes et al., 2011).
Levels of endogenous TDP-43 are tightly regulated, suggesting that the dysregulation of normal TDP-43 expression and thus disruption of endogenous TDP-43 function may be a major
contributor to neurodegeneration. On the other hand, neurotoxic gain-of-function
mechanisms were also observed in mice and zebrafish by overexpression of wild type or
mutant TDP-43 (Kabashi et al., 2010; Wils et al., 2010; Igaz et al., 2011). In vitro, ectopic
expression of a 25-kDa TDP-43 fragment corresponding to the C-terminal truncation product
of caspase-cleaved TDP-43 led to the formation of toxic, insoluble cytoplasmic inclusions
within cells, which neither inhibited the function nor caused the sequestration of full-length
nuclear TDP-43 (Zhang et al., 2009).
Contribution of TDP-43 to neuroinflammatory changes in FTD-ALS. Recently, a novel
role was ascribed to TDP-43 in mediating inflammatory responses in the brain (Swarup et al.,
2011a; Herman et al., 2012). FTLD is associated with inflammation and microglial activation
as demonstrated in autopsy studies (Arnold et al., 2000). Similarly, reactive
microglia/macrophages and infiltrating T lymphocytes were detected in affected ALS tissues
post-mortem (Kawamata et al., 1992). In addition, widespread cerebral microglial activation
was demonstrated in vivo in FTLD and ALS patients using positron emission tomography
and [11C](R)-PK11195 (Cagnin et al., 2004; Turner et al., 2004).
The growth factor progranulin (PGRN) is located upstream of TDP-43 in the
neurodegeneration cascade. Loss-of-function mutations in PGRN cause FTLD-TDP (Baker
et al., 2006; Cruts et al., 2006). Interestingly, PGRN was recently discovered to bind to tumor
necrosis factor (TNF) receptors (Tang et al., 2011), and acts as a chemoattractant for
microglia (Pickford et al., 2011). PGRN exerts anti-inflammatory effects through inhibition of
TNF receptor (TNFR)-mediated nuclear factor-κB (NF-κB) signalling by competitively binding
to TNFR, in particular TNFR-2 on bone marrow-derived macrophages (Tang et al. 2011).
Interestingly, PGRN is also strongly expressed by macrophages and microglia in multiple
sclerosis brains (Vercellino et al., 2011). PGRN-deficient macrophages were found to release
less interleukin-10 and more inflammatory cytokines than wild type when exposed to
bacterial lipopolysaccharide (LPS) (Yin et al., 2010). Moreover, brains of Pgrn-deficient mice
displayed greater activation of microglia with age, and neurons accumulated cytosolic
phosphorylated TDP-43 (Yin et al., 2010). Thus, PGRN loss might cause increased cellular
stress that can initiate TDP-43 pathology.
Lentiviral delivery of human TDP-43 into the rat primary motor cortex activated microglia and
increased the levels of the pro-inflammatory cytokines interleukin-6 and TNF-α (Herman et
al., 2012). Moreover, TDP-43 increased β-secretase activity and amyloid precursor protein
processing, providing a link to AD pathogenesis. Cytoplasmic mislocalization of neuronal
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TDP-43 was also observed in a neuroinflammatory model of Parkinson’s disease induced by
polyinosinic:polycytidylic acid injection into the substantia nigra (Deleidi et al., 2010).
Transgenic mice with moderate and ubiquitous expression of human wild type TDP-43 or
familial ALS-linked mutant TDP-43 (G348C and A315T) demonstrated age-related
neuroinflammatory changes (astrogliosis, microgliosis) that preceded the cognitive and motor
impairments observed in these animals (Swarup et al., 2011a). Notably, TDP-43 was found
to act as a co-activator of the p65 subunit of NF-κB (Swarup et al., 2011b). However, TDP-43
did not itself cause NF-κB activation, but required a second hit, e.g. by LPS administration.
NF-κB inhibition by the drug Withaferin A reduced inflammation and ameliorated the motor
deficits of TDP-43 transgenic mice (Swarup et al., 2011b), underscoring the importance of
neuroinflammatory changes in the pathogenesis of TDP-43 proteinopathies. Withaferin A
administration also inhibited the activation of the glial fibrillary acidic protein (GFAP) promoter
(Swarup et al., 2011b). TDP-43 overexpression resulted in increased neurotoxicity of primary
microglia, and rendered cortical neurons more vulnerable to glutamate-induced or microgliamediated cell death (Swarup et al., 2011b). Thus, TDP-43 deregulation may contribute to the
pathogenesis of FTD-ALS through abnormal activation of p65 NF-κB.
1.1.2

Preceding report

Brain-specific inactivation of NF-κB signalling. In order to study the role of NF-κB
signalling in brain function, we collaborated with the group of Marco Prinz to inactivate the
NF-κB upstream regulator IκB kinase 2/β (IKK2) in neural cells (Figs. 2 and 3). Nestin-Cre
mice were crossed to transgenic mice homozygous for the loxP-flanked alleles encoding
IKK2 (Ikk2fl/fl).
Figure 2: Activation of the canonical NF-κB pathway, e.g.
by proinflammatory cytokines like TNF-α, is induced by the
IκB kinase (IKK) complex, composed of two catalytic
subunits, IKK1/α and IKK2/β, and a regulatory subunit, NFκB essential modulator (NEMO)/IKKγ. The IKK
heterodimer phosphorylates two serine residues in the IκB
inhibitor molecule, which results in ubiquitination and
proteosomal degradation of IκB. The activated NF-κB
complex, composed of the p65/RelA and p50 heterodimer,
is then freed to translocate into the nucleus, where it
induces target gene expression. Genetic deletion of Ikk2
inhibits the activation of the canonical NF-κB pathway.

We found that brain-specific IKK2 expression is dispensable for proper myelin assembly and
repair in the central nervous system (CNS), but instead plays a key role for the loss of myelin
during toxic demyelination (Raasch et al., 2011).
A

C

B

Figure

3:
Brain-
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specific inactivation of NF-κB signalling does not disturb myelin formation in the CNS, but protects
from cuprizone-induced demyelination. (A) Immunoblot analysis of brain region extracts and cell
lysates from neuroectodermal astrocytes confirmed the efficient ablation of IKK2 in IKK2CNS-KO mice.
Mesodermal-derived microglia were not affected. (B) Cultured primary oligodendrocytes from wild type
and IKK2CNS-KO mice were stained with DAPI (blue), NG2 or MBP (red), and CNP (green).
Quantification of differentially expressed maturation markers after three days in culture revealed no
differences in differentiation and morphology. (C) Histopathological analysis of the corpus callosum
from from wild type and IKK2CNS-KO mice at 5 weeks after cuprizone treatment revealed protection of
IKK2CNS-KO mice from demyelination (luxol fast blue staining), microglia activation (MAC-3 staining)
and astrogliosis (GFAP staining). The numbers of remyelinating NG2+ oligodendrocyte precursor cells
were comparable in wild type and IKK2CNS-KO mice (modified from Raasch et al., 2011).

B

Oligodendroglia-specific inactivation of NF-κB signalling. Conditional ablation of IKK2 in
oligodendrocytes was achieved by crossing MOGi-Cre mice to Ikk2fl/fl mice (Raasch et al.,
2011). Interestingly, NF-κB signalling in mature oligodendrocytes was not pathogenic during
cuprizone-induced demyelination (Fig. 4), suggesting that the resistance of IKK2CNS-KO mice
to demyelination did not result from a cell-autonomous protective function of IKK2 inhibition
in oligodendrocytes.

A

Figure
4:
Oligodendrocyte-restricted
IKK2
deficiency does not affect cuprizone-induced
demyelination. (A) Histopathological analysis of
the corpus callosum from wild type and IKK2Oligo-KO
mice at 5 weeks after cuprizone treatment did not
reveal any differences in the extent of
demyelination (luxol fast blue staining, LFB),
microglia activation (MAC-3 staining) and
astrogliosis (GFAP staining). (B) The numbers of
remyelinating NG2+ oligodendrocyte precursor
cells were also comparable in wild type and
IKK2Oligo-KO mice (from Raasch et al., 2011).

Astrocyte-specific inhibition of NF-κB signalling. In order to investigate the contribution
of NF-κB signalling in astrocytes to cuprizone-induced brain damage, transgenic mice were
used, in which a dominant negative form of the NF-κB inhibitor IκBα (IκBα-dn) is expressed
under the control of the astroglial GFAP promoter (Raasch et al., 2011). GFAP-IκBα-dn
transgenic mice displayed a significant protection from cuprizone-induced demyelination,
along with reduced astrogliosis and microglial activation (Fig. 5). Notably, cuprizone did not
induce nuclear p65 translocation/NF-κB activation in cultured wild type astrocytes,
suggesting that the detrimental effects of astrocyte activation in vivo may be an indirect effect
of an initial insult induced in oligodendrocytes by the cuprizone treatment (Raasch et al.,
2011).
Figure 5: Inhibition of NF-κB activation in astrocytes
protects mice from cuprizone-induced demyelination.
Histopathological analysis of the corpus callosum at 5
weeks after cuprizone treatment revealed reduced
demyelination (LFB staining), astrogliosis (GFAP
staining) and microglia activation (MAC-3 staining) in
GFAP-IκBα-dn transgenic mice compared to wild
type mice (from Raasch et al., 2011).
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Myeloid-specific inactivation of NF-κB signalling. Next, we crossed lysM-Cre mice to
Ikk2fl/fl mice (as shown below) in order to abolish NF-κB signalling specifically in myeloid
cells.

×

In primary cell cultures obtained from these animals, we observed a significant reduction of
Ikk2 mRNA and IKK2 expression in microglia and in peripheral macrophages without
concomitant changes of IKK1 or NEMO levels (Fig. 6). This was associated with impaired
nuclear translocation of p65 (data not shown). As expected, we did not observe any changes
of Ikk2 mRNA or IKK2 expression in primary astroglia (Fig. 6).
A

B

Figure 6: Myeloid-specific inhibition of
NF-κB signalling. Primary cultures of
microglia, peritoneal macrophages and
astrocytes were prepared. (A) Ikk2
mRNA levels were quantified by real-time
PCR and expressed as percentage of
GAPDH mRNA. Ikk2 mRNA expression
was reduced by 90% in macrophages
and by 50% in microglia from lysM-Cre+/+
x Ikk2fl/fl and lysM-Cre+/- x Ikk2fl/fl mice.
Ikk2 mRNA expression was unchanged
in astrocytes from these mice. (B) IKK2,
IKK1 and NEMO protein levels were
determined using Western analysis. IKK2
expression was reduced in microglia and
in macrophages, but not in astrocytes
from lysM-Cre+/+ x Ikk2fl/fl and lysM-Cre+/x Ikk2fl/fl mice. Levels of IKK1 and NEMO
were not significantly changed.

Myeloid-specific inactivation of NF-κB signalling protected mice from bacterial meningitis and
experimental autoimmune encephalomyelitis (EAE) (Radbruch et al., manuscript in
preparation). In the Pam3Cys7 model of bacterial meningitis, cell death in the dentate gyrus
was significantly reduced in lysM-Cre+/+ x Ikk2fl/fl and lysM-Cre+/- x Ikk2fl/fl mice compared with
wild type mice, despite comparable levels of inflammatory leukocytes in the cerebrospinal
fluid (Fig. 7). Moreover, lysM-Cre+/+ x Ikk2fl/fl mice were highly protected against EAE (Fig. 7).
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D

E

Figure 7: Myeloid-specific inactivation of NF-κB signalling protects mice from meningitis and EAE. (A)
Immunohistochemical staining revealed TUNEL-positive cells (green) in the dentate gyrus at 24 hours
after intrathecal administration of Pam3Cys7 (DAPI in blue). (B) Quantification of TUNEL-positive cells
in the dentate gyrus demonstrated significantly lower numbers of dying cells in lysM-Cre+/+ x Ikk2fl/fl
mice compared with wild type. (C) The number of leukocytes in the CSF were comparable across all
genotypes in the Pam3Cys7 model of bacterial meningitis. (D) EAE disease severity was markedly
attenuated in lysM-Cre+/+ x Ikk2fl/fl mice compared with lysM-Cre+/- x Ikk2fl/fl and wild type mice. (E)
LysM-Cre+/+ x Ikk2fl/fl mice were protected from EAE as indicated by the low EAE incidence compared
to lysM-Cre+/- x Ikk2fl/fl and wild type mice.

Recruitment of myeloid cells attenuates Alzheimer pathology in mice. To elucidate the
spatiotemporal roles of mononuclear phagocytes during disease, we targeted myeloid cell
subsets from different compartments and examined disease pathogenesis in three different
mouse models of AD (APPswe/PS1, APPswe and APP23 mice). We identified chemokine
receptor (CCR)2-expressing myeloid cells as the population that was preferentially recruited
to β-amyloid deposits (Mildner et al., 2010). The recruitment depended on conditioning of the
brain by irradiation (Fig. 8). Irradiation resulted in long-term changes of the brain milieu, with
significant induction of CXCL10 and CCL2 mRNAs in endogenous microglia (Fig. 8). In
contrast, CCL3 mRNA expression was largely unchanged; the levels of CCR2 mRNA in
microglia/phagocytes were influenced neither by disease nor by brain irradiation (Fig. 8).
Importantly, deposition of β-amyloid was significantly reduced in APP23 mice after brain
irradiation and bone marrow (BM) transplantation (Fig. 8). We found that perivascular
macrophages cleared Aβ in a CCR2-dependent manner (Fig. 8).
A

B

D
C
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Figure 8: Perivascular cells clear Aβ in AD transgenic mice. (A) Immunohistochemistry for Iba-1
(blue), Aβ deposits (red), GFP fluorescence (green), DAPI staining of nuclei (blue). Ramified GFP+Iba1+ myeloid cells were found around amyloid plaques in unprotected APPswe/PS1 BM chimeras, but not in
mice protected from irradiation by lead shielding. These only contained endogenous microglia (GFP–
Iba-1+) around plaques. (B) Laser microdissection of CD11b+GFP– microglia and
CD11b+GFP+ engrafted macrophages from the hippocampus of unprotected and protected APPswe/PS1
BM chimeras. Quantification of cytokine and chemokine mRNA expression in microdissected
microglia/macrophages under different experimental conditions is presented as a heat map (brown:
downregulated; green: upregulated). (C) Determination of the amounts of soluble and insoluble Aβ1–40
and Aβ1–42 by ELISA in brain lysates from protected and unprotected APP23 BM chimeras revealed a
significant reduction of Aβ accumulation in irradiated BM chimeras. (D) Top: Immunohistochemistry for
Aβ (red) revealed a significant increase in the percentage of blood vessels containing β-amyloid in the
cortex of APPswe/PS1 BM chimeras transplanted with CCR2-deficient BM compared to wild type.
Bottom: CCR2 deficiency increased the percentage of perivascular macrophages, which accumulate
Aβ in APPswe/PS1 BM chimeras. Double immunohistochemistry Aβ: red, Iba-1: brown (modified from
Mildner et al., 2011).

Molecular mechanisms of myeloid cell recruitment into the brain. In order to
characterize the molecular changes induced by head irradiation as conditioning protocol, we
determined gene expression profiles in different mouse brain regions (olfactory bulb,
cerebellum, facial nuclei) at various time points after irradiation (Böttcher et al., manuscript in
preparation). Notably, we observed spatiotemporally distinct patterns of transcriptional
activation of cytokines (interleukin (IL)-1β, TNF-α), chemokines (CCL2, CXCL4), cell
adhesion and co-stimulatory molecules (P-selectin, CD40) (Fig. 9). Nonmyeloablative
conditioning protocols, like busulfan, failed to support myeloid cell engraftment in the brain
(data not shown).

Figure 9: Gene expression profiles in different brain regions after 11 Gy focal head irradiation (HI).
Quantitative PCR analysis revealed temporally and spatially distinct patterns of transcriptional
activation of the genes IL-1β, TNF-α, CXCL4, CCL2, P-selectin and CD40. OB: olfactory bulb, CB:
cerebellum, FN: facial nuclei.

Function of pericytes in the neurovascular unit. Brain microvessels are densely covered
by pericytes, which express platelet-derived growth factor receptor (PDGFR)-β and α-smooth
muscle (SM) actin (Fig. 10). Using two-photon laser scanning microscopy, we discovered
that pericytes can contract in vivo and modulate cerebral blood flow under pathological
conditions (Fernández-Klett et al., 2010). Recently, we observed that PDGFR-β+ vascular
stromal cells massively proliferate after cerebral ischemia and EAE (Fernández-Klett et al., in
revision). These cells interact with microglia, invading myeloid cells and lymphocytes (Fig.
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10). They drive a dynamic process of tissue scarring in neuroinflammatory conditions (Fig.
10).
A

B

Figure 10: Pericytes control blood
flow and mediate tissue scarring.
(A) Pericytes in GFP transgenic
mice express PDGFR-β and α-SM
actin. They are surrounded by a
basal membrane (laminin, blue) and
D
C
contacted by GFAP+ astrocytic end
feet.
(B)
The
thromboxane
analogon U46619 (U) induces
pericyte contractions in vivo,
paralleled by red blood cell (RBC)
velocity and flux changes (modified
from Fernández-Klett et al., 2011). (C) After middle cerebral artery occlusion, PDGFR-β+ cells
proliferate in the infarct core and express fibronectin. They interact with Iba-1+
microglia/macrophages. (D) PDGFR-β+ cells also proliferate in EAE and interact with T-cell receptor
(TCR)-immunoreactive lymphocytes (nuclei stained with DAPI).
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2

Objectives and work program

2.1

Anticipated total duration of the project

36 months.
2.2

Objectives

The goal of our project is to study the roles of microglia and macrophages in FTLD/ALS.
Recent experimental evidence suggests that the pathogenic TDP-43 protein interacts with
the p65 subunit of NF-κB to induce neuroinflammation and degeneration. However, TDP43/p65 functional interactions occur in various types of brain cells, including neurons,
astrocytes and microglia. Therefore, we shall attempt to specifically interfere with TDP-43
function in microglia and macrophages by inactivating IKK2 and p65 in myeloid cells. We
shall study the impact of these genetic manipulations in transgenic mice overexpressing
either human wild type TDP-43 or the TDP-43 mutant G348C. In order to compare the
results with the human pathology, we shall examine post-mortem CNS tissue from FTLDTDP patients. Moreover, we shall generate iPS cells from FTLD patients with TARDBP
mutations, and characterize FTLD-iPS-derived microglial cell lines functionally.
The project pursues three major aims:
Aim 1. Myeloid-specific inhibition of NF-κB signalling in TDP-43 transgenic mice
Aim 2. Post-mortem analysis of neuroinflammatory changes in FTLD-TDP
Aim 3. Characterization of iPS-derived microglial cell lines obtained from FTLD patients with
TARDBP mutations
The long-term goal is to understand the role of inflammation in FTLD-TDP and to find novel
therapeutic options for FTLD/ALS.
2.3

Work program incl. proposed research methods

2.3.1

Methods

Mice. TDP-43WT and TDP-43G348C mice (Swarup et al., 2011a) are generously provided by JP Julien (Laval University, Québec, Canada), 65GFP-fl/GFP-fl mice (De Lorenzi et al., 2009) are
from M Pasparakis (EMBL, Monterotondo, Italy). The lines are currently undergoing embryo
transfer in our animal facility. CX3CR1CreER mice (collaboration with project C1 Jung), lysMCre and Ikk2fl/fl mice are already available. Tamoxifen will be administered orally and by
gavage.
Primary cell cultures. Primary cultures of astroglia and microglia will be generated as
described (Raasch et al., 2011). Neurons will be prepared from the cortices of C57BL/6
mouse embryos (E15-17) as described by Scheibe et al. (2012). Naïve macrophages are
obtained from the peritoneal cavity after injection with ice-cold PBS according to standard
protocols. The cultures will be used for in vitro assessment of the efficiency and specificity of
Cre/loxP recombination. Moreover, cultures will be stimulated with 100 ng/ml LPS for 12-24
hours, followed by an assessment of the impact of NF-κB inhibition and TDP-43
overexpression on microglia/macrophage activation (see below). Cytotoxicity assays will be
perfomed using primary neurons or N2a cells, which were treated with conditioned media
derived from microglia or peritoneal macrophage cultures obtained from the different
transgenic mice, some of which were treated with LPS. The assay is based on LDH release
as described (Swarup et al., 2011a; Scheibe et al., 2012).
Generation of human iPS cell lines and iPS-derived microglia cultures. FTLD-iPS cells
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will be generated from peripheral blood samples obtained from patients with known TARDBP
mutations as described by Seki et al. (2012). Briefly, peripheral blood mononuclear cells
(PBMCs) will be separated by a Ficoll gradient, and the T cells specifically activated using
anti-CD3 antibody and IL-2. After infection with mutant Sendai virus containing the
reprogramming factors human OCT3/4, SOX2, KLF4 and c-MYC, T cell-derived iPS cells
(TiPSCs) can be generated within one month in the presence of bFGF. Human microglial
precursor cells will be differentiated from TiPSCs according to a modified protocol from
Beutner et al. (2010) developed for mouse embryonic stem cell-derived microglia (cf. project
A2 Neumann, FOR1336). Briefly, undifferentiated iPS cells will be cultured on mouse
embryonic fibroblasts in bFGF-containing medium. To induce embryoid body (EB) formation,
iPS cells will be detached using collagenase and cultured in the absence of bFGF. After eight
days, EBs will be plated on fibronectin-coated dishes and cultured in B27 medium
supplemented with bFGF and fibronectin. After 14 days, medium will be changed to N2
medium supplemented with bFGF and laminin. To induce differentiation of microglial
precursors, growth factors will be removed after ten days. The first microglial precursors will
develop within 2-4 months. They are expanded on poly-L-lysin-coated dishes in N2 medium
supplemented GM-CSF for ten days, after which time they do not require growth factors or
coated dishes for proliferation.
Flow cytometry and cell sorting. CNS-resident cells and leukocytes will be isolated from
the brain after transcardial perfusion with saline using the gentleMACS Dissociator and
Percoll gradient centrifugation. Peripheral blood samples will be obtained by submandibular
bleeding. BM cells will be prepared from femurs and tibias, and spleens will be mechanically
dissociated. After erythrocyte lysis, nucleated cells will be stained with various fluorophoreconjugated antibodies against Mac-1/CD11b, B220, CD4, CD8, CD3, CD16, CD25, CD32,
CD34, CD45, CD86, c-kit, MHC class II, CD11c, Ly6C, Ly6G, Gr-1, F4/80, CCR2, CX3CR1,
TDP-43, p65, TNFα and various cytokines/chemokines. Appropriate isotype control
antibodies will be used; propidium iodide will help to exclude dead cells. Multicolour flow
cytometry and cell sorting will be performed at the Berlin Brandenburg Center for
Regenerative Therapies (BCRT). An AutoMACS is available for enrichment of CD11b+ cells.
Co-immunoprecipitation, Western analysis and ELISA. Cell cultures and CNS tissues
from transgenic mice will be lysed and incubated overnight with Dynabeads, anti-TDP-43 and
anti-HA antibodies as described (Swarup et al., 2011a,b). Antibody-bound complexes will be
eluted by boiling, and the supernatants resolved by 10% SDS polyacrylamide gel
electrophoresis and transferred onto nitrocellulose membranes. After incubation with anti-p65
antibody, immunoreactive proteins will be visualized by chemiluminescence. For other
Western blot assays, blots will be incubated with primary antibodies against peripherin,
medium and heavy molecular weight neurofilament proteins, Iba1, TDP-43, ubiquitin and
cleaved caspase-3, Aβ1-40, Aβ1-42, tau, phosho-tau, FUS, IKK2 and p65. Actin will serve as
loading control. Pro-inflammatory cytokines and chemokines will be measured using
commercially available ELISA kits according to the manufacturer’s instructions.
Quantitative real-time PCR (qPCR). Total RNA will be purified from cell cultures, brain,
spinal cord and other tissues. Following cDNA synthesis using reverse transcriptase, qPCR
for TNF-α, IL-1β, IFN-γ, IL-6, TGF-β, IP-10, CCL2 will be performed using a Roche
LightCycler system.
Histology and immunohistochemistry. After transcardial perfusion with 4%
paraformaldehyde (PFA), 20 μm cryosections will be obtained from the brain, spinal cord and
other organs (spleen, liver, BM etc.) of the transgenic mice. Cryosections will also be
obtained from post-mortem human tissue samples and fixed with PFA. Cell cultures are fixed
with PFA for 10 minutes. After blocking of non-specific binding, cultures/sections will be
stained with antibodies against Iba1, CD11b, F4/80, CD68, CD3, HLA-DR, MHC class II,
CD45, CD4, CD8, GFAP, ICAM-1, TDP-43, ubiquitin, peripherin, heavy and medium
neurofilament proteins, Aβ1-40, Aβ1-42, tau, phosho-tau, FUS, p65, cleaved caspase-3 and
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TUNEL. Visualization of binding will be carried out using Alexa-conjugated secondary
antibodies. Nuclei are counterstained with DAPI in the mounting medium. Fluorescence
microscopy will be performed using a laser confocal scanning microscope. Alternatively,
visualization of binding will be carried out using biotinylated secondary antibodies and the
Vectastain ABC kit. Histological examination will be performed on hematoxylin/eosin (H&E)
or Nissl stained sections using light microscopy.
Behavioural experiments. Accelerating rotarod experiments will be performed on mice at 4
rpm speed with 0.25 rpm/s acceleration as described previously (Swarup et al., 2011a).
Passive avoidance will be tested using a bright/dark chamber as described (Swarup et al.,
2011a). Spontaneous locomotor activity, anxiety, depression-like behaviour and working
memory will be assessed using the open field, elevated plus maze, forced swimming test and
radial arm maze, respectively (Coquery et al., 2012).
Statistical analysis. Data will be analyzed using Student’s t test, Kruskal-Wallis analysis of
variance (ANOVA) following pairwise comparison with Bonferroni`s method or MannWhitney-U-test, where appropriate. Differences in group survival will be determined using
Fisher’s exact test. Values of P < 0.05 will be considered significant.

2.3.2

Work program

Aim 1. Myeloid-specific inhibition of NF-κB signalling in TDP-43 transgenic mice
We shall use two different strategies to inhibit NF-κB signalling (Fig. 11). One is based on
depletion of the p65/RelA subunit of NF-κB, which is a direct interaction partner of TDP-43.
The other is based on upstream depletion of IKK2/β, since TDP-43 does not itself cause NFκB activation, but requires a second hit, e.g. by proinflammatory mediators.
A

B

Figure 11: Inhibition of the canonical NF-κB pathway by genetic ablation of p65 (A), or ablation of
Ikk2/β (B).

Experiment 1.1. Effects of myeloid-specific IKK2 depletion in TDP-43 transgenic mice.
We shall cross lysM-Cre x Ikk2fl/fl mice with TDP-43WT and TDP-43G348C mice. LysM-Cre x
TDP-43WT/TDP-43G348C, Ikk2fl/fl x TDP-43WT/TDP-43G348C, TDP-43WT and TDP-43G348C mice
will serve as controls.
lysM-Cre x Ikk2fl/fl

TDP-43WT
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lysM-Cre x Ikk2fl/fl

TDP-43G348C

Primary cultures of microglia and peritoneal macrophages will be assessed for TDP-43
expression, p65 nuclear translocation and expression of pro-inflammatory cytokines and
chemokines (e.g. TNF-α, IL-1β, IFN-γ, IL-6, IP-10, CCL2) in the presence or absence of LPS
using Western analysis, ELISA, co-immunoprecipitation and quantitative real-time PCR.
Primary astroglial cultures will serve as negative controls. Microglia/macrophage-conditioned
media will be tested for neurotoxicity by LDH assay. Spinal cord and brain sections from
transgenic mice will be examined for neuroinflammatory and neurodegenerative changes at
3 and 10 months using immunohistochemistry (Iba1, GFAP, TDP-43, ubiquitin, peripherin,
heavy and medium neurofilament proteins, p65, cleaved caspase-3), Western analysis, coimmunoprecipitation and qPCR. Flow cytometric characterization of microglia and
macrophages obtained from the spinal cords and brains of transgenic mice will also be
performed. Behavioural testing of the transgenic animals will include open field, accelerating
rotarod, passive avoidance and various maze tasks.
Strain
TDP-43WT
TDP-43WT
TDP-43G348C
TDP-43G348C
TDP-43WT x lysM-Cre
x Ikk2fl/fl
TDP-43WT x lysM-Cre
x Ikk2fl/fl
G348C
TDP-43
x lysM-Cre
x Ikk2fl/fl
TDP-43G348C x lysM-Cre
x Ikk2fl/fl
TDP-43WT x lysM-Cre
TDP-43WT x Ikk2fl/fl
TDP-43G348C x lysM-Cre
TDP-43G348C x Ikk2fl/fl

Analysis
Histology, FACS, Western, PCR
Behaviour
Primary cell cultures
Histology, FACS, Western, PCR
Behaviour
Primary cell cultures
Histology, FACS, Western, PCR
Behaviour
Primary cell cultures

Age
3, 10 mo

Histology, FACS, Western, PCR
Behaviour
Primary cell cultures

3, 10 mo

Histology, FACS, Western, PCR
Histology, FACS, Western, PCR
Histology, FACS, Western, PCR
Histology, FACS, Western, PCR

3, 10 mo
3, 10 mo
3, 10 mo
3, 10 mo

3d
3, 10 mo
3d
3, 10 mo
3d

3d

Number of animals
2 x 15 = 30
2 x 15 = 30
1 x 20 = 20
2 x 15 = 30
2 x 15 = 30
1 x 20 = 20
2 x 15 = 30
2 x 15 = 30
1 x 20 = 20
2 x 15 = 30
2 x 15 = 30
1 x 20 = 20
2 x 8 = 16
2 x 8 = 16
2 x 8 = 16
2 x 8 = 16
Total = 384

Experiment 1.2. Effects of microglia-specific IKK2 depletion in TDP-43 transgenic
mice. We shall cross CX3CR1CreER x Ikk2fl/fl mice with TDP-43WT and TDP-43G348C mice.
CX3CR1CreER x TDP-43WT/TDP-43G348C, Ikk2fl/fl x TDP-43WT/TDP-43G348C, TDP-43WT and TDP43G348C mice will serve as controls.
CX3CR1CreER x Ikk2fl/fl

TDP-43WT

CX3CR1CreER x Ikk2fl/fl

TDP-43G348C
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The work program is identical to Experiment 1.1. (see above). Analyses of macrophages will
serve as controls, since CX3CR1CreER mice allow for selective recombination in microglia (cf.
project C1).
Strain
TDP-43 x CX3CR1CreER
x Ikk2fl/fl
WT
TDP-43 x CX3CR1CreER
fl/fl
x Ikk2
G348C
TDP-43
x CX3CR1CreER x Ikk2fl/fl
TDP-43G348C
x CX3CR1CreER x Ikk2fl/fl
TDP-43WT x CX3CR1CreER
TDP-43G348C
x CX3CR1CreER
WT

Analysis
Histology, FACS, Western, PCR
Behaviour
Primary cell cultures

Age
3, 10 mo

Histology, FACS, Western, PCR
Behaviour
Primary cell cultures

3, 10 mo
3d

2 x 15 = 30
2 x 15 = 30
1 x 20 = 20

Histology, FACS, Western, PCR
Histology, FACS, Western, PCR

3, 10 mo
3, 10 mo

2 x 8 = 16
2 x 8 = 16

3d

Number of animals
2 x 15 = 30
2 x 15 = 30
1 x 20 = 20

Total = 192

Experiment 1.3. Effects of myeloid-specific p65 depletion in TDP-43 transgenic mice.
We shall cross lysM-Cre mice with p65GFP-fl/GFP-fl mice. The offspring will be crossed with TDP43WT and TDP-43G348C mice. LysM-Cre x TDP-43WT/TDP-43G348C, p65GFP-fl/GFP-fl x TDP43WT/TDP-43G348C, TDP-43WT and TDP-43G348C mice will serve as controls.
lysM-Cre x p65GFP-fl/GFP-fl

TDP-43WT

lysM-Cre x p65GFP-fl/GFP-fl

TDP-43G348C

Primary cultures of microglia and peritoneal macrophages will be assessed for TDP-43
expression, p65 nuclear translocation (expected to be absent) and expression of proinflammatory cytokines and chemokines (e.g. TNF-α, IL-1β, IFN-γ, IL-6, IP-10, CCL2) in the
presence or absence of LPS using Western analysis, ELISA, co-immunoprecipitation and
qPCR. Primary astroglial cultures will serve as negative controls. Microglia/macrophageconditioned media will be tested for neurotoxicity by LDH assay. Spinal cord and brain
sections from transgenic mice will be examined for neuroinflammatory and
neurodegenerative changes at various ages from 2-15 months using immunohistochemistry
(Iba1, GFAP, TDP-43, ubiquitin, peripherin, heavy and medium neurofilament proteins, p65,
cleaved caspase-3), Western analysis, co-immunoprecipitation and quantitative real-time
PCR. Flow cytometric characterization of microglia and macrophages obtained from the
spinal cords and brains of transgenic mice will also be performed. Behavioural testing of the
transgenic animals will include open field, accelerating rotarod, passive avoidance and
various maze tasks.

260

FOR 1336 – Diversity of brain macrophages

Strain
TDP-43WT x lysM-Cre
x p65GFP-fl/GFP-fl
TDP-43WT x lysM-Cre
x p65GFP-fl/GFP-fl
TDP-43G348C x lysM-Cre
GFP-fl/GFP-fl
x p65
G348C
TDP-43
x lysM-Cre
x p65GFP-fl/GFP-fl
TDP-43WT x p65GFP-fl/GFP-fl
TDP-43G348C x p65GFPfl/GFP-fl

Analysis
Histology, FACS, Western, PCR
Behaviour
Primary cell cultures

Age
3, 10 mo

Histology, FACS, Western, PCR
Behaviour
Primary cell cultures

3, 10 mo
3d

2 x 15 = 30
2 x 15 = 30
1 x 20 = 20

Histology, FACS, Western, PCR
Histology, FACS, Western, PCR

3, 10 mo
3, 10 mo

2 x 8 = 16
2 x 8 = 16

3d

Number of animals
2 x 15 = 30
2 x 15 = 30
1 x 20 = 20

Total = 192

Experiment 1.4. Effects of microglia-specific p65 depletion in TDP-43 transgenic mice.
We shall cross CX3CR1CreER with p65GFP-fl/GFP-fl mice. The offspring will be crossed with TDP43WT and TDP-43G348C mice. CX3CR1CreER x TDP-43WT/TDP-43G348C, p65GFP-fl/GFP-fl x TDP43WT/TDP-43G348C, TDP-43WT and TDP-43G348C mice will serve as controls.
CX3CR1CreER x p65GFP-fl/GFP-fl

TDP-43WT

CX3CR1CreER x p65GFP-fl/GFP-fl

TDP-43G348C

The work program is identical to Experiment 1.3. (see above). Analyses of macrophages will
serve as controls.
Strain
TDP-43WT x CX3CR1CreER
x p65GFP-fl/GFP-fl
TDP-43WT x CX3CR1CreER
GFP-fl/GFP-fl
x p65
G348C
TDP-43
x CX3CR1CreER
x p65GFP-fl/GFP-fl
TDP-43G348C x CX3CR1CreER
x p65GFP-fl/GFP-fl

Analysis
Histology, FACS, Western, PCR
Behaviour
Primary cell cultures

Age
3, 10 mo

Histology, FACS, Western, PCR
Behaviour
Primary cell cultures

3, 10 mo

3d

3d

Number of animals
2 x 15 = 30
2 x 15 = 30
1 x 20 = 20
2 x 15 = 30
2 x 15 = 30
1 x 20 = 20
Total = 160

Aim 2. Post-mortem analysis of neuroinflammatory changes in FTLD-TDP
We shall examine the brains of ten FTLD-TDP patients by histology (H&E, Nissl) and
immunohistochemistry (Iba1, CD11b, CD68, HLA-DR, MHC class II, CD45, CD4, CD8,
GFAP, ICAM-1, TDP-43, p65, ubiquitin, neurofilament) in collaboration with S. Bahn (Institute
of Biotechnology, University of Cambridge, UK). For comparison, we shall also examine
post-mortem brain tissue from FTLD-tau, FTLD-FUS and AD patients, as well as normal
controls.

Aim 3. Characterization of iPS-derived microglial cell lines obtained from FTLD
patients with TARDBP mutations
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IPS cells will be generated from peripheral blood samples of three FTD-ALS cases with
known TARDBP mutations in collaboration with M. Groszer and A. Bennaceur-Griscelli
(INSERM U839 and U935, Paris, France). Alternatively, human knock-in lines with TARDBP
mutations will be generated. Differentiation into microglial lines will be performed with the
support of H. Neumann (project A2, FOR1336). We shall characterize human microglia-like
cells by flow cytometry and analyze them for TDP-43 expression, p65 nuclear translocation,
expression of pro-inflammatory cytokines and chemokines (e.g. TNF-α, IL-1β, IFN-γ, IL-6, IP10, CCL2) in the presence or absence of LPS using Western analysis, coimmunoprecipitation and qPCR. The lines will also be tested for neurotoxicity by LDH assay.

2.3.3

Time schedule
2013

2014

2015

Aim 1: Myeloid-specific IKK2 depletion in TDP43 mice
Aim 1: Microglia-specific IKK2 depletion in TDP43 mice
Aim 1: Myeloid-specific p65 depletion in TDP43 mice
Aim 1: Microglia-specific p65 depletion in TDP43 mice
Aim 2: Post-mortem analysis of FTLD brain tissues
Aim 3: Characterization of FTLD-iPS-derived microglial cell
lines

2.4

Data handling

All research data will be handled and stored according to good scientific practice; lab books
and electronic data will be stored in the Laboratory of Molecular Psychiatry. Data on humans
or human material will be stored in pseudonymized form in the Department of
Neuropsychiatry.
2.5

Other information

Not applicable.
2.6

Descriptions of proposed investigations involving experiments on humans,
human materials or animals or recombinant DNA

2.6.1

Experiments involving humans or human material

Experiments involving humans or human material will be performed according to the
Declaration of Helsinki (1964) after permission by the local institutional review board or the
central ethics committee of the LaGeSo, Berlin. All experiments involving cultured human cell
lines will be performed according to the German law and ethical guidelines.
2.6.2

Experiments with animals (Tierversuche)

All animal experiments will be performed according to the German Animal Welfare Act
(TierSchG) and ethical guidelines after permission by the LaGeSo, Berlin. Current
permissions: G0113/09, G0364/10, G0204/11, G0205/11 and follow-up applications.
2.6.3

Experiments with recombinant DNA (Gentechnologische Experimente)
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All genetic engineering experiments will be performed according the German Genetic
Engineering Act (GenTG) and ethical guidelines after permission by the LaGeSo, Berlin.
Current permissions: 441/06 and follow-up applications.
2.7

Information on scientific and financial involvement of international cooperation
partners

The group of Prof. Steffen Jung (Weizmann Institute, Rehovot, Israel) is an integral part of
the FOR1336, and has already provided us with cx3cr1-CreERT2 mice.
We are receiving TDP-43WT and TDP-43G348C transgenic mice from Prof. Jean-Pierre Julien
(Université Laval Québec, Canada). We have agreed on a close collaboration on TDP-43
and NF-κB signalling in myeloid cells, which requires no additional funding.
We shall continue to collaborate with Prof. Sabine Bahn (University of Cambridge, UK) on
the immunohistochemical examination of post-mortem brain tissue samples from individuals
with schizophrenia, AD and FTLD. No additional funding is required.
Finally, we shall continue to collaborate with Prof. Matthias Groszer (INSERM U839, Paris,
France) on the molecular genetic analysis of individuals with neuropsychiatric disorders. He
will assist in the generation of FTLD-iPS cells. No additional funding is required.
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from Apoptotic Cell Death in an In Vitro Model of Cerebral Ischemia. Cell Mol Neurobiol, in
press.
Seelaar H, Rohrer JD, Pijnenburg YA, Fox NC, van Swieten JC (2011) Clinical, genetic and
pathological heterogeneity of frontotemporal dementia: a review. J Neurol Neurosurg
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Seki T, Yuasa S, Fukuda K (2012) Generation of induced pluripotent stem cells from a small amount
of human peripheral blood using a combination of activated T cells and Sendai virus. Nat
Protoc 7:718-728.
Sreedharan J, Blair IP, Tripathi VB, Hu X, Vance C, Rogelj B, Ackerley S, Durnall JC, Williams KL,
Buratti E, et al. (2008) TDP-43 mutations in familial and sporadic amyotrophic lateral
sclerosis. Science, 319:1668-1672.
Swarup V, Phaneuf D, Bareil C, Robertson J, Rouleau GA, Kriz J, Julien JP (2011a) Pathological
hallmarks of amyotrophic lateral sclerosis/frontotemporal lobar degeneration in transgenic
mice produced with TDP-43 genomic fragments. Brain, 134:2610-2626.
Swarup V, Phaneuf D, Dupré N, Petri S, Strong M, Kriz J, Julien JP (2011b) Deregulation of TDP-43 in
amyotrophic lateral sclerosis triggers nuclear factor κB-mediated pathogenic pathways. J
Exp Med, 208:2429-2447.
Tang W, Lu Y, Tian QY, Zhang Y, Guo FJ, Liu GY, Syed NM, Lai Y, Lin EA, Kong L, et al. (2011) The
growth factor progranulin binds to TNF receptors and is therapeutic against inflammatory
arthritis in mice. Science, 332:478-484.
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Evidence of widespread cerebral microglial activation in amyotrophic lateral sclerosis: an
[11C](R)-PK11195 positron emission tomography study. Neurobiol Dis, 15:601-609.
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Capello E, Mancardi GL, et al. (2011) Progranulin expression in brain tissue and
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Wils H, Kleinberger G, Janssens J, Pereson S, Joris G, Cuijt I, Smits V, Ceuterick-de Groote C, Van
Broeckhoven C, Kumar-Singh S (2010) TDP-43 transgenic mice develop spastic paralysis
and neuronal inclusions characteristic of ALS and frontotemporal lobar degeneration. Proc
Natl Acad Sci U S A, 107:3858-3863.
Zhang YJ, Xu YF, Cook C, Gendron TF, Roettges P, Link CD, Lin WL, Tong J, Castanedes-Casey M,
Ash P, et al. (2009) Aberrant cleavage of TDP-43 enhances aggregation and cellular
toxicity. Proc Natl Acad Sci U S A, 106:7607-7612.

4

Requested modules/funds

4.1

Scientific staff (Job description of staff funding is requested for)

Graduate student, N.N. (36 months, TV-L E13 50%). A PhD student is requested to perform
the animal experiments using various transgenic lines, behavioural testing, flow cytometry,
immunohistochemistry and real-time PCR experiments. She/he will be supervised by
Chotima Böttcher and Josef Priller.
Technician, Christian Böttcher (36 months, TV-L E9). This position is requested for
assistance with breeding and genotyping, immunohistochemistry on mouse and human
tissues, Western analysis. Christian Böttcher is familiar with all of these techniques. He has
been working successfully with his wife Chotima Böttcher for the last 6 years in the
Laboratory of Molecular Psychiatry at the Charité.
4.2

Scientific instrumentation (Wissenschaftliche Geräte)

None.
4.3

Consumables (Verbrauchsmaterial)

Consumables for each year
Cell culture (plastic material, media, sera, growth factors, etc.)

€

2,500
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Molecular biology (primers, polymerases, restriction enzymes
etc.)
Flow cytometry (primary and secondary antibodies, service
fees, etc.)
Immunohistochemistry (primary and secondary antibodies,
sera, etc.)
Western analysis and ELISA (antibodies, kits, etc.)
Chemicals (tamoxifen, LPS, etc.)
Subtotal
Total over 3 years

4.4

€

2,000

€

3,000

€

3,000

€
€

2,000
1,000
13,500 €/year
40,500 €

Travel (Reisen)

See project D.
4.5

Publication expenses (Publikationskosten)

See project D.
4.6

Other costs (Sonstige Kosten)

Line / cross

Number
of mice

Average
weeks kept

40

52

Cost
(0.60 €/
animal/week)
1,248

40

52

1,248

TDP-43WT, TDP-43G348C

200

28

3,360

lysM-Cre x Ikk2fl/fl, lysM-Cre
x p65GFP-fl/GFP-fl

40

52

1,248

CX3CR1CreER x Ikk2fl/fl,
CX3CR1CreER x p65GFP-fl/GFP-fl

40

52

1,248

TDP-43WT x lysM-Cre, TDP43G348C x lysM-Cre

40

28

672

TDP-43WT x CX3CR1CreER,
TDP-43G348C x CX3CR1CreER

40

28

672

TDP-43WT x Ikk2fl/fl, TDP43G348C x Ikk2fl/fl

40

28

672

TDP-43WT x p65GFP-fl/GFP-fl,
TDP-43G348C x p65GFP-fl/GFP-fl

40

28

672

TDP-43WT x lysM-Cre x
Ikk2fl/fl, TDP-43G348C x lysMCre x Ikk2fl/fl

200

28

3,360

TDP-43WT x CX3CR1CreER x
Ikk2fl/fl, TDP-43G348C x
CX3CR1CreER x Ikk2fl/fl

200

28

3,360

TDP-43WT x lysM-Cre x
p65GFP-fl/GFP-fl, TDP-43G348C x
lysM-Cre x p65GFP-fl/GFP-fl

200

28

3,360

lysM-Cre, CX3CR1CreER
fl/fl

Ikk2 , p65

GFP-fl/GFP-fl
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TDP-43WT x CX3CR1CreER x
p65GFP-fl/GFP-fl, TDP-43G348C x
CX3CR1CreER x p65GFP-fl/GFP-fl

200

28

3,360

Subtotal

8,160 €/year

Total over 3 years

24,480 €

5

Project requirements

5.1

Employment status information

Priller, Josef: Professor of Psychiatry, Charité-Universitätsmedizin Berlin, permanent
position.
Böttcher, Chotima: Senior postdoctoral fellow, Charité-Universitätsmedizin Berlin. Position
funded until December 31, 2012 (will be prolonged if this grant application is successful).
5.2

First-time proposal data

Not applicable.
5.3

Composition of the project group

Job description of staff paid from core support for the funding period requested:
The following people will be funded from the basic equipment and will provide support for the
project:
1. Group leader, Prof. Josef Priller. This position is supported by the CharitéUniversitätsmedizin Berlin. Josef Priller will coordinate the project. He will dedicate 10 % of
his working time to this project.
2. Postdoctoral fellow, Dr. Chotima Böttcher. This position is currently supported by the
Charité-Universitätsmedizin Berlin. Chotima Böttcher has a longstanding expertise in the
techniques used in this project. She will supervise the graduate student and the technician.
She will dedicate 20 % of her working time to this project.
3. Clinical fellow, Eike Jakob Spruth. This position is supported by the CharitéUniversitätsmedizin Berlin. Eike Jakob Spruth is responsible for the outpatient memory clinic
in the Department of Neuropsychiatry at the Charité. He is a member of the FTLD Network
Berlin-Brandenburg and will dedicate 5 % of his working time to this project by providing
biosamples.
5.4

Cooperation with other researchers

5.4.1

Researchers with whom you have agreed to cooperate on this project

Collaborations within the Research Unit 1336
K Biber
U-K Hanisch
S Jung
H Neumann
M Prinz
F Rosenbauer
A Waisman

Role of CCL21 for myeloid cell recruitment
Impact of CD14 in animal models of cerebral ischemia
Provision of cx3cr1-CreERT2 mice
Differentiation of FTLD-iPS cells into microglial cell lines
Recruitment of myeloid cells into the CNS
Expression of IRF8 in myeloid cells
Functions of microglia in experimental stroke
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External Collaborations
S Bahn (Cambridge, UK)
Post-mortem analysis of neuroinflammatory changes in FTLD
M Groszer (Paris, France)
Generation of FTLD-iPS cells
J-P Julien (Québec, Canada) Provision of TDP-43 transgenic mice
5.4.2

Researchers with whom you have collaborated scientifically within the past
three years (in alphabetical order)

S Bahn (Cambridge, UK)
RA Barker (Cambridge, UK)
A Blesch (La Jolla, USA)
U Dirnagl (Berlin)
JP Dreier (Berlin)
G Genové (Stockholm, Sweden)
M Groszer (Paris, France)
C Harms (Berlin)
M Heikenwälder (Munich)
G Höglinger (Munich)
O Hoffmann (Berlin)
J Klose (Berlin)
5.5

U Lindauer (Munich)
A Luttun (Leuven, Belgium)
J Livet (Paris, France)
L López Mascaraque (Madrid, Spain)
A Meisel (Berlin)
S Momma (Frankfurt)
DJ Prockop (New Orleans, USA)
D Schmitz (Berlin)
W Stenzel (Berlin)
DJ Walther (Berlin)
EE Wanker (Berlin)
C Winter (Dresden)

Scientific equipment

All the institutional and technical requirements for the proposed project are available at the
Charité and the Berlin-Brandenburg Center for Regenerative Therapies (BCRT).
5.6

Project-relevant interests in commercial enterprises

None.

6
6.1

Additional information
Proposal submitted elsewhere

We have not requested funding for this project from any other sources. In the event that we
submit such a request, we shall inform the DFG immediately.
There is no overlap between this proposal and other funded projects. In the project A7 of the
SFB/TRR43-2 ‘Differential roles of resident microglia and myeloid cells in neuroinflammatory
conditions’, we are using Cre-inducible diphtheria toxin receptor transgenic mice for
conditional ablation of microglia and/or macrophages in acute and chronic neuroinflammatory
conditions.
6.2

Rules of good scientific practice

In submitting a proposal for a research grant to the DFG, we agree to adhere to the DFG’s
rules of good scientific practice.
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6.3

Publication list and bibliography

In preparing our proposal, we have adhered to the guidelines for publication lists and
bibliographies.

7

Signatures

Josef Priller

Chotima Böttcher

Berlin, May 1th 2012
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1.

General information about Project D

1.1.

Title: Administrative office of the Research Unit

1.2.

Coordinators

Prof. Dr. med. Josef Priller
Department of Neuropsychiatry and Laboratory of Molecular Psychiatry
Charité-Universitätsmedizin Berlin
Charitéplatz 1
D-10117 Berlin
Phone: +49-30-450-517209
Fax: +49-30-450-517962
E-mail: josef.priller@charite.de
Prof. Dr. med. Marco Prinz
Department of Neuropathology
University of Freiburg
Breisacher Strasse 64
D-79106 Freiburg
Phone: +49-761-270-5106
Fax: +49-761-270-5050
E-mail: marco.prinz@uniklinik-freiburg.de
1.3.

Summary

Summary
The administrative office will manage funds and coordinate the educational activities of the
Brain Macrophage Research Unit. These include organization of seminars and lectures for
students, laboratory rotations, mentorship programmes for PhD students, postdocs and
research fellows, support for young clinician-scientists, as well as exchanges of students and
young scientists within the research unit. Annual retreats of the research unit, an
international scientific symposium and the visiting scientist programme offer the opportunity
to discuss research results and establish contacts with recognized scientists in the field. The
research unit is devoted to the promotion of gender equality by providing female scientists
early stage coaching and institutional support. In order to improve the compatibility of family
and career, childcare assistance will be offered. Finally, the administrative office will assist
the coordinators of the research unit in public relations (e.g. press releases, website), and
university educational affairs.
Zusammenfassung
Das Verwaltungsbüro wird die Kontoführung übernehmen und die Ausbildungsaktivitäten der
FOR 1336 koordinieren. Dazu gehören die Organisation von Vorlesungen und Seminaren für
Student(inn)en,
Laborpraktika,
Mentorenprogramme
für
PhD-Student(inn)en,
Postdoktorand(inn)en und wissenschaftliche Mitarbeiter(innen), Unterstützung von jungen
Ärzt(inn)en, sowie der Austausch von Student(inn)en und jungen Wissenschaftler(inne)n
innerhalb der Forschergruppe. Jahrestagungen der Forschergruppe, ein internationaler
Forschungskongress und das Gastwissenschaftlerprogramm bieten die Möglichkeit zur
Diskussion von Forschungsergebnissen und zur Etablierung von Kontakten mit namhaften
Wissenschaftler(inne)n. Die Forschergruppe unterstützt Gleichstellungsinitiativen durch frühe
Beratung und Strukturföderung von Wissenschaftlerinnen. Um Familie und Karriere besser
vereinbaren zu können, werden Kinderbetreuungsprogramme angeboten. Schließlich soll
das Verwaltungsbüro die Sprecher der Forschergruppe bei der Öffentlichkeitsarbeit (z.B.
Pressemitteilungen, Website) und bei Angelegenheiten der akademischen Verwaltung
unterstützen.
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1.4.

Project aims

The administrative office will be responsible for the coordination of activities within the Brain
Macrophage Research Unit, e.g. exchanges of students and scientists, the management of
funds, the organization of meetings and symposia, and other activities related to the research
unit. Moreover, the administrative office will support the coordinators in public relations (e.g.
press releases, website) and university educational affairs.
The Brain Macrophage Research Unit is devoted to the promotion of young scientists. This
will be achieved by
a) supporting students during medical school or graduate school, e.g. by offering
seminars and lectures related to the interdisciplinary topics of this research group as part
of the existing education and training programs of the faculties of medicine
and life sciences, by offering mentorships for highly motivated students with an interest in
basic research, and by encouraging facultative laboratory rotations,
b) supporting PhD students, e.g. by enabling the PhD students of this research unit to
participate in well-structured graduate and postgraduate study programs offered at the
participating universities and research institutions, by giving PhD students the opportunity
to expand their knowledge during short-term stays in partner laboratories of this research
unit or outside of this consortium, and by offering PhD students platforms to discuss their
scientific results and establish contacts with recognized scientists in the field during the
annual retreats of the research unit and an international scientific symposium organized
by the research unit,
c) supporting postdoctoral fellows, e.g. by providing opportunities for collaboration within
the research unit to broaden the scope of their research activities, by offering platforms to
discuss their scientific results and make contacts with established scientists on a national
and international level, and by offering mentorships to promote careers (Habilitation,
Emmy-Noether and Heisenberg programmes, assistant/junior professorship, independent
research group),
d) supporting young faculty members, e.g. by encouraging early independence through
the provision of funds, and by encouraging (co-)principal investigator status.
One of the declared goals of the Brain Macrophage Research Unit is to improve the
compatibility of family and career. Scientists often need to work late hours, and the duration
of experiments can be unpredictable. Participation at conferences and retreats leads to
longer periods of absence, placing a particular burden on young families. By providing
childcare assistance to the members of this research unit, we hope to improve the
professional opportunities for scientists with young children. In particular, funding will be
provided for childcare support outside the usual opening hours of childcare facilities and
during leaves of absence of the participating scientists.
The Brain Macrophage Research Unit is devoted to the promotion of gender equality. We
shall offer female scientists career support by providing early stage coaching and by
promoting early independence. By means of childcare assistance, we hope to ensure equal
professional opportunity for men and women.
Some members of this research unit are clinician-scientists, who need to divide their time
between the laboratory and the clinic. German residency programs are generally designed to
combine scientific and clinical work. Physician rotation positions (‘Gerok’) will ensure that the
young physicians of this research unit can combine clinical training with excellent basic
research.
The Brain Macrophage Research Unit aims to promote the public awareness of science. We
shall continue to provide a detailed account of our research activities on the internet.
Members of this research unit will report to politicians, the lay public, and the media. We
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want to brigde the gap between schools and universities by organizing laboratory visits for
school classes.
1.5.

Requested funding

1.5.1.
Staff
1. Sylvia Blust-Maciej, administrative assistant (months 1 – 36, full position, TV-L E6)
The proposed secretary will coordinate activities between the eight sites of the research unit,
university and non-university institutions in Germany and Israel. She will supervise funding
sources, interact with institutions, assist in the preparation of press releases, update the
website, coordinate the programming and scheduling of retreats and project-related travel.
She will also help to coordinate the teaching activities of research unit, organize laboratory
rotations, and establish mentorship programmes for male and female students and research
fellows.
2. N.N., physician rotation position (‘Gerok’) (TdL Ä1/Ä2)
In Berlin (Psychiatry), Freiburg (Neuropathology and Psychiatry) and Göttingen
(Neuropathology), we would like to give young clinicians the opportunity to be on leave for
research and to contribute to the research unit. We are therefore applying for one ‘Gerok’
position for three years, which would be shared between the sites based on demand.
1.5.2.
Travel
178.200 €
a. Travel costs for principal investigator(s) or postdoctoral fellow to one international scientific
meeting per year (e.g. Annual Meeting of the Society for Neuroscience USA): 2.000 €/project
x 10 = 20.000 €/year = 60.000 €
b. Travel costs for principal investigator(s), postdoctoral fellow and 1-2 scientists from core
support to the annual retreat of the research unit: 1.700 €/project x 9 + 3.000 € (A4, Israel) =
18.300 €/year = 54.900 €
c. Travel costs for principal investigator(s), postdoctoral fellow and 1-2 scientists from core
support to the Symposium: 1.700 €/project x 9 + 3.000 € (A4, Israel) = 18.300 €
d. Promotion of young scientists: Travel costs for short-term stay (2-3 months) of
postdoctoral fellow or student in a collaborating laboratory of the research unit or outside of
the consortium: 4.500 €/project x 10 = 45.000 €
1.4.3.
Publications
20.250 €
Funding for publications (750 €/year) is requested by the individual projects, except C1
(Jung).
1.4.4.
Visiting scientists
22.500 €
Researchers from renowned laboratories will be invited to spend time with members of this
research unit to exchange ideas, introduce new techniques, and interact with students and
young colleagues. This type of exchange represents an important source of know-how and
an opportunity to establish links with pertinent groups outside of this consortium. In order to
cover travel and accommodation costs of visiting scientists, we are requesting 2.250 € per
project.
1.4.5.
Symposium
40.000 €
An international scientific symposium on the topic of this research unit is planned for autumn
2014. We believe that the timing is reasonable, since the research group will have
consolidated and gathered enough data to present at such an event.
1.4.6.
Office supplies
7.500 €
Funding for office supplies (2.500 €/year) is requested to cover the costs of administrative
office.
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1.4.7.
Equal opportunity, familiy and career
43.920 €
a. Costs for mentoring, coaching, assessment and skill training of female scientists in the
research unit: 4.800 €/year
b. Funding for the recruitment of research students in the case of pregnancy or parents with
children below the age of 6 years: 10 hrs/week, 10 €/hr = 5.200 €/year
c. Funding for ‘emergency’ childcare support, e.g. in cases of sudden sickness of children or
leaves of absence (project-related travel) of parent(s): 7 hrs/week, 10 €/hr = 3.640 €/year
d. Funding to cover travel costs of children at meetings: 1.000 €/year
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C.

Appendices (in alphabetical order)

BIO FORM OF THE APPLICANT:
NAME:

Bechmann, Ingo Jürgen

BIRTH DATE:

October 28, 1968

BIRTH PLACE:

Coburg

NATIONALITY:

German

EDUCATION:
1991-1998

Medical study at Gothe-University, Frankfurt/Main, Humboldt University
(Charité), and Yale Medical School, New Haven
1998-1999
Resident and Research Fellow at Department of Neurology at Charité (Prof.
Einhäupl) and Institute of Anatomy, Dept. Cell- and Neurobiology at Charité
(R. Nitsch)
1999-2002
Postdoctoral Scientist, Dept. Cell- and Neurobiology at Charité
2003-2004
Junior-Professor (W1) of Anatomy at Charité
2004-2006
Assistant Professor (C3) of Anatomy at Charité
2006-2009
Associate Professor (W3) of Anatomy at Goethe-University, Frankfurt/Main
2009
Offers for chairs of Anatomy in Erlangen, Göttingen, and Leipzig
2009-present Director, Institute of Anatomy, University of Leipzig, Germany

DISSERTATION:
1999

Dissertation at Charité with the topic: Identification of phagocytosing glial cells

HABILITATION:
2001

Habilitation at Charité with the topic: Mechanisms of immune privilege in the
brain

PRIZES:
1999
1999
2000
2002

Robert-Koch-Award: Best thesis of the year at Charité
Humboldt-Award: Best thesis of the year at Humboldt-University
Ernst-Bumm-Award: Best Junior Scientist at Charité
Wolfgang-Bargmann-Award of the Anatomical Society

OTHERS (Editorial work, Member of scientific councils, advisory boards)
Reviewer (Journals, ad hoc): Brain, Cerebral Cortex, Glia, PlosOne, J.
Neuroscience a.o.
Editorial Boards:

Glia, Exp. Brain Res., Ann. Anatomy
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PUBLICATIONS:
a) Manuscripts that are published in peer-reviewed journals
Ferreira A, Marguti I, Bechmann I, Jeney V, Chora A, Palha NR, Rebelo S, Henri A, Beuzard
Y, Soares MP (2011): Sickle Hemoglobin Confers Tolerance to Plasmodium Infection. Cell
145(3):398-409.
Bechmann I, Goldmann J, Kovac AD, Kwidzinski E, Simbürger E, Naftolin F, Dirnagl U,
Nitsch R, Priller J (2005): Circulating monocytic cells infiltrate layers of anterograde axonal
degeneration where they transform into microglia. FASEB J. 19(6):647-9.
Kwidzinski E, Bunse J, Aktas O, Richter D, Mutlu L, Zipp F, Nitsch R, Bechmann I (2005)
Indolamine 2,3-dioxygenase is expressed in the CNS and down-regulates autoimmune
inflammation. FASEB J. 19(10):1347-9.
Priller J, Flügel A, Wehner T, Boentert M, Haas CA, Prinz M, Fernández-Klett F, Prass K,
Bechmann I, de Boer BA, Frotscher M, Kreutzberg GW, Persons DA, Dirnagl U (2001)
Targeting gene-modified hematopoietic cells to the central nervous system: use of green
fluorescent protein uncovers microglial engraftment. Nat. Med. 7(12):1356-61.
Bechmann I, Mor G, Nilsen J, Eliza M, Nitsch R, Naftolin F. FasL (CD95L,Apo1L) is
expressed in the normal rat and human brain: evidence for the existence of an
immunological brain barrier. Glia 27(1):62-74.

b) Other publications
Krueger M, Bechmann I (2010): CNS pericytes: concepts, misconceptions, and a way out.
Glia 58(1):1-10.
Bechmann I, Galea I, Perry VH (2007): What is the blood-brain barrier (not)? Trends
Immunol. 28(1):5-11.
Owens T, Bechmann I, Engelhardt B (2008): Perivascular spaces and the two steps to
neuroinflammation. J. Neuropathol. Exp. Neurol. 67(12):1113-21.
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BIO FORM OF THE APPLICANT:
NAME:

Biber, Knut Peter Heinrich

BIRTH DATE:

August 14, 1965

BIRTH PLACE:

Kusel

NATIONALITY:

German

EDUCATION:
Since May
2009
Since 2008
Feb.-Jun. 2007
2005-2007
1999-2004
1998-99
1997-98
1994-97

1992-93

1991-92
1989-91
1986-88

Head Molecular Psychiatry, Psychiatric Hospital, University of Freiburg
Adjunct Professor for Physiology, University Medical Center Groningen
Guest Professor, Molecular Pharmacology, Kyushu University, Fukuoka,
Japan
Associate professor, Medical Physiology, University Medical Center
Groningen
Assistant professor, Medical Physiology Department, University of
Groningen
Postdoc, Medical Physiology Department, University of Groningen
Postdoc, Department of Psychiatry, (Freiburg)
PhD student, Department of Psychiatry (Freiburg). Thesis title:
“Regulation of expression and signal transduction of adenosine
receptors in cultured glial cells”
Final thesis (Diplomarbeit) in the Department of Zoology (Freiburg).
Thesis title: “Intercellular transport of proteins and organelles in ovarian
follicles of meroistic insects”
Employed in the PC-Service of BSC Computer (Freiburg)
Study of Biology at the Albert-Ludwigs University (Freiburg), Master
Study of Biology at the Free University (Berlin), Bachelor

DISSERTATION:
1997

Dissertation at the Department of Biology Freiburg with the topic: Regulation of
expression and signal transduction of adenosine receptors in cultured glial
cells.

OTHERS (Editorial work, Member of scientific councils, advisory boards)

Since 2006

Reviewer (Journals, ad hoc): Brain, EMBO J, J. Neurosc., J.
Neuroinflam., PLOS one.
Reviewer (grants): EU FP7 program, ANR, NWO
Editorial board: GLIA

PUBLICATIONS:

a) Manuscripts that are published in peer-reviewed journals
Rolyan H, Scheffold A, Heinrich A, Begus-Nahrmann Y, Langkopf BH, Hölter SM, VogtWeisenhorn DM, Liss B, Wurst W, Lie DC, Thal DR, Biber K, Rudolph
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KL. (2011)
Telomere shortening reduces Alzheimer's disease
amyloid pathology in mice. Brain. 134:2044-56.
Biber K, Tsuda M, Tozaki-Saitoh H, Tsukamoto K, Toyomitsu E, Masuda T, Boddeke H,
Inoue K. (2011) Neuronal CCL21 up-regulates microglia P2X4
expression and initiates neuropathic pain development. EMBO J.
2011 May 4;30(9):1864-73.
de Jong EK, Vinet J, Stanulovic V, Wesseling EM, Meijer M, Schollema K, Boddeke HWGM,
Biber K. (2008) Expression, transport and axonal sorting of neuronal
CCL21 in large dense core vesicles. FASEB Journal,
Dec;22(12):4136-45.
De Haas AH, Boddeke HWMG, Biber K. (2008) Region-specific expression of
immunregulatory proteins on microglia in the healthy CNS. Glia,
56:888-94.
de Jong EK, Dijkstra IM, Hensens M, Brouwer N, Amerongen M, Liem RSB, Boddeke
HWMG, Biber K (2005). Vesicle-mediated transport and release of
CCL21 in endangered neurons: a possible explanation for microglia
activation remote from a primary lesion. J. Neurosci. 25:7548-57.

b) Other publications
Miller RJ, Rostene W, Apartis E, Banisadr G, Biber K, Milligan ED, White FA, Zhang J.
(2008) Chemokine action in the nervous system. J. Neurosci. Nov
12;28(46):11792-5.
Biber K, Neumann H, Inoue K, Boddeke HWGM. (2007) Neuronal On and Off signals control
microglia. Trends in Neurosciences, 30: 598-602
Biber K, de Jong EK, de Haas A, van Weering H, Boddeke HWGM. (2007) Neuronal
chemokines: Versatile messengers for cell-cell communication in the CNS? Mol. Neurobiol.
36:137-151.
c) patents sorted as submitted and granted
issued:
Nr. 02710550.1-2404-NL0200039 Cloning and expression of a new MCP-1 receptor in glial
cells. K. Biber and H.W.G.M. Boddeke (2002)
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BIO FORM OF THE APPLICANT:
NAME:
BIRTH DATE:
NATIONALITY:

Böttcher, Chotima (maiden name: Poeaknapo)
April 24, 1974
Thai

EDUCATION:

Education and Employment
1992 - 1997

Batchelor studies in Pharmacy/ Pharmaceutical Chemistry (Prince of Songkla
University, Thailand)

1997 - 2000

Master of Science in Pharmacy/ Pharmaceutical Chemistry (Chulalongkorn
University, Thailand)

2001 - 2005

Graduate studies with Prof. Dr. Dr. h.c. mult. Meinhart Zenk (Martin-Luther
University Halle-Wittenberg)

2005

Dr. rer. nat. (topic: ‚Biosynthesis of endogenous morphine in human
neuroblastoma SH-SY5Y cells’), summa cum laude

2005 - 2006

Postdoctoral fellow, Biocenter, Martin-Luther University Halle-Wittenberg

2006

Postdoctoral fellow, Donald Danforth Plant Science Center, St. Louis, MO,
USA

2006 - 2009

Postdoctoral fellow, Laboratory of Molecular Psychiatry, CharitéUniversitätsmedizin Berlin

2010

Maternity leave for 9 months

since 2010

Senior postdoctoral fellow, Laboratory of Molecular Psychiatry, CharitéUniversitätsmedizin Berlin

Selected Honours and Awards
1998

Chiba (Japan) - Chula (Thailand) Exchange Student Fellowship Program

2001-2005

PhD-Scholarship of the German Academic Exchange Service (DAAD)

2005

Dorothea Erxleben Prize (best thesis of the year)

2005

Luther award

Professional activites
Reviewer activity
(scientific journals)
Committees
Academic and
research organization

Memberships

Scientific Board Member, European Students´ Conference (ESC), Charité

Graduate and PhD-Supervisor, Charité

Society for Neuroscience; Deutsche Pharmazeutische Gesellschaft e.V.

Publications
a) Manuscripts that are published in peer-reviewed journals
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Mildner A, Schlevogt B, Kierdorf K, Böttcher C, Erny D, Kummer MP, Quinn M, Brück W, Bechmann I,
Heneka MT, Priller J*, Prinz M* (2011) Distinct and non-redundant roles of microglia and
myeloid subsets in mouse models of Alzheimer's Disease. J Neurosci, 31:11159-11171.
Böttcher C, Ulbricht E, Helmlinger D, Mack AF, Reichenbach A, Wiedemann P, Wagner HJ, Seeliger
MW, Bringmann A, Priller J (2008) Long-term engraftment of systemically transplanted, genemodified bone marrow-derived cells in the adult mouse retina. Br J Ophthalmol, 92:272-275.
Nikolaev VO, Boettcher C, Dees C, Bünemann M, Lohse MJ, Zenk MH (2007) Live cell monitoring of
mu-opioid receptor-mediated G-protein activation reveals strong biological activity of close
morphine biosynthetic precursors. J Biol Chem, 282:27126-27132.
Boettcher C, Fellermeier M, Boettcher C, Dräger B, Zenk MH (2005) How human neuroblastoma cells
make morphine. Proc Natl Acad Sci USA, 102:8495-8500.
Poeaknapo C, Schmidt J, Brandsch M, Dräger B, Zenk MH (2004) Endogenous formation of morphine
in human cells. Proc Natl Acad Sci USA, 101:14091-14096.

b) Other publications
Thongnopnua P, Poeaknapo C (2005) High-performance liquid chromatographic determination of
enalapril in human plasma by enzyme kinetic analytical method. J Pharm Biomed Anal, 37:763769.
Poeaknapo C, Fisinger U, Zenk MH, Schmidt J (2004) Evaluation of the mass spectrometric
fragmentation of codeine and morphine after 13C-isotope biosynthetic labeling. Phytochemistry,
65:1413-1420.

c) Patents
None.
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BIO FORM OF THE APPLICANTS:
NAME:

Dugas, Martin

BIRTH DATE:

December 15, 1967

BIRTH PLACE:

Straubing

NATIONALITY:

German

EDUCATION:
1994

Doctoral degree in Medicine (Dr. med.), Technical University of Munich

1995-2004

Research assistant at the Institute of Medical Informatics, Biometry and
Epidemiology, University of Munich

1996

Diploma in computer science (Dipl.-Inform.), FernUniversität Hagen

2002

Habilitation in Medical Informatics, University of Munich

2004-2005

Research fellow at Siemens Medical Health Services, Malvern, USA

2005 - today

Professor of Medical Informatics, University of Münster

2009 - today

Director of the Institute of Medical Informatics at University of Münster

AWARDS/TASKS/ HONORS:
2000

Board certificate Medical Informatics

2000

IT consultant for Munich-Harvard-Alliance

2001

Expert evaluator eHealth appointed by European Commission

2003

Board certificate Biometrics in Medicine

2011

Dual Faculty Membership at University of Münster
(Faculty of Medicine and Faculty of Mathematics and Informatics)

PUBLICATIONS:
a) Manuscripts that are published in peer-reviewed journals
Schenk T, Chen WC, Göllner S, Howell L, Jin L, Hebestreit K, Klein H-U, Popescu AC,
Burnett A, Mills K, Casero R, Marton L, Woster P, Minden MD, Dugas M, Wang JCY,
Dick JE, Müller-Tidow C, Petrie K, Zelent A. Inhibition of the LSD1/KDM1
demethylase reactivates the alltrans-retinoic acid differentiation pathway in acute
myeloid leukemia. Nat Med (in press)
Schäfer M, Schwender H, Merk S, Haferlach C, Ickstadt K, Dugas M (2009) Integrated
analysis of copy number alterations and gene expression: a bivariate assessment of
equally directed abnormalities. Bioinformatics 25: 3228-3235
Klein H-U, Bartenhagen C, Kohlmann A, Grossmann V, Ruckert C, Haferlach T, Dugas M
(2011) R453Plus1Toolbox: an R/Bioconductor package for analyzing Roche 454
Sequencing data. Bioinformatics 27:1162-1163
Bartenhagen C, Klein H-U, Ruckert C, Jiang X, Dugas M (2010) Comparative study of
unsupervised dimension reduction techniques for the visualization of microarray gene
expression data. BMC Bioinformatics 11:567
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Kohlmann A, Klein HU, Weissmann S, Bresolin S, Chaplin T, Cuppens H, Haschke-Becher
E, Garicochea B, Grossmann V, Hanczaruk B, Hebestreit K, Gabriel C, Iacobucci I,
Jansen JH, te Kronnie G, van de Locht L, Martinelli G, McGowan K, Schweiger MR,
Timmermann B, Vandenberghe P, Young BD, Dugas M, Haferlach T (2011) The
Interlaboratory RObustness of Next-generation sequencing (IRON) study: a deep
sequencing investigation of TET2, CBL and KRAS mutations by an international
consortium involving 10 laboratories. Leukemia 25:1840-1848
b) Other publications
Lahti L, Schäfer M, Klein H-U, Bicciato S, Dugas M. Cancer gene prioritization by integrative
analysis of mRNA expression and DNA copy number data: a comparative review.
Briefings in Bioinformatics (in press)
c) patents sorted as submitted and granted
none
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BIO FORM OF THE APPLICANTS:
NAME:

Alexander Flügel

DATE OF BIRTH:

September 3, 1965

PLACE OF BIRTH:

Erlangen, Germany

NATIONALITY:

German

EDUCATION:
1986-1992 Medical study at the Ludwig-Maximilians-University (LMU) Munich, M.D. degree
1992-1994 Scientist at the Max-Planck-Group for Rheumatology and Clinical Immunology
(Prof. F. Emmrich)
1994-2000 Postdoctoral fellow at the Dept. of Neuroimmunology (Prof. H. Wekerle), MaxPlanck-Institute for Neurobiology, Germany
2000-2002 Resident at the Dept. Neurology (Prof. T. Brandt), LMU-Munich
2002-2008 Group leader at the Institute of Neuroimmunology (Prof. H. Wekerle), MaxPlanck-Institute for Neurobiology, Dept. Neuroimmunology
2008
Professor for Experimental Immunology at the Institute for Immunology, LMUMunich
12/2008
Director at the Dept. of Neuroimmunology and the Institute of Multiple Sclerosis
Research; Georg-August-University Göttingen

DISSERTATION:
1990-1993
Dissertation at the Institute for Physical Biochemistry and Cell biology of the
LMU Munich (Prof. H.G. Zachau); topic: “Organization of human immunoglobins of the kappa
type. Sequence analysis of three variable gene segments of the Vk gene family”

HABILITATION:
2004 Habilitation for Neuroimmunology at the LMU-Munich; topic: “Gene transfer into
antigen-specific CD4+ T cells: Fate and function of autoreactive T cells within the organism”

RESEARCH INTERESTS:
Neuroimmunology, Autoimmunity, Intravital two-photon microscopy
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BIO FORM OF THE APPLICANT:
NAME:

Hanisch, Uwe-Karsten

BIRTH DATE:

May 6, 1961

BIRTH PLACE:

Lützen

NATIONALITY:

German

EDUCATION:
1981-1986
1987-1989
1986-1990
1990-1991
1991-1993
1993-1995
1995-2002
1999
2002-2004
2002-2004
since 2004
2007-2009

Studies in Biochemistry, Division of Biosciences, University of Leipzig,
Diploma Degree (with honors)
Language Training Program (Translator English/German), Division of
Foreign Languages, University of Leipzig, State exam
Ph.D. thesis, Paul Flechsig Institute for Brain Research, University of
Leipzig (“summa cum laude”)
Staff Scientist, Paul Flechsig Institute for Brain Research, University of
Leipzig
Postdoctoral Fellow, Douglas Hospital Research Centre (DHRC),
McGill University, Montreal, Canada
Herrmann von Helmholtz Fellow, Cellular Neurosciences, Max
Delbrück Center for Molecular Medicine (MDC) Berlin
Research Associate, Cellular Neurosciences, Max Delbrück Center for
Molecular Medicine (MDC) Berlin
Habilitation (Biochemistry/Neurobiology) and Teaching Permit
(‘Privatdozent’), University of Leipzig
Professor of Biochemistry (C3), University of Applied Sciences Lausitz,
Senftenberg
Guest scientist and Project leader, Max Delbrück Center for Molecular
Medicine (MDC) Berlin
Professor for Experimental Neurobiology (W2), Institute for
Neuropathology, University of Göttingen,
Guest Professor, Medical Physiology, University of Groningen, The
Netherlands

SELECTED HONOURS AND AWARDS
1983-1986
1986-1989
1991
1991-1993
1993-1995
since 2008

Scholarship of the Ministry of Education
PhD Scholarship of the Ministry of Education
Fellowship of the Medical Research Council of Canada (MRCC)
Fellowship of the Human Frontier Science Program Organization
Hermann von Helmholtz Fellowship of the BMFT/BMBF, Ministry
of Research and Technology
Member of the Georg August University School of Science
(GAUSS)

INVOLVEMENT IN ACADEMIC ORGANIZATION
Reviewer activity
(journals)

Reviewer activity

Eur J Neurosi, Exp Neurol, Glia, Int Arch Allerg Immunol, J
Gerontol, J Leukocyte Biol, J Neurochem, J Neurosci, J
Neuroinflamm, Neuroscience, Trends in Neurosciences, Trends
in Immunology
Swiss National Fond for the Promotion of Science; NOW, The
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(funding)
Editorial board
Committees
Academic and
research
organization

Netherlands; Parkinson’s Disease Society, UK; MRC, UK; NHS, UK;
Wellcome Trust, UK; US-Israel Binational Science Foundation; DFG
Glia
Professorship search committees at the Universities of Göttingen and
Freiburg and the University of Applied Sciences Lausitz
Planning and organization of the study programs ‘Bachelor and
Master of Science (Biotechnology)’ at the University of Applied
Sciences Lausitz; Application for a ‘BioResponse’ development fund
of the BMBF and for funding of a ‘BioTechCenter’ at the University of
Applied Sciences Lausitz
Deputy Chief Administrative Officer of the SFB/TR43 and head of its
new graduate college

PUBLICATIONS:
a) Manuscripts that are published in peer-reviewed journals
Fitzner D, Schnaars M, van Rossum D, Krishnamoorthy G, Dibaj P, Bakhti, M, Regen T,
Hanisch UK, Simons M (2011) Selective transfer of exosomes from oligodendro-cytes
to microglia by macropinocytosis. J Cell Sci 124: 447-458.
Pukrop T, Dehghani F, Chuang HN, Lohaus R, Bayanga K, Heermann S, Regen T, van
Rossum D, Klemm F, Schulz M, Siam L, Hoffmann A, Trümper L, Stadelmann C,
Bechmann I, Binder C*, Hanisch UK* (2010) Microglia promote colonization of brain
tissue by breast cancer cells in a Wnt-dependent way. Glia 58: 1477-1489. *as to
equal authorship
Heneka MT, Nadrigny F, Regen T, Dumitrescu-Ozimek L, Terwel D, Jardanhazi-Kurutz D,
Walter J, Kirchhoff F, Hanisch UK, Kummer MP (2010) Locus ceruleus controls
Alzheimer disease pathology by modulating microglial functions through
norepinephrine. PNAS 107: 6058-6063.
van Rossum D, Hilbert S, Straßenburg S, Brück W*, Hanisch UK* (2008) Myelinphagocytosing macrophages in isolated sciatic and optic nerves reveal a unique
reactive phenotype. Glia 56: 271-283. *as to equal authorship
Hoffmann A, Kann O, Ohlemeyer C, Kettenmann H*, Hanisch UK* (2003) Elevation of basal
intracellular calcium concentration as a central event in the activation of brain
macrophages (microglia): suppression of receptor-evoked calcium signaling and
control of release function. J Neurosci 23: 4410-4419. *as to equal authorship

b) Other publications
Kettenmann H, Hanisch UK, Noda M, Verkhratsky A (2011) Physiology of microglia, Physiol
Rev 91: 461-553.
Hanisch UK, Johnson TV, Kipnis J (2008) Toll-like receptors: roles in neuroprotection?
Trends Neurosci 31:176-182.
Hanisch UK, Kettenmann H (2007) Microglia: active sensor and versatile effector cells in the
normal and pathologic brain. Nat Neurosci 10: 1387-1393.
c) patents sorted as submitted and granted
Hanisch UK, Prinz M, Weber JR, Kettenmann H: Verwendung von Proteinkinaseinhibitoren,
insbesondere in pharmazeutischen Mitteln gegen Meningitis. DE 19745485A1, 15.10.1997.
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BIO FORM OF THE APPLICANT:
NAME:

Jung, Steffen

BIRTH DATE:

May 16, 1961

BIRTH PLACE:

Homburg/Saar

NATIONALITY:

Israeli/ German

EDUCATION:
1997-2002
1993-1997
1989 – 1993

Postdoctoral training, Skirball Institute, NYU Medical Center
Postdoctoral training, The Hebrew University, Jerusalem,
PhD training, University of Cologne

PRIZES and AWARDS:
2011
2003-2009
2003-06
2003-06
1999-02
1997-99
1995-97
1993-95

TEVA price for Scientific Excellency
Incumbent of the Pauline Recanati Career Development Chair
Scholar of the Benoziyo Center for Molecular Medicine
The Yigal Alon Scholarship ("Milgat Alon")
Special Fellow Award of Leukemia & Lymphoma Society
Associate of Howard Hughes Medical Institute
Post-doctoral Fellowship of MINERVA Society
Post-doctoral Fellowship of European Molecular Biology Organization

OTHERS
- ad hoc reviewer of Science, Immunity, Nature, Nature Immunology, Journal
of Experimental Medicine, Blood, Journal of Immunology
- ad hoc reviewer of the Israel Science Foundation,
Immunology panel leader of the Binational Science Foundation (BSF) (2012)
PUBLICATIONS:
a) Manuscripts that are published in peer-reviewed journals
Sapoznikov, A., Fischer, J.A., Zaft, T., Krauthgamer, R., Dzionek, A., and Jung, S. (2007).
Organ-dependent in vivo priming of naive CD4+,but not CD8+,T cells by plasmacytoid
dendritic cells. J Exp Med. 204(8):1923-33.
Varol, C., Landsman, L., Fogg, D.K., Greenshtein, L., Gildor, B., Margalit, R., Kalchenko, V.,
Geissmann, F., and Jung, S. (2007). Monocytes give rise to mucosal, but not splenic,
conventional dendritic cells. J Exp Med 204, 171-180.
Sapoznikov A., Pewzner-Jung, Y. Kalchenko, V., R. Krauthgamer, Shachar, I.* and S. Jung*.
Perivascular clusters of dendritic cells provide critical survival signals to B cells in bone
marrow niches. (2008) Nat. Immunol. 9(4):388. *equal contribution
Birnberg T., Bar-On L., Sapoznikov A., Caton M. L., Cervantes-Barragán L., Makia D.,
Krauthgamer R., Brenner O., Ludewig B., Brockschnieder D., Riethmacher D., Reizis B. and
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S. Jung. Lack of conventional Dendritic cells is compatible with normal development and T
cell homeostasis, but causes Myeloid Proliferative Syndrome. (2008) Immunity (6):986-97.
Varol C., Vallon-Eberhard A., Elinav E., Aychek T., Shapira Y., Luche H., Fehling HJ, Hardt
W., Shakhar G. and S. Jung. Intestinal Lamina Propria Dendritic Cell Subsets Have Different
Origin and Functions. (2009) Immunity 31:502-12
b) Other publications
F. Geissmann, M. G. Manz, S. Jung, M. H. Sieweke, M. Merad, K. Ley. (2010) Development
of monocytes, macrophages and dendritic cells. (2010) Science 327:656-61.
Varol. H., E. Zigmond and S. Jung (2010). Securig the immune tightrope, Nat. Rev.
Immunol.10(6):415-26.
Bar-On, L., and Jung, S. (2010). Defining dendritic cells by conditional and constitutive cell
ablation. Immunol Rev 234, 76-89.
c) patents sorted as submitted and granted
none
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BIO FORM OF THE APPLICANT:
NAME:

Neumann, Harald

BIRTH DATE:

January, 14 1964

BIRTH PLACE:

Hamm

NATIONALITY:

German

EDUCTION
1984-1990
1991
1990-1994
1998

Undergraduate education in medicine, University Würzburg and University
Munich.
Degree 'M.D.’ in medicine, University Würzburg.
Degree in business administration, University Hagen (distance learning
university).
German 'Habilitation' in Neuroimmunology, Technical University, Munich.

WORK AND RESEARCH EXPERIENCE
1990-1992
1992-1994
1995-2001
2001-2004
since 2004

Medical Internship, Department of Neurology, University Ulm.
Research fellowship (scholarship), Department of Neuroimmunology, MaxPlanck-Institute of Psychiatry, Martinsried.
Group leader, Department of Neuroimmunology, Max-Planck-Institute of
Neurobiology, Martinsried.
Head of the Neuroimmunology Group, European Neuroscience Institute
Göttingen, University Göttingen.
Head of the Neural Regeneration group, University Hospital Bonn, University
Bonn.

APPOINTMENTS
2002-2008
2003-2008
2005-2010
since 2007
2012

Managing Board member of the Institute of MS Research.
Editorial Board member of 'Stem Cells'.
Co-coordinator of the EU Integrated Project NeuroproMiSe.
Editorial Board member of ‘Open Biotechnology.
Program Committee, XI European Glia Meeting.

AWARDS
1992
1996
2007
2007

Research scholarship (German science foundation).
PCR-Award (Boehringer Mannheim).
Lead reviewer award (Stem Cells)
DANA foundation award, Neuroimmunology Program.
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PUBLICATIONS
a) Manuscripts that are published in peer-reviewed journals
Linnartz B., Jens Kopatz J., Tenner A.J. and Neumann H. (2012). Sialic acid on the neuronal
glycocalyx prevents complement C1 binding and complement receptor-3 mediated
removal by microglia. J. Neuroscience (2012) Jan 18;32(3):946-52.
Beutner C., Roy K., Linnartz B., Napoli I., Neumann H. (2010). Generation of microglial cells
from mouse embryonic stem cells. Nature Protocols 5 (9): 1481-94.
Takahashi K., Prinz M., Stagi M., Chechneva O. and Neumann H. (2007). TREM2transduced myeloid precursors mediate nervous tissue debris clearance and facilitate
recovery in an animal model of multiple sclerosis. PLoS Med. Apr;4(4):e124.
Takahashi K., Rochford C.D. and Neumann H. (2005). Clearance of apoptotic neurons
without inflammation by microglial triggering receptor expressed on myeloid cells-2. J.
Exp. Med., 201(4): 647-57.
Neumann H., Cavalié A., Jenne D. and Wekerle H. (1995). Induction of MHC class I genes in
neurons. Science 269:549-552.
b) Other publications
Neumann H., Kotter M.R., Franklin R.J. (2009). Debris clearance by microglia: an essential
link between degeneration and regeneration. Brain. Feb;132(Pt 2):288-95. Review.
Biber K, Neumann H, Inoue K, Boddeke HW. (2007). Neuronal 'On' and 'Off' signals control
microglia. Trends in Neurosciences Nov;30(11):596-602. Review.
Neumann H., Medana I., Bauer J., Lassmann H. (2002). Cytotoxic T lymphocytes in
autoimmune and degenerative CNS diseases. Trends in Neuroscience 25 (6), 313-319.
Review.
c) patents submitted and pending:
PCT-Patent (WO2010/125110) entitled ‚Method for obtaining human microglial precursor
cells from pluripotent stem cells’ by Neumann, Roy, Brüstle, Peitz; international
publication 4. Nov 2010.
PCT-Patent (WO2010/125107) entitled ‚Microglial precursor cells for the treatment of
malignant neoplasms of the central nervous system’ by Neumann, Glas, Masgutov,
Herrlinger, Welle; international publication 4. Nov 2010.
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BIO FORM OF THE APPLICANT:

NAME:

Francesca Odoardi:

DATE OF BIRTH:

March 6, 1971

PLACE OF BIRTH:

Rome (Italy)

NATIONALITY:

Italian

QUALIFICATIONS:
1995

Degree in Medicine and Surgery at the Catholic University of Rome (final marks:
110 cum laude/100 cum laude).
1996
Membership of the College of Physicians and Surgeons of Roma.
1999
Specialization in Neurology at the Catholic University of Rome.
1999-2000 Telethon fellowship in the laboratory of muscular disease in the Catholic
University of Rome
2004
PhD in Neuroscience at Neuroscience Department, Catholic University of Rome
2004-2009 Post doctoral position in the Max Planck Institute for Neurobiology, department of
Neuroimmunology (Martinsried)
CLINICAL EXPERIENCE
1993-1995 Institute of Clinical Neurology at the Catholic University of Rome as
undergraduate student.
1995-1999 Institute of Clinical Neurology at the Catholic University of Rome for specialization
training.
RESEARCH EXPERIENCE
1993-1995 Undergraduate research:
Institute of Genetics at the Catholic University of Rome,
Subject: glycogen storage diseases.
1995-1999 Post Graduate research
Laboratory for Neuromuscular disorders at Catholic University of Rome
Subject: mitochondrial encephalomyopathies.
1999-2001 Telethon fellowship
Laboratory of Genetics, Department of Neuroscience, Institute of Neurology,
Catholic University (Rome).
Subject: Pathogenic role of mtDNA duplications in mitochondrial diseases
associated with mtDNA deletions.
2001-2004 PhD research
Laboratory of Cellular and Molecular Neuroimmunology, Department of
Neuroimmunology, Max Planck Institute for Neurobiology (Martinsried)
Laboratory of Neuroimmunology, Department of Neuroscience, Institute of
Neurology, Catholic University (Rome)
Subject: Effects of high-dose antigen therapy in Experimental Autoimmune
Encephalomyelitis.
2004-2008 Post doctoral research, Laboratory of Cellular and Molecular Neuroimmunology,
Department of Neuroimmunology; Max Planck Institute of Neurobiology
(Martinsried)
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2009-

Subject: Transcriptome analysis of effector T cells phenotype in the different
phase of Experimental Autoimmune Encephalomyelitis (EAE).
Two-photon imaging of effector T cells in EAE.
Group leader "Live imaging of neuroimmunological processes" at the Dept.
Neuroimmunology, Institute for Multiple Sclerosis Research, University of
Göttingen

RESEARCH INTERESTS:
Neuroimmunology, Autoimmunity, Intravital two-photon microscopy
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BIO FORM OF THE APPLICANT:
NAME:
BIRTH DATE:
NATIONALITY:

Priller, Josef
September 26, 1970
German

Education and Employment
1988 - 1996

Studies in Medicine (University of Bochum, Technical University of Munich,
Université de Lausanne, Georgetown University and Harvard University)

1998
1998 - 2004

MD degree, Max-Planck-Institute of Psychiatry, Martinsried
Resident in Neurology and in Psychiatry, Charité

since 2000

Group leader, Department of Experimental Neurology, Charité

2002

Habilitation in Experimental Neurology, Humboldt-University, Berlin

2004

Medical Board Qualification for Neurology

2004 - 2007

Professor of Psychiatry (C3); Head, Laboratory of Molecular Psychiatry,
Charité

since 2006

Consultant, Department of Psychiatry and Psychotherapy, Charité

since 2008

Tenured Professor of Psychiatry (W2), Charité

2009

Medical Board Qualification for Psychiatry and Psychotherapy

since 2010

Director, Department of Neuropsychiatry, Charité

since 2011

Vice Chair, Department of Psychiatry and Psychotherapy, Charité CCM

Selected Honours and Awards
1999-2005

Scholarship of the Studienstiftung des deutschen Volkes

2000

MSD Stipend Neurology

2002

EMBO fellowship

2003

Robert Feulgen Prize, Society for Histochemistry

2004-2009

Elected fellow of the Junge Akademie, Berlin-Brandenburg Academy of
Sciences and Leopoldina

2007

JSPS fellowship

2008

Nominated as ‘Distinguished Young Scientist’, InterAcademy Panel,
World Economic Forum, Tianjin, China

Professional activites
Reviewer activity
(scientific journals)

American Journal of Psychiatry; Biological Psychiatry; Brain; Brain Pathology;
FASEB Journal; Journal of Cell Biology; Journal of Experimental Medicine;
Journal of Immunology; Journal of Neuroscience; Molecular Psychiatry;
Nature Medicine; Stem Cells; among others

Reviewer activity
(third-party funding)

DFG; FORUM RU Bochum; Natural Sciences and Engineering Research
Council of Canada; Wings for Life

Editorial board

Brain Pathology; PLoS ONE; Glia

Committees

Chair, Neuropsychiatry Committee, Deutsche Gesellschaft für Psychiatrie,
Psychotherapie und Neurologie; Chair, Neurology Committee, International
Society for Cellular Therapy; Appointed member of the Scientific Advisory
Board, Institut für Mensch, Ethik und Wissenschaft (2006 - 2010); Member of
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Academic and
research organization
since 2007
since 2010

Memberships

the Steering Committee, Berlin-Brandenburg Center for Regenerative
Therapies (2008 - 2010)
Founding Member, Global Young Academy (GYA); PhD-Examiner, University
of Cambridge, UK; Coordinator, German-French MD/PhD program INTER at
the Charité (2009 - 2010)
Principal Investigator and Coordinator of the Research Field Regeneration,
DFG Excellence Cluster NeuroCure
Speaker (with M. Prinz), DFG Research Group 1336 ‘From monocytes to
brain macrophages – conditions influencing the fate of brain macrophages’
Society for Neuroscience; Deutsche Gesellschaft für Biologische Psychiatrie;
Deutsche Gesellschaft für Psychiatrie, Psychotherapie und Neurologie;
International Group for the Study of Lithium-treated Patients; Deutsche
Gesellschaft für klinische Neurophysiologie; Deutscher Hochschulverband

Publications
a) Manuscripts that are published in peer-reviewed journals
Mildner A, Schlevogt B, Kierdorf K, Böttcher C, Erny D, Kummer MP, Quinn M, Brück W, Bechmann I,
Heneka MT, Priller J*, Prinz M* (2011) Distinct and non-redundant roles of microglia and
myeloid subsets in mouse models of Alzheimer's Disease. J Neurosci, 31:11159-11171. (*equal
contribution)
Fernández-Klett F, Offenhauser N, Dirnagl U, Priller J*, Lindauer U* (2010) Capillaries are contractile
in vivo, but arterioles mediate functional hyperemia in the mouse brain. Proc Natl Acad Sci
USA, 107:22290-22295. (*equal contribution)
Mildner A, Schmidt H, Nitsche M, Merkler D, Hanisch UK, Mack M, Heikenwälder M, Brück W, Priller
J*, Prinz M* (2007) Microglia in the adult brain arise from Ly-6ChiCCR2+ monocytes only under
defined host conditions. Nat Neurosci, 10:1544-1453. (*equal contribution)
Heppner FL, Greter M, Marino D, Falsig J, Raivich G, Hovelmeyer N, Waisman A, Rülicke T, Prinz M,
Priller J, Becher B, Aguzzi A (2005) Experimental autoimmune encephalomyelitis repressed by
microglial paralysis. Nat Med, 11:146-152.
Priller J, Flügel A, Wehner T, Böntert M, Haas CA, Prinz M, Fernández-Klett F, Prass K, Bechmann I,
de Boer BA, Frotscher M, Kreutzberg GW, Persons DA, Dirnagl U (2001) Targeting of genemodified hematopoietic cells to the central nervous system: use of the green fluorescent protein
uncovers microglial engraftment. Nat Med, 7:1356-1361.

b) Other publications
Prinz M, Priller J, Sisodia SS, Ransohoff RM (2011) Heterogeneity of central nervous system myeloid
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