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Abstract

This cumulative-style doctoral thesis consists of two studies revolving around the corticotropin-
releasing hormone (CRH), its role in oligodendrogenic processes following injury as well as the in-depth
characterization of mouse models for its analysis. We identified a subpopulation of oligodendrocyte
progenitor cells (OPCs) in which CRH expression is triggered upon acute injury by using different CRH
reporter models, direct anti-CRH staining and Cri mRNA visualization. This CRH-expressing
subpopulation of OPCs showed an OPC-like injury response with inward migration, strong proliferation
and later differentiation. Although the general injury reaction of CRH" OPCs was comparable to the
whole population of OPCs, their dynamics differed, supposedly caused by their high maturation rate of
80%. CRH expression was further found to happen at very early stages, starting within the first 12h
following injury, therefore, preceding proliferation. Subsequently, expression of CRH persisted only
within the first 3 days post injury (dpi). Furthermore, CRHR1, the high affinity receptor of CRH, was
identified on OPCs and astrocytes surrounding the injury site, serving as potential targets of injury-
triggered CRH expression and release. Using different gain- and loss-of-function approaches we
demonstrated that CRH modulates astrocytic activation stages in a CRHRI1-dependent manner, as
elevated GFAP levels were only observed following CRH injection when CRHR1 was present.
Furthermore, CRH system downregulation by global CRHR1 or OPC-specific CRH inactivation led to
a reduced number of OPCs at 7 dpi and an increased number of OLs, that was later explained by an
increased generation of new OLs using a label retaining experiment. Therefore, CRH released from
OPCs apparently triggers a stalling mechanism of OPC differentiation which is mediated by CRHR1-
expressing OPCs and astrocytes. In sum this study presents a novel neuropeptide system modulating
OPC differentiation processes, which could serve as therapeutic target to enhance OL regeneration
following acute injury.

This study was complemented by a much-needed characterization of a newly available CRH-FIpO
reporter line. In this study, the CRH-FIpO line was compared to the widely used CRH-Cre line, which
is considered as the gold standard for transgenic CRH reporting. By using 9 different reporter lines we
were able to show that FlpO-dependent reporting in CRH-FIpO::Ai65F mice, although replicating
endogenous CRH expression patterns, is inferior in its capacity to report the whole population of CRH-
expressing cells. By using Cre and FlpO in combination with different reporters, we demonstrated that
overall recombination efficacy of FlpO is lower than that of Cre. Additionally, we determined that an
elevation in CRH expression by applying an acute stress model increases the number of reported cells.
Therefore, FlpO dependent recombination and reporting is highly dependent on the overall strength but
also context-dependent activity of the driving promoter. This has consequences for all studies using
mouse lines harboring FlpO for genetic recombination: i) When comparing Cre- and FlpO-driven
reporting the strength of the driving promoter has to be taken into account, ii) when using intersectional

approaches to label specific subpopulations the efficacy of reporting is determined by the recombination
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efficiency of FlpO and iii) when using FlpO for overexpression or knock-out of a certain marker an in-
depth validation of their efficacy in the specific population is necessary. In sum, our results show that a
careful and comprehensive analysis of FlpO-driven mouse lines is mandatory and should pay particular
attention to the expression strength of the driving promoter.

Results connected to the characterization of FIpO were essential when interpreting the data related to
the identification of CRH expression in OPCs. Because of the limited accessibility of CRH and its
receptor CRHR1 by antibody-mediated approaches, the study relied heavily on transgenic mouse
models, using both Cre and FlpO. Especially, differences in the number of reported cells between
different mouse lines could be explained by these results which made a reasonable evaluation of
gathered data possible.

In sum, this thesis presents a thorough evaluation study of FlpO driven recombination efficacy whose
results laid the ground for the identification and characterization of a novel OPC-derived neuropeptide

system contributing to OLC differentiation processes.
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1 Introduction

1.1 Cellular composition of the brain

Already in the late 19™ century, it was acknowledged by leading scientists Rudolph Virchow, Santiago
Ramon y Cajal and Pio del Rio-Hortega, that neurons were not the only cell type present in the brain.
Starting with the discovery of astrocytes and microglia, soon also oligodendrocytes (OLs) and later
oligodendrocyte progenitor cells (OPCs) were discovered (y Cajal 1913; Penfield 1924; Virchow 1846;
del Rio-Hortega, Iglesias-Rozas, and Garrosa 2012; Hortega 1918; Rio-Hortega 1939; Raff, Miller, and
Noble 1983) (Fig. 1). Starting from their identification, these cells were considered as cell types acting
as so called “Nervenkit” (German for nerve glue) mainly giving structural support to the surrounding
neurons. Therefore, they were put together under the phrase neuroglia (Greek: glia = glue). Now, after
decades of research, we can say with certainty that glial cells are an indispensable part of the mammalian
brain and that their significance lays far beyond structural support (Colonna and Butovsky 2017;
Eugenin-von Bernhardi and Dimou 2016; Dimou and Gallo 2015; Verkhratsky et al. 2021). In many
cases, glial cells lay the basis for a functional central nervous system (CNS) and take important roles
under physiological, but also pathological conditions. In the following I will give a short overview over
the main glial cell types and their role in the mammalian brain, specifically focusing on OL lineage cells

(OLCs).

Astrocytes Microglia OPCs Oligodendrocytes

GFAP IBA1 NG2 oLIG2
S100B CX;CR4 oLIG2 CNPase
GS TGFBR PDGFRa MBP

FcR SOX10 CC1

Figure 1: The four glial cell types of the CNS with specific markers for their identification. Abbreviations: GFAP, Glial
fibrillary acidic protein. S1008, S100 calcium-binding protein . GS, Glutamine Synthetase. IBA1, Ionized calcium-
binding adapter molecule 1. CX3CRi1, C-X3-C motif chemokine receptor 1. TGFBR, Transforming growth factor
receptor B. FcR, Fe receptor. NG2, Neural/glial antigen 2. OLIG2, Oligodendrocyte transcription factor 2. PDGFRa,



Platelet derived growth factor receptor a. SOX10, SRY-box transcription factor 10. CNPase, 2',3'-Cyclic-nucleotide 3'-
phosphodiesterase. MBP, Myelin basic protein. CC1, Anti-adenomatous polyposis coli clone CC1.

1.2 Astrocytes

Astrocytes, the first glial cell type identified, are present in all brain regions and have been thoroughly
investigated. In the spinal cord, these stellate cells originate from the progenitor motor neuron domain
and are generated by progenitors that also give rise to motor neurons and cells of the OL lineage (Bergles
and Richardson 2016). In the brain they are generated by radial glia cells (Lundgaard et al. 2014). Their
functions are very diverse including the maintenance of brain homeostasis and the blood brain barrier
(BBB), participation in the tripartite synapse and reaction to injury (Verkhratsky et al. 2021). Typically,
astrocytes express several intermediate filament proteins like vimentin and glial fibrillary acidic protein
(GFAP) as well as Calcium (Ca?") binding protein S100B (Lundgaard et al. 2014) (Fig. 1). Despite their
rather homogeneous distribution within the CNS, astrocytes resemble a heterogenous population of
cells. Shortly after their first identification, it was acknowledged that, depending on the brain region,
two main morphologies could be segregated: fibrous and protoplasmic astrocytes (Andriezen 1893;
Koelliker 1889). Protoplasmic astrocytes are mainly found in the grey matter where they contact neurons
and blood vessels with their fine and complex processes (Hawkins and Davis 2005). Neurovascular
coupling, a process in which local cerebral blood flow is increased in locations of enhanced synaptic
activity, is dependent on astrocytic Ca* signaling (Anderson and Nedergaard 2003; Filosa, Bonev, and
Nelson 2004). Protoplasmic astrocytes are organized in non-overlapping domains. While contacting up
to 100,000 synapses, they facilitate synaptic function by, e.g., glutamate reuptake and processing or
supply of energy (Allen and Eroglu 2017). Fibrous astrocytes, on the other hand, are located mainly in
the white matter. Their processes, up to 300 um long, are aligned with myelinating fibers and interact
with the axons at nodes of Ranvier (Lundgaard et al. 2014; Butt, Duncan, and Berry 1994). Recent
studies have implicated these astrocytes in the modulation of white matter structure by release of
thrombin protease inhibitors (Dutta et al. 2018). Their morphological diversity is also evident on the
transcriptional level, with brain region-specific and context-dependent transcriptional subtypes (Tsai et
al. 2012; Hasel et al. 2021). Adult astrocytes retain some of the original patterning information from
their radial glial ancestors and, thus, are a promising target for reprogramming. In recent years,
astrocytes have been successfully reprogrammed into different neuronal subtypes, thereby promoting
neuronal regeneration after brain injury (Mattugini et al. 2019). Besides their influence on cerebral blood
flow, myelination and their potential in neuronal reprogramming, astrocytes have been shown to be
critical in many physiological processes like the regulation of the sleep-wake cycle as well as learning
and memory (Peng et al. 2023; Gibbs, Hutchinson, and Hertz 2008; Kol et al. 2020). Moreover, they are
connected to many disease pathologies and have become a promising target for therapeutic intervention

(Lee, Wheeler, and Quintana 2022).



1.3 Microglia

Microglia are the resident immune cells of the CNS and the first responders when it comes to
inflammatory processes caused by, e.g., brain injury. They are, other than the astrocytes and OLCs, not
derived from the neuroectoderm, but from the mesodermal yolk-sac and populate the brain during early
development (Ginhoux et al. 2010). During development, microglia have been shown to modulate
synapse formation and clear the brain from neuronal debris (Paolicelli et al. 2011). In the adult CNS,
microglia can be identified by the expression of ionized calcium-binding adapter molecule 1 (IBA1) or
C-X3-C motif chemokine receptor 1 (CX3CR;) (Fig. 1). They surveille their environment, search for
potential threats or debris to be phagocytosed and potentially take part in synaptic modulation (Schafer,
Lehrman, and Stevens 2013). In their role as orchestrators of CNS inflammation, microglia have also
been implicated to be majorly involved in neuropsychiatric diseases like Alzheimer’s disease or major

depressive disorder (MDD) (Bachiller et al. 2018; von Muecke-Heim et al. 2021; Lewcock et al. 2020).
1.4 Oligodendrocyte lineage cells

1.4.1 Oligodendrocytes and their progenitors

OLs were discovered during the early 20" century and termed oligodendroglia, glia with very few
processes (Del Rio-Hortega 2012). The myelinating property of these cells was not clearly shown until
electron microscopy studies in the late 20" century proved them to wrap around nearby axons (Bunge,
Bunge, and Pappas 1962). Since then, OLs are acknowledged as the myelinating cells of the CNS. With
their processes they tightly wrap around nearby axons, increasing conduction velocity and providing
trophic support (Nave and Werner 2014; Bergles and Richardson 2016). Oligodendrogenesis, the
process of OL generation is a life-long process, in which new OLs are formed depending on the need
for myelin in a specific brain region. Investigation by Tripathi and colleagues showed that >90% of OLs
survive longer than 20 months in vivo (Tripathi et al. 2017). Thus, once formed OLs seem to be a highly
stable population. Although myelin is present in almost all regions of the brain, it is not distributed
homogeneously (de Faria et al. 2021). The majority of OLs and myelin can be found in fiber tracts as
the corpus callosum, anterior commissure, capsule or optic tract. In other regions, like the cortex but
especially in the cerebellum, OLs resemble the minority of all cells (Tripathi et al. 2017). For a long
time, it was not known how OLs were generated, until in 1983 Raff and colleagues identified a new cell
type, that generated type-2 astrocytes or oligodendrocytes depending on the culture conditions (Raff,
Miller, and Noble 1983). Also in vivo, these oligodendrocyte-type-2 astrocyte (O-2A) progenitors were
shown to be present and to generate mature OLs (Nishiyama et al. 1996a). Nowadays they are commonly
known as NG2 glia and oligodendrocyte precursor or progenitor cells (OPCs). In the following, I will
give an overview of these only recently discovered cells, their developmental origin and the diverse

properties attributed to them.



1.4.2 Oligodendrocyte progenitor cells

OPC:s are the fourth glial cell type of the central nervous system (Peters 2004; Nishiyama et al. 2009).
Since their discovery, OPCs have been given many different names, e.g., O-2A cells, polydendrocytes,
NG?2 cells, NG2 glia, oligodendrocyte precursor or progenitor cells. Referring to the cells’ properties of
proliferation and OL generation they will be termed OPCs throughout this thesis.

1.4.3 Defining properties of OPCs

OPCs make up 5% of all cells in the murine brain (Dawson et al. 2003). They are homogeneously
distributed within the CNS and are organized in a grid-like structure. While each of them takes up a
non-overlapping domain, which separates them from other OPCs in close proximity, their filopodia are
highly dynamic structures which extend and retract constantly (Hughes et al. 2013) (Fig. 2). They can
be clearly defined by the expression of typical OLC-specific markers OLIG2 and SOX10 as well as by
the OPC-specific markers platelet derived growth factor receptor o (PDGFRa) and chondroitin
proteoglycan 4 (CSPG4) , also known as neural/glial antigen 2 (NG2) (Fig. 3). One important and unique
property of OPCs is their ability to continuously proliferate in the brain parenchyma, generating new
OPCs upon loss of a neighboring cell or need for new OLs. Whether proliferation is a prerequisite for
differentiation is a highly debated matter within the field and seems to be dependent on the context (Xiao

et al. 2016; Kamen et al. 2022; Bonetto, Belin, and Karadottir 2021).

1.4.4 Developmental origin of OPCs

In the developing brain, OPCs emerge from neural progenitors in three distinct brain regions (Fig. 2).
The initial wave of OPCs is derived from Nkx2.1-expressing progenitors located in the medial
ganglionic eminence (MGE) and the anterior entopeduncular area at embryonic day 12.5 (E12.5).
Subsequently, a second wave of OPCs is generated around E15.5 in the lateral ganglionic eminence
(LGE), originating from Gsh2-positive progenitors. These OPCs then migrate gradually into the cortex.
The proper development of ventrally-derived OPCs and its timing depend on sonic hedgehog (Shh)
signaling (Tekki-Kessaris et al. 2001; Orentas et al. 1999; Cai et al. 2005; Hashimoto et al. 2018).
Following birth, MGE-derived OPCs are gradually eliminated and replaced by a third wave of dorsally
derived OPCs. These third-wave OPCs are generated from endogenous Emx1-positive precursors
located in the dorsal ventricular zone (Kessaris et al. 2006; Crawford et al. 2016). The distribution of
the different populations of OPCs is only known for specific brain regions including motor cortex,
anterior commissure or corpus callosum (Kessaris et al. 2006; Tripathi et al. 2011). In cortical regions
and the corpus callosum, Emx1-derived OPCs resemble the majority of cells, whereas, the anterior
commissure is mainly populated by Gsh2-derived OPCs. Nkx2.1-derived cells are largely eliminated
from the brain and only represent a small minority of OPCs, e.g., in the anterior commissure. Our current

knowledge about the distribution of the different populations is mainly based on the two, previously



mentioned, studies (Kessaris et al. 2006; Tripathi et al. 2011; Cristobal and Lee 2022). A systematic
analysis of other brain regions, including mid- and hindbrain, appears necessary to better understand the

distribution of adult OPCs.

=from Nkx2.1
precursor

= from Gsh2
precursor

=fram Emx1
Precursor

Figure 2: Developmental waves of OPCs. A, Three developmental waves originating in the median (MGE) (1) and lateral
(LGE) (2) ganglionic eminence and the dorsal ventricular zone (3) from Nkx2.1, Gsh2 and Emx1 precursor cells,
respectively. B, Grid-like organization of OPCs in the adult murine brain with origin-dependent distribution [based on

(Ries 2018)].

1.4.5 OPC:s of different origin: Functional redundancy or plasticity?

1.4.5.1 Regional heterogeneity of OPCs

Due to their different origins, the question regarding possible functional differences came to the
forefront. Multiple ablation studies indicated that OPCs of different waves seem to be functionally
redundant, as their elimination is compensated for by the others and no striking functional differences
could be found (Jakel and Dimou 2017; Vigano and Dimou 2016). On the other hand, this seeming
redundancy in functionality could also be caused by a high degree of plasticity (Kamen et al. 2022).
Despite the fact that dorsally and ventrally derived OPCs populate preferential brain regions in the adult
brain, their electrical properties were found to be indistinguishable in corpus callosum and the spinal
cord (Tripathi et al. 2011). Still, distinct physiological properties like expression of certain ion channels
and the capability to generate premature action potentials were only found in white matter OPCs
(Chittajallu, Aguirre, and Gallo 2004). Also, their capability to generate OLs has been shown to be
dependent on their developmental origin and their localization in the adult mouse brain, with dorsally
derived OPCs showing a higher capacity for remyelination following demyelination and white matter
OPCs having a generally higher tendency to generate OLs (Crawford et al. 2016; Dimou et al. 2008). A
conclusive determination of whether adult OPC function is primarily driven by their developmental

origin or by environmental factors has not been reached, yet. Nevertheless, the capability of OPCs to



generate OLs has been extensively investigated, analyzed and confirmed by many independent groups.
Although oligodendrogenesis and myelination have been shown to be highly dynamic processes, even
in the adult brain, their high stability and, therefore, relatively low demand for new OLs raises the
question regarding additional functionalities. Driven by this question, researchers have analyzed the
OPCs population extensively and identified many different physiological processes in which they are
involved. As described above, OPCs show region-specific properties. But even within the same region,
OPCs are a diverse population of cells showing a plethora of different characteristics, implying also

functional diversity within the population and/or under certain conditions.

1.4.5.2 OPCs and the BBB

In recent years, OPCs have been described to be influenced by and interact with the vasculature of the
CNS (Pfeiffer 2022). Vascular endothelial growth factor (VEGF), a potent stimulator of angiogenesis,
has been shown to induce OPC migration in vitro (Hayakawa et al. 2011). The loss of its subtype C
(VEGF-C) lead to a reduced number of OPCs in the optic nerve of mouse embryos and the in vitro
stimulation with VEGF-C increased OPC proliferation (Le Bras et al. 2006). VEGF also influences OPC
proliferation in other brain regions (Hiratsuka et al. 2019). In the adult mouse brain, OPC protrusions
were not only shown to contact blood vessels (Pfeiffer, Sherafat, and Nishiyama 2021), but also
influence BBB integrity under certain disease conditions, by a failure of detachment following migration

along the vasculature (Niu et al. 2019).

1.4.5.3 OPCs as modulators of the immune response

Lately, OPCs have also been implicated in immune modulatory processes in the CNS. OPCs can inhibit
microglial activation via transforming growth factor 2 (TGFp2) and its type II receptor (TGFBR2).
Following OPC ablation, microglial activation was elevated upon immune stimulation, implicating
OPC-mediated TGFP2/TGFBR2 signaling as key regulator of CX3R; mediated activation (Zhang et al.
2019) . Besides, in vitro and in vivo studies show that astrocyte-derived Interferon y (IFN-y) reduces
OPC numbers and induces major histocompatibility complex 1 (MHCI)-expression and antigen
presentation by OPCs (Kirby et al. 2019). In vitro, cross presentation to cytotoxic CD8 T-cells leads to
OPC death. A comparable disease specific phenotype was already identified in single cell analysis from
multiple sclerosis (MS) tissue and later termed inflammatory OPCs (i0PCs) (Falcao et al. 2019; Kirby
and Castelo-Branco 2021).

1.4.54 Secretory function of OPCs

As already highlighted by the two previous examples, OPCs do not only receive signals from their
environment, but also influence the surrounding tissue by secreting substances. Already early on, data
suggested that OPC-derived factors influence physiological processes, as OPC-conditioned medium or

co-culturing with OPCs increased neuronal survival, had proangiogenic effects on endothelial cells and



increased pericyte proliferation. Though, the signals mediating these effects were unknown (Wilkins,
Chandran, and Compston 2001; Wilkins et al. 2003; Seo et al. 2014; Yuen et al. 2014). Today, many
different types of signals have been identified in in vitro studies, e.g., growth factors, neurotrophins,
neuromodulatory factors, morphogens and cytokines (Parolisi and Boda 2018). Whether comparable
processes also play a role in vivo remains unclear. Therefore, OPCs’ capacity for secretion needs further
investigation and confirmation (Birey et al. 2015; Zhang et al. 2019; Shen, Larm, and Gundlach 2003).
As described in the previous part, OPCs show a variety of characteristics and are implicated in different
processes within the CNS. This diversity has also been shown on the transcriptional level in recent
sequencing studies (Beiter et al. 2022). Whether this heterogeneous nature is caused by the presence of
endogenously different OPC subpopulations or is induced by context and environmental factors remains
unclear. Also, whether all the described processes can be separated from OPCs’ role as oligodendrogenic
cells or just contribute to this process remains incompletely understood. Oligodendrogenesis itself and

possible modulatory processes will be further described in the following part.

1.4.6 Oligodendrogenesis: A postnatal process with different stages

As described previously, OPCs are a diverse population of cells, with the capacity to generate OLs and
therefore drive myelination during development but also throughout life (Rivers et al. 2008; Zhu et al.
2011). Early studies in human post mortem tissue but also in rats and other mammals showed that myelin
formation starts within the spinal cord at early postnatal stages (Jacobson 1963; Banik and Smith 1977;
Flechsig Of Leipsic 1901; Flechsig 1927). From there, myelination progresses to less archaic brain
regions through the brain stem towards the telencephalon with its cortical hemispheres in a caudo-rostral
manner (Jacobson 1963; Banik and Smith 1977; Flechsig Of Leipsic 1901; Flechsig 1927). The
maximum of myelin deposition within the rat spinal cord and the brain lays between P15-20 and P20-
30, respectively (Cohen and Guarnieri 1976). The process of myelination is preceded by OPC
differentiation, which can be separated into three loose stages: i) OPC, ii) premyelinating OL ii) and
myelinating OL stage (Fig. 3). These stages should not be seen as separate entities, but as terms
describing the current progress within the differentiation/maturation process. Whereas, OPCs and OLs
have been clearly defined by specific markers like NG2 and PDGFRa or CC1, myelin basic protein
(MBP) and Proteolipid protein (PLP), respectively, for preOLs such markers weren’t available (Kamen
et al. 2022) (Fig. 3). Only the recently identified markers like breast carcinoma amplified sequence 1
(BCAS1) and extracellular enzymes ectonucleotide pyrophosphatase/phosphodiesterase 6 (ENPP6)
enable a clear identification of this transient stage, significantly improving its analysis (Fard et al. 2017;
Xiao et al. 2016) (Fig. 3). In development but also during regeneration oligodendrogenesis is an
inefficient process characterized by an overproduction of premyelinating OLs (Trapp et al. 1997;
Nishiyama et al. 1996b; Hughes et al. 2018). Followed by strong OPC proliferation, premyelinating OLs
are generated. During this process, PDGFRa and CSPG4 are downregulated. The downregulation of
PDGFRa makes this cell stage less sensitive for platelet derived growth factor (PDGF), which promotes

7



cell survival and proliferation (Barres et al. 1992; Nishiyama et al. 1996b; Barres and Raff 1994). The
high metabolic demand due to their constant increase in total membrane surface and the limited access
to growth factors, presumably, lead to the death of the majority of preOLs (up to 80%) (Hughes et al.
2018; Trapp et al. 1997; Sun et al. 2018). The apoptosis of these cells has been shown to be mediated
by the Bax/Bak system (Kawai et al. 2009; Sun et al. 2018) . Firstly, Bak and Bax mRNA were identified
in OLs during maturation in vitro (Kawai et al. 2009). Bak”/Bax”" cells were shown to be resistant to
apoptosis in vitro and their in vivo knockout (KO) lead to increased ectopic presence of myelinating
OLs (Sun et al. 2018). Therefore, it seems, as if the premature death of premyelinating OLs resembles
the default mode and their survival an exception, which is initiated by finding a stable connection with
a nearby axon. The exact reason for this extensive overproduction and the consequential high energy
demand and waste, is not fully clear. Certainly, comparable processes are known and well described in
many other cell types, like neurons, during development in which their survival is also dependent on the

supply of neurotrophic factors (Raff et al. 1993).

OPCs premyslinating OLs myelinating OLs

Figure 3: Stage-dependent markers expressed in the OL lineage. Lineage markers OLIG2 and SOX10. OPC-specific
markers NG2 and PDGFRa. Premyelinating OL markers BCAS1 and ENPP6. Markers defining mature OLs like

MOG, MBP and PLP. Other markers like GPR17 are expressed in a subpopulation and by more than one stage.

Markers CC1 and CNPase are expressed during terminal differentiation and early maturation.



1.4.7 Myelination: Wrapping of an axon

Once the connection is built, the OL tightly wraps its lamellipodia around the axon with its growing end
sliding below the already formed upper layers creating a so-called internode between two nodes on
Ranvier (Snaidero et al. 2014). During this process, the internode grows in radial and in longitudinal
direction simultaneously. While new membrane is added at the inner tongue for radial growth, the inner
most layer also expands laterally, squeezing itself under the already existing sheets, thereby, creating
the paranode. The myelin sheet is not compacted yet and open cytoplasmic channels connect the inner
tongue with the cell body through so called Schmitt-Lantermann incisures. The intracellular compaction
is mediated by MBP, in a zipper-like manner (Aggarwal et al. 2013). MBP pulls together the two
membranes, creating the major dense line in compacted myelin sheets. In this process, 2',3'-Cyclic-
nucleotide 3'-phosphodiesterase (CNPase), one of the most abundant myelin proteins, seems to act as
an inhibitor. It has been shown to organize the cytoskeleton, thereby, counteracting MBP-mediated
membrane compaction (Snaidero et al. 2017). The extracellular compaction, on the other hand, is less
well understood in the CNS. Although proteins like PLP and apolipoprotein D have been implicated in
the process, the exact mechanism remains elusive (Nave and Werner 2014; Garcia-Mateo et al. 2018).
At the compacted stage, the inner tongue and cell body are only connected by the still uncompacted
paranodal loops (Michalski and Kothary 2015). During postnatal development the growth of one OL
can be 5.000 um?/ day and the complete myelin sheet can consist of up to 160 membrane layers with an
internodal length of up to 1.7 mm (Nave and Werner 2014). Membrane expansion has been shown to be
mediated by vesicular SNARE proteins VAMP2/3-dependent exocytosis (Lam et al. 2022). Despite the
previously described understanding about the myelination process, not all components are already fully
understood, e.g., it is still elusive why a specific axon is myelinated and at what level this decision is
encoded. Also, the exact mechanisms needed for the recently and extensively characterized plasticity of
myelination within the adult murine brain are incompletely understood (Xin and Chan 2020; Foster,
Bujalka, and Emery 2019; Mount and Monje 2017; de Faria et al. 2021). In the following we will

describe our current understanding of the initiation process of oligodendrogenesis and myelination.

1.4.8 Initiation and modulation of OPC differentiation

Myelin is a crucial part within the CNS. As OLs wrap around nearby axons insulating them to increase
their conduction velocity and providing them with essential nutritional support, the reasons why not all
axons in the CNS are myelinated remains unclear. In culture, the myelinating properties of OPCs were
studied and myelination was found to be mainly dependent on substrate diameter and did not even
dependent on cellular material for myelination (Voyvodic 1989; Friede 1972; Lee et al. 2012). In the
peripheral nervous system expression of neuregulin 1 type III (NGR1) above a certain threshold leads
to the initiation of myelination by Schwann cells (Taveggia et al. 2005). NRG1 in turn is dependent on

the axon caliber (0.4 — 1.2 um), wherefore, axonal diameter seems to be the main driver of peripheral



myelination. In the CNS, also smaller sized axons (0.2 um) can be myelinated. Central myelination
seems to be influenced by more than axonal diameter, as NGR1 levels do not trigger oligodendroglial

myelination (Lee et al. 2012).

1.4.8.1 Neuron-OPC synapses as modulators of OPC physiology

Interestingly, neurons form glutamatergic synapses with AMPA receptor-expressing OPCs, potentially
enabling them to directly react to neuronal activity. These synapses closely resemble those formed
between neurons with all properties defining them (Bergles et al. 2000). Soon after this discovery, OPCs
and OLs were shown to also express functional NMDA receptors, making them especially sensitive to
signaling from glutamatergic neurons further raising the question whether neuronal activity might
influence their physiology (Karadottir et al. 2005). As GABA4 receptor-expressing OPCs are also
contacted by GABAergic interneurons OPC physiology seems to be influenced by different neuronal
populations and stimuli (Lin and Bergles 2004). These neurotransmitter-mediated neuron-OPC
interactions were shown to influence proliferation, migration, differentiation and maturation of OPCs in
vitro and in vivo (Gautier et al. 2015; Lundgaard et al. 2013). The so-called, activity-dependent
myelination is today a widely accepted model for CNS myelination and is influenced by these synaptic
contacts (Gibson et al. 2014; Hughes et al. 2018; Osso, Rankin, and Chan 2021; Eugenin von Bernhardi
and Dimou 2022; Wake, Lee, and Fields 2011; Monje 2015). But, oligodendrogenesis is also modulated
by neurotransmitter-independent processes. It can be influenced by hormones, the interaction with other
glial cells or with extracellular matrix (ECM) components and G-protein coupled receptor (GPCR)-

mediated signaling.

1.4.8.2 Hormonal influence on OPCs

Already early on it was acknowledged that thyroid hormones, triiodothyronine (T3) and thyroxin (T4),
produced in the thyroid gland positively influence OPC differentiation and OL generation (Barres,
Lazar, and Raff 1994; Almazan, Honegger, and Matthieu 1985). Still, thyroid hormones promote
terminal differentiation by inducing cell-cycle arrest and increased pro-differentiation gene transcription
(Lee and Petratos 2016). Although these hormones have profound effects on oligodendrogenesis, their
relevance seems to lay in the coordination of developmental differentiation processes as OPCs also
differentiate in their absence (Barres, Lazar, and Raff 1994). Neuropeptides, like dynorphin or galanin,
but also other hormones, like steroids and estrogens, have also been connected to OLC differentiation

(Long et al. 2021a).

1.4.8.3 Glia-glia interactions contributing to OPC differentiation

The interaction with other glial cell types, like astrocytes, has long been implicated in the modulation of
OPCs and oligodendrogenesis. Firstly, astrocytes are a major source of PDGF inside the CNS and can

modulate OPCs’ capacity to proliferate and differentiate (Pringle et al. 1989; Richardson et al. 1988).
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Secondly, they are connected to OLs via gap junctions, forming a glial syncytium by which fast
communication and molecule transfer is enabled (Hughes and Stockton 2021; Orthmann-Murphy et al.
2007; Stephan, Eitelmann, and Zhou 2021; Vana et al. 2007). Astrocytic contribution to remyelination
in MS has recently been shown in a study by Molina-Gonzales an colleagues (Molina-Gonzalez et al.
2023) but their role in developmental and adult oligodendrogenesis, especially in vivo, is less well
understood (Tognatta et al. 2020). As most of the studies showing microglia or astrocytes modulating
OPC proliferation or differentiation have been performed in vitro, further experiments need to clarify

their functional significance in the in vivo situation.

1.4.8.4 ECM components and stiffness

The same is true for OPC-ECM interactions. While ECM density and certain ECM components like
hyaluronan or CSPG have been shown to influence OPC differentiation and OL generation, their role in
vivo is not clear (Kuboyama et al. 2017; Back et al. 2005). Hyaluronan was found to be upregulated in
MS lesions and to inhibit remyelination via TLR2 signaling, but its role under physiological conditions
is less well understood (Back et al. 2005; Sloane et al. 2010). Certain transcription factors like Yes-
associated protein 1 (YAP) and its paralog transcriptional coactivator with PDZ-binding motif (TAZ),
which are regulated by ECM-dependent signaling, are already known to play a role in Schwann cell
myelination (Feltri et al. 2021). Very recently, YAP and TAZ have also been identified to be involved
in OL remyelination in vivo, without any major influence on physiological myelination processes (Hong
et al. 2023). More research is needed to elucidate the functional role of ECM-OPC interaction under
physiological conditions, e.g., during development.

In sum, oligodendrogenesis is a process, which, even in the adult brain, is highly plastic and influenced
by many different environmental factors. An additional potential contributor is GPCR signaling, which
has already been shown to influence OLCs physiology and differentiation. One of the GPCRs already

implicated in modulation of OPC stage transition will be further described in the following part.

1.4.9 GPR17: A GPCR influencing oligodendrogenesis

One of the GPCRs already connected to OPC differentiation is the G-protein coupled receptor 17
(GPR17). This receptor is expressed in a subpopulation of OPCs and functions as a gate keeper for
oligodendrogenesis by inhibiting OPC differentiation (Chen et al. 2009; Fumagalli et al. 2015). Once
OPCs exit mitosis, GPR17 is upregulated and distributed from the Golgi apparatus to the cellular
processes. The cells stop dividing and progressively lose their NG2 expression. Subsequent
downregulation of GPR17 is a necessity for OL maturation as blocking GPR17 downregulation leads to
its impairment (Fumagalli et al. 2015). Interestingly, their differentiation rate under physiological
conditions is low and is only increased following mechanical injury in the cortex, but not after ischemia
(Bonfanti et al. 2017; Vigano et al. 2016). Therefore, the question whether GPR17" OPCs serve as a

reserve pool following pathological conditions, as proposed by Vigano and colleagues, is still debated
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(Vigano et al. 2016). In a recent study by Miralles and colleagues, the long-term fate (up to 1 year) and
density of GPR17-expressing OPCs was analyzed following repeated tamoxifen induction in GPR17-
CreERT2::GFP mice (Miralles et al. 2023). It was shown that GPR17" cells are a stable and distinct
subpopulation of OPCs. Also, this study confirmed that GPR17° OPCs do not contribute to the
generation of OLs under physiological conditions (Miralles et al. 2023). The contribution of GPR17
under pathological conditions was recently investigated in the SOD19%*4 amyotrophic lateral sclerosis
(ALS) mouse model (Bonfanti et al. 2020). ALS is characterized by progressive loss of motor neurons
and also linked to impaired oligodendrogenesis. GPR17 protein was increased in spinal cord during
early and late stages of disease progression. Isolated OPCs showed impaired differentiation, which was
rescued by inhibition of GPR17 (Bonfanti et al. 2020). Further, GPR17 has been connected to
demyelinating disease pathology following analysis of human MS tissue (Angelini et al. 2021).
Although cellular mechanisms of GPR17 seem to be well understood and might resemble an example
of context-dependent modulation of OPC differentiation by a GPCR, the exact role of this subpopulation

of OPCs, especially under physiological conditions, remains unclear.

1.5 Brain injury, neuroinflammation and regeneration

Traumatic brain injury (TBI) can be separated into two different categories: i) the non-penetrating TBI,
characterized by an external force to the skull, strong enough to damage the brain by its own movement
within the skull and ii) the penetrating TBI, in which local damage is caused by an external object which
directly penetrates the brain (NINDS 2023). In both cases the brain can be massively injured, leading to
cellular death and BBB breakdown. The injury itself can be separated in two parts. The primary injury
which is caused by the mechanical disruption and the subsequent secondary damage (Huntemer-Silveira
et al. 2021). Both injury stages are accompanied by major neuronal, but also OL death. The following
axonal degeneration, caused by loss of OL support, induces more demyelination and OL degeneration
and subsequently leads to more axonal damage (Huntemer-Silveira et al. 2021). Therefore, secondary
injury can also affect parts distant from the actual injury site. The brains’ endogenous reaction to damage
is mainly mediated by the previously described glial cell types: (i) microglia, (ii) astrocytes and (iii)
OPCs (Fig. 4). All of these three contribute to the reaction to injury in the brain, but not all of them are
triggered by the same stimuli. Microglia, the resident immune cells of the brain, react to all types of
injuries, whereas OPCs and astrocytes only react when the tissue or the BBB is disrupted (Dimou and
Gotz 2014). Microglia can react within hours after an insult (Nimmerjahn, Kirchhoff, and Helmchen
2005). As tissue resident macrophages, they quickly start to phagocytose surrounding debris from dead
cells. They also start to proliferate, become hypertrophic and release pro-inflammatory cytokines, like
tumor necrosis factor alpha (TNFa), as well as toxic substances like nitric oxide (Loane and Kumar
2016) (Fig. 4). Within the first 24-48 h OPCs start their reaction which is characterized by three stages.
Initially, and unlike the other glial cell types, they are able to actively move towards the injury site (Fig.
4, B). Subsequently, they proliferate with up to 100-fold of their baseline rate (Dimou and Gotz 2014).
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This steep increase in cell numbers is followed by the differentiation of cells into myelinating OLs,
which is accompanied by the previously described reduction in total cell numbers also observed during
developmental and adult myelination (Fig. 4 C, D). Next to this oligodendrogenic reaction, the role of
OPC:s following injury is less well understood. As described above, TGFB2-mediated communication
with microglia might influence the injury environment following mechanical injury (Zhang et al. 2019).
The so-called astrogliosis by reactive astrocytes also starts within the first 24 h after insult by
upregulation of structural proteins and activation markers like glial fibrillary acidic protein (GFAP) and
vimentin (Robel, Berninger, and Gotz 2011) (Fig. 4, B, C). Accompanied by an increase in cell body
size, these hypertrophic astrocytes also release other proinflammatory substances like Interleukin-6 (IL-
6), IL-1 p and TNFa. This astrocytic cytokine-release has been shown to be mediated by toll-like
receptor 4 (TLR4)-dependent signalling (Jiang et al. 2018). Besides, astrocytes have been shown to
increase their PDGFA production upon inflammatory stimulation by TNFa and TGFp, possibly
influencing OPC proliferation following injury (Silberstein et al. 1996). The palisading astrocytes
develop processes towards the injury site without active migration towards it. Astrogliosis is also
connected to a proliferative response of juxtavascular astrocytes, starting around 3 days after injury
(Bardehle et al. 2013). The proliferative reaction reaches its peak after 5-7 days but is limited to one
division in only 10-20% of the cells (Dimou and Gotz 2014). In spinal cord injury, genetic ablation of
astrocytes causes an increase in inflammatory processes, increased numbers of infiltrating leukocytes, a
larger injury site and a delayed closure of the BBB (Faulkner et al. 2004). Nevertheless, the exact role
of astrocytes and OPCs following TBI, either being beneficial or detrimental, is not fully clear. For
example, axonal regeneration has been shown to be inhibited by myelin-associated proteins like myelin-
associated glycoprotein (MAG), Nogo or semaphorin3 (Nave and Werner 2014; Filbin 2003;
McKerracher and Rosen 2015).
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1.6 Neuropeptides

Neuropeptides are one of the most heterogeneous type of signalling molecules with a great diversity
concerning their target structures, but also their biological functions. They have been shown to play a
major role in a wide range of physiological processes (Burbach 2011). Nevertheless, due to their
structural diversity, the number of isoforms and their relatively low expression level under physiological
conditions their investigation has proven to be challenging (DeLaney et al. 2018). In the following, I
will give an overview of their discovery, structure and the physiological hallmarks defining them.
Additionally, I will describe their relevance for CNS function in neuronal, but also non-neuronal cells
of the central nervous system with a special focus on the stress-related neuropeptide corticotropin-

releasing hormone (CRH).

1.6.1 What are neuropeptides?

Neuropeptides are a special type of peptide hormones, which were first found to be produced and
secreted by neurons (Bohus and De Wied 1966; De Wied 1971). Therefore, most of what we know about
them has been investigated in neurons or neurosecretory cells. As we will see in one of the following

chapters, neuropeptides have also been identified in many non-neuronal cell types.

1.6.1.1 Structure and intracellular processing

One common feature of neuropeptides in neurons is their release via the regulated secretory pathway.
Therefore, neuropeptides share a common structure, which enables them to be processed and released
via this route. Neuropeptides are expressed as pre-pro peptides, which carry an N-terminal 20-25 amino
acid long signal peptide, which facilitates their entrance into the secretory route (Larhammar 2009;
Burbach 2011). This extension is directly removed upon entering the endoplasmatic reticulum (ER).
The pro-neuropeptide leaves the ER and enters the Golgi apparatus for further processing. A common
feature of neuropeptides is that from the same pro-hormone different cell-specific neuropeptides can be
generated. Therefore, the pro-neuropeptide is cleaved by a specific subtype of subtilisin proteases, the
pro-hormone convertases (Apletalina et al. 1998). These convertases, with cell-specific expression
patterns, lead to the differences in mature neuropeptides originating from the same pro-hormone,
described above. Further modifications of the neuropeptide include C-terminal amidation, N- and O-
glycosylation, sulfation, glycosylation and acetylation. In most cases, C-terminal amidation is required
for biological activity of the peptide and is performed by peptidyl-aminotransferases. During the

amidation process a C-terminal glycine acts as donor for the preceding amino acid (Burbach 2011).
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1.6.1.2 Storage and release initiation

When leaving the Golgi apparatus neuropeptides are stored in large dense-core vesicles (LDCVs) in
which many of the above-mentioned modifications can still take place. These vesicles with a diameter
of > 70 nm (neurotransmitter vesicles diameter 40 — 50 nm) are found not only in neurons but also in
other secretory cells like endocrine, chromaffin, neuroendocrine and immune cells (Thureson-Klein and
Klein 1990). In these non-neuronal cell types their size (300 — 1000 nm) exceeds that of neuronal LDCVs
(Merighi 2018). Depending on the cell type, LDCVs can store hormones, cytokines, biogenic amines,
neurotransmitters or ATP.

The release from LDCVs in the neurohypophysis has been shown to increase with spike frequency,
which is dependent on cytosolic Ca®>" changes and has to be initiated by a strong stimulus, as they are
not docked, but have to be transported to the site of their release (Dreifuss et al. 1971; Bondy, Gainer,
and Russell 1987; Gainer et al. 1986; Jackson, Konnerth, and Augustine 1991; Muschol and Salzberg
2000; Lang et al. 1997; Tooze, Martens, and Huttner 2001). Therefore, their Ca**-dependent secretion
has to be initiated by prolonged stimuli and is relatively slow compared to fast-acting neurotransmitters
(Tawfik et al. 2021; Hokfelt et al. 1980). Release can occur by full fusion, “kiss and run” or
“cavicapture” exocytosis and might require a unique set of proteins regulating their transport and release
(Tsuboi, McMahon, and Rutter 2004; Sieburth et al. 2005; Sieburth, Madison, and Kaplan 2007). One
has to keep in mind, that most of these processes have been studies in the neurohypophysis in which not
only LDCYV size (180-200 nm) but also their number greatly differs from that in other neurons. Because
neuropeptides are synthesized and packed at the Golgi, they have to be transported along the axon and
cannot simply be taken up like neurotransmitters. The underlying release mechanisms have to be seen

in the light of limited capacity and slow replenishment of filled vesicles (van den Pol 2012).

1.6.1.3 Neuropeptide expression patterns

The expression and release pattern of neuropeptides can be separated into three different categories.
Some are expressed at high levels under physiological conditions and, therefore, are always readily
available. Others, like substance P in the trigeminal ganglion, are lowly expressed and specifically
upregulated when needed, e.g., following nerve injury (Abd El-Aleem and Morales-Aza 2019; Fu et al.
2013). The last type, e.g., galanin in primary sensory neurons, is only expressed during development,
but can be upregulated in adulthood under certain conditions. It has to be considered that one
neuropeptide can fall into all three categories, depending on the neuronal subtype expressing it (Hokfelt

et al. 2000).
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1.6.1.4 Cellular release sites and volume transmission

Another distinctive property of neuropeptides lies in the distance over which they can exert their effects.
Neurotransmitters are typically released predominantly at the presynaptic zone and diffuse and interact
with their receptors within a few tens of nanometers, before undergoing rapid degradation and reuptake.
Their membrane interaction is mainly mediated by ionotropic receptors causing direct and rapidly
reversed changes in membrane polarization (Ludwig and Leng 2006).

In the case of neuropeptides, it is known that their release is not confined to the synapse but can also
occur at extra-synaptic locations, like the axon, soma, and dendrites (Ludwig and Stern 2015). It is,
therefore, at least in part spatially independent of synaptic wiring. Furthermore, their interaction with
target receptors can be effective over long distances, also due to their relatively long half-lives (Ludwig
and Leng 2006; Jan and Jan 1982; Mens, Witter, and van Wimersma Greidanus 1983). Therefore,
neuropeptides seemingly are less spatially and temporally restricted, then neurotransmitters (Ludwig
and Leng 20006).

Inside the brain, this kind if long-range signaling, which is conducted through the extracellular space or
the cerebrospinal fluid (CSF), is commonly called “volume transmission”. The term originates from the
observed mismatch of B-endorphin and Met-/Leu-enkephalin terminals and their receptors, p and 6
opioid receptors, proposing long range, synapse-independent signal transduction as a possible
mechanism (Agnati et al. 1986). On the other hand, long-distance diffusion would hinder a specific
effect of a neuropeptide released by a distinct neuronal population. Furthermore, neuropeptides are
actively degraded in the extra cellular space by membrane anchored peptidases like neprilysin also
known as endopeptidase-24.11 (Grady et al. 1997; Wagner et al. 2015), decreasing their diffusion
distance and limiting their long-range biological effect. Therefore, diffusion may be more relevant in a
locally restricted manner, acting within the micrometer range around the secretion site, as proposed by
Van den Pol in a “local diffusion hypothesis” (van den Pol 2012). Nonetheless, in selected instances,
neuropeptides may be released in substantial quantities and exert their effects over long distances. Still,
this phenomenon seems to be the exception rather than the rule (van den Pol 2012). In sum,
neuropeptides have the potential to act over longer distances and greater time-windows than

neurotransmitters because of the characteristics described above.

1.6.2 Neuropeptides and their receptors

Another contributing factor is that neuropeptides predominantly target GPCRs. These receptors can
amplify signals enabling them to detect the low nanomolar concentrations of peptide, whereas ionotropic
neurotransmitter receptors respond in the micromolar range (van den Pol 2012).

GPCRs are the largest group of membrane proteins and are commonly divided into 5 families: rhodopsin
(family A), secretin (family B), glutamate (family C), adhesion and Frizzled/Taste2. All of these share

their seven transmembrane a-helical segments and influence different intracellular pathways, mediated
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by their interaction with G-proteins (Rosenbaum, Rasmussen, and Kobilka 2009). Neuropeptides can
bind to different receptors expressed by target neurons (e.g. CRH, NPY). They commonly interact with
members of family A and B; (Burcin Duan and Necla Birgul 2018). A detailed description of the
interaction of the neuropeptide CRH with its receptor corticotropin-releasing hormone receptor type 1
(CRHR1), belonging to the class B, and its downstream effects can be found elsewhere (Ries and
Deussing 2020). Still, it has to be mentioned, that GPCR signaling and its effects are highly dependent
on the expressing cell type and the specific neuropeptide-GPCR interaction that is analyzed, as can be
shown by the biological function a single peptide can exert in different contexts. Differential receptor
binding is further promoted by degradation or truncation of neuropeptides by various peptidases

following release (Hokfelt et al. 2000; Wagner et al. 2015).

1.7 Neuropeptides in glia

Neuropeptides, as their name already suggests, have mainly been studied in neurons. Therefore, most of
what we know about them, e.g., their release mechanisms or their biological functions, we have learned
from studies concentrating on neuronal communication. Nevertheless, neuropeptides can also be
expressed and secreted from other cell types, including glial cells (Ubink, Calza, and Hokfelt 2003).

Although, at least in astrocytes, neuropeptide release has been shown to be associated with vesicular
release, glial cells were mainly believed to solely have a constitutive secretory pathway in which
substances cannot be stored and directly released upon stimulation, not comparable to the neuronal
regulated release (Ubink et al. 1994; Krzan et al. 2003). In astrocytes, this view has been revised, because
astrocytes possess some of the hallmarks of regulated exocytosis, like SNARE proteins and exert Ca*"
changes upon stimulation (Vardjan et al. 2019; Hur et al. 2010). Compared to astrocytes, which have
been shown to also form LDCVs, OLs have been mainly connected to micro vesicular or exosome
release (Reiter and Bongarzone 2020). In OPCs this issue has not been properly addressed, yet. In the
following part I will give an overview about what is known about neuropeptide-glia interaction,

prerequisites for glial release and possible functions concentrating on astrocytes and the OL lineage.

1.7.1 Neuropeptide expression in glial cells: The pioneering role of astrocytes

Neuropeptide expression by glial cells was first shown in the late 1990s by Shinoda and colleagues
(Shinoda et al. 1989). In their study, they showed that astrocytes cultured from different brain regions
express a specific set of neuropeptides. Somatostatin was shown to be mainly expressed in cerebellar
astrocytes, whereas enkephalin and proenkephalin were mainly found in cortex, cerebellum and
striatum. Since then, especially astrocytes were shown to express different neuropeptides under distinct
conditions, e.g., during development or following injury (Low, Allen, and Melner 1992; Bunnemann et
al. 1992; Vilijn et al. 1988; Shinoda, Marini, and Schwartz 1992; Fu et al. 2013; Buzas 2002). Still, these

experiments were predominantly performed in vitro and showed either mRNA or protein presence, only.
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Therefore, the function of neuropeptides and astrocytes in vivo, remains unclear. Recent studies suggest,
that neuropeptides are not only expressed by astrocytes but can also regulate physiological processes,

like proliferation of neuronal stem cells, by modulating astrocytic function (Asrican et al. 2020).
1.7.2 Dynorphin and galanin: Neuropeptides and their role in oligodendrogenesis

1.7.2.1 Dynorphin

One of the best studied neuropeptides in the context of glial cells and especially the OL lineage is
dynorphin. Dynorphin A, derived from prodynorphin, is the main variant in the brain and spinal cord
under physiological conditions. Its preferential receptor is the k opioid receptor (KOR). Dynorphin A, a
neuropeptide closely connected to pain, was also found to be elevated following traumatic CNS injuries
like spinal cord injury as early as 4 hpi (Faden et al. 1985; Przewlocki et al. 1988; Yakovlev and Faden
1994). Dynorphin A can exert deleterious effects under supraphysiological conditions, supposedly by
interacting with glutamate receptors and its KO leads to a decrease in caspase positive cells following
spinal cord injury (Adjan et al. 2007). The finding that the inhibition of p opioid receptor (MOR)) and
KOR in pregnant rats by buprenorphine lead to a concentration-dependent effect on MBP levels and
that opioid receptor expression in the severely hypomyelinated JIMPY mice is reduced, connected
opioid receptors to OL pathologies (Sanchez et al. 2008; Eschenroeder et al. 2012; Knapp, Adjan, and
Hauser 2009). Furthermore, KOR activation alleviates disease score in the experimental autoimmune
encephalomyelitis (EAE) model and a KOR agonist was shown to enhance OL maturation (Du et al.
2016; Mei et al. 2016). Just recently, dynorphins KOR-dependent role in stress connected
oligodendrogenesis was shown by Osso and colleagues (Osso, Rankin, and Chan 2021). Their
experiments showed that dynorphin A, released by non-myelinated axons in the striatum, drives
oligodendrogenesis and myelination of surrounding neurons. Furthermore, they imply dynorphin A with

arole in developmental oligodendrogenesis.

1.7.2.2 Galanin

Another neuropeptide that has been connected to the OL lineage is galanin. In an early experiment
investigating the influence of KCl-induced cortical spreading depression on galanin expression in the
murine brain, galanin mRNA upregulation was identified in OPCs (Shen, Larm, and Gundlach 2003).
Besides, an increase of the galanin receptor (GalR1) mRNA was identified in cortical neurons.
Furthermore, galanin positive OPCs were also identified under physiological conditions in different
brain regions (Shen, Larm, and Gundlach 2003). This physiological expression was shown to start
between P2 and P5 and persist up to P40 in the corpus callosum (Shen et al. 2005). Because galanin
overexpression was shown to increase endogenous MBP levels (Lyubetska et al. 2015), galanin’s role
in demyelinating disease was analyzed. Galanin expression was shown to modulate EAE severity with

its overexpression (OE) leading to an attenuation of symptoms and its inhibition or KO increasing
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disease severity without a clear functional explanation (Wraith et al. 2009). The attenuation of
demyelination by galanin OE and its worsening following galanin KO was also shown in the cuprizone
model (Zhang et al. 2012; Gresle et al. 2015). Furthermore, leukemia-inhibitory factor 1 (LIF-1) was
shown to be the main driver of galanin-dependent OL survival in vitro and in vivo. LIF-dependent
upregulation of galanin in OLs following cuprizone treatment was shown by comparison of LIF KO and
WT mice (Gresle et al. 2015).

In sum, dynorphin A and galanin can be seen as examples for how neuropeptides can influence or even
drive physiological processes in non-neuronal cells upon neuronal or non-neuronal release. In the
following we will take a closer look at an extensively investigated neuropeptide which has, at least so

far, not been implicated in the modulation of glial processes.
1.8 Corticotropin-releasing hormone

1.8.1 CRH and its receptors

Mature CRH, also known as corticotropin-releasing factor (CRF), is a 41 amino acid neuropeptide. It
belongs to a family with urocortin 1-3, urotensin-1 and sauvagine (Spiess, Villarreal, and Vale 1981;
Donaldson et al. 1996). It is directly connected to the reaction to stress and expressed widely throughout
the brain. Its two receptors, corticotropin-releasing hormone receptors 1 and 2 (CRHR1 and CRHR2)
are also found in many different tissues throughout the body, including the brain. As GPCRs, CRH
receptors consist of seven a-helical transmembrane domains and signal through heterotrimeric G-
proteins (Perrin and Vale 1999; Hillhouse and Grammatopoulos 2006). The receptors are encoded by 2
different genes and differ in their ability to bind CRH and their other ligands but share almost 70 %
sequence homology. CRHRU1 is the high affinity receptor for CRH and binds to it with a 15 times higher
affinity than to CRHR2 (Hauger et al. 2003; Perrin and Vale 1999). Urocortin 1 binds with a comparable
affinity to both receptors and urocortins 2 and 3 are exclusive ligands of CRHR2 (Hauger et al. 2003).

1.8.2 CRH and its connection to stress

The CRH/CRHRI1 system is a crucial element of the bodies stress response via the hypothalamic-
pituitary-adrenal (HPA) axis. Upon activation of parvocellular neurosecretory cells of the nucleus
paraventricularis of the hypothalamus (PVN) by psychosocial stress, CRH is produced and released into
the portal vasculature. Upon binding of CRH to its receptor CRHR1 in the anterior pituitary,
adrenocorticotropic hormone (ACTH) is secreted into the blood stream. After sensing this hormone,
cells of the adrenal cortex produce and secrete corticosterone into the blood. This steroid has three
general effects: 1) It causes the upregulation of the catabolic metabolism, ii) inhibits the immune system
to increase the amount of energy that can be used for coping with the stressful situation and iii) inhibits
the production and release of CRH and ACTH to prevent an excessive reaction via a negative feed-back

loop (Neil A. Campbell 2009; Mark F. Bear 2009) (Fig. 5). Besides in the PVN, CRH production and
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secretion is also present in other, extrahypothalamic regions, like the extended amygdala, including the
bed nucleus of the stria terminalis, the central amygdala and the lateral part of the interstitial nucleus of
the anterior commissure, the hippocampus, as well as the piriform and prefrontal cortex (PFC)
(Cummings et al. 1983; Swanson et al. 1983; Waters et al. 2015; Chang et al. 2022). Despite the fact
that CRH has been implicated in behaviors relevant for coping with salient environmental stimuli
including arousal, anxiety- and fear-related behaviors involving extrahypothalamic CRH/CRHRI
neurocircuits, many aspects of its function remain elusive (Heinrichs and Koob 2004; Lowry and Moore
2006; Refojo et al. 2011; Fuzesi et al. 2016; Sanford et al. 2017; Dedic et al. 2018; McCall et al. 2015;
Chang et al. 2022). Nevertheless, some general mechanisms have been proposed. CRH is stored in
LDCVs and, therefore, always readily available. Upon the arrival of a stimulus, CRH is released
instantaneously and the expression of Crk starts with the transcription of the primary mRNA within
minutes after the stimulation. Already one hour after the stimulus the level of mature Crh mRNA starts
to increase and the reservoir of the neuropeptide is restored (Aguilera and Liu 2012). It is worth
mentioning that these results were gathered exclusively in the PVN and, therefore, might not translate
to other neuronal populations or even other cell types. Neither the stimuli nor the exact release
mechanism and location, either synaptically or via some way of volume transmission, are fully

understood (van den Pol 2012).
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Figure 5: Central and peripheral actions of CRH. Direct involvement in the stress neurocircuitry with role in arousal,
anxiety and fear-related behavior. HPA axis activation with subsequent corticosterone release from adrenal gland
leading to anti-inflammatory action, increased catabolic metabolism and autoregulation via negative feedback-loop by
downregulation of CRH release in the PVN. Peripheral CRH, its expression sites and target cells. Involvement in wound

healing, immune modulation and interaction with vasculature in the periphery by local release [based on (Ries 2018)].

1.8.3 CRH coding region

The Crh gene comprises two exons separated by one intron dividing the 5’ untranslated region (5’-UTR)
(Fig. 5). The proximal 5’ sequence contains a glucocorticoid response element (GRE), an estrogen
responsive element and a cyclic adenosine monophosphate (cAMP) response element (CRE) (Seasholtz,
Thompson, and Douglass 1988; Malkoski and Dorin 1999; Vamvakopoulos and Chrousos 1993). A
neuron-restrictive silencing element (RE-1/NRSE), potentially represses Cri transcription in non-

neuronal tissue and is located in the intron of the Crk gene (Seth and Majzoub 2001a).
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Figure 6: The rat Crh gene with promoter and flanking UTRs. Abbreviations, CRE, cyclic AMP response element. UTR,
untranslated region. RE-1/NRSE, neuron restrictive silencing element. Bp, base pairs. E1,2: exon 1, 2 [(Ries 2018) based

on (Aguilera and Liu 2012)].

1.8.4 Upstream signalling

Following stress CRH-expressing neurons are activated, which is accompanied by the expression of
immediate early genes like c-fos and the phosphorylation and nuclear translocation of transcription
factors like cAMP response element binding protein (CREB) or mitogen-activated protein kinases
(MAPKSs) like ERK1/2 (Khan et al. 2007; Kovacs and Sawchenko 1996; Weinberg, Girotti, and Spencer
2007) (Fig. 6). Crh transcription is thought to depend on a cAMP/protein kinase A (PKA)-connected
signalling pathway that leads to the recruitment of phosphorylated CREB (pCREB) to the CRE
(Seasholtz, Thompson, and Douglass 1988) (Fig. 6). Crh-expression is regulated by an interaction of
pCREB with the cAMP-dependent transducer of regulated CREB-activity (TORC), wherefore it also
depends on the presence of cAMP. pCREB activity is potentiated by this co-activator. cAMP-increase
inside the cell activates PKA, thereby, inhibiting the phosphorylation of TORC and leading to the release
of TORC from scaffolding protein 14-3-3, by which it is bound under physiological conditions.
Following nuclear translocation, TORC interacts with pCREB and promotes the expression of Crh.
TORC?2 is the most abundant TORC-subtype in the brain and has already been shown to co-localize
with CRH" neurons in the PVN (Liu et al. 2011; Itoi et al. 1996; Aguilera and Liu 2012).
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Figure 7: Upstream signaling pathways controlling Crh expression in PVN neurons. Intracellular increase of cAMP
level (1) in combination with the phosphorylation of CREB (2) is essential for Crh expression. Abbreviations, AC,
Adenylyl cyclase. ATP, Adenosine triphosphate. cAMP, cyclic adenosine monophosphate. PKA, Protein kinase A. SIK,
Salt inducible kinase. TORC, Transducer of regulated CREB activity. CREB, cAMP response element binding protein.
P, Monophosphate. CRE, cAMP response element. CaMK, Ca’'/calmodulin-dependent protein kinase. MAPK,
Mitogen-activated protein kinase. PKC, Protein kinase C [(Ries 2018) based on (Aguilera and Liu 2012)].

1.8.5 Peripheral CRH

Despite its main function in the HPA axis, CRH, released from parvocellular cells in the hypothalamus,
has been proposed to act on peripheral structures because CRHR1 and CRHR2 can be found in different
tissues in the periphery. Since the evidence for central CRH’s ability to cross the BBB is rather weak,
(Martins, Banks, and Kastin 1997), peripheral CRHRs are more likely to be targeted by CRH expressed
in the periphery (Fig. 5).

Indeed, CRH is expressed and released directly in peripheral tissues like the skin, adrenal glands, heart,
spleen, thymus, gastrointestinal tract and other organs (Baigent and Lowry 2000; Dave, Eiden, and
Eskay 1985; Slominski et al. 2001; Webster, Battaglia, and De Souza 1989). Its receptors, were also

identified in these tissues and on different immune cells like granulocytes, macrophages/monocytes, T-
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cells, mast cells and on other cycling or resident immune cells (Mousa et al. 2003; Singh and Fudenberg
1988; Webster et al. 1990). CRHR2 expressed in B cells induces the activation of different signalling
pathways and a decrease in cell viability following CRH administration, in vitro (Harle et al. 2018) (Fig.
5). Peripheral CRH has been implicated in severe skin disease like psoriasis, which is also connected to
mast cell activation (Tagen et al. 2007). CRHR 1" mast cells are activated and start to produce and release
VEGF which increases the vascular permeability, following CRH administration (Theoharides et al.
1998). Whether CRH-mediated activation also leads to degranulation, release of tryptase, histamine, IL-
6, IL-3, TNFa or other mast cell activation markers remains unclear. Interestingly, mast cells, in addition
to their CRHR1-expression can also express CRH (Cao et al. 2005; Kempuraj et al. 2004). Recent
research concentrated on CRH’s role in the skin, in which it is assumed to be released by local cells, but
also neuronal nerve endings. Since the identity of tissue resident CRH-expressing cells in vivo, has not
been shown conclusively, this issue remains unresolved (Rassouli, Liapakis, and Venihaki 2018;

Rassouli et al. 2011).

1.8.5.1 CRH, CRHRI1 and their influence on brain injury/recovery

Although CRH and its’ receptors have not been studied extensively in the context of brain injuries, there
is evidence that the system might contribute to the brains reaction to certain pathologies. Just recently,
CRH was connected to the brains’ reaction to physical stress as CRH was shown to be upregulated in
the hippocampus following thoracic trauma (Cursano et al. 2021). Moreover, synaptic loss and memory
deficits in this trauma-induced delirium-like syndrome model is prevented by CRHR1 antagonism
(Cursano et al. 2021). CRH has also been connected to the general pathogenesis of ischemic injury
(Lyons, Anderson, and Meyer 1991; Strijbos, Relton, and Rothwell 1994) because Crh mRNA has been
shown to be upregulated directly after stroke (Choi et al. 2001; Wong et al. 1995). Additionally, ischemic
brain injury was shown to be reduced following the administration of CRHR antagonists (Loddick,
Turnbull, and Rothwell 1998; Lyons, Anderson, and Meyer 1991; Mackay et al. 2001; Strijbos, Relton,
and Rothwell 1994). Besides, CRH can influence glial cells, which are a major factor in the brain’s
reaction to injury. Microglia, for example, were found to express CRHR1 and CRHR2. Microglial
activation lead to an upregulation of CRHR1 in vitro (Stevens et al. 2003). The in vitro administration
of CRH led to the proliferation of microglia and the release of TNFo (Wang, Ji, and Dow 2003). But
not only microglia, but also astrocytes were found to react to changes in CRH/CRHR-signaling.
Reduced cerebral injury was shown in CRHR1 deficient mice after focal ischemia and a connection to
a possible expression by astrocytes as well as microglia has been drawn (Stevens et al. 2003). In a more
recent study, the effect of the CRHR1-specific antagonist antalarmin on neuroplasticity, inflammation,
neuroprotection and behavioral recovery following global cerebral ischemia was tested. Results indicate,
that CRHR1 blockade has beneficial effects on behavioral as well as cellular recovery and decreases

GFAP, IBA1 and TNFa levels (de la Tremblaye et al. 2017a). In general, the involvement of CRH in
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the reaction to brain injury and its expression by glial cell types, in particular in vivo, has not been deeply

studied in the past and, therefore, the involved processes and mechanisms are largely unknown.

1.8.6 CRH and its connection to the OL lineage

The interaction between the immune system and the HPA axis, mainly driven by CRH, is commonly
known (Gaillard 1994). Therefore, CRH-mediated activity of the HPA axis was investigated in the EAE
model in Lewis rats (Calza et al. 1997). It was shown that CrA mRNA was reduced in the PVN prior to
the peak of symptoms. No clear conclusion about its effect on EAE pathology was drawn. Later on,
CRH was shown to induce increased cAMP levels in OLs in mixed glial cultures and to promote axonal
outgrowth in primary neurons (Wiemelt, Lehtinen, and McMorris 2001; Yuan et al. 2010). Although a
connection to microglia and OLs is drawn, no direct effect of CRH on these cells is described. In sum,
it is not known, whether CRH is directly involved in processes connected to the OL lineage (Long et al.

2021b).

1.9 How to target CRH and CRHR1 in vivo

Targeting CRH or its receptor CRHR 1, has proven to be difficult. CRH is, as typical for a neuropeptide,
packed in LDCVs and transported along the cellular processes, which makes soma staining difficult.
CRHRI is a GPCR, which has already been shown to have a relatively low expression in vivo (Chang
et al. 2022). Additionally, the limited availability to or the total lack of properly working antisera
contributes to their low accessibility. The best performing antiserum against CRH, raised in the 1980s
in the Vale lab, is limited in its accessible amount and can only be used for certain applications, but not
for brain wide screens (Bloom et al. 1982; Itoi et al. 2014). A suitable antibody against CRHRI1 is not
available (Refojo et al. 2011) and, although methods like RNA-scope are an alternative, whole brain
analysis are not possible for the majority of research groups. The cheaper alternative in-situ
hybridization limits or even prevents the combination with other immune stainings. Therefore, research
in the field has turned towards using transgenic mouse models to study the CRH/CRHR1 system. In the

following I will give a short overview over the most commonly used models.

1.9.1 Site-specific recombinases (SSRs)

The accessibility of DNA modulatory systems has increased massively in the past decades. Already in
the 1980s, researchers found and characterized a protein derived from a P1 bacteriophage that would
change science forever. This protein was the cyclisation recombinase (Cre). This 38.5 kDa protein is
able to recognize specific sites within its own genome called locus of cross over X of P1 (loxP) sites
and recombine them with each other (Sternberg and Hamilton 1981; Hoess, Ziese, and Sternberg 1982).
Following its identification and characterization it was first transferred and implemented into

mammalian cells and later used to alter the murine genome (Sauer and Henderson 1988). The integration
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of loxP sites around a gene/region of interest, and the subsequent recombination causes the excision and
KO of the enclosed region or gene. This scientific milestone improved genetic manipulation and enabled
the cell type-specific delivery of genetic alterations, by driving Cre with a cell type-specific promoter.
In combinations with the plethora of different reporter proteins discovered later on, the staining-free
labeling of cell populations within the living organism is nowadays a common approach. The later
implementation of other recombinases like FLP, with its FRT sites for recombination, and its
combinatorial use with the Cre/lox system increased the specificity even further (Dymecki and Kim
2007; Broach, Guarascio, and Jayaram 1982; Pan, Clary, and Sadowski 1991; Rodriguez et al. 2000).
Today, these systems are used for cell type-specific gene KO or the insertion of transgenes encoding
reporters, sensors or effector molecules enabling the manipulation and visualization of molecules, cells
and circuits (Deussing 2013). To use different SSRs in a combinatorial fashion, their exact spatial and
temporal expression patterns need to be known and, thus, have to be characterized in detail (Zhao et al.

2023).

1.9.2 CRH reporter models

Due to the previously described difficulties in visualizing CRH in vivo, extensive efforts have been
undertaken to access this population of cells by developing CRH reporter lines. First models were
generated by random insertion into the mouse genome using classical (Keegan et al. 1994) or large
bacterial artificial chromosomes (BAC)-based constructs to insert the complete 8.7 (Alon et al. 2009;
Sarkar et al. 2011) or a shortened 3 kb promoter region (Martin et al. 2010). These reporter lines did not
fully recapitulate the endogenous expression pattern of CRH and also showed ectopic expression in
regions where CRH endogenously was not present (Keegan et al. 1994; Alon et al. 2009; Martin et al.
2010). Therefore, currently used models are mainly based on Knock-in of Cre into the Crh locus
(Taniguchi et al. 2011; Itoi et al. 2014; Kono et al. 2017). This approach has been proven to be superior
in its capacity to generate reliable and reproducible reporter and Cre expression. As the expression of
CRH within the CNS is rather heterogeneous, including different neuronal subpopulations, the use of
additional recombinases, like FLP, to precisely target these different populations seems beneficial. The
currently used CRH-FIpO line (Salimando et al. 2020), also a knock-in line, was deeply characterized
only recently (Zhao et al. 2023). These SSR-driven models are supplemented with direct insertions of
reporters into the CRH locus, which enable the direct visualization of up and downregulation of the Cri

gene under different circumstances (Kono et al. 2017).
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Abstract

The function of neuropeptides and their receptors in oligodendrocyte progenitor cells (OPCs) has largely
been overlooked so far. Here, we describe a novel neuropeptide system in OPCs, formed by the
corticotropin-releasing hormone (CRH) and its type 1 receptor (CRHR1). First, we discovered CRH
expression in a subpopulation of OPCs, which possess a high capacity for differentiation into
oligodendrocytes. Immediate de novo expression of this stress-related peptide is among the earliest
reactions to injury reported so far. Furthermore, we identified CRHR 1-expressing astrocytes and OPCs
as CRH targets. Functionally, we show that excessive CRH elevates the activation state of astrocytes
after acute injury in a CRHR1-dependent manner and that the inhibition of CRH/CRHRI1 signaling in
both OPCs and astrocytes amplifies the generation of oligodendrocytes. Altogether, our findings
delineate a novel CRH/CRHR1 system involving OPCs and astrocytes regulating oligodendrocyte

generation, implying that neuropeptides play a vital role in regenerative processes following acute brain

injury.
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Introduction

In recent years, oligodendrocyte progenitor cells (OPCs), also known as NG2-glia, have attracted
increasing attention in connection to the brain’s reaction to damage and subsequent regenerative
processes. OPCs are the main source of myelinating oligodendrocytes (OLs) and have been widely
accepted as the fourth major glial cell type of the central nervous system (CNS)! 3. Upon acute injury,
OPCs proliferate and migrate towards the injury core* > ¢. OPCs’ potential for OL regeneration after
cortical injury has been shown to be diverse and their function in regeneration beyond
oligodendrogenesis remains elusive® 7 8, In regeneration, but also in development and adulthood,
oligodendrogenesis is an inefficient process characterized by an overproduction of premyelinating OLs,
of which only a fraction reaches the mature stage® '* . Although the exact mechanisms are still under
investigation, oligodendrogenesis and myelination have already been shown to be dependent on
neuronal activity but are also influenced by G protein-coupled receptor signaling and by the interaction
with other cell types or extracellular matrix components!® 121314,

The corticotropin-releasing hormone (CRH) is a 41 amino acid neuropeptide expressed in neurons
throughout the brain, where it is stored in large dense core vesicles. Together with its high affinity G
protein-coupled receptor CRH receptor type 1 (CRHR1), CRH orchestrates the neuroendocrine,
autonomic and behavioral stress response!* '°. In the paraventricular nucleus of the hypothalamus, CRH
acts as gatekeeper, controlling the activity of the hypothalamic-pituitary-adrenal (HPA) axis regulating
the release of glucocorticoids as prime effectors of the stress response!”. In addition to its role in HPA
axis regulation, CRH has been implicated in behaviors relevant for coping with salient environmental
stimuli including arousal, anxiety- and fear-related behaviors involving extrahypothalamic
CRH/CRHRI neurocircuits'® 1% 20- 21. 22, 23.24. 25 ' Beyond its extensively studied role in modulating the
response to psychosocial stressors, the CRH/CRHR1 system has anecdotally been reported to affect the
brain’s reaction to physical damage. Previous studies reported that genetic inactivation of CRHR1 or
administration of specific antagonists alleviated ischemic brain injury. However, the underlying
processes and involved cell types remained unclear?®?’.

In this study, we discovered the presence of a CRH/CRHRI1 system in OPCs. We show that CRH is
expressed by a subpopulation of OPCs following acute injury and subsequently acts in a CRHR1-

dependent manner as a modulator of astrocyte activation and OL generation.
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Results

De novo expression of CRH in a subpopulation of OPCs in response to acute brain injury

To investigate the distribution and connectivity of CRH-expressing neurons in the murine brain,
stereotaxic injections of fluorescent retro-beads were performed in the ventral tegmental area (VTA) of
CRH-Cre::Ai9 reporter mice, in which CRH expression is reported via tdTomato (Fig. 1la,
Supplementary Table 1). Analyzing injected brains, we consistently observed an aggregation of
tdTomato" cells with non-neuronal morphology in close proximity to the injection site (Fig. 1b). Since
the involvement of CRH in the reaction to brain damage was largely unknown, this intriguing
observation demanded further investigation. First, we assessed whether de novo CRH expression upon
acute injury represents a global phenomenon that can be triggered by acute stab wound injury without
substance injection. To this end, stab wounds, using a Hamilton cannula, were inflicted on three different
brain regions of CRH-Cre::Ai9 mice: i) prefrontal cortex, ii) striatum, and iii) midbrain (MB). In all
regions, the appearance of tdTomato" cells was observed 3 days post injury (dpi) (Fig. 1¢). To specify
the identity of the newly appearing tdTomato™ cells, immuno stainings for different glial (GFAP, Ibal
and NG2) and neuronal (NeuN) markers were performed (Fig. 1d, Supplementary Fig. 1a-c). Non-
neuronal tdTomato" cells around the injury site only showed co-localization with the oligodendrocyte
progenitor cell (OPC) marker NG2, specifying these cells as OPCs (Fig. 1d). Using the intersectional
reporter mouse line CRH-FIpO.:NG2-CreERT2::4i65 in which co-expression of CRH and NG2 triggers
the expression of tdTomato in a FlpO- and Cre-dependent manner, CRH expression in OPCs was
confirmed (Fig. 1e,f, Supplementary Table 1). However, tdTomato is continuously expressed after the
excision of the floxed transcriptional terminator. Thus, the Cre/lox system reports CRH expression only
indirectly and in a fate mapping manner. To have a direct measure of CRH expression upon acute injury,
we used combined immunostaining against CRH and the OPC specific marker PDGFRa showing clear
co-localization in several cells surrounding the injury site (Fig. 1g,g”). Characteristic for a neuropeptide,
CRH was localized in vesicular structures throughout the PDGFRa" cells. Lastly, we demonstrate CRH
expression also on the mRNA level by double in-situ hybridization using riboprobes against Crk and
Pdgfra (Fig. 1h). Intriguingly, CRH-expressing OPCs could only be identified under injury conditions
but not in naive mice. In summary, we demonstrate that CRH is indeed expressed by OPCs in the brain

as a reaction to acute injury.
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Fig. 1: Identification of CRH-expressing OPC subpopulation. a, Graphical illustration of the CRH-Cre::Ai9

reporter mouse model. b, Injection site of fluorescent beads and needle tract (framed by white dotted lines) with
aggregation of tdTomato™ cells around the injury site. Scale bars, 100 um. ¢, Aggregation of CRH-expressing
(tdTomato™) cells around injury sites in prefrontal cortex (PFC), striatum and midbrain (MB) in CRH-Cre::Ai9
mice. Scale bars, 1000 pm (overview), 50 um (close up). d, Immuno staining for NG2 at the injury site in CRH-
Cre::Ai9 mice, showing co-localization with tdTomato. Scale bar, 10 pm. e, Graphical illustration of intersectional
reporter mouse line CRH-FIlpO::NG2-CreERT2::4i65 for monitoring CRH/NG2 co-expression. f, Confocal
images of CRH-expressing (tdTomato™) cells at injury site at 3 dpi stained for NG2. Scale bar, 50 um. g, Confocal
image of combined CRH/PDGFRa staining showing co-expressing cells around the injury site at 24 hpi. Scale bar,
50 um. g’, Magnification of CRH/PDGFRa co-expressing cell. Scale bar, 20 um. h, Double in sifu hybridization
at 36 hpi in CRH-Cre::Ai9 mice against Crh and Pdgfra. White arrowhead, Cri/Pdgfra” cell. Black arrowhead,
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Crh*/Pdgfra*. Scale bars, 100 um (overview), 200 pm (close up), 20 um (smaller inset). For images a-f: White

arrowheads indicate cells or structures. Yellow arrowheads indicate co-localization of two markers.

Dynamics of CRH-expressing OLCs are distinct from the whole population of OLCs

To interrogate the population dynamics of CRH-expressing oligodendrocyte lineage cells (OLCs), we
first focused on their proliferative capacity and analyzed changes in their cell number after injury. CRH-
Cre::Ai9 mice were subjected to stab wound injury in the midbrain and sacrificed at 1, 2, 3, 7, 14, 23,
69 or 128 dpi (Fig. 2a). tdTomato/Olig2" cells were quantified in a 300 um radius around the wound
center with 50-100 pm medio-lateral resolution (Fig.2a, Supplementary Method 1a-c). The
quantification in the whole area revealed a considerable increase of tdTomato"/Olig2" cells between 2
(14 £ 8.13/ mm?) and 7 dpi (168 + 27.85/ mm?) followed by a significant decrease until 128 dpi (55 +
6.56 cells/ mm?) (Fig. 2b). Also, when restricting the analysis to the first 50 um around the wound
center, dynamics were comparable. The density of tdTomato"/Olig2" cells, however, was considerably
higher (614 + 87.62 cells/mm?). The medio-lateral distribution of CRH-expressing OLCs over time,
depicted in the heatmap, shows their initial appearance within the entire area of analysis (0-300 um
distance) (Fig. 2¢). Gradually, the majority of cells aggregated at the inner parts of the wound and the
number of tdTomato/Olig2" cells at more distant sites decreased (Fig. 2¢). These findings raised the
question whether the increase in tdTomato/Olig2* cells was caused by de novo expression of CRH in
an increasing number of independent cells or by proliferation of a starter population of CRH-expressing
OPCs passing tdTomato expression to their progeny. Indeed, tdTomato/Olig2” cells did not only show
de novo expression of CRH but also co-expression of the proliferation marker Ki67 (Fig. 2d).
Quantification revealed that, while at 2 dpi the vast majority of Olig2*/tdTomato" cells were Ki67" (98
+ 1.75%), the proportion of co-expressing cells dropped significantly until 7 dpi (18 £ 2.31%) (Fig. 2e,
Supplementary Fig. 1d). To assess the size and dynamics of the CRH-expressing OLC subpopulation
in relation to the entire OLC population, we first determined the total number of Olig2* cells around the
injury site. We detected a strong increase between 1 (1310 + 71.20 cells/ mm?) and 7 dpi (2564 +
94.86 cells/ mm?), which slowed down but persisted until 128 dpi (3195 + 165.6 cells/ mm?) (Fig. 2f).
Next, we investigated the proportion of tdTomato/Olig2" cells of all Olig2" cells, detecting a steady
increase until 7 dpi in the whole area (6 + 0.58%) as well as in the first 50 pm (15.67 £ 0.67%)
(Fig. 2g,h). Unlike the whole population of Olig2" cells, we observed a decline of tdTomato/Olig2"
cells until 128 dpi in the whole area (2.33 + 0.67%) and in the first 50 um (6.67 + 2.40%) (Fig. 2g,h).
The number of cells on the contralateral side remained stable over the whole course of the experiment
(Fig. 2i). In sum, these results demonstrate that the increase in CRH-expressing OPCs’ cell number is
caused by the de novo appearance of CRH-expressing OPCs and by a typical OPC-like proliferative
response to acute injury. It further confirms that their dynamics are distinct from the whole OLC
population with regards to their subsequent maintenance, potentially caused by their high maturation

rate.
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Fig. 2: CRH* OLCs dynamics differ from the general OLC population. a, Representative confocal images of
CRH-Cre::Ai9 mice at 2, 3, 7 and 23 dpi stained for Olig2, showing co-localization of tdTomato and Olig2. Scale
bar, 10 um. b, Left: Quantification of Olig2*/tdTomato™ cells at + 300 um around the injury site. Significant
changes in cell numbers over time were observed (One-way ANOVA: F7 21y= 11.37, p < 0.0001) with a significant
increase between 1 and 7 dpi (p < 0.001, 95% C.I. = -239,7, -96,35) followed by a decrease between 7 and 128 dpi
(p=0.007, 95% C.I. = 40.55, 183.9). Right: Quantification of Olig2*/tdTomato" cells at =50 um around the
injury site. Significant changes could be observed in cell numbers over time (One-way ANOVA: F¢7 2= 10.27,
p <0.0001) with an increase between 1 and 7 dpi (p < 0.0001, 95% C.I. =-909.2 , -318.7) followed by a decrease
between 7 and 128 dpi (p=0.0158, 95% C.I.=47.3, 637.8). ¢, Heat map showing the number of
Olig2*/tdTomato™ cells in spatio-temporal resolution. d, Confocal image of Ki67 staining at 2 dpi. Scale bar,
10 um. e, Quantification of Ki67*/tdTomato™/Olig2™ of all tdTomato™/Olig2* cells shows a significant decrease
between 2 and 7 dpi (One-way-ANOVA: F(5,5)=81.16, p <0.0001). f, Total number of Olig2" cells at + 300 pm
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around injury site. Significant increase over time (One-way-ANOVA: Fy 11y="7.169, p=0.0043). g, Significant
change in percentage of Olig2*/tdTomato* cells of all Olig2* cells at +300 um (One-way-ANOVA:
F6, 14)= 8.264, p = 0.0006) and h, at+ 50 pm (One-way-ANOVA: F7, 17y = 7.769, p = 0.0003). i, Quantification of
Olig2* cells in CTRL region on the contralateral side. Ntp = 3-6 mice for all experiments. For all images: Yellow

arrowheads indicate co-localization of two markers. TP, timepoint.

CRH-expressing OPCs mature into myelinating oligodendrocytes

One function of OPCs in the context of brain injury is the regeneration of the OL population®. Therefore,
we investigated the fate of CRH-expressing cells in more detail by evaluating their differentiation
capacity using NG2/0lig2 and CC1/Olig2 double stainings. At the time of their first appearance between
2 and 3 dpi, all (100 + 0%) of tdTomato/Olig2* cells were also NG2* (Fig. 3a) and appeared between
50 and 300 um from the wound center. No co-localization with the OL marker CC1 was found.
Subsequently, the proportion of NG2* cells of the tdTomato*/Olig2" population steadily decreased,
reaching a minimum at 128 dpi (7.67 + 4.10%), while the percentage of CCI1" cells among
tdTomato'/Olig2" cells continuously increased until 128 dpi (76.33 + 3.67%) (Fig. 3b,c). CRH" OLCs
possessed oligodendrocyte-like morphologies and were present in the midbrain as well as in the white
matter (WM) (Fig. 3d). The myelinating character of these cells was confirmed by co-localization with
the myelin proteins CNPase and MBP at 4 months post injury (Fig. 3e). These results indicate that CRH-
expressing OPCs predominantly mature into myelinating oligodendrocytes after acute injury and are
highly stable once integrated (Supplementary Fig. 2). To further substantiate these findings on a single
cell level, we used CRH-Cre::Ai9 and CRH-FilpO::NG2-CreERT2::4i65 mice for repeated in vivo two-
photon imaging. For cortical imaging, a cranial window in combination with an acute stab wound injury
was used. To image WM processes, a cannula was implanted into the cortex, resembling an injury itself.
Using these methods, single cells were identified and followed over several weeks confirming
proliferation (Fig. 3f), movement towards the injury site (Fig. 3g) and the subsequent maturation, as can
be inferred from the morphological changes leading to the characteristic appearance of a myelinating
oligodendrocyte (Fig.3h). On top of that, long-term imaging in the WM of CRH-FIpO::NG2-
CreERT2::4i65 mice (cannula implantation) revealed that immature OLs not functionally integrated at
31 dpi predominantly disappeared, whereas mature oligodendrocytes persisted over the entire imaging
period (Supplementary Fig. 3a-d’’, e-h). Immature premyelinating OLs were discriminated from OPCs
by their round, highly ramified morphology (Supplementary Fig. 3d’’), the high motility of their
processes and the growth cone-like structures along those processes (Supplementary Movie 1,2)%.
OPCs were identified by their typical elongated cell body and the rather slow movement of processes
(Supplementary Movie 3). Taken together, these results show that CRH-expressing OPCs appear under
different injury conditions, proliferate, move towards the injury site and mature into myelinating

oligodendrocytes.
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Fig. 3: CRH* OPCs mature into myelinating OLs. a, Left, percentage of NG2*/0Olig2*/tdTomato™ cells out of
all Olig2*/tdTomato™ cells showing a significant decrease starting between 3 and 7 dpi (One-way ANOVA:
F, 17= 68.5, p < 0.0001). Right, Number of NG2*/tdTomato" cells in spatio-temporal resolution. Ntp = 3-6 mice.
b, Left, percentage of CC1%/0lig2*/tdTomato™ cells of all Olig2*/tdTomato" cells showing an increase starting
between 3 and 7 dpi (One-way ANOVA: F, 17= 68.5, p <0.0001). Right, Number of CC1%/tdTomato" cells in
spatio-temporal resolution. Ntp = 3-6 mice. ¢, Confocal image of Olig2 and CC1 staining at 4 months post injury
in MB. Scale bar, 10 pum. d, Diverse morphology of tdTomato™ cells at 4 mpi in MB (left) and WM (right). Scale
bar, 50 um. e, Confocal images of anti-CNPase and anti-MBP staining showing co-localization with tdTomato™"
cells. Scale bar, 10 um. f, 2-photon image of a proliferating tdTomato™ OPC in WM over the course of 48 h. Scale

bar, 20pum. g, Representative 2-photon images of a cortical injury (white lining: injury site in dura) between 3 and
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7 dpi. Arrowheads (green) indicate cells moving towards wound center. Scale bar, 100 pm. g’ and g”’°,
morphological change of single cell between 3 and 7 dpi. Scale bar, 10 um. h, Representative 2-photon images of
tdTomato® OPCs in one ROI after implantation of hippocampal cannula between 3 and 21 dpi maturing into
oligodendrocytes. Scale bar, 50 pm. For all images, White arrowheads indicate cells or structures. Yellow

arrowheads indicate co-localization of two markers.

Induction of CRH expression in OPCs is an early response to brain injury

After defining the key properties of CRH-expressing OPCs with regards to proliferation and maturation,
we focused on the injury-induced expression of the neuropeptide CRH itself. To this end, we took
advantage of the CRH-Venus mouse line®. In this mouse line, Venus was inserted in the Crh locus,
which facilitates direct monitoring of CRH expression via the reporter (Fig. 4a, Supplementary Table
1). This enabled us to visualize the distribution of CRH" cells and provided a proxy to assess CRH
expression kinetics as these are directly correlated with the Venus expression driven by the endogenous
Crh promoter. CRH-Venus mice were subjected to stab wound injury and Venus/NG2* cells were
identified around the injury site (Fig. 4a). Furthermore, CRH immune staining showed clear co-
localization of Venus and CRH, validating Venus as a proxy for CRH expression (Fig. 4b). To assess
the expression kinetics Venus*/Olig2* OPCs (at early timepoints Ncruolig2” = Neru ‘N2, Fig. 3a) were
quantified around the injury site at different timepoints between 12 and 168 hours post injury (hpi)
(Fig. 4¢). The first Venus® OPCs were detected as early as 12 hpi, indicating that CRH is expressed as
an immediate reaction to the injury (Fig. 4c). Between 12 (12 + 2.08 cells) and 48 hpi (80.33 +
12.39 cells), the number of Venus-expressing OPCs increased. After 96 (6.67 = 0.88 cells) and 168 hpi
(4.67 £ 1.20 cells) only few cells were traceable, suggesting that Venus and, thus, CRH expression
predominantly occurs within the first 3 to 4 dpi. Of note, at 12 and 24hpi all cells were present as
individual single cells, whereas at 36 (46.25 & 0.94%) and 60 hpi (76.74 + 3.22%), a high proportion of
cells were part of a multiplet, likely emerging from proliferation (Fig. 4d). Indeed, immuno staining
revealed that a large proportion of Venus* cells were also Ki67" but only starting from 36 hpi (39.73 +
2.83%) onwards (Fig. 4e). These results, in combination with the observation that the vast majority of
Olig2*/tdTomato™ cells was Ki67" at 2 dpi (98 + 1.75%) in the CRH-Cre::Ai9 model (Fig. 2¢), indicate

that in the sequence of reactions to injury CRH expression precedes proliferation.

CRHRI1-expressing OPCs and astrocytes are potential targets of OPC-derived CRH

The expression and likely release of CRH from OPCs as an early response to injury raises the question
of potential target cells. The canonical high-affinity receptor of CRH is the CRHR1. Since CRH is
expressed and released at the injury site, we investigated whether CRHR1-expressing glial cells also
occurred in vicinity of the wound. Therefore, we used the CRHRI-Cre::Tau-LSL-FipO::4i9 mouse
model, in which tdTomato expression is activated in all CRHRI1" cells, but selectively deleted from

CRHR1" neurons. Removal of tdTomato from neurons is achieved by CRHR1-Cre-induced FlpO
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expression, which is driven by the Mapt (Tau) promoter. This system allows to reduce the background
caused by neuronal CRHRI1-Cre expression significantly and thereby facilitates the visualization of
CRHR 1 -expressing non-neuronal cells (Fig. 4f, Supplementary Table 1). When analyzing stab wounds
at 3 dpi, we found CRHR1-expressing cells aggregating around the injury site that were identified as
OPCs by NG2 staining (Fig. 4g). To our surprise, CRHR1"/NG2" cells were also present on the non-
injured contralateral site but also throughout the brain under physiological conditions (Fig. 4h). Some
CRHRI1" cells around the injury site did not co-localize with NG2 but were identified as reactive
astrocytes by GFAP staining (Fig. 4i). Similar to CRHR1" OPCs, a smaller number of CRHRI"
astrocytes were also detectable throughout the brain under physiological conditions (Fig. 4j). To better
understand this potential interaction between OPC derived CRH and CRHR1 on astrocytes and OPCs
we first wanted to test whether the CRHR1 expression shown in Cre-driver-based reporter lines still
persisted in adulthood. Since we are still lacking reliable CRHR 1-specific antibodies, we had to choose
other approaches for detection of CRHR1 expression %. To test for the presences of CRHRI in
astrocytes, we used an adeno-associated virus (AAV) which harbors a floxed expression cassette
consisting of a tdTomato linked to a GFP in reverse orientation (Fig. 4k) under the control of the human
GFAP promoter. Injected into the brain of CRHR1-Cre mice, the virus caused tdTomato expression in
GFAP" cells, which was switched to the expression of GFP upon Cre-mediated inversion of the
expression cassette in GFAP*/CRHRI1" cells (Fig. 41,1’). Around the injection site, the majority of cells
was tdTomato" at 14 dpi, but GFP" cells (202.6 + 26.98 GFP") were also present (Fig. 4L1’,m)
demonstrating CRHR1 expression in astrocytes. Because of the lack of OPC-specific promoters we used
two different approaches to validate the expression of CRHR1 in OLCs: i) AAV-mediated reporting of
CRHR1 expression and ii) direct visualization of CRHR1 expression in CRHRI**“** mice. For AAV
mediated reporting we used an AAV harboring a floxed expression cassette consisting of a reverse GFP,
which was injected in CRHRI-Cre mice (Fig. 4n). Upon Cre-mediated recombination the GFP was
expressed under the control of the ubiquitously active cytomegalovirus (CMV) promoter in all CRHR1
expressing cells around the injection site. CRHR 1-expressing OLCs were identified by co-staining with
Olig2 (Fig. 40,0’). To assess CRHR1 expression in OPCs under physiological conditions we took
advantage of the CRHR1“*“** mouse line which is characterized by a knock-in of GFP into the Crhrl
locus, which serves as valid proxy for CRHR1 expression (Supplementary Fig. 4a, Supplementary
Table 1) 2°. Co-staining with PDGFRa showed clear co-localization with GFP-expressing cells of the
WM, identifying these cells as OPCs (Supplementary Fig. 4b,b”).

Taken together, these observations clearly show CRHR1 expression in OPCs and astrocytes, qualifying

them as potential targets of CRH following injury.
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Fig. 4: OPC-derived CRH targets CRHR1* OPCs and astrocytes. a, Graphical illustration of CRH-Venus
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reporter mouse model. Representative confocal images of NG2/GFP co-localization at 12 hpi. Scale bar, 20 pm.
b, Confocal image of GFP-expressing cell at injury site in CRH-Venus mice stained for CRH protein. Scale bars,
20 um (overview), 5 um (close up). ¢, Quantification of GFP*/Olig2* cells around the injury site between 12 and
168 hpi indicate a significant increase between 12 and 48 hpi followed by a significant decrease until 168 hpi
(One-way ANOVA: F(7, 16= 5.765, p = 0.0018). Ntp = 3 mice. d, Percentage of NG2*/GFP" in a multiplet of cells.
Nrtp = 3 mice. e, Quantification of Ki67" cells of all GFP*/Olig2* cells. Ntp = 3 mice. f, Graphical illustration of
CRHRI-Cre::Tau-LSL-FIpO::A4i9 mouse model. g, Confocal image of NG2 staining around the wound and h, at
the uninjured contralateral side at 3 dpi identifying cells as CRHR1-expressing OPCs. Insets, co-localization of

tdTomato and NG2. Scale bars: 100 pm (overviews), 10 um (insets). i, Confocal image of GFAP staining of
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tdTomato™ astrocyte at injury site. Scale bar, 10 pm. j, Confocal image of S100f staining of tdTomato™ cells under
physiological conditions. Scale bar, 10 pm. k, Graphical illustration of injected AAV construct and CRHRI-Cre
mouse line for the confirmation of CRHR1 expression in astrocytes. I, Overview of AAV injection site. Yellow
arrow heads: GFP- (CRHR1") expressing cells. White arrow heads: tdTomato- (CRHR1) expressing astrocytes.
Scale bar, 100 um. I’, Confocal image of tdTomato’/GFP*/GFAP" astrocyte at injury site confirming co-
localization of markers. Scale bar, 50 um. m, Quantification of total number of GFP*/tdTomato", GFP*/tdTomato"
and all GFP" astrocytes around the injury site. N = 6 animals. n, Graphical illustration of injected AAV construct
and CRHRI-Cre mouse line for the confirmation of CRHR1 expression in OPCs. 0, Overview of AAV injection
site. Yellow arrow heads: GFP- (CRHR1") expressing non-neuronal cells. White arrow heads: GFP- (CRHR1)
expressing neuronal cells. Scale bar, 50 pm. o’, Confocal image of GFP*/Olig2" OLC at injury site confirming co-
localization of markers. Scale bar, 20 um. White arrowheads indicate cells or structures. Yellow arrowheads

indicate co-localization of two markers.

CRHRI1" OLCs are distinct from CRH* OLCs and increase their population with age

The identification of CRHR1-expressing OPCs surrounding the injury site raised the question whether
the CRH/CRHRI1 system identified in OPCs is of autocrine or paracrine nature, i.e., whether ligand and
receptor are co-localized or exist in distinct OPC populations. To address this question, we used
intersectional CRH-FIpO::CRHRI-Cre::Ai65 reporter mice in which CRH-CRHRI1 co-expression is
visualized via tdTomato (Fig. 5a, Supplementary Table 1). Indeed, tdTomato" cells were found to
surround the injury site at different timepoints (Fig. 5b), suggesting that CRH- and CRHR1-expressing
OPCs overlap. To quantify the overlap, we took advantage of a mouse model enabling the parallel
visualization of CRH and CRHR1 expression by separate reporters. To this end we used the CRH-
FlpO::CRHRI-Cre::Ai65F::Sunl-GFP mouse line in which CRH expression is reported by tdTomato
and CRHRI expression by GFP fused to the nuclear membrane localization marker Sunl (Fig. Sc,
Supplementary Table 1). TdTomato” (CRH)/GFP" (CRHR1) cells were identified around the injury
site, but little overlap of reporter gene expression was observed. The quantification of tdTomato™ cells
co-expressing GFP revealed an overlap of 4.9 £+ 0.49% (Fig. 5d,e), thereby clearly separating the CRH
and CRHR1-expressing populations of OPCs. To further assess the potential role of CRHR1-expressing
OLCs under physiological conditions we quantified their number at different postnatal timepoints (P8,
1.5, 3 and 5 months) in CRHRI-Cre::Tau-LSL-FIpO::Ai9 mice. CRHR1-expressing OLCs were found
at all ages (Fig. 5g-j). Firstly, the total number of CRHR1-expressing OPCs was quantified at all
timepoints in the cortex (CX), WM including corpus callosum, capsule and anterior commissure as well
as in the MB. The number of CRHR 1-expressing OPCs increased over time, showing a significant gain
between 3 and 5 months in the CX (2.61 + 0.96 to 19.67 + 3.54 cells/ mm?) and MB (9.78 £ 2.13 to
28.44 + 8.30 cells/ mm?) (Fig. 5k,l). This resulted in a significant increase in the percentage of
tdTomato” OPCs of all OPCs in the CX (1.88 + 0.35 to 7.07 £ 1.44%) and MB (4.36 £ 0.87 to 10.42 +
2.64%) but not in the WM (2.09 = 0.89% to 4.81 £ 0.39 %) between 1.5 and 5 months (Fig. 5Sm). In
addition, we quantified the total number of tdTomato*/Olig2™ cells, which differed between distinct
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brain regions and ages. In the CX, the cell numbers were lowest at all timepoints, while the numbers in
WM and MB were comparable at 1.5 and 3 months. Generally, the number of tdTomato"/Olig2" cells
significantly increased towards 5 months of age, which was more pronounced in the WM (100.70 +
37.35 to 362.78 £ 95.95 cells/mm?) than in the MB (124.06 + 19.62 to 217.5 + 33.17 cells/mm?)
(Fig. 5k,n). Since the number of OLs increases with age, we examined whether the increase in CRHR1"
OLCs was comparable to the whole population of OLs*’. We quantified the total number of Olig2" cells
(Supplementary Fig. 4¢) and calculated the percentage of CRHRI1'/Olig2" cells, which indeed
significantly increased in WM and MB over time (Fig. 50). This increase in the proportion of
CRHR17/01ig2" cells suggested that CRHR1" OLCs increased their number at a higher rate than the
population of CRHR1- OLCs, implicating that the CRHR1" OPC subpopulation may play an important
role in adult OL maturation and potentially also myelination.

Therefore, we analyzed whether the CRHR1" OPC population showed co-expression of GPR17, a
marker closely connected to maturation processes in OPCs% 31 32 33
CRHR17/GPRI17" cells was performed in CRHRI-Cre::Sunl-GFP mice, in which CRHR1 expression
is again reflected by nuclear GFP expression. It revealed that 42.73 + 5.41% of GPR17" cells with a

. The quantification of

strong GPR17 expression in the MB were also CRHR1" (Supplementary Fig. 4d). The majority of
CRHR17/GPR17" cells with a highly ramified morphology was PDGFRa™ (89.30 + 1.32%), classifying
these cells as later stages in OPC development (Supplementary Fig. 4e,g). These findings are in line
with previous results showing that high expression of GPR17 is present in immature or premyelinating,
PDGFRa, OLs*. The fraction of CRHR 1-expressing cells among PDGFRa" cells was comparable (9.73
+ 1.18%) to the percentage of CRHRI" cells previously found within the NG2* population in
CRHRI-Cre::Tau-LSL-FipO::A4i9 mice (10.42 + 2.64%) (Fig. Sl,m), independently confirming these
results. Whether CRHR 1" cells represent a subpopulation of GPR17" cells or the co-expression of these

markers occurs only under certain conditions, remains to be examined.
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Fig. 5: Quantification and characterization of CRHR1" OLC population. a, Graphical depiction of CRH-
FipO::CRHRI-Cre::Ai65 reporter mouse model. b, tdTomato”/NG2™ cells at injury site at 3 dpi demonstrating co-
expression of CRH and CRHRI. Scale bar, 20 pm. ¢, Graphical illustration of CRH-FilpO::CRHRI-
Cre::Ai65F: :Sunl-GFP reporter mouse model to study the percentage of overlap between the CRH- and CRHR1-
expressing populations of OLCs. d, Confocal images of injury site in CRH-FIlpO::CRHRI-Cre::Ai65F::Sunli-
GFP mice at 7 dpi showing expression and co-expression of tdTomato (CRH) and SUN1-GFP (CRHR1). Scale
bar, 100 pum. Arrowheads show tdTomato™/Sun1-GFP- (white) and tdTomato*/Sun1-GFP* (yellow) cells. Arrows
show Sunl-GFP*/tdTomato™ cells. e, Quantification of CRHR1*/CRH" of all CRH" cells. N =3 animals. f,
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Graphical illustration of CRHRI::Tau-LSL-FIpO::Ai9 reporter mouse model. g-j, Confocal images showing co-
localization of tdTomato (CRHR1) with NG2 and CC1 at P8 and at 3 months. Scale bar, 20 um. k, Maximum
intensity projections of confocal images of WM at 3 and 5 months of age showing an increase in tdTomato" cells.
Scale bar, 200 um. 1, Quantification of NG2*/tdTomato" cells at 1.5, 3 and 5 months of age in CX, WM and MB
showing significant increase in CX and MB (Two-way ANOVA: time, F(,, 13= 10.34, p=0.001, Ntp = 3 mice).
m, Percentage of NG2*/tdTomato" of all NG2" cells showing significant increase over time (Two-way ANOVA:
time, F, 1= 13.46, p = 0.003, N1p = 3 mice). n, Quantification of NG2*/tdTomato" cells at 1.5, 3 and 5 months
of'age in CX, WM and MB showing a significant increase in WM (Two-way ANOVA: Interaction, F, 18=3.323,
p=0.0333; time, Fp 13=12.19, p=0.0005; region, Fp 15=14.69, p=0.002, Ntp=3 mice). o,
% Olig2"/tdTomato" of all Olig2* cells showing significant increase over time in WM and MB (Two-way
ANOVA: time, F(2, 135= 16.65, p < 0.0001; region, F(», 15= 12.54, p = 0.0004, Ntp = 3 mice). For all images, White
arrowheads indicate cells or structures. Yellow arrowheads indicate co-localization of two markers. For all Two-

way ANOV As, Sidak’s post hoc test, *p < 0.05, ****p < 0.0001.

CRH-induced activation of astrocytes requires CRHR1

After the identification of CRHR1-expressing cells around the injury site as potential targets of OPC-
derived CRH, we investigated the functional impact of the CRH/CRHR1 system on these cell types.
Hence, we first conducted a series of stab wound experiments using gain-of-function (GOF) approaches
involving: i) mice with a conditional brain-wide (CRH-COE™) or, (ii) NG2-restricted (CRH-COE"“?)
overexpression (OE) and iii) local injection of CRH. To analyze potential OLC changes we quantified
the number of OLs (CC17/0lig2*), OPCs (CC17/0lig2"), total number of OLCs (Olig2") and the amount
of OLs of all OLCs (CC1%/01ig2"* of Olig2™). No significant differences were observed between CRH-
injected or OE animals in comparison to respective controls neither at the injury site nor at non-injured
regions (Supplementary Fig. 5, 6). To evaluate the astrocytic response to the injury under conditions
of CRH excess, we quantified the intensity of the GFAP staining as a marker reflecting the activation
state of astrocytes (Supplementary Method 2). CRH-COE“™ or CRH-COE"“? mice did not show any
significant differences with regards to GFAP staining intensity following injury compared to respective
littermate controls (Supplementary Fig. 7a,b). A significant increase in the GFAP intensity was only
found in CRH-injected compared to vehicle-treated mice at 3 but not at 7 dpi (Fig. 6a,b). Accordingly,
the number of GFAP" cells in a radius of 300 um around the injury site at 3 dpi was also found to be
increased (Fig. 6¢). To further disentangle whether this upsurge was indeed based on an actual increase
in astrocyte numbers or caused by an enhanced fluorescent signal per individual cell, we measured the
intensity of random cells around the injury site. This analysis revealed an increased GFAP intensity per
cell at 3 and 7 dpi, suggesting that CRH directly augmented astrocyte activation (Fig. 6d). The effect of
the injection itself on GFAP compared to a sham injury was negligible (Supplementary Fig. 7c,d). To
further characterize the astrocytic reaction to CRH we also quantified astrocytic proliferation by
Ki67/GFAP co-staining, vascular survival/regeneration by CD31 staining and neuronal survival by

NeuN staining. These assessments did not reveal any differences between the conditions
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(Supplementary Fig. 7e-g). The discrepancy in GFAP levels between CRH OE and injection of CRH
is likely caused by a desensitization effect due to long-term exposure before injury and by the rather
moderate overexpression, which in these mouse lines is driven by the Rosa26 promoter. Nevertheless,
these findings raised the intriguing possibility that the previously identified small population of CRHR1"
astrocytes around the injury site (Fig. 4i,L,]’) might mediate the CRH-dependent effects on astrocyte
activation. Next, we investigated whether the differences in astrocytic activation caused by CRH-
injection were indeed CRHR 1-dependent. Therefore, we injected CRH in CRHR%*“*" mice lacking a
functional CRHR1 (Fig. 6e,f, Supplementary Table 1). At 3 dpi, the intensity of the GFAP staining in
WT animals was comparable to the previous experiment, but knockout (KO) animals displayed reduced
astrocyte activation as indicated by attenuated GFAP staining intensity (Fig. 6g,h). Using vimentin as
another activation marker, we confirmed that astrocytes in KO mice were indeed less activated following
CRH application at 3 dpi (Fig. 6i). The further analysis of genotype-dependent differences in the
astrocyte activation state by TNFo/Vimentin staining did only show a non-significant decrease in KO
animals and no change in the proliferative response (Fig. 6j,k, Supplementary Fig. 7h).

In summary, these results demonstrate that excessive CRH has a direct and CRHR1-dependent impact

on the activation state of astrocytes but not on the number or maturation of OLCs.
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Fig. 6: CRHRI1-dependent modulation of astrocyte activation state following injury. a, Quantification of
GFAP intensity (mean gray value, MGV) around injury after CRH or saline injection in CRHRI Cre::Tau LSL-
FlpO::A4i9 mice showing a significant increase after CRH injection at 3 dpi (Two-way ANOVA: interaction,
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F(120=5.262, p=0.0328; condition, F20=9.331, p =0.0063, Nsatinerrp = 6, Nicrue = 6). b, Representative
image of GFAP intensity differences around injection site at 3 dpi after saline or CRH injection. Scale bar, 100 pm.
¢, Number of GFAP" cells around the injury site is significantly increased after CRH injection (Two-way ANOVA:
interaction, Fi20=5.262, p=0.0328; condition, F(120=11.29, p=0.0033, Nisuinete =6, Nicrure=6). d,
Intensity of random single cells around the injection site at 3 and 7 dpi after saline or CRH injection showing a
significant increase in single cell intensity after CRH injection (Two-way ANOVA: time, F(40=20.83,
p <0.0001; condition, F(i 0= 44.67, p <0.0001, N:salinerre = 6, N+crure = 6). e, Graphical illustration of CRHR1
KO by GFP Knock-in into Crhrl locus in CRHRI4ESFF mice. f, Overview of horizontal sections of CRHR1 WT
(up) and KO (bottom) mice. White encirclement highlights examples of GFP expression in CRHR1 KO animals
which is not present in WT animals. Scale bar, 1000 um. g, CRHR1-dependency of CRH-effect is shown by
significantly reduced MGV of GFAP intensity around injury site after CRH injection in CRHR1 KO compared to
WT animals at 3 dpi (Two-way ANOVA: time, F(i30=4.811, p=10.0362; genotype, F30= 10.87, p <0.0025,
3 dpi: nwr+cra = 9, Nko+cru =9, 7 dpi: Nwr+cru = 7, Nko+cru = 9). h, Representative image of GFAP intensity
around injection site at 3 dpi after CRH injection in WT or CRHR1 KO animals. Scale bar, 100 pm. i, The effect
on the general activation status of the astrocytes is shown by additionally significantly reduced MGV of Vimentin
intensity around injury site after CRH injection in CRHR1 KO compared to WT animals at 3 dpi (Two-way
ANOVA: time, F(30=8.437, p=0.0068; genotype, Fq30=9.639, p<0.0025, interaction, F(30=7.144,
p=0.012, 3dpi: nwrickn=9, Nkorcru=09, 7dpi: Nwricku=7, Nkoicru=9). j, Quantification of
TNFa'/Vimentin'/mm? around injury site in CRHR1 KO vs WT animals at 3 dpi showing non-significant
reduction in KO animals. N = 7 animals/genotype. k, Confocal images of Vimentin-TNFa co-staining showing
co-expression of both markers. Scale bar, 20 um. For all Two-way ANOV As, Sidak’s post hoc test, *p < 0.05,
ik < 0.0001.

Disruption of the CRH/CRHRI system decreases the OPC population around the injury site

To study the potential consequences of inhibiting the CRH/CRHR1 system following brain injury, we
pursued different loss-of-function (LOF) approaches using the following genetic mouse models: 1)
conditional tamoxifen-inducible NG2-specific CRH KO (CRH"“**?), ii) global constitutive CRHR1
KO (CRHRI1%°"") and iii) conditional tamoxifen-inducible NG2-specific CRHR1 KO (CRHR"?*<¥?)
mice (Supplementary Table 1). Before assessing the effect of global and NG2-specific KOs, the
recombination efficiency following tamoxifen treatment was assessed and shown to be at 66.3 £ 1.6 %
(Supplementary Fig. 8a,b). The analysis of astrocyte activation via GFAP staining revealed that total
GFAP levels were comparable between all different experimental conditions without any significant
differences between KO and CTRL animals (Supplementary Fig. 8c-¢).

In CRH"“**9 mice, the number of OLs at 3 dpi was comparable between cKO and CTRL mice.
Compared to 3 dpi, the number of OLs increased at 7 dpi and cKO mice showed a trend towards a
higher, yet not statistically significant, number of OLs compared to CTRL animals (Fig. 7a). The
number of OPCs around the injury site was significantly reduced in cKO animals at 7 dpi (Fig. 7b,e,f).
Therefore, the proportion of OLs of all OLCs was significantly increased in cKO animals at 7 dpi
(Fig. Tc-f).
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Similar to CRHF'“?<X° mice, the global loss of CRHR1 expression in CRHRI4E°TF led to a significant
reduction in OPCs and also to a higher proportion of OLs of all OLCs at 7 dpi (Fig. 7h,j,k,l), while the
total number of OLs and OLCs was unchanged (Fig. 7g,i). Finally, the selective deletion of CRHR1
from OPCs was insufficient to reproduce previously observed changes, as no genotype-dependent
differences were observed in CRHRIN9*KO mice (Supplementary Fig. 8f-i). The numbers of OLs,
OPCs and OLCs in non-injured regions were similar between all experimental conditions and did not
show significant differences between KO and CTRL animals (Supplementary Fig. 9a-f). These results
suggest an involvement of both CRHR1-expressing OPCs and astrocytes in the OLC-specific changes
observed in CRH/CRHR1-dependent LOF conditions at 7 dpi.
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Fig. 7: CRH/CRHR1 system LOF influences OLC population dynamics after acute injury. a, Number of
CC17/0lig2* cells at 3 and 7 dpi in NG2-specific CRH ¢cKO vs CTRL animals showing a non-significant increase
of CC17 cells at 7 dpi in NG2-specific CRH ¢KO animals (Two-way ANOVA: time, F(1,15= 15.14, p = 0.0014;
genotype, F(1,15=3.76, p = 0.0714, Ncrre 3dpi = 5, Neko 3api = 5, NetrL 7dpi = 5, Nko 7dpi = 6). b, Significant reduction
in the number of CC17/0ligl* cells in NG2-specific CRH ¢KO compared to WT animals (Two-way ANOVA:
time, F(1,15= 12.45, p = 0.003; genotype, F(1,15= 6.3, p = 0.024). ¢, The total number of Olig2™ cells significantly
increased over time (Two-way ANOVA: time, F(,15=15.254, p=0.0368;) but not between conditions. d,
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Percentage of CC1* of all Olig2" cells showing a significant increase in NG2-specific CRH ¢KO compared to
CTRL animals and a general increase over time (Two-way ANOVA: time, F(1,15=23.07, p = 0.0002; genotype,
Fa.,15= 8.078, p = 0.0124). e and f, Representative images of Olig2 CC1 staining in CTRL (e) and cKO (f) animals
showing increased number of Olig2*/CC1- cells in CTRL animals. Scale bars, 50 um. g, Number of CC17/0lig2*
showing no significant difference between conditions (Two-way ANOVA: time, Fq16=130.5, p <0.0001;
nwT 3dpi = 6, Nko 3dpi = 4, Nwr 7dpi = 4, Nko 7api = 6). h, Significant decrease in the number of CC1/0lig2" cells at
7 dpi in global CRHR1 KO animals (Two-way ANOVA: time, F(1,16= 19.84, p = 0.0004; genotype, F(1,16= 6.244,
p = 0.0237). i, Increase of Olig2" cells between 3 and 7 dpi but no significant difference between conditions (Two-
way ANOVA: time, F1,16= 50.61, p <0.0001). j, Significant increase of the % of CC1* cells of Olig2* cells at
7 dpi in global CRHR1 KO animals (Two-way ANOVA: time, F(1,16= 163.3, p <0.0001; genotype, F(1,16= 16.08,
p=10.001). k and 1, Representative images of CC1/0lig2 staining in WT (e) and KO (f) animals showing decreased
number of CC17/0lig2* cells in animals. Scale bars, 50 um. For all Two-way ANOVAs, Sidak’s post hoc test,
*p <0.05, ****p < 0.0001.

CRH/CRHRI system inhibition increases the number of newly formed OLs following injury

Next, we examined whether the reduction of OPCs following CRH/CRHR1 system blockade is caused
by reduced proliferation of OPCs between 3 and 7 dpi or by a faster differentiation rate of OPCs. To
this end, we performed a label retaining experiment using CRHRI**“"* KO mice which were treated
with the intercalating substance 5-Bromo-2’-deoxyuridine (BrdU) within the first week post injury to
label proliferating cells (OPCs). Animals were either sacrificed at 3 or 7 dpi or after a retaining phase at
6 weeks post injury (wpi) (Fig.8a). No significant differences in the total number of BrdU" or
BrdU*/Olig2" cells were found at any of the timepoints analyzed in WT and KO mice (Supplementary
Fig. 9g,h). The quantification of BrdU"/CC17/0lig2" cells showed no significant difference between WT
and KO animals, suggesting equal proliferative activation of OPCs (Fig. 8c). We then quantified the
number of BrdU"/CC17/0lig2" cells around the injury site and found a significant increase in these
newly generated OLs at 7 dpi which was absent at 6 wpi (Fig. 8d). The analysis of the whole population
of CC1%/0lig2" cells within 300 um around the injury site revealed a slight increase in KO animals at
7dpi (Fig. 8e), which reached statistical significance when restricting the evaluation to the inner 150 pm
of the wound. Within this area, the number of CC17/0Olig2" cells was significantly increased in KO
animals (Fig. 8f). The mean difference was twice as high as the difference in BrdU"/CC17/Olig2" cells
suggesting that direct differentiation from OPCs without proliferation and concomitant BrdU integration
contributed to these differences. To further substantiate the observed differences in the total number of
OLs around the injury site we went back to the data gathered in NG2-specific CRH"***? and
CRHR 1Y“**K0 mice at 7 dpi and restricted our analysis to the inner 150 pm around the injury site. In
both cases an increase in the number of CC1%/0lig2" cells in KO animals compared to respective
CTRLs/WTs was visible (Fig. 8g,h). Although these differences were not statistically significant they
are in line with our current model that inhibition of the CRH/CRHRI1 system positively influences OL

generation following injury. Especially, because this effect was not visible in any of the GOF
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experiments (data not shown). To further investigate the influence of the CRHR1 KO on the general
recovery process of the injury, myelination, vascular regeneration and neuronal survival/regeneration
were assessed by MBP, CD31 and NeuN staining. The MBP coverage and intensity was unchanged
between genotypes at 6 wpi (Supplementary Fig. 9i). The total length of CD31" vasculature increased
between 7 dpi and 6 wpi, but did not show any genotype specific difference (Supplementary Fig. 9j,k).
In contrast, the number of NeuN" cells was significantly higher in KO animals compared to WT at 7
dpi, but not at 6 wpi (Supplementary Fig. 91,m). This result hints in the direction that the reduced
CRH/CRHRI1 system signaling not only lead to a significant increase in newly formed OLs, but also to
an improved short-term survival of neurons. Subsequently, we investigated the influence of the
CRH/CRHRI1 system on the generation of newly formed OLs under physiological conditions in the
WM. CRHRI1**°FF mice were treated with BrdU for 2 weeks, followed by a 3 week-period without BrdU
before sacrifice (Fig. 8i). None of the analyzed BrdU*" OLC populations showed a significant difference
between WT and KO mice under physiological conditions (Fig. 8j,k). Thus, the CRH/CRHR1 system
seems to influence rather the speed of OPC differentiation, impairing a fast differentiation at early
timepoints post injury. Accordingly, OPC maturation is faster when this inhibitory drive is released by

blocking the CRH/CRHRI1 system.
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Fig. 8: CRH/CRHRI system regulates early differentiation after injury. a, Experimental scheme of BrdU
label retaining experiment after acute injury. b, Confocal image of BrdU/Olig2/CC]1 staining at 7 dpi showing co-
localization. ¢, Quantification of BrdU*/Olig2*/CC1- cells in 300 um radius around injury site at 3 dpi, 7 dpi and
6 wpi in WT and KO animals showing no significant differences between conditions. d, Quantification of
BrdU*/Olig2*/CC17" cells around injury site showing significantly increased number of newly generated OLs in
KO animals at 7 dpi (Two-way ANOVA: time, F223=77.67, p <0.003; genotype, F23=3.841, p=10.0622,
Sidak’s post hoc test, *p < 0.05, ****p < 0.0001, Nwr 3dpi = 6, Nko 3dpi = 6, Nwt 70pi = 4, Nko 7dpi = 4, NwT 6wpi = 5,
Nko swpi = 4). e-f, Quantification of CC17/0Olig2" cells in whole wound area (e) and within 150 pm (f) showing
significant increase of OLs at 7 dpi within 150 pm (Two-way ANOVA: time, Fi 5= 12, p =0.0035; genotype,
F(1,15=4.316, p = 0.0553, Sidak’s post hoc test, *p < 0.05, ****p < 0.0001,, Nwr 7dpi = 6, Nko 7dpi = 4, NWT 6wpi = 5,
Nko 6wpi = 4). g and h, Quantification of CC1%/0lig2" cells in the first 150 pm around the injury site in NG2-
specific CRH KO (g) and global CRHR1 KO (h) i, Experimental scheme of BrdU label retaining experiment in
naive animals. j, Quantification of BrdU"/ Olig2" cells. k, Quantification of BrdU*/ Olig2*/ CC1" cells showing
no significant differences between WT and KO animals (nwr=4, Nko=6). Yellow arrowheads indicate co-

localization of markers.
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Discussion

Neuropeptides represent a large and diverse group of molecules commonly considered as
neuromodulators, which have been implicated in a wide variety of processes in the CNS. So far, they
have been investigated predominantly in the context of neuronal development and as modulators of
synaptic transmission®> %%’ In our study we identified and characterized a novel CRH/CRHR1 system
in glial cells, in which OPC-derived CRH targets CRHR1-expressing astrocytes and OPCs and
modulates early oligodendrogenesis and neuronal survival. The discovery of CRH expression in OPCs
starting within 12 hpi, thus, preceding proliferation, is to the best of our knowledge, the first in-depth
description of neuropeptide expression in OPCs but also among the earliest reaction of OPCs towards
acute injury described so far.

The injury response of CRH-expressing OPCs in the MB investigated here is in line with those reported
for OPCs in development and adult remyelination with a strong proliferative response between 2 and
7 dpi, a subsequent decrease in population size and increased differentiation’-® !°, Their high maturation
rate of 80%, however, distinguishes them from cortical OPCs, which have been reported to possess a
rather low oligodendrogenic potential following acute injury’. When comparing CRH-expressing OPCs
to all OLCs in close proximity to the injury site a slight difference in their population dynamics is visible,
which could also be explained by their high maturation rate. Enhanced OPC differentiation would
translate into a higher number of premyelinating OLs which do not find a stable connection and therefore
degenerate. This would explain the observed stronger decrease of CRH-expressing OLCs. Whether this
is the only cause for the identified differences or other factors are involved, needs to be clarified in future
experiments. Nevertheless, the presence of OLs generated from CRH-expressing OPCs up to four
months following acute injury highlights their high endurance upon stable integration®°. Interestingly,
CRH-expressing OPCs or thereof derived OLs are not present in the mouse brain under non-injury
conditions. This sparks the question for potential physiological stimuli inducing CRH expression in
OPCs. In this context it is noteworthy that experimental mice in their artificial habitat and social
environment are largely deprived of natural environmental stimuli such as food deprivation, exposure
to predators or activation of the immune system in the context of infections - challenges which might
have an impact on CRH expression in OPCs, independent of brain injury.

Nevertheless, we clearly show that CRH expression is induced by acute injury. The biological effect of
a peptide ligand is mediated and amplified by its respective receptor and activation of downstream
signaling pathways. Accordingly, the number of ligand-expressing cells does not allow to extrapolate a
system’s physiological relevance as is well known from the neuronal CRH/CRHRI1 system in context
of the stress response'®. Therefore, although CRH-expressing OPCs represent only 7 - 15% of the entire
OLCs population around the injury site, the identification of CRHR1-expressing OPCs and astrocytes
in close proximity to the injury site highlights the potential of the system to influence the brains reaction

to injury.

51



We identified CRHR1" OPCs as a separate entity showing only minor overlap with the CRH" OPC
population indicating that CRH/CRHR1 system-related OPCs interact with each other in a previously
unprecedented manner, as no other peptidergic system has been described in OPCs so far. The
implications of this potential interaction were investigated by different LOF and GOF experiments
showing that decreased CRH/CRHRI signaling lead to a significant decrease in OPCs at 7 dpi, which
was later explained by an increase in the number of BrdU" newly generated OLs. The observation that
also the number of BrdU™ OLs in close proximity was increased following CRHR1 KO suggests that the
system affects also direct differentiation. The fact that all LOF experiments, except the NG2-specific
CRHR1 KO, showed comparable effects concerning the number of CC17/01ig2" cells, underscores the
significance of the results. Since the number of newly generated OLs, but also the total number of OLs
was comparable at 6 wpi it is highly likely that the CRH/CRHRI1 system influences OPC differentiation
speed rather than OL maturation. Although the remyelination potential might have been higher at 7 dpi,
the number of stably integrated OLs at 6 wpi did not differ because the demand for remyelination
determined by the extension of the injury site and collateral loss of OLs were also comparable between
genotypes. In contrast to the role of CRHR1-expressing OPCs, the influence of CRHR1-expressing
astrocytes in this context is more complex. CRH injection leads to a CRHR1-dependent increase in
GFAP as well as vimentin expression as shown by injection in WT mice and KO studies, but has neither
a direct effect on astrocytic proliferation, vascular or neuronal survival nor on the OLC population.
Nevertheless, CRHR1 inactivation leads to OLC changes in global but not in NG2-specific CRHR1 KO
mice, implying that CRHR 1" astrocytes play an essential role. Therefore, our data suggest that CRH has
an impact on astrocytic GFAP signaling but only influences the OLC population when CRH/CRHR1
signaling is decreased. This hypothesis is further supported by the finding that the decrease in the
number of TNFa" astrocytes and the parallel increase in short term neuronal survival, detected in
CRHR1 KO compared to WT mice, was not observed in the comparison of CRH and saline injected
WT mice. Therefore, the observed TNFa differences in astrocytes of KO mice rather resemble a
reduction than a missing increase compared to astrocytes of WT mice, which is caused by the absence
of the receptor. Otherwise a comparable decrease of TNFa" astrocytes should also have been observable
in saline injected WT mice. These results are in line with previous reports demonstrating that reduced
astrocytic activation which entails decreased IFN-gamma release is beneficial for OL maturation and
neuronal survival 3 %40 Therefore, CRH/CRHR 1-dependent astrocyte signaling seems to promote a
beneficial environment rather than directly impacting OPC differentiation.

CRHR1-expressing OPCs and astrocytes are also present under non-injury conditions raising the
question for their role in brain physiology. Quantification of CRHR1* OLCs revealed that their number
increased more dramatically than the rest of the OLC population. The growth in the number of CRHR1-
expressing OLCs exceeds the increase in CRHR1-expressing OPCs, suggesting that newly generated
OLs are the source of this increase. Thus, CRHR1" OPCs contribute strongly to the generation of OLs

in the adult mouse brain. The co-localization with the stage-dependent marker and so-called “gate keeper
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of differentiation” GPR17 tightens the connection of this population to adult OL generation. Although,
this appears contradictory to the previous data showing that the CRH/CRHR1 system represents a
stalling mechanism for OPC differentiation, it is not. First of all, the differentiation and generation of
OLs by the CRHR 1-expressing population of OPCs is influenced by more factors than just the CRHRI1.
The high maturation tendency of CRHR 1" OPCs in the adult brain may necessitate the CRHR1 system
to stall premature differentiation only under certain circumstances. Secondly, the comparison of newly
generated OLs in WT vs CRHR1 KO animals under physiological conditions showed that the overall
number of OLs is unchanged under these conditions. We can only hypothesize about potential
conditions, other than acute injury, in which premature differentiation might be stalled in CRHR1"
OPCs. One possible condition could be stress, leading to elevated CRH release from neurons of stress-
related neurocircuitries? *!. Accordingly, recent studies have shown that myelination or the number of
OLs can be altered in stress-related disorders*> * 4, Considering that CRH is well-known as a stress
peptide and for its implication in stress-related pathologies the investigation of the influence of stress
on the CRH/CRHRI1 system in OPCs is an obvious line of future research °.

Together with recent findings that dynorphin released by unmyelinated neurons is essential for OPC
differentiation and myelination'®, our results strengthen the hypothesis that neuropeptides play an
important role in OPC differentiation, potentially involving other glial cell types like astrocytes. Besides,
and in opposition to fast acting neurotransmitters, neuropeptides possess slow release kinetics and
predominantly act via G protein-coupled receptors, making them ideally suited to modulate long-lasting
myelination changes*.

Ultimately, our data not only unravel the CRH/CRHR1 system as an important player in OL maturation
but also point towards the system’s potential as a promising pharmacological target to increase the
remyelination capacity after conditions of demyelination occurring in many neuropsychiatric and

demyelinating diseases but also after traumatic brain injury.
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Online Methods

Animals

All animal experiments and protocols were legally approved by the Ethics Committee for the Care and
Use of Laboratory Animals of the Government of Upper Bavaria, Germany. 2-6 month old mice were
group housed under standard lab conditions (22 + 1°C, 55 £+ 5% humidity) with ad libitum access to
food and water on a 12:12 h light:dark schedule with weekly cage changes. Regular genotyping was
performed by polymerase chain reaction (PCR) analysis of tail DNA. Global and conditional knockouts
and global and conditional overexpressing mice were assigned to experimental groups based on their
genotype. Age matched littermates were used as controls in all experiments. Mice with incorrect injury
or injection were excluded from the experiment. The following mouse lines were used:

CRH-Cre (Crh™!©9%" Jackson Laboratory stock no. 012704)*, CRH-FIpO (Crh™!-'0>/5sab " jackson
Laboratory stock no. 031559)*, CRHRI-Cre (Crhr1™*'© /2 CRH-Venus (Crh™!-"***?; Tau-LSL-
FIpO* NG2-CreERT?2 (Tg(Cspg4-cre/Esrl*)BAkik, Jackson Laboratory stock no. 008538)*, | Nestin-
Cre (Tg(Nes-cre)1KIn, Jackson Laboratory stock no. 003771)*, 4i9 (Gt(ROSA)26Soy"™(AG-dTomatottze.
Jackson Laboratory stock no. 007909)%, Sunl-GEP (Gt(ROSA)26Sor™ CAC-SunlSGEENat  jackson
Laboratory stock no. 021039)"', 4i65 (Gt(ROSA)26Soy™®-(CAG-dTomato)lize ' jackson Laboratory stock no.
021875)%°, Ai65F (Gt(ROSA)?o50rmo-2(CAG-dTomato)ttze - Jackson Laboratory stock no. 032864), CRH'™"
(Cri™M@)5 - CRHRI™™  (Crhr1™*?")2,  CRH-OE (GY{(ROSA)26Sor™! ") CRHRI**""
(Crhr1™*aey20.

The following double and triple transgenic lines were generated in this study by cross-breeding of single
transgenic lines (detailed description included in Supplementary Table 1): CRH-Cre::Ai9, NG2-
CreERT2::4i9, CRH-FIpO::NG2-CreERT2::4i65, CRH-FIpO::CRHRI-Cre::Ai65, CRH" k¢
(CRH""::NG2-CreERT2::  Ai9), CRHRI"*°  (CRHRI'""::NG2-CreERT2), CRH-COE®’
(CRH-COE::NG2-CreERT2), CRH-COE“™® (CRH-COE::Nestin-Cre), ~ CRHRI-Cre:Tau-LSL-
FIpO::A4i9, CRHRI1-Cre::Sunl-GFP, CRH-FipO::Ai65F::CRHRI-Cre.:Sunl-GFP.
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Stereotaxic surgeries

For all experiments requiring stereotaxic surgeries, mice received analgesic treatment prior, during and
after surgery. Animals were anesthetized using isoflurane (CP-Pharma) and placed in a stereotaxic
frame. Acute injury, fluorescent bead, CRH, saline and virus injections, cranial window or hippocampal

cannula implantation was performed as described in the sections below.

Acute injury for CRH" OLC quantification and modulation experiments

After opening of the skin and removal of a bone flap using a dental drill, the syringe was slowly inserted
and removed from the tissue. The following coordinates were used: PFC: AP 2.2, ML 1.0, DV -3.2;
Striatum: AP 1.2, ML 1.5, DV -3.3; MB: AP -3, ML 1.0, DV -4. Injuries were inflicted using a 24-gauge
Hamilton syringe. Injuries for label retaining experiments were performed using a 33-gauge Hamilton

syringe to reduce background for BrdU staining.

Fluorescent bead-, CRH-, saline-, h\GFAP-virus and CMV-GFP-virus injection

For injections, head skin was opened. A bone hole was drilled using a dental drill. The syringe was
inserted. Then, Fluorencent beads (Green Retrobeads™ IX, Lumafluor, 500 nl), CRH (C3042, Sigma,
200 nM in 1 % acetic acid in saline, 200 nl) saline (1 %acetic acid, 200 nl),hGFAP-virus (ssAAV-5/2-
hGFAP-hHBbI/E-dlox-dTomato-EGFP(rev)-dlox-WPRE-bGHp(A); Viral Vector Facility ETH Zurich,
v421, 500 nl) or CMV-eGFP-virus (AAV1/2-CMV-DIO-eGFP, Vector Biolabs, 500 nl) were injected
at a speed of 100 nl/ min with a 33 gauge syringe (Hamilton). After injection was finished, the syringe
was pulled out 1 mm and, after a waiting time of 2 minutes, slowly and finally removed from the tissue.

The following coordinates were used: AP -3, ML 1.0, DV -3.7.

Cranial window implantation with injury infliction

After stereotaxic fixation, a round piece of skin, ~8§ mm in diameter, was removed. Under repeated
application of cold saline to prevent overheating, a round piece of cranial bone was drilled out (approx.
5 mm diameter). A double-edged knife was moved in (DV: -0.8 mm) and out of the brain parenchyma
three times. A drop of sterile saline was applied to the open brain tissue and a 5 mm cover slip was
placed over the opening and subsequently fixed using quick adhesive cement (Parkell C&B Metabond
clear powder L, Quick Base B, Universal Catalyst C). The custom-made head plate was positioned on

top of the head and fixed using Kallocryl (Speiko, liquid component 1609 and powder 1615).

Implantation of subcortical imaging cannula

Preparation and implantation of the subcortical imaging cannula were performed as described before 3.
The cannula consisted of a cylindrical metal tube, 1.6 mm height and 3.5 mm diameter, sealed at the
bottom with a glass coverslip. After stereotaxic fixation of the animals, the head skin was removed.

Under repeated application of cold saline to prevent overheating, a round piece of cranial bone (approx.
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3.5 mm diameter) was gently removed using a trephine. After removal of the bone flap, the cortex was
slowly aspirated using a vacuum pump until the corpus callosum, identified as white matter horizontal
fibers, was exposed. The imaging cannula was gently inserted into the cavity and immediately fixed
using a quick adhesive cement (Parkell C&B Metabond, clear powder L, Quick base B, Universal

Catalyst C). Finally, a custom-made head plate was fixed as described above.

In-vivo 2-photon imaging

2-photon imaging experiments were done using an Ultima [V microscope from Bruker, equipped with
an InSight DS+Dual laser system. We tuned the laser to 1040 nm to excite tdTomato, while 920 nm
laser wavelength was used to image the dura. During imaging, the average power at the tissue did not
exceed 40mW. Animals were anesthetized using isoflurane and fixed under the microscope using a
custom-made head plate holder. We kept the animals’ temperature constant by means of a heating pad
setto 37 °C. Z-stacks were acquired with 2-5 um step size using an Olympus XLPlan N 25x/1.00 SVMP
objective at magnification zoom 1x and 2.38x. We acquired images averaged over 4-16 repetitions per

each imaging plane. For time-lapse imaging, images were acquired every 60 s for 20-30 min.

Experimental setup modulation of CRH/CRHRI1 system in glial cells

For experiments with inducible Cre recombinase lines, recombination was induced by i.p. injection of
TAM two times within the 7 days before injury infliction. For modulation experiments, animals were
injured or injected as described above. Mice were sacrificed at 3 or 7 dpi and analyzed for GFAP
staining intensity, number of GFAP" cells, number of OLs (CC17/ Olig2"), OPCs (CC17/ Olig2"), all
OLCs (Olig2") cells and the percentage of OLs of all OLCs (CC1" of all Olig2" cells).

Label retaining experiment

BrdU 1 mg/ kg was added to the drinking water (1 % w/w sucrose). In case of injury experiments,
treatment started at the day of injury infliction and was sustained for a maximum of 7 days (7 dpi and
6 wpi mice) or until sacrifice (3 dpi). For naive labeling of CRHR1 KO mice, treatment was applied for

two consecutive weeks followed by a retaining time of three weeks.

Cryosectioning

Animals were sacrificed using isoflurane and subsequently perfused with ice cold 1xPBS and 4 % PFA.
After recovery of the brain, it was post fixed in 4 % PFA on ice for 6 h, transferred to 30 % sucrose in
1xPBS. and incubated at 4 °C for 48 h. Brains were frozen on dry ice and cut either coronally or
horizontally in 40 um sections using a cryostat (Leica). Sections were collected in cryoprotection
solution (25 % Ethylene glycol, 25 % glycerol, 50% dH20 in 1xPBS) and stored at -20 °C until further

use. For DISH mice were killed by cervical dislocation. After fast recovery the brain was frozen on dry
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ice and stored at -80 °C until further use.Coronal sections (20 um) were generated using a cryostat

(Leica). After thaw-mounting onto SuperFrost slides, sections were dried and kept at -80 °C.

Immuno fluorescence staining

Immuno fluorescence staining was conducted using different protocols depending on the combination
of antigens of interest. For NG2/ Olig2 and NG2/Ki67 staining, a two-day protocol was performed. In
brief, slices were washed 3x in 1x PBS, followed by blocking in 2 % normal goat serum in 0.05 %
Triton-X100 and 1x PBS. Sections were incubated in primary anti-NG2 antibody at 4 °C under shaking
overnight. After washing, sections were incubated in secondary antibodies for 2 h at room temperature
(RT). After washing, antigen retrieval (AR) was performed in citrate buffer (75 °C, 1 h). After washing,
primary anti-Olig2 or anti-Ki67 antibody was incubated as described before. After washing, secondary
antibody was applied as described before and sections were washed and mounted using Fluoromount-
G™ mounting medium (+/- DAPI, Invitrogen, 15586276).

For CC1/ Olig2, Ki67/ Olig2 and Ki67/ Olig2/ GFP staining, washing was performed followed by AR
as described before. After washing, sections were blocked. Primary and secondary antibody incubation
were also conducted as described before.

For anti-GFP, anti-GFAP, anti-Vimentin, anti-S100p, anti-IBA1, anti-NeuN, anti-MBP, anti-CNPase
and anti-CD31 staining sections were washed and blocked as described above. Primary and secondary
antibody treatment were performed as mentioned above.

For CRH, staining sections were washed and blocked as described before. Primary antibody was added
and sections were incubated for 5 days under shaking at 4 °C. Secondary antibody treatment was
performed as described above.

For BrdU staining, two different protocols were used. Sections were washed and AR was achieved either
with citrate buffer (2.94 g/l, pH 6, 1 h, 75 °C) for injury sites or with HCI (2 M, 10 min, 37 °C) followed
by borate buffer (10 min, RT) for naive brains. After washing sections were blocked and primary and
secondary antibody staining was performed as described above.

For GPR17 staining sections were quenched with H,O, (1 % in dH,O) for 15-30 min. Sections were
blocked and incubated with anti-GPR17 Ab as described above. Secondary antibody staining was
performed using a biotinylated goat-anti-rabbit (rb) Ab for 2 h at RT. After washing horse-radish-
peroxidase (HRP) was applied for 30 min at RT. Samples were incubated in Tyramine solution (stock
1:20 in 1x amplification dilution) for 3-10 min. After washing samples were mounted and covered as
described above.

The following primary antibodies and dilutions were used: rb NG2 (1:200, Merck, AB5320), rb Olig2
(1:200, Merck, AB9610), mouse (ms) Olig2 (1:200, Merck, MABN50), ms APC (CC1) (1:200, Merck,
OP80), rb GPR17 (1:500, Sigma, SAB4501250), ms CNPase (1:1000, Abcam, ab6319), rb MBP (1:500,
obtained from Klaus-Armin Nave, MPI exp. Medicine, Goettingen)*, tb Ki67 (1:500 - 1:1000, Abcam,
Ab15580), rat BrdU (1:500 — 1:1000, Abcam, 6326), rb Ibal (1:500 — 1:1000, Synaptic Systems,
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234013), ms NeuN (1:500, Abcam, Ab13970), rb GFAP (1:500 — 1:3000, Abcam, ab7260), ms S100
(1:500, Sigma, AMAB91038), chicken (ck) Vimentin (1:1000, Merck, AB5733), rb CRH (1:20000,
obtained from Paul E. Sawchenko, Salk Institute, CA.), ck GFP (1:500 — 1:1000, Aves, GFP-1020), rb
RFP (1:500, Rockland, 600-401-379), rat CD31 (1:200, BD Pharmingen™, 550274).

The following secondary antibodies were used: goat anti rb Alexa 488, Alexa 568, Alexa 594 or Alexa
647, goat anti ms Alexa 488, Alexa 568, Alexa 594 or Alexa 647, goat anti rat Alexa 488 or Alexa 568
and goat anti ck Alexa 488.

Double in situ hybridization
DISH was performed as previously described 2 2*. The following riboprobes were used: Crh (5 UTR
t0 Exon 2): 70 to 469 bp of NM.__205769.2, Pdgfra: 1583 to 2434 bp of NM_011058.1.

Image acquisition

Images for quantification of cell numbers and intensity measurements were acquired using an Olympus
VS120 Slide Scanner. For overview and close up acquisition, the 4x or 20x objective was used,
respectively. Exposure times were chosen to yield the best signal to noise ratio and minimal
photodamage. Images were extracted and saved as .tif files.

Qualitative images of cells of interest were taken with a Laser scanning confocal microscope (Carl
Zeiss). 20x water-, 40x and 63x oil-immersion objectives were used. Laser settings were adjusted to
yield the best signal to noise ratio. Images were acquired with 1024x1024 pixel size and a scan speed

between 3 and 7.

Quantification of CRH-expressing OPCs in CRH-Cre::Ai9 mice

A 28 um z-stack with a step size of 3 pm was acquired around the injury site. The counting matrix was
generated with a custom Fiji macro. Cells in the different areas between +/-300 um were counted using
Fiji’s manual counting tool. To generate comparable counts, consistent contrast settings were used for
each quantification.

Quantification of CRHR 1-expressing OLCs at 1.5, 3 and 5 months in CRHRI-Cre::LSL-FIpO::Ai9 mice
After CC1/ Olig2 or NG2/ Olig2 staining was performed, z-stacks (28 pm depth, 3 um step size, | mm?
ROI) were acquired in CX, CC, AC, OT and MB. CC1 and NG2/ tdTomato co-expressing cells were
quantified in the whole ROI. The number of all Olig2" cells was counted in a consistent subregion

(64000 pm?) and upscaled to cells/ mm?.
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Quantification of cells in CRH/ CRHRI1 system modulation experiments

Horizontal sections were imaged as described above. After setting the wound center, the circular
counting matrix with a radius of 300 um and medio-lateral resolution of 50 pm was generated using a
custom macro in Fiji (Supplementary Method 1). Cells were counted with the manual Fiji counting

tool. Consistent contrast settings were used for each quantification.

GFAP and Vimentin intensity measurements
For intensity measurements, a custom macro in Fiji was used. In brief, the GFAP/ Vimentin channel
was extracted from the multi-channel picture, and maximum intensity z-projection was performed. After
thresholding, the average intensity in the area above the chosen threshold (between 100 and 1000 MGV)
was measured (Supplementary Method 2a,b).

Quantification of CD31" vascularization

For preprocessing of images custom Fiji macros complemented with segmentation by the machine
learning assisted image anaylsis tool Ilastik was used. In brief, the preprocessed and z-projected image
was segmented using Ilastik. The segmented binary picture was skeletonized and analyzed using Fijis
built-in Skeletonize (2D/3D) and Analyze-Skeleton (2D/3D) functions. Total length of vasculature was
analyzed from the extracted data (Supplementary Method 2c-f).

Movie annotation
Movies were created based on 2-photon time-lapse imaging using Fiji. Arrows were added using a freely

accessible plugin®®.

Statistical analysis

For statistical analysis, GraphPad Prism 8 was used. One-way ANOVA followed by Bonferroni’s and
two-way ANOVA followed by Sidak’s post hoc test were performed. Values are reported as means
+ standard error of mean (s.e.m.). Statistical significance was defined as P < 0.05. No statistical methods
were used to predetermine sample sizes, but it was based on those previously reported in other

publications” 4. During analysis, experimenters were blinded to experimental conditions.
Data availability
Additional data, supporting the findings of this study are available from the corresponding author upon

reasonable request.

Code availability

All macros used in this study are available from the corresponding author upon reasonable request.
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Supplementary Fig. 1: Identification of CRH-expressing cells at injury site and density of Ki67" fraction. a-
¢, Immuno stainings for NeuN, GFAP and Ibal at the injury site in CRH-Cre::Ai9 mice, showing only co-
localization of tdTomato with NeuN. d, Quantification of Ki67*/Olig2*/tdTomato" cells/mm? at + 300 um around
the injury site showing non-significant increase in the number of CRH-expressing Ki67" cells. Ntp = 3 - 4 mice.
For all images, White arrowheads indicate cells or structures. Yellow arrowheads indicate co-localization of two

markers.
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Supplementary Fig. 2: Population dynamics of NG2*/0Olig2*/tdTomato* and CC1*/Olig2*/tdTomato" cells
following acute injury. a, Quantification of NG2*/tdTomato* cells/mm? at + 300 pm around the injury site.
Significant changes in cell numbers over time could be observed (One-way ANOVA: F7, 17=26.14, p <0.0001)
with a significant increase between 1 and 7 dpi (p <0.001, 95% C.I. = -106.9, -49.48) followed by a decrease
between 7 and 128 dpi (p < 0.0001, 95% C.I. = 43.81, 101.2). b, Quantification of CC1*/tdTomato"* cells/mm? at
+ 300 um around the injury site. Significant changes in cell numbers over time could be observed (One-way
ANOVA: F@723=5.186, p=0.0012 with a significant increase between 3 and 7dpi (p= 0.0081,
95% C.I. =-158.4, -14.90) followed by a non-significant decrease. Between 14 and 128 dpi cell numbers were

constant, Ntp = 3 - 5 mice.
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Supplementary Fig. 3: Not all CRH-expressing OLCs are stable integration. a-d, 2-photon in vivo images of
CRH-expressing OPCs after hippocampal cannula implantation at 31 (a, e), 41 (b, f), 47 (¢, g) and 53 dpi (d, h)
showing disappearance of immature premyelinating OLs with highly motile processes and growth cone like
structures and long-lasting stability of mature OLs. For all images: red arrowheads indicate disappearing cells.
Purple arrowhead indicates persisting cells. Cyan arrowheads indicate stable, myelinating OLs (as judged by

morphology). Scale bars, 100 um (overview), 20 um (close up d’ and d””).
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Supplementary Fig. 4: Characterization and quantification of CRHRI1-expressing OLCs. a, Graphical
illustration of CRHR1%ESFP mouse model. b, GFP-PDGFRa staining in WM of CRHRI12ESF? mice showing
CRHRI1*/PDGFRa" cells. Scale bar, 100 um (overview). 20 um (close up b’). ¢, Quantification of Olig2* cells in
CX, WM and MB at 1.5, 3 and 5 months of age shows no increase in the total number of Olig2* cells. The number
of Olig2™ cells are significantly different between regions and highest in WM followed by MB and CX (Two-way
ANOVA: region, F,15=480.2, p <0.0001, Ntp = 3 mice). d, Maximum intensity projection of confocal image of
GPR17 staining in CRHRI-Cre::Sunl-GFP mice. Scale bar, 100 pum. e, Confocal image of
GPR17*/GFP*/PDGFRa cell, Scale bar, 50 um. f, Quantification of percentage of GFP* of all GPR17" cells. g,
Quantification of percentage of PDGFRo~ of GFP*/GPR17* and of all GPR17* cells. h, Quantification of
percentage of GFP™ of all PDGFRa" cells. For all images, White arrowheads indicate cells or structures. Yellow

arrowheads indicate co-localization of two markers.
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Supplementary Fig. 5: GOF approaches do not influence OLC population dynamics. a-d, Quantification of
CC17/0lig2* (a), CC17/01ig2" (b), Olig2™ (¢) and percentage of CC1* of all Olig2* cells (d) after CRH or saline
injections, (e-h) in brain-wide CRH OE or CTRL animals (CRH-COE™S), and, (i-1), in NG2-specific CRH OE or
CTRL animals (CRH COE::NG2 CreERT2) show no significant differences between conditions, Ntp/Group = 3 - 7

mice.
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Supplementary Fig. 6: Quantification of OLC populations in non-injured region of GOF experiments. a-d,
Quantification of CC17/0lig2* (a), CC1/01ig2" (b), Olig2" (¢) and percentage of CC1" of all Olig2* cells (d) in
non-injured region of CRH injection, brain-wide CRH OE mice (CRH-COE®"S) (e-h), and NG2-specific CRH OE

mice (i-1). Absolute numbers for all populations are comparable between lines, Ntp/Group = 3 - 7 mice.
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Supplementary Fig. 7: Characterization of injury site in GOF experiments. a, Mean gray values (MGVs) of
threshold intensity measurements of GFAP staining in brain-wide CRH OE (a) and NG2-specific CRH OE mice
(b), Ntp/Growp = 4 - 6 mice. ¢, Mean gray values (MGVs) of threshold intensity measurements of GFAP staining in
sham or saline injected WT animals, Ntp = 3 mice. d, Representative images of GFAP staining around sham and
saline injection sites. e, Quantification of Ki67"/GFAP™ cells at 3 dpi in CRHR1-Cre::Tau-LSL-FIpO::A4i9 mice at
3 dpi after saline or CRH injection, N = 6 mice/condition. f, Quantification of length of CD31* vasculature around
injury site of saline vs CRH injected CRHR-Cre::Tau-LSL-FIpO::Ai9 animals at 7 dpi, N = 6 mice/condition. g,
Quantification of NeuN™ cells in the first 150 pm around injury site at 7 dpi in saline vs CRH injected animals,
N = 4-5 mice/condition. h, Quantification of Ki67*/GFAP" cells at 3 dpi in CRHR1 WT or KO mice at 3 dpi after
CRH injection, N = 8-9 mice/condition.
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Supplementary Fig. 8: Validation of NG2-specific CRH KO, OLC quantification and GFAP intensity
measurements in LOF experiments. a, Representative image of tdTomato expression in NG2*/0lig2* cells
following TAM induction in NG2-specific CRH KO (CRHNG2-%K0) animals showing effective Cre induction and
consequent CRH KO. Scale bar, 50 um. Arrowheads indicate recombined OPCs (tdTomato™/NG2*/Olig2")
(yellow) and recombined pericytes (tdTomato*/NG2%/0lig2") (white), arrows indicate not-recombined OPCs
(tdTomato/NG2*/01ig2"). b, Quantification tdTomato™ cells of all NG2/Olig2* cells showing a recombination
efficiency of 66.3 £ 1.6 %. c-e, Mean gray values (MGVs) of threshold intensity measurements of GFAP staining
in NG2-specific CRH KO, global CRHR1 KO (b) and NG2-specific CRHR1 KO (¢), Ntp/Growp = 4 - 9 mice. f-i,
No significant differences between conditions in NG2-specific CRHR1-cKO vs WT animals in number of
CC17/0lig2* cells (Two-way ANOVA: time, Fi 2= 17.77, p = 0.0004, NcTrr 3dpi = 5, Neko 3dpi = 6, NeTrL 7dpi = 7,
Nko 7d¢pi = 8). CC17/0lig2* cells (Two-way ANOVA: time, F(122=29.79, p <0.0001), Olig2* cells (Two-way
ANOVA: time, Fi 2= 8.402, p = 0.0083) and percentage of CC1* of all Olig2* cells (Two-way ANOVA: time,
Fa,22=32.99, p <0.0001).
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Supplementary Fig. 9: Quantification of OLC population in non-injured regions and characterization of

injury in LOF experiments. a-d, Quantification of CC17/0lig2* (a), CC1/0lig2" (b) and in non-injured region
of NG2-specific CRH KO, global CRHR1 KO (e-d) and NG2-specific CRHR1 KO (e-f). Numbers for all
populations are comparable between lines, Ntp/Group = 3 - 8 mice. g-h, Quantification of BrdU" and BrdU*/Olig2*
cells in a 300 um radius around injury site at 3 dpi, 7 dpi and 6 wpi in WT and KO animals showing no significant
differences between conditions. i, Mean grey value (MGV) of threshold analysis of MBP staining at injury site at
6 wpi, N = 5-6. j, Quantification of total length of CD31" vasculature around injury site at 7 dpi and 6 wpi showing
significant increase over time without genotype effect (Two-way ANOVA: time, F(i19=9.346, p =0.0065;
genotype, F(1,19=0.5439, p=10.4699, Nwrt74pi = 6, Nko 7dpi =5, Nwrewpi = 6, Nko ewpi = 6). K, Representative
Confocal image of CD31 staining around injury site at 7 dpi and 6 wpi. Scale bar, 50 um. 1, Quantification of
NeuN" cells within the first 150 pm around the injury site at 7 dpi and 6 wpi showing significant increase in
CRHR1 KO animals at 7 dpi (Two-way ANOVA: time, F(,15=2.920, p=0.1047; genotype, F(1,18=3.795,
p = 0.0672, Nwr 7dpi = 6, Nko 7dpi = 4, NwT 6wpi = 6, Nko 6wpi = 6). m, Representative images of NeuN staining in
WT and CRHR1 KO animals at 7 dpi. Scale bar, 200 um. For all Two-way ANOVAs: Sidak’s post hoc test,
*p < 0.05, ****p < 0.0001.
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Supplementary Table 1: Details of used mouse lines

Mouse line

CRH-Cre::Ai9
NG2-CreERT2::A4i9

CRH-Venus
CRH-FlpO::NG2-CreERT2::4i65

CRH-FIpO::CRHR1-Cre::Ai65

CRHNGZ-L’KO
(CRH"P:: NG2-CreERT2::Ai9)

CRHRINGZ—cKO
(CRHRI1"™?::NG2-CreERT?)

CRH-COEN®?
(CRH-COE::NG2-CreERT?2)

CRH-COE®NS
(CRH-COE::Nestin-Cre)

CRHR IAEGFP

Individual Mouse

Lines

CRH-Cre

Ai9
NG2-CreERT2
Ai9
CRH-Venus
CRH-FIpO
NG2-CreERT2
Ai6S5
CRH-FIpO
CRHRI-Cre
Ai65

CRHonP
NG2-CreERT2
Ai9

CRHR ['oxP
NG2-CreERT2

CRH-COE
NG2-CreERT2

CRH-COE
Nestin-Cre

CRHR]AEGFP

MGI Allele

Crhtml(cre)Zjh
Gt(ROSA)26S0rtm§'(CAG-thamaw)Hze
Tg(Cspg4-cre/Esrl*)BAkik
Gt(ROSA)Z6S01,1m9(CAG-ldTamata)Hze
Crh tml.1Ksak

Crh tm1.1(flpo)Bsab
Tg(Cspg4-cre/Esrl*)BAkik
Gt(ROSA)26SOV’m65' 1(CAG-tdTomato)Hze
Crh'™ 1.1(flpo)Bsab

Crhrl tm4.1(cre)Jde
Gt(ROSA)26SOVIm65' 1(CAG-tdTomato)Hze

Crht™ 1.1Jde
Te(Cspg4-cre/Esrl*)BAkik
Gl(R OSA)26S0’,1m§(CA G-tdTomato)Hze

Crhrl tm2.2J)de
Tg(Cspg4-cre/Esrl *)BAkik

G1(ROSA)26Sor" ™! (CrhvJde
Tg(Cspg4-cre/Esrl*)BAkik

G1(ROSA)26Sor™!(Crh)Jde
Tg(Nes-cre)IKin

Crhrltmljde
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MGI Identifier

MGI:4452089
MGI:3809523

MGI:4819178
MGI:3809523

MGI:6144041

MGI:6116854
MGI:4819178
MGI:5478743

MGI:6116854
MGI:6201420
MGI:5478743

MGI:6201415
MGI:4819178
MGI:3809523

MGI:5440013
MGI:4819178

MGI:3815322
MGI:4819178

MGI:3815322
MGI:2176173

MGI:5294436

Description/ Reporting

tdTomato expression in CRH-expressing cells

tdTomato expression in NG2-expressing cells after
induction by tamoxifen

Venus knock-in into Cr# locus

tdTomato expression in CRH and NG2 co-expressing cells
after induction by tamoxifen

tdTomato expression in CRH and CRHR1 co-expressing
cells

CRH knockout and tdTomato expression in NG2-
expressing cells after induction by tamoxifen; tdTomato
allowed quantification of recombination efficiency

CRHRI1 knockout in NG2-expressing cells after induction
by tamoxifen

CRH overexpression in NG2-expressing cells after
induction by tamoxifen

CRH overexpression in the entire central nervous system

EGFP knock-in into Crhrl locus
Global/constitutive CRHR1 knockout



CRHRI1-Cre::Tau-LSL-FlIpO::Ai9

CRHRI-Cre::Sunl-GFP

CRH-FlIpO::Ai65F::CRHR]1-
Cre::Sunl-GFP

CRHRI-Cre
Tau-LSL-FIpO
Ai9

CRHRI-Cre
Sunl-GFP

CRH-FIpO
Ai65F
CRHRI-Cre
Sunl-GFP

Crhrl tm4.1(cre)Jde
pending
Gt(ROSA)Z6S0rtm9(CAG-thomato)Hze

Crhrl tm4.1(cre)Jde

Gt (R 0SA ) 26So ’,.tm5 (CAG-Sunl/sfGFP)Nat
Crh tml.1(flpo)Bsab

Gl (R 0 S '4 ) 2 6 SO rtm65A2(CA G-tdTomato)Hze/J
Crhrl tm4.1(cre)Jde

Gt (R 0SA ) 26So rtm5 (CAG-Sunl/sfGFP)Nat
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MGI:6201420
pending
MGI:3809523

MGI:6201420
MGI:5443817

MGI:6116854
MGI:6260212
MGI:6201420
MGI:5443817

tdTomato expression in CRHR1-expressing cells; deletion
of tdTomato expression in cells with high MAPT
expression, enrichment of tdTomato expression in glial
CRHR1-expressing cells

GFP expression in nuclear membrane of CRHRI-
expressing cells

tdTomato expression in CRH-expressing cells and GFP
expression in in nuclear membrane of CRHR1-expressing
cells
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CTRL ROI

Coronal section Horizontal section

Supplementary Method 1: Quantification matrices used for wound analysis. a, Coronal overview of acute
injury in MB of CRH-Cre::Ai9 mice. White squares: CTRL region and ROI around injury site. b, ROI around
injury site. ¢, counting matrix generated automatically around center of wound. Subareas from 50 to 300 pm
around injury site. d, Horizontal overview of acute injury in MB of CRH-Cre::Ai9 mice. White squares: CTRL
region and ROI around injury site. e, f, Quantification matrix at 3 dpi (e) and 7 dpi (f). Matrix consist of 6 circles

with radii from 50 to 300 pm.
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Supplementary Method 2: Workflow of threshold intensity measurement. a, Maximum intensity z-projection
of GFAP staining around injury site. Scale bar, 200 um. b, Thresholded image. Red = area with intensity above

threshold (e.g. 1500 mean gray value (MGYV)). Staining intensity was only measured in area above threshold.
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Supplementary Method 3: Workflow of CD31* vasculature quantification. a, Preprocessed image for analysis.
b, Segmented image after processing by Ilastik. ¢, Skeletonized image processed with “Skeletonize (2D/3D)”
function of Fiji. d, Analyzed skeleton application of Fiji built-in function “Analyze-Skeleton (2D/3D)”.
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Abstract

Corticotropin-releasing hormone-expressing (CRH") neurons are distributed throughout the brain and
play a crucial role in shaping the stress responses. Mouse models expressing site-specific recombinases
(SSRs) or reporter genes are important tools providing genetic access to defined cell types and have
been widely used to address CRH" neurons and connected brain circuits. Here, we investigated a recently
generated CRH-FIpO driver line expanding the CRH system-related tool box. We directly compared it
to a previously established and widely used CRH-Cre line with respect to the FipO expression pattern
and recombination efficiency. In the brain, FlpO mRNA distribution fully recapitulates the expression
pattern of endogenous Crh. Combining both Crk locus driven SSRs driver lines with appropriate
reporters revealed an overall coherence of respective spatial patterns of reporter gene activation
validating CRH-FIpO mice as a valuable tool complementing existing CRH-Cre and reporter lines.
However, a substantially lower number of reporter-expressing neurons was discerned in CRH-FipO
mice. Using an additional CRH reporter mouse line (CRH-Venus) and a mouse line allowing for
conversion of Cre into FlpO activity (CAG-LSL-FlpO) in combination with intersectional and
subtractive mouse genetic approaches, we were able to demonstrate that the reduced number of
tdTomato reporter-expressing CRH" neurons can be ascribed to the lower recombination efficiency of
FlpO compared to Cre recombinase. This discrepancy particularly manifests under conditions of low
CRH expression and can be overcome by utilizing homozygous CRH-FIpO mice. These findings have
direct experimental implications which have to be carefully considered when targeting CRH" neurons
using CRH-FIlpO mice. However, the lower FlpO-dependent recombination efficiency also entails
advantages as it provides a broader dynamic range of expression allowing for the visualization of cells
showing stress-induced CRH expression which is not detectable in highly sensitive CRH-Cre mice as
Cre-mediated recombination has largely been completed in all cells generally possessing the capacity to
express CRH. These findings underscore the importance of a comprehensive evaluation of novel SSR

driver lines prior to their application.
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1 Introduction

Genetically engineered mouse models (GEMMs) are potent tools used in neuroscience research and
crucial for understanding mechanisms underlying neurological and psychiatric disorders. Cre-loxP and
FlIp-FRT are site-specific recombinase (SSR) systems widely used in GEMMSs. The combination of Cre-
/Flp-expressing mouse strains with recombinase-dependent reporters or effectors has proven as a
versatile and efficient approach offering a myriad of options ranging from manipulation of gene
expression and cell activity to visualization of molecules, cells and circuits (Deussing, 2013; Luo et al.,
2018; Arias et al., 2022).

Corticotropin-releasing hormone (CRH; also known as corticotropin-releasing factor, CRF) is a
neuropeptide playing a critical role in different aspects of the body’s stress response. CRH in the
paraventricular nucleus of the hypothalamus (PVN) controls the neuroendocrine response by activating
the hypothalamic-pituitary-adrenal (HPA) axis and regulating adrenocorticotropic hormone (ACTH)
secretion from the pituitary which, in turn, triggers the synthesis and release of glucocorticoids from the
adrenal glands as ultimate effectors of the stress response (Ulrich-Lai and Herman, 2009). Parvocellular
CRH neurons in the PVN are localized at the apex of the HPA axis and represent a specialized
subpopulation of excitatory CRH neurons co-expressing the vesicular glutamate transporter 2
(VGLUT?2) (Dabrowska et al., 2013; Romanov et al., 2017; Dedic et al., 2018b).

Beyond the PVN, CRH is widely expressed throughout the brain (Peng et al., 2017). Here, in contrast
to the PVN, CRH is predominantly found in inhibitory neurons expressing GABAergic markers, such
as glutamic acid decarboxylase (also known as glutamate decarboxylase) 65 and 67 (GAD65/GAD67)
(Romanov et al., 2017; Dedic et al., 2018b; Dedic et al., 2019). Inhibitory CRH neurons show a high
degree of morphological and physiological diversity (Wang et al., 2021). For instance, in the cortex,
CRH neurons co-express markers of different subpopulations of GABAergic neurons, such as
vasoactive intestinal peptide (VIP), calretinin (CR), cholecystokinin (CCK) and somatostatin (SOM),
but not parvalbumin (PV) or neuropeptide Y (NPY) (Kubota et al., 2011). In the hippocampus, CRH
neurons were found to be positive for PV, CR and CCK but not for calbindin (CB) or SOM (Gunn et
al., 2019). In subregions of the extended amygdala encompassing the central amygdala (CeA), the lateral
part of the interstitial nucleus of the posterior limb of the anterior commissure (IPACL) and the bed
nucleus of the stria terminalis (BNST), CRH neurons again express a diverse and region-specific set of
GABAergic markers including protein kinase C & (PKC3), SOM, neurokinin B (NKB), neurotensin
(NTS) or CB (Sanford et al., 2017; Dedic et al., 2018b; Chang et al., 2022; Soden et al., 2022). Cortical
and hippocampal CRH neurons possess typical features of interneurons. The extended amygdala,
however, harbors a large fraction of CRH neurons representing GABAergic long-range projection
neurons which co-express calcium/calmodulin-dependent protein kinase 20 (CAMK2A) and innervate
midbrain structures, such as the ventral tegmental area and the substantia nigra (Dedic et al., 2018b;
Chang et al., 2022; Soden et al., 2022). The heterogeneity of neuronal CRH populations suggests a

unique role of these neurons in the regulation of responses to salient stimuli in different brain regions.
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Accordingly, the CRH system has been shown to bidirectionally modulate anxiety- and stress-related
behaviors in dependence of its localization and prior stress experience (Refojo et al., 2011; Lemos et al.,
2012; Dedic et al., 2018b).

As aneuropeptide, CRH is sorted into large dense core vesicles and immediately transported to be stored
at its release sites, making reliable detection of CRH" soma somewhat difficult. Moreover, it is of note
that even with the most efficient antiserum raised against CRH more than 4 decades ago in the Vale lab
(Bloom et al., 1982), the accessibility of CRH by immunohistochemistry is largely unsatisfying (Itoi et
al., 2014). Hence, extensive efforts have been undertaken in the past years to gain genetic access to
CRH" cells by developing respective reporter and SSR mouse lines (Table 1). Different strategies have
been applied, ranging from classic transgenic approaches using small promoter fragments to large
bacterial artificial chromosome (BAC)-based constructs and knock-in approaches. The first transgenic
[B-galactosidase reporter mice, carrying the lacZ construct flanked by 8.7 kb of Crk promoter region,
already revealed difficulties in fully recapitulating the endogenous CRH expression pattern (Keegan et
al., 1994). This has been further corroborated by some of the subsequently generated transgenic reporter
or Cre driver lines revealing limitations in their use because of ectopic expression and/or failure of
expression (Alon et al., 2009; Martin et al., 2010; Sarkar et al., 2011; Chen et al., 2015; Korecki et al.,
2019). These observations underscore the utter importance to extensively characterize SSR mouse
models to validate spatial and temporal expression patterns as a prerequisite for a meaningful
interpretation of studies using these GEMMs (Heffner et al., 2012; Luo et al., 2020). In this regard,
knock-in strategies, also in the case of CRH, have proven their superiority as reflected by reliable and
reproducible reporter and Cre expression (Taniguchi et al., 2011; Itoi et al., 2014; Krashes et al., 2014;
Kono et al., 2017). Accordingly, CRH-Cre knock-in mice have been widely applied to explore the
physiology of CRH neurons in the central nervous system (Krashes et al., 2014; Marcinkiewcz et al.,
2016; Fadok et al., 2017; Sanford et al., 2017; Dedic et al., 2018b; Wang et al., 2021; Chang et al.,
2022).

The FIp-FRT system was initially introduced to remove selection markers from Cre-loxP-dependent
conditional alleles (Rodriguez et al., 2000) but with the concerted improvement of its recombination
efficiency (Buchholz et al., 1998; Raymond and Soriano, 2007) the Filp-FRT system has developed into
a powerful alternative SSR which, in combination with the Cre-loxP system, allows for parallel,
intersectional or subtractive approaches. Only recently, a first CRH-FIpO mouse line was established,
thus expanding the CRH system-related tool box (Salimando et al., 2020) and providing alternative
access to CRH neurons, which is highly demanded considering their enormous diversity. However, a
systematic characterization of this novel mouse line has not been reported so far which to some extent
limits its immediate use. In particular, considering repeated accounts on the diversity of reporter
expression conveyed by previously established CRH-Cre lines demands a comprehensive assessment of
the recombination pattern in this novel CRH-FIpO mouse line (Chen et al., 2015; Dedic et al., 2018a).

Here, we characterized CRH-FIpO mice and directly compared their recombination properties
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throughout the brain with a well-established CRH-Cre mouse line as a reference (Taniguchi et al., 2011)
using 9 different reporter mouse models. We focused our evaluation of SSR-activated reporter gene
expression patterns on brain regions well-known to possess CRH' neurons involved in the
neuroendocrine and behavioral stress response. Our analysis revealed similarities but also discrepancies
between CRH-FIpO and CRH-Cre mice that have direct implications for the use of SSRs driven by the

Crh locus.
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2 Materials and Methods

2.1 Animals

All animal experiments were conducted with the approval of and in accordance with the Guide of the
Care and Use of Laboratory Animals of the Government of Upper Bavaria, Germany. Mice were group
housed under standard lab conditions (22 + 1°C, 55 + 5% humidity) and maintained under a 12 h light-
dark cycle with food and water ad libitum. All experiments were conducted with adult male or female
mice (age: 2-5 months). For each mouse line 3 - 7 animals were analyzed of which representative images
are included in the figures.

The following transgenic mouse lines were used in this study: CRH-Cre (Crh™9%"  Jackson
Laboratory stock no. 012704) (Taniguchi et al., 2011), CRH-FIpO (Crh™!-'07>/5sa> " Jackson Laboratory
stock no. 031559; Supplementary Data, provided by Bernado Sabatini and Caiying Guo) (Salimando
et al., 2020), CRH-Venus (Crh™! "% RIKEN BRC stock no. BRC09893) (Kono et al., 2017), 4i9
(Gt(ROSA)26Sor™?(CAc-tdTomaio)lize - jackson Laboratory stock no. 007909) (Madisen et al., 2010), 4i65
(Gt(ROSA)26Soy™%-1(CAG-dTomato)lze - jackson Laboratory stock no. 021875) (Madisen et al., 2015) and
CAG-LSL-FlpO (Gt(ROSA)26Sor™ (A5 Po)%ih " Jackson Laboratory stock no. 028584) (He et al., 2016).
A pure Flp reporter line was generated by breeding the intersectional 4i65 reporter to a Deleter-Cre line
removing the JoxP-flanked transcriptional terminator. This novel mouse line, reporting only Flp
recombinase activity, was designated as Ai65F. In this study, the following double and triple transgenic
lines were generated by cross-breeding of single transgenic lines: CRH-Cre::Ai9, CRH-FIpO::Ai65F,
CRH-Venus::CRH-Cre::Ai9, CRH-Venus::CRH-FIpO::4i65F, CRH-Cre::CRH-FIpO::A4i65, CRH-
Cre::CRH-FIpO::Ai9, CRH-Cre::CAG-LSL-FipO::4i65 and CRH-Cre::CAG-LSL-FIpO::4i9. All
transgenic alleles involving the Rosa26 locus were heterozygous. Detailed breeding schemes, primer

sequences and protocols for genotyping are available upon request.

2.2 Preparation of brain sections

Vibratome sections: Mice were sacrificed by an overdose of isoflurane and transcardially perfused with
20 ml 0.1 M PBS (4 °C) supplemented with heparin and subsequently with 20 ml of 4%
paraformaldehyde (PFA) in 0.1 M PBS (4 °C). After recovery, brains were post-fixed overnight in 4%
PFA at 4 °C and coronal 50 um sections were prepared using a vibratome (Microm HM 650 V, Thermo-
Fisher Scientific). Cryosections: Perfused and dissected brains were post-fixed in 4% PFA for 6 h. After
48 h in 30% sucrose in 0.1 M PBS at 4 °C, brains were snap frozen on dry ice and 40 um sections were
prepared using a cryostat (Microm, Walldorf, Germany). All sections were stored at -20 °C in
cryopreservation solution (25% glycerol, 25% ethylene glycol, 50% 0.1M PBS, pH 7.4) until further

use.
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2.3 Immunohistochemistry

Vibratome sections were blocked with 10% normal goat serum (NGS) and 0.15% Triton in PBS for 30
min at RT and then washed in 0.1 M PBS for 3 x 5 min. Subsequently, sections were incubated with
anti-GFP primary antibody (chicken polyclonal antibody; 1:500; abcam) diluted in 0.15% NGS and
0.15% Triton in PBS overnight at 4 °C. After another washing step, sections were incubated with an
Alexa Fluor 488 secondary antibody (goat anti-chicken IgG; 1:250; Invitrogen) while shaking for 2 h at
RT. Following 3 more washing steps, sections were mounted on glass slides (epredia) with

Fluoromount-G (SouthernBiotech).

2.4 In situ hybridization (ISH)

Freshly dissected brains were snap frozen on dry ice and stored at -80 °C until further use. Brains were
sectioned coronally at 20 pm using a cryostat. Sections were mounted onto SuperFrost slides and kept
at -80 °C until further use. ISH was performed as previously described (Dedic et al., 2018b). The
following FlpO-specific riboprobe was used: bp 311-641 of MH493814.

2.5 Acute restraint stress

To test the capacity of the CRH-FIpO mouse line to induce reporter gene expression in CRH" cells
following stress exposure, CRH-FIpO::Ai65F mice were exposed to acute restraint stress. On the day of
the experiment, animals were placed for 15 min in a 50-ml conical tube with the bottom removed.
Animals were sacrificed one week later and brains were used for the assessment stress-induced

expression of tdTomato.

2.6 Image acquisition

Vibratome sections and cryosections were imaged using a slidescanner or confocal microscope.
Slidescanner: Overviews of whole brain sections and region-specific scans were performed with an
Olympus VS120 Slide Scanner. Image capturing and initial processing was conducted with the Olympus
VS Software. Briefly, overview images of the whole slide were acquired in the batch scanning mode.
Subsequently, region-specific scans were taken with the 20x, whole sections images with the 10x
objective. The scan region was adjusted to the size of the region. Exposure time and focus were set to
automated mode. Sections were acquired with the C3 (TdTomato) channel or the FITC (GFP) channel.
Confocal microscopy: For higher resolution, confocal images of regions of interest were acquired with
a Zeiss Axioplan2 fluorescence microscope using Axio Vision 4.5 software. Fluorescently labeled cells
were excited at 488 nm (GFP Alexa-488) and 559 nm (Td-tomato, Alexa-594), respectively, using a
20% objective. After acquisition in virtual slide (.VSI file) or Carl Zeiss (.CZI) format, images were

extracted and saved as Tagged Image File Format (.tiff) for further processing. Images were analyzed

using Fiji (http://rsweb.nih.gov/ij/) and Inkscape (version 1.2.2.).
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3 Results

3.1 FIpO expression pattern in CRH-FIpO mice recapitulates endogenous CRH expression
CRH-FIpO mice were generated by targeted insertion of a FlpO expression cassette into the murine Crk
locus immediately downstream of the stop codon. FlpO expression driven by the Crk locus is conveyed
by an internal ribosomal entry site (IRES). As a selection marker, a self-excising neomycin cassette
driven by the testis-specific angiotensin converting enzyme promotor (tACE) was used, which removed
itself in the male germline leaving a single /oxP2272 site behind (Figure 1A; Supplementary Data).
To validate FlpO expression, we used heterozygous CRH-FlpO mice and performed an in situ
hybridization (ISH) against FipO. The spatial pattern of FlpO mRNA expression fully recapitulated the
expression of endogenous Cr/ as indicated by the detection of distinct signals in all regions of salient
CRH expression including the piriform cortex (Pir), IPACL, BNST, CeA, and PVN. The expression of
FlpO appeared generally weaker, as CRH-FIlpO mice were only heterozygous (Figure 1B).
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Figure 1

FIpO expression pattern in CRH-FIpO mice recapitulates endogenous CRH expression. (A) Scheme illustrating
the generation of CRH-FIpO mice by homologous recombination-mediated gene targeting. (B) In situ
hybridization (ISH) on coronal brain sections of heterozygous (Cri*79) (n = 3) and wild-type (Cri*’*) CRH-
FIpO (n = 3) mice using FlpO- and Crh-specific riboprobes showing comparable expression patterns, e.g., the in
piriform cortex (Pir), lateral part of the interstitial nucleus of the anterior commissure (IPACL), bed nucleus of the
stria terminalis (BNST), central amygdala (CeA) and paraventricular nucleus of the hypothalamus (PVN). I,

internal ribosomal entry site; Neo, neomycine resistance gene. Scale bar, 1000 pm.
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3.2 Comparison of FlpO- and Cre-activated reporter gene expression

To compare the pattern and efficiency of FlpO- and Cre-mediated recombination driven by the Cri
locus, we bred CRH-FIpO and CRH-Cre mice to appropriate reporter lines (Figure 2A, B). The reporter
alleles in 4i65F and A4i9 mice are ideally suited for direct comparison of FlpO and Cre activity, as both
are based on the Rosa26 locus harboring an identical CAG promotor-driven tdTomato expression unit,
which is preceded by an FRT- and a loxP-flanked transcriptional terminator (STOP), respectively
(Figure 2A, B). Similarly, the Cr#k alleles harboring either FlpO or Cre recombinase were designed in
the same way, i.e., the recombinase was integrated immediately downstream of the Crz STOP codon
and is driven by an IRES.

The tdTomato expression pattern was analyzed throughout the brain of CRH-FIpO::Ai65F and CRH-
Cre::Ai9 mice. In both mouse lines, tdTomato-positive neurons were detectable in all brain regions
which have previously been reported to endogenously express CRH (Kono et al., 2017; Wang et al.,
2021), including the olfactory bulb (OB), cortex (CTX), IPACL, BNST, PVN, CeA, Barrington’s
nucleus (BAR) and inferior olivary nucleus (I0) (Figure 2C). Moreover, characteristic tdTomato-
labeled CRH" fibers were visible in the anterior commissure (ac) and the inferior cerebellar peduncle
(icp), the latter representing climbing fibers originating in the IO and innervating the cerebellum (Ezra-
Nevo et al., 2018). In addition, prominent tdTomato-labeled terminals were detectable in the ME and
substantia nigra (SN), sites well-known for their massive CRH afferents (Chang et al., 2022). Taken
together, our results indicate that the CRH-FIpO mice are able to promote site-specific recombination at
endogenous CRH expression sites comparable with CRH-Cre mice. However, imaging with identical
exposure times revealed an overall lower fluorescence intensity detectable throughout brain sections of
CRH-FIpO::4i65F compared to CRH-Cre::4i9 mice (Figure 2C). This discrepancy in intensity likely
originates from a reduced number of tdTomato-labeled soma and fibers present in CRH-FIpO::Ai65F

mice, an observation which necessitated closer inspection.
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Figure 2

Comparison of the distribution of tdTomato" cells and fibers in the brain of CRH-Cre::Ai9 and CRH-FipO::Ai65F
mice. (A-B) Schematic illustration combining photomicrographs of CRH-Cre::Ai9 (left, n = 5) and CRH-
FIpO::Ai65F (right, n = 4) reporter mice. (C) Distribution of tdTomato™ cells and fibers in CRH-Cre.:Ai9 and
CRH-FIpO::A4i65F mice. ac, anterior commissure; BAR, Barrington’s nucleus; BNST, bed nucleus of the stria
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terminalis; CeA, central amygdala; I, internal ribosomal entry site; icp, inferior cerebellar peduncle; 10, inferior
olivary nucleus; IPACL, lateral part of the interstitial nucleus of the anterior commissure; ME, median eminence;
MGM, medial division of the medial geniculate; OB, olfactory bulb; Pir, piriform cortex; PVN, paraventricular
nucleus of the hypothalamus; SN, substantia nigra. WRPE, woodchuck hepatitis virus posttranscriptional

regulatory element. Scale bar, 1000 pm.

3.3 FlpO-dependent recombination is inferior to Cre-mediated recombination.

To interrogate the discrepancy in tdTomato expression between CRH-FIpO::Ai65F and CRH-Cre::Ai9
mice in more detail, we focused our analysis on CRH-expressing brain structures involved in the
neuroendocrine (HPA axis: PVN, ME) and behavioral (extended amygdala: CeA, IPACL, BNST) stress
response as well as on the CTX, because of its homogeneous and scattered distribution of CRH"* neurons.
First, we tested the degree of overlapping Cre and FlpO expression, comparing the occurrence of
tdTomato" cells in the intersectional reporter mouse line CRH-Cre::CRH-FIpO::4i65 with CRH-
Cre::Ai9 mice (Figure 3A). In all analyzed structures, CRH-Cre::CRH-FIpO::Ai65 mice showed a
markedly reduced number of tdTomato" cells compared to CRH-Cre.:Ai9 mice. Instead, the number of
tdTomato”™ cells was comparable to CRH-FipO.:Ai65F mice, suggesting that the FlpO-mediated
recombination in CRH" cells was less efficient compared to Cre-mediated recombination driven by the
Crh locus (Figure 3B).

To rule out the possibility that differences in the genetic composition in which the tdTomato reporter is
embedded in Ai9 vs Ai65F mice was causal for the differential reporting, we used the subtractive
capacity of the 4i9 reporter line. This reporter line still contains the neomycin selection marker and a
downstream FRT site, which makes the tdTomato expression cassette vulnerable to deletion via Flp
recombinase, resulting in a loss of tdTomato expression in cells previously activated by Cre-mediated
recombination (Figure 3C). However, the analysis of the PVN, ME, IPACL, BNST, CeA and CTX in
CRH-Cre::CRH-FipO::4i9 mice did not reveal any substantial reduction in tdTomato expression but
instead showed similar numbers of tdTomato expressing cells as detected in CRH-Cre::A4i9 mice
(Figure 3D).

Taken together, these data confirm a high degree of co-expression of Cre and FlpO driven from the Cra
locus but also provide evidence that the Cre recombinase is more efficiently activating reporter gene

expression compared to the FlpO recombinase.
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IPACL BNST CeA CTX

Reporter mice reveal diverging FlpO- and Cre-mediated recombination efficiency. (A) Schematic illustration of

CRH-Cre::CRH-FlpO::Ai9

CRH-Cre::CRH-FIpO::Ai65 reporter mice. (B) Comparison of the distribution of tdTomato™ cells and fibers in
regions of interest in CRH-Cre::A4i9 (n = 5), CRH-Cre::CRH-FIpO::4i65 (n = 4) and CRH-FIpO::Ai65F (n = 4)
mice. (C) Schematic illustration of CRH-Cre::CRH-FIpO::Ai9 reporter mice. (D) Distribution of tdTomato™ cells
and fibers in regions of interest in CRH-Cre::CRH-FIpO.:A4i9 mice (n = 6). BNST, bed nucleus of the stria
terminalis; CeA, central amygdala; I, internal ribosomal entry site; CTX, cortex; IPACL, lateral part of the
interstitial nucleus of the anterior commissure; ME, median eminence; pA, BGH polyA signal; PVN,
paraventricular nucleus of the hypothalamus; WRPE, woodchuck hepatitis virus posttranscriptional regulatory

element. Scale bars, 200 pm.
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3.4 Discrepancies between direct and indirect reporting of CRH expression

The recombination efficiency is determined by intrinsic properties of the respective SSR itself and by
environmental conditions, e.g., the accessibility of recognition sites within the chromatin structure.
Another important aspect is the expression, which needs to reach a certain threshold to allow site-
specific recombination. To evaluate the influence of the expression level, we used CRH-Venus reporter
mice in which the fluorescent protein Venus was integrated at the Cr# start codon. This direct reporter
allele readily reports CRH expression and is at the same time a CRH knockout allele (Figure 4A),
whereas CRH-Cre::Ai9 and CRH-FIpO::Ai65F mice serve as indirect reporters enabling the
identification of CRH" cells which are labeled by accumulating and enduring tdTomato expression
subsequent to CRH expression. Generally, the CRH expression level is rather low and does not allow
reliable detection of Venus expression without antibody staining (Figure 4B). We generated CRH-
Venus::CRH-Cre::Ai9 and CRH-Venus::CRH-FIpO::4i65F mice to directly compare CRH-Venus
expression with Cre/FlpO-induced tdTomato expression, i.e., direct versus indirect reporting. Detailed
analysis revealed a largely congruent expression in all regions of interest in both mouse lines (Figure
4C, D), i.e., a significant proportion of tdTomato™ cells showed co-expression of Venus. The distribution
of Venus™ cells in both mouse lines shows a high degree of concordance indicating similar levels of
CRH expression. Thus, the differences observed in tdTomato" cells cannot be attributed to general
variations in CRH expression in the two mouse lines. Moreover, we observed in CRH-Venus.::CRH-
Cre::Ai9 mice an excess of tdTomato” cells compared to Venus expressing cells (Supplementary
Figure S1). The detection of tdTomato"/Venus™ cells suggests that either i) Cre caused ectopic CRH
reporting by tdTomato, ii)) CRH expression remained below a certain threshold, preventing reliable
visualization by antibody staining or iii) CRH expression occurred only transiently during development
but had ceased in adulthood. To evaluate the influence of the Venus expression level on the number of
reported neurons, we bred CRH-Venus mice to homozygosity, which resulted in a significantly enhanced
Venus signal and an increased number of Venus" cells in all regions of interest. This result indicated
that tdTomato’/Venus™ neurons were not a consequence of ectopic Cre expression but rather reflected
their low level of CRH expression. Accordingly, the Venus levels of these cells were too low to be
detected by antibody staining, whereas the similarly low amount of Cre recombinase was sufficient to
activate tdTomato expression (Figure 4E). Of note, a small proportion of Venus™ cells did not express
tdTomato, which additionally suggests some limitations of CAG promoter-based reporters located in the
Rosa26 locus (Figure 4C, Supplementary Figure S1). CRH-Venus::CRH-FIpO.:Ai65F mice generally
displayed less tdTomato"/Venus" cells. However, no clear correlation between the detected Venus

expression level and expression of tdTomato was observed (Figure 4D).
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Figure 4

Cre recombinase possesses high recombination efficiency, even at low expression levels. (A) Schematic
illustration of CRH-Venus reporter mice. (B) Visualization of Venus* cells with or without GFP antibody staining.
Scale bar, 100 pm. (C) Comparison of the distribution of tdTomato® and Venus® cells and fibers in regions of
interest in CRH-Venus::CRH-Cre::Ai9 mice (n = 3). Scale bar, 200 um. (D) Comparison of the distribution of
tdTomato*and Venus® cells and fibers in regions of interest in CRH-Venus::CRH-FIpO.:Ai65F mice (n = 6). Scale
bar, 200 pm. (E) Distribution of Venus™ cells and fibers in regions of interest in homozygous CRH-Venus mice (n
= 3). Scale bar, 200 pm. BNST, bed nucleus of the stria terminalis; CeA, central amygdala; CTX, cortex; [IPACL,
lateral part of the interstitial nucleus of the anterior commissure; ME, median eminence; PVN, paraventricular

nucleus of the hypothalamus.

3.5 FIpO recombination efficacy in CRH cells depends on the FlpO expression level

The previous results revealed that the strength of the Cri promoter differs strongly between neurons,
even in the same region of interest. Therefore, CAG-LSL-FIlpO mice were used to functionally validate
the impact of the expression level on FlpO recombination efficiency. Since the recombination efficiency
of a specific recombinase is dependent on its nuclear availability, it is also influenced by its expression
level and therefore by the strength of its driving promoter. CAG-LSL-FIpO mice allow to convert any
Cre activity into FlpO activity, which is then driven by the strong CAG promoter. Accordingly, CRH-
Cre::CAG-LSL-FIpO::A4i65 mice express high levels of FlpO in all CRH" cells previously expressing
Cre (Figure 5A). Careful analysis of brain regions of interest revealed a considerable increase of
tdTomato-expressing CRH neurons throughout the brain resembling the pattern and extent of expression
previously observed in CRH-A4i9 mice (Figure 5C). These findings provide strong evidence for a direct
correlation of FIpO recombination efficacy with its expression level in CRH" neurons. Along those lines,
and in contrast to CRH-Cre::CRH-FIpO::Ai9 mice, CRH-Cre::CAG-LSL-FIpO::Ai9 mice (Figure 5D)
showed a substantial reduction of tdTomato-expressing CRH" cells, which was most prominent in the
PVN, ME and CeA (Figure 5C). Along these lines, homozygous mice expressing FlpO from both Crh
alleles, showed a considerable increase in tdTomato® cells compared heterozygous CRH-FlpO mice.
This result directly proves that the level of FlpO expression determines the efficiency of FlpO
recombination in CRH" cells.

Taken together, our results demonstrate that the FlpO-FRT system possesses a considerably lower
sensitivity compared to the Cre-loxP system. Nevertheless, the attenuated sensitivity can be
compensated by a higher expression level allowing the FipO-FRT system to reach an efficacy which is

comparable to the Cre-loxP system.
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FIpO recombination efficiency depends on strength of driving promoter. (A-B) Schematic illustration of CRH-
Cre::CAG-LSL-FipO::A4i65 and CRH-Cre::CAG-LSL-FIpO::Ai9 reporter mice. (C) Distribution of tdTomato"
cells and fibers in regions of interest in CRH-Cre::CAG-LSL-FIlpO::4i65 (n = 3) and CRH-Cre::CAG-LSL-
FipO::A4i9 (n = 7) mice. (D) Distribution of tdTomato ™ cells and fibers in regions of interest in homozygous CRH-
FipO::4i65F mice (n = 4) and heterozygous CRH-FIpO::4i65F mice (n = 4). BNST, bed nucleus of the stria
terminalis; CeA, central amygdala; CTX, cortex; I, internal ribosomal entry site; IPACL, lateral part of the
interstitial nucleus of the anterior commissure; ME, median eminence; pA, BGH polyA signal; PVN,

paraventricular nucleus of the hypothalamus. Scale bar, 200 um.
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3.6 CRH-FlipO mice allow the visualization of stress-induced CRH expression

While previous studies have demonstrated the faithful reproduction of endogenous CRH expression
when combining CRH-Cre mice (Taniguchi et al., 2011) with Cre-dependent reporters, such as CRH-
Cre::Ai9, CRH-Cre.:Ail4 and CRH-Cre::Ai32 (Chen et al., 2015; Dedic et al., 2018b; Wang et al.,
2021; Chang et al., 2022), Walker et al. (2019) reported that there were no significant changes in the
number of tdTomato-expressing neurons in CRH-Cre::Ail4 mice after exposure to stress (Walker et al.,
2019). In order to interrogate the suitability of the CRH-FIlpO-based reporting system for evaluating the
response to stress, we exposed CRH-FipO::Ai65F mice to acute restraint stress. Analysis of brain
sections revealed a considerable increase in tdTomato-expressing CRH neurons in the investigated brain
region which was most prominent in the PVN of stressed compared to unstressed CRH-FIpO::Ai65F
mice (Figure 6A). These results indicate an upregulation of CRH and concomitant FIpO expression in
CRH" neurons following acute stress suggesting that the CRH-FIpO-based reporter mouse model
provides a more dynamic range of recombination that overcomes the reported limitations of the CRH-

Cre line (Walker et al., 2019).
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Figure 6

CRH-FIpO::Ai65F
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FlpO recombination efficiency is enhanced by acute restraint stress. Comparison of distribution of tdTomato" cells
and fibers in regions of interest in stressed and unstressed CRH-FIpO::Ai65F mice (n = 4). BNST, bed nucleus of
the stria terminalis; CeA, central amygdala; CTX, cortex; I, internal ribosomal entry site; IPACL, lateral part of
the interstitial nucleus of the anterior commissure; ME, median eminence; pA, BGH polyA signal; PVN,

paraventricular nucleus of the hypothalamus. Scale bar, 200 um.
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4 Discussion

CRH" neurons are widely distributed throughout the brain and possess a high diversity with regards to
their identity and physiology. The limited accessibility of CRH neurons by antibody-based approaches
and particularly the quest to disentangle CRH neuron function has raised increasing interest in CRH-
specific SSR and reporter mouse lines. While reliable CRH-specific Cre mouse lines have been available
for some time (Taniguchi et al., 2011), only recently, the development of a novel CRH-FIpO line
(Salimando et al., 2020) has opened up additional opportunities to address the CRH system with
increasing precision. To meaningfully apply CRH-specific SSR mouse lines, it is utterly important to
understand their capacity to recapitulate endogenous CRH expression. In this study, we therefore
compared the recently developed CRH-FipO line with endogenous CRH expression and a well-
established and widely used CRH-Cre line (Taniguchi et al., 2011). We demonstrated that the overall
reporting pattern of CRH-FIpO mice is very similar to CRH-Cre mice. The efficiency of FlpO, however,
is strongly correlated with its expression level in the analyzed population of CRH" neurons.

The comparison of FipO expression with endogenous Crh expression on mRNA level and the evaluation
of tdTomato induction in CRH-FIpO::Ai65F compared to CRH-Cre::Ai9 mice both confirmed that the
FIpO expression and recombination pattern strongly align with that of endogenous Crh. These results
corroborate the high potential of the chosen knock-in strategy to reliably convey properties of the
endogenous Crk locus to an integrated transgene.

Nevertheless, the overall intensity of FlpO-activated tdTomato fluorescence appeared somewhat
decreased in CRH-FIpO::A4i65F compared to CRH-Cre::Ai9 mice, raising the question whether these
discrepancies were caused by differences in their reporting capacity in general. The in-depth analysis of
CRH-expressing nuclei revealed that, indeed, the number of tdTomato" labeled cells and fibers were
lower in FlpO- than in Cre-dependent reporter animals, strengthening the hypothesis of a differential
reporting capacity. Although CRH-Cre::A4i9 and CRH-FIpO::A4i65 both utilize tdTomato as a reporter
in combination with the CAG promoter followed by an identical floxed STOP cassette, the genetic
composition in which the tdTomato reporter is embedded differs slightly between the 4i9 and 4i65F
lines (Madisen et al., 2010; Madisen et al., 2015). Thus, we wondered whether the 4i65F reporter, rather
than the FlpO recombinase itself, was responsible for the observed differences. Unexpectedly, the
intersectional reporter mice CRH-Cre::CRH-FIpO::A4i65 and CRH-Cre::CRH-FipO:.:Ai9 revealed that
FlpO was neither able to report all CRH" cells in the 4i65-based model nor did it deplete tdTomato from
Cre-activated cells in the 4i9-based model. These results imply that not the used 4i65F reporter line but
FIpO recombination efficiency itself could be the limiting factor. To rule out that the higher cell numbers
were not caused by ectopic Cre activity in CRH-Cre mice, the CRH-Venus mouse line as a direct reporter
of CRH expression was used to compare tdTomato and Venus expression in the same individual. It is
worth noting that Cre-mediated recombination, resulting in cumulative tdTomato expression, effectively
reflects the cellular history of Crk gene transcription over the time. In contrast, the Venus® knock-in

allele reports a snapshot of the current protein content above a certain detection threshold, providing a
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glimpse into the present state rather than the developmental timeline. Despite the differences between
the direct and indirect reporting systems and the distinct characteristics of the two applied fluorescent
proteins, such as their disparate fluorescent protein lifetimes (Sarkar et al., 2009; Drobizhev et al., 2011),
the comparable number of Venus” cells observed in the analyzed brain regions of CRH-Venus::CRH-
Cre::4i9 and CRH-Venus::CRH-FIpO::Ai65F mice suggests that there is no variation in CRH
expression between the two mouse lines. Accordingly, this indicates that the disparity of tdTomato" cells
in CRH-Cre::Ai9 and CRH-FIpO::4i65F mice may be attributed to the inherent properties of these two
recombinases. Indirect reporting via Cre recombinase-mediated activation of tdTomato showed a high
degree of co-localization with Venus expression. Interestingly, also a substantial number of
tdTomato'/Venus™ cells were detectable, which left open the possibility that tdTomato expression in
Venus™ neurons represent ectopic or legacy expression due to transient activation of CRH and, thus, Cre
expression, e.g., during development or in response to experienced stressors, which would not be
detected by the Venus reporter. In this regard, homozygous CRH-Venus mice were instructive, as we
were able to visualize an increased number of Venus™ cells in all analyzed brain regions compared to
heterozygous CRH-Venus mice. This observation suggests that more cells reached the detection
threshold, supporting the notion that CRH neurons possess a broad spectrum of expression levels, even
within the same brain region. This result additionally confirms that Cre-mediated reporter activation is
substantially more sensitive than the detection of Venus via antibody staining, as the tdTomato is driven
by the strong and ubiquitously active CAG promoter. Seemingly, a few molecules of Cre are sufficient
to activate tdTomato expression. Although a compensatory upregulation of CRH, caused by the de facto
knockout of CRH in homozygous CRH-Venus mice, may also have contributed to the higher number of
Venus' neurons, the differences in intensity still confirm a broad diversity of CRH expression levels in
respective neurons. In contrast to the PVN, CRH expression in the CeA has been reported to be
positively regulated by corticosterone (Makino et al., 1994). Consequentially, CRH inactivation,
resulting in low corticosterone levels, should lead to a decreased Venus expression in the CeA. Of note,
in our experiments we observed a general increase of Venus expression in all regions analyzed, including
the CeA. This observation indicates that homozygosity of the reporter is potentially overriding the
hypothesized downregulation of CRH by the low corticosterone levels entailed by the CRH knockout.

These results suggest that, if FlpO-mediated recombination, and therefore reporter efficacy, depends on
the expression level of the driving promoter, an enhanced expression should be able to elevate the
number of reported cells. Indeed, the combination of FlpO with the CAG promoter, a strong synthetic
promoter integrated in the Rosa26 locus, did not only increase reporting efficacy in the CRH-Cre::CAG-
LSL-FipO::A4i65 model to a level comparable to CRH-Cre::Ai9 mice but was also able to vastly decrease
the reporting in the CRH-Cre::CAG-LSL-FlpO::4i9 model. These results also demonstrate that the
larger distance between the FRT sites flanking the tdTomato cassette in the 4i9 line (3.9 kb) is not
limiting FIpO recombination activity in general (Coppoolse et al., 2005; Liu et al., 2013). Ultimately,
homozygous CRH-FIpO::A4i65F mice, expressing FlpO from both Cr# alleles, confirmed that the level
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of FIpO expression is directly correlated with its recombination efficiency. Along these lines, while
CRH-Cre females show 100% germline recombination when combined with a floxed allele, the
respective frequency observed in CRH-FIpO females is also significantly lower.

Thermo-instability of yeast-derived Flp-related recombinases has been shown to decrease their
recombination efficiency in mammalian cells (Buchholz et al., 1996). Despite previous optimization
efforts (Buchholz et al., 1998; Raymond and Soriano, 2007) our results clearly demonstrate a persistent
difference in recombination efficiency between Cre and FlpO, which particularly matters in low gene
expression conditions. Whether this discrepancy is related to differences in protein thermo-stability or
the intrinsic reaction rate of Cre and FlpO, remains to be investigated. To what extent other
recombinases, such as Dre, can keep up with Cre recombinase efficiency, requires further examination
(Anastassiadis et al., 2009; Karimova et al., 2018). The utilized IRES might further aggravate the
situation, as IRES-dependent gene expression of the second gene in a bicistronic construct is up to 10-
fold lower than cap-dependent expression of the first gene (Mizuguchi et al., 2000; Martin et al., 2006).
Today, 2A-related self-cleaving peptides are used to overcome the drawbacks of IRES (Liu et al., 2017).
However, 2A peptides leave a couple of amino acids to the N-terminally located protein. This would not
be compatible with CRH maturation which involves proteolytic processing by prohormone convertases
at predetermined recognition sites which will be disturbed by remnants of 2A peptides (Hook et al.,
2008). In fact, this poses a general difficulty for the expression of neuropeptides using multicistronic
expression vectors.

Mouse models targeting the CRH system, particularly those employing Cre-dependent reporters, are
widely utilized to study the neurobiology of stress and related circuits. On the one hand, the robust
efficacy of Cre recombinase provides a reliable tool for investigating the spatial distribution and
connectivity of CRH neurons throughout the brain. On the other hand, the high efficacy of Cre
recombination seemingly labels almost all cells which have the potential to express CRH in the course
of their lifetime. Consequently, the recruitment of new stress-induced tdTomato" cells in CRH-Cre::Ai9
cells is very limited (Walker et al., 2019). Our results demonstrate that this particular limitation of CRH-
Cre-based models can be overcome by using CRH-FIpO mice. Following exposure to acute stress, we
observed an increased number of tdTomato" cells in CRH-FIpO::A4i65F mice. Thus, de novo tdTomato
expression can serve as a proxy for stress-responsive neurons characterized by the upregulation of the
stress peptide CRH. These results highlight the utility of CRH-FIpO mice as a valuable tool for
functional analysis of the CRH system under both physiological and pathological conditions.

In conclusion, we show a difference in the recombination efficiency of Cre and FlpO in CRH" neurons
and demonstrate that the expression level of FlpO contributes to discrepancies in reporter gene activation
observed between CRH-Cre and CRH-FIlpO mice. These results have strong implications for future
experiments using the investigated mouse lines but also for SSR-based approaches in general. i) When
using and comparing FlpO- and Cre-based reporter systems, the strength of the driving promoter has to

be taken into account. ii) In intersectional approaches, the number of reported co-expressing cells is
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limited by the efficacy of the FlpO. iii) In approaches involving knockout or overexpression of a specific
target gene, the efficacy is highly dependent on the used SSR. These results are essential to interpret and
reconcile divergent scientific discoveries which will ultimately advance our comprehension of the

physiological role of CRH in the central nervous system.
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Tables

Table 1. Summary of CRH-related Cre/Flp-driver and reporter mouse lines

Mouse lines” MGI ID Description Reference
CRFp3.0Cre MGI:4457114 Transgenic - random insertion in mouse genome (Martin et al., 2010)
CRH-Cre(KN282) MGI:4366795 BAC transgenic - random insertion in mouse genome (Sarkar et al., 2011)
CRH-ires-Cre MGI:4452089 Knock-in - in the endogenous Crh locus (Taniguchi et al., 2011)
Crh-IRES-Cre MGI:5559540 Knock-in - in the endogenous Crk locus (Krashes et al., 2014)
CRF-iCre MGI:5707348 Knock-in - in the endogenous Crk locus (Itoi et al., 2014)
CRH-icreERT2 MGI:5568222 BAC transgenic - insertion in the Hprt locus (Korecki et al., 2019)
Crh-IRES-FipO MGI:6116854 Knock-in - in the endogenous Crk locus (Salimando et al., 2020)
8.7 CRH B-gal n/a Transgenic - random insertion in mouse genome (Keegan et al., 1994)
CRH-GFP MGI:5586654 BAC transgenic - random insertion in mouse genome (Alon et al., 2009)
CRF-Venus MGI:5707346 Knock-in - in the endogenous Crk locus (Ttoi et al., 2014)
CRF-VenusANeo MGI:6144041 Knock-in - in the endogenous Crh locus (Kono et al., 2017)

*Names of mouse lines adhere to the nomenclature used in the indicated references. CRH/CRF: corticotropin releasing hormone/factor. MGIl: Mouse Genome

Informatics. n/a: not available.
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3 Discussion

3.1 Short summary of main results

3.1.1 Brain injury-induced expression of neuropeptide CRH in oligodendrocyte

progenitor cells influences early oligodendroglial differentiation

In this study we identified a new neuropeptide system in the OL lineage, connecting CRH and CRHR1
with the modulation of regenerative processes following injury. We were able to show that CRH
expression and the likely release of CRH precedes OPC proliferation, identifying it as one of the earliest
reactions towards injury described so far. By using different CRH and CRHR1 reporters, KO and OE
mouse models we demonstrated that CRH-expressing OPCs target CRHR1-expressing OPCs and
astrocytes, thereby stalling early differentiation processes of the whole OLC population. Our study
highlights the potential role that neuropeptides, either released from glia or neurons can take in the

process of oligodendrogenesis.

3.1.2 Differential CRH expression level determines efficiency of Cre- and Flp-dependent

recombination

In this study we investigated the differential reporting properties of CRH-Cre and CRH-FIpO mouse
models, to better understand their capacity to report CRH expression. In both models, the spatial
expression pattern replicated that of CRH itself, with CRH-Cre reporting a higher number of cells. By
using 9 different mouse models we demonstrated, that FIpO recombination efficiency and consequential
reporting capacity is highly dependent on the strength and current activation state of the driving
promoter. In case of CRH-FIpO, recombination efficiency was increased by an acute stressor, like
restrained stress, which led to an increase in CRH reported cells in the analysed brain regions. These
results highlight the need for in-depth characterization and a detailed assessment of new site-specific
recombinase mouse lines, before use. In sum, the presented results were not only essential for the
interpretation of our own data, but can contribute to the reasonable interpretation of experiments

performed by the scientific community, using Cre and FlpO-harbouring mouse lines.
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3.2 CRH expression in OPCs

The identification of CRH-expressing cells around an injury site in the CRH reporter mouse model
CRH-Cre::Ai9 was an intriguing finding that called for further investigation. In contrast to other
neuropeptides like dynorphin A (Faden et al. 1985; Przewtocki et al. 1988; Yakovlev and Faden 1994),
CRH upregulation following CNS injury had not been described, so far. Following identification of
these cells as OPCs by anti-NG2 staining, their identity and CRH-expressing nature was confirmed
using different approaches, like intersectional mouse models visualizing CRH-NG2 co-expression by
FlpO- and Cre-dependent tdTomato expression, direct anti-CRH staining and DISH against Crh and
Pdgfra mRNA. The identification of CRH" cells as OPCs was especially surprising because due to the
genetic structure of the Cri gene locus with its neuron restrictive element RE-1/NRSE, its expression
was thought to be exclusive to neurons (Schoenherr and Anderson 1995). Although, interaction between
RE-1/NRSE and the RE-1 silencing transcription factor (REST) leads to the silencing of the gene locus,
its’ expression can also be enhanced by it (Seth and Majzoub 2001b). REST is also expressed in OPCs
and has been shown to be upregulated during differentiation processes. Here it was thought to prevent
neuronal gene expression, because implementation of a dysfunctional REST led to impaired
oligodendrogenesis and more OLs with neuronal morphology (Dewald, Rodriguez, and Levine 2011).
Whether CRH expression in OPCs is due to a failed RE-1/NRSE-mediated silencing or an enhancement
by REST, future research has to show. Interestingly, CRH" OPCs were not found in the murine brain
under non-injury conditions, wherefore CRH expression had to be triggered by acute injury. Because
OPCs are known to react to injuries in different ways, CRH" OPCs were investigated concerning their

population dynamics, reaction towards the injury site as well as CRH expression kinetics.

3.3 Identification and population dynamics

A well described reaction of OPCs upon injury is their strong proliferative response (Simon, Gotz, and
Dimou 2011). The population dynamics of CRH" OPCs, with their steep increase between 1 and 7 days,
their subsequent decrease and presence at relatively steady numbers up to 4 months post injury was
comparable to what had been described in the literature (Dimou et al. 2008). By spatiotemporal analysis
of the injury site, CRH-expressing OPCs were shown to appear within the first 300 pm around the
wound centre followed by an increase in their total number, reaching up to 15% of the total OLC
population. Subsequent to a progressive inward movement towards the injury core, the total number of
cells was reduced again. As already mentioned above, the steep increase was caused by their appearance
as well as their inward movement, but also by their strong proliferation, as 100% of cells were Ki67" at
2 dpi. Therefore, CRH-expressing OPCs show a behaviour similar to the whole population of OPCs as
revealed in a very detailed in vivo 2-photon imaging study analysing the time-dependent reaction of
cortical OPCs following stab wound injury (von Streitberg et al. 2021). Here, the inward movement as

well as proliferation were found to be the main drivers of increased OPC numbers upon damage. Also,
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the time course of migration and proliferation seems to be comparable between their study and our
results. Although their general behaviour seems to be similar, CRH-expressing OPCs have a
significantly higher tendency to proliferate. In their study, a maximum of 40 % in the whole population
proliferated, compared to 100 % in CRH" OPCs. Therefore, CRH expression either is a reaction that is
triggered by the same or a comparable stimulus that later on leads to proliferation or CRH-expressing
OPCs resemble a subpopulation of cells with an exceptionally high capacity to proliferate. Obviously,
the observed differences in proliferation could also be caused by the different injury models and the
region, that was analysed. WM and GM OPCs have already been shown to differ in their properties
under physiological conditions (Dimou et al. 2008), thus their reaction to injury might also differ.
Whether this regional heterogeneity is caused by intrinsic differences or depends on the environment,

remains not fully understood.

3.4 Maturation into OLs

As mentioned above, CRH-expressing OLCs reduce their number following 7 dpi. This decrease in cell
number could be explained by the current model of OPC differentiation into mature OLs following
demyelination or injury, as described in the introduction. In brief, a high differentiation rate results in a
high number of premyelinating OLs and thus to a higher number of cells that do not find a stable
connection to the surrounding axons. Subsequently, this leads to their death because of the limited access
to nutrients (Hughes et al. 2018; Hughes and Stockton 2021). Indeed, the high maturation rate of CRH-
expressing OPCs, of approximately 80%, supports this idea. Additionally, it has to be mentioned, that
previous experiments analysing acute injury in the cortex showed that cortical OPCs differentiate at a
lower rate of around 30% (Dimou et al. 2008). This difference to our results might be explained by the
fact that the injury in our study was performed in the midbrain, a region which is very rich in myelinated
fibre tracts and possesses a high number of OLs, more comparable to pure WM (Tripathi et al. 2017).
As WM OPCs have a higher tendency to differentiate under non-injury conditions, the higher maturation
rate of CRH" OPCs following injury could also be caused by region-specific properties, independent of
CRH expression (Dimou et al. 2008). Although the population dynamics of CRH-expressing OLCs are
comparable with non-CRH-expressing OLCs, their stronger long-term decrease in total number is
characteristic only for the CRH" population. This observation might also be explained by their high
differentiation rate, but no further data was gathered to analyse these potential differences in more detail.
All the above described properties like appearance, subsequent proliferation and migration as well as
maturation were confirmed on a single cell level by in vivo 2-Photon imaging. Furthermore, we were
able to confirm that CRH-expressing OPCs mature in a stepwise manner, typical for OL generation (de
Faria et al. 2021). The generated premyelinating OLs, which were identified by their morphology, high
motility of filopodia and formation of lamellipodia, were also shown to disappear. Likely this
disappearance was caused by their degeneration, because an outward movement that would lead to the

appearance of CRH" OLCs at distant regions from an injury site, was never observed. Still, a day-by-
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day tracking of CRH" premyelinating OLs is necessary to confirm this hypothesis. In sum, the CRH-
expressing OPC population shows the hallmarks of OPCs’ injury reaction, including migration,
proliferation and maturation, but differs in its long-term development, potentially caused by its high

maturation rate.

3.5 Expression kinetics and sequential cellular response

CRH expression was shown to start within the first 12 h following injury infliction and therefore
precedes any other transcriptional change by OPCs towards acute injury described so far. An in-depth
literature analysis additionally showed that in a very recent study analysing transcriptional changes
between 15 min and 42 days post spinal cord injury, CRH-upregulation was detected at 1 dpi, so exactly
within the time window described in our study (Li et al. 2022). These results further validate and
strengthen our finding. Because most studies concentrate on a time scale of days following injury, in
many analysis OPC-connected changes within the first 24 hpi are not well described and OPC reactions
are mainly analysed concerning morphological changes like polarization and hypertrophy and their
increase in cell numbers by proliferation (von Streitberg et al. 2021).

As implicated by the early start of its expression, injury-induced CRH upregulation within OPCs seemed
to precede proliferation, which is usually initiated around 2 dpi. As CRH-Venus mice harbour a YFP,
that is not destabilized (Li et al. 1998), its degradation within the cell can take more than 24 h (He et al.
2019). Although this prolongs the reporting of CRH expression within this model, it enables the short-
term tracking of cells after they expressed CRH. When performing Ki67 staining, co-localization of
Venus and Ki67 was not observed before 36 hpi and also later, remained a rare event. Additionally,
Venus" doublets, supposedly caused by proliferation, were only visible starting at 36 hpi, confirming
the Ki67 result. Still, in CRH-Cre::Ai9 mice 100% of tdTomato® cells were also Ki67* at 48 hpi.
Although this finding might be counter intuitive, it follows the logic of the used reporter models.
Because in Cre-driven reporting, the level of Cre recombinase needs to be high enough, to delete the
STOP cassette upstream of tdTomato. Only then, tdTomato expression is driven by the strong synthetic
CAG promoter. Therefore, cells that are tdTomato” around 2 dpi must be the earliest CRH-expressing
cells already observed at 12 hpi in the CRH-Venus model and probably do not express CRH anymore.
Whether CRH expression in CRH" OPCs is a prerequisite for proliferation was not analysed in more
detail. Because the initiation of proliferation upon injury is only poorly understood, this question should
be addressed in future experiments. Although, it has to be mentioned that CRHR1 KO experiments did
not show any difference in the proliferative properties of the OLC population, wherefore, a direct
involvement of CRH or its receptor is unlikely. Concerning the expression strength, it is noteworthy that
in our CRH-FIpO validation paper CRH-Venus mice were clearly shown to report CRH-expressing cells
depending on the strength of their endogenous CRH expression. The fact that CRH-expressing OPCs
surrounding the injury site in CRH-Venus mice were found to be visible even without any anti-GFP

staining and, therefore, drastically brighter than the majority of CRH-expressing neurons, implies a
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superior expression level (Zhao et al. 2023). This high expression level is also shown by direct anti-
CRH staining. As already mentioned above, CRH-peptide was identified by anti-CRH staining within
PDGFRa" cells surrounding the injury site, confirming CRH expression in OPCs. This result was further
validated by CRH" vesicles in Venus® cells in CRH-Venus mice. The analysis of these CRH" OPCs
showed that the whole cell was filled with CRH" vesicles, contributing to the notion that CRH expression
and potential release upon injury is rather strong. With an approximated diameter between 250 and 600
nm (data not shown) their size was comparable to neuropeptide releasing vesicles, namely LDCVs, in
other cell types (Merighi 2018). Whether these vesicles also display other properties of LDCVs like the
name giving “dense core”, future studies, including super resolution microscopy and electron
microscopy, have to show (van den Pol 2012). Still the identification of potential secretory vesicles in
these reporter-expressing cells raised the question for potential target structures. Further, it necessitates

an in-depth analysis of the secretory properties of OPCs in general.

3.6 Identification of CRHRI1-expressing cells surrounding the injury site

In recent years, OPCs have been attributed with an immune modulatory function. They were shown to
respond to pro inflammatory cytokines like IFNy by antigen presentation (Kirby et al. 2019) and
influence microglial activation by targeting TGFPR2 via TGFB2 secretion (Zhang et al. 2019).
Therefore, the analysis of possible target receptors on other cell types, surrounding the injury site was
necessary. CRH is known to bind two different GPCRs, CRHR1 and CRHR2. Centrally, CRHR1 is the
predominant CRHR and CRH’s high affinity receptor. We identified CRHR1 in OPCs as well as
astrocytes, both surrounding the injury site, but also under uninjured conditions. In contrast to earlier
studies, showing CRHR1 expression also in microglia (Stevens et al. 2003), we did not find any
CRHRI1Y/IBA1" cells. The analysis of different openly accessible sequencing repositories confirmed the
expression of CRHR1 by OLCs and astrocytes (Zhang et al. 2014; Zeisel et al. 2015; Brown et al. 2016;
Zeisel et al. 2018; Falcao et al. 2019). Although, one has to mention that CRHR1 expression was found
to be very low in all studies. This is in line with data from our own lab, showing that CRHR1 expression
in single cell sequencing is only detected at very low levels even when the analysis is concentrated on
CRHRI" cells derived from a CRHR 1-reporter mouse model (Chang et al. 2022). Because both CRHR1-
expressing glial populations were identified in a Cre-dependent mouse model, the question, whether
their reporting resembled an ongoing adult receptor expression or represented a legacy expression
caused by transient developmental upregulation, needed to be answered. Therefore, adult expression
was tested using two approaches: Identification of CRHR1-expressing cells i) in the reporter line R1-
GFP, a model harbouring a GFP knock-in inside the Crhrl locus, therefore, enabling visualisation of
endogenous expression and ii) by using different Cre-dependent AAV models. Adult receptor
expression in OPCs was confirmed in R1-GFP and via AAV reporting and in astrocytes by AAV
mediated reporting, only. Thus, two main questions arose: i) Whether CRH and CRHR1-expressing
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OPCs represent the same or two distinct populations of cells and ii) whether CRHR 1-expressing OPCs

and astrocytes had a functional influence on post-injury processes.

3.6.1 CRHRI" subpopulation of OLCs: Characterization and functional relevance

First, the question whether the CRH/CRHRI1 system in OPCs resembles an autocrine or paracrine system
was addressed. The analysis of CRHRI-Cre::CRH-FIpO::A4i65 mice, a mouse model in which only
CRH/CRHRI1 co-expressing cells express the reporter tdTomato, showed that co-expressing cells were
present. Still, the number of cells around the injury site was smaller compared to the number of CRH-
expressing cells found in close proximity of the injury in the CRH-Cre::4i9 mouse model. Two
explanations were imaginable: i) A reduced reporting capacity of CRH in combination with FlpO,
leading to an overall reduced reporting in the Ai65 model, as shown in the CRH-FIpO reporter study
(Zhao et al. 2023) or ii) a minor overlap of two distinct populations of OPCs expressing either CRH or
CRHRI, respectively. Therefore, a quadrupole reporter line was generated in which CRH expression
was reported by FlpO-dependent tdTomato expression and CRHR1 expression by Cre-dependent Sunl-
GFP labelling of cells. Thereby, all three potential populations could be visualized. It turned out that,
CRH/CRHRI1 co-expressing cells resembled only a small minority of cells (=5 %), identifying CRH and
CRHRI1-expressing OPCs as two separate populations. The separation of these two subpopulations
necessitated an in-depth analysis of CRHR1-expressing OLCs. Their quantification under non-injured
conditions at different ages showed that their numbers increased on an absolute level, but also in relation
to the whole population of OLCs present at these stages. Because the number of OPCs is tightly
regulated within the murine brain (Hughes et al. 2013), this elevation could only be caused by an
increase in the total number of mature OLs. This hypothesis is further supported by the fact, that the
increase in the total number of CRHR 1-expressing OLCs was far greater than that observed for CRHR1*
OPCs. Although oligodendrogenesis has been shown to happen mainly in an early developmental time
window, it is indeed a life-long process (Tripathi et al. 2017; de Faria et al. 2021). Therefore, CRHR1-
expressing OLCs seemingly contribute to this adult oligodendrogenesis more than other OPC
subpopulations. Additionally, CRHRI1-expressing OLCs also co-localized with GPR17. The
subpopulation of GPR17" OPCs is a clearly identified and deeply characterized OPC subset, which
makes up =14 % of all OPCs and has been connected to maturation processes during development (Chen
et al. 2009) but also following injury and other pathophysiological conditions (Vigano et al. 2016;
Bonfanti et al. 2020; Miralles et al. 2023). Their maturation rate under non-injured conditions was shown
to be rather low and their cell numbers to be stable over long periods of time (Vigano et al. 2016; Miralles
et al. 2023). Therefore, the fact that CRHR1" cells, apparently a population with a high maturation rate
under non-injured conditions, and GPR17" cells with their low maturation rate, show a population
overlap, raises important questions. i) Do CRHR1-expressing OPCs resemble a subpopulation as was

shown for GPR17" OPCs? ii) Is CRHR1 constantly expressed in the OLC population or only transiently
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during certain stages along their differentiation? iii) Does the GPR17-expressing fraction of the CRHR 1"
OPCs contribute to the increase in CRHR1* OLCs?

For future experiments, one mouse model related issue has to be addressed. Due to the wide expression
of CRHRI1 throughout the brain, targeting it with transgenic mouse models is a challenging endeavour.
To visualize single cells, neuronal expression has to be reduced by complementing a CRHRI-Cre::Ai9
model, in which tdTomato is flanked by FRT sites, with a Tau-LSL-FIpO. This leads to the repression
of tdTomato expression in all Tau-expressing cells by the FlpO-dependent excision of tdTomato. Tau is
mainly expressed in neurons, but can also be found in mature OLs. As we have shown, FlpO-dependent
recombination is influenced by the strength of the driving promoter, wherefore, depletion of reporting
in OLs might be only slightly reduced. Still, to not underestimate the amount of CRHR1" OLCs, the
quantification should be validated within a different reporter model like CRHRI-INTACT in which only
the nuclear membrane of CRHR 1-expressing cells is visible, wherefore, a clear identification of single

cells, even without decreased reporting, is possible.

3.6.2 Functional effects of CRH/CRHR1 modulation on OPCs

To better understand the actual role of CRH expression by OPCs and its potential effect on CRHR1-
expressing OLCs, different gain- (GOF) and loss-of-function (LOF) experiments were performed,
including CRH injection, global and OPC-specific CRH OE, OPC-specific CRH KO as well as OPC-
specific and global CRHR1 KO. GOF experiments showed no influence on the OPC nor on the OL
population surrounding the injury site. Apparently, the further increase of CRH, above the already
present level caused by the released from OPCs and neurons upon injury and the resulting increase in
CRH/CRHRI1 signalling does not influence OLC processes. LOF experiments, on the other hand,
showed a significant decrease in OPCs and a non-significant increase of CC1" OLs at 7 dpi. Seemingly,
OLC behaviour is unchanged as long as CRH/CRHRI1 signalling is present, independent of an increased
amount, but is altered only when signalling is reduced. Interestingly, in OPC-specific CRHR1 KO
animals this result was not replicated, implying that also other CRHR1-expressing cells in the area
influence OPCs’ behaviour following injury. However, the reason for the decreased number of OPCs in
close proximity of the injury site could have had two reasons: i) Alterations in the proliferative response
of the OPC population or ii) a higher differentiation rate. Labelling proliferating OPCs by BrdU and
subsequently comparing the number of newly generated OLs in global CRHR1 KO vs WT animals
revealed that an increased differentiation of OPCs into OLs was the cause. Further, the total number of
OLs within the first 150 pm around the injury site was found to be increased by an extend, that could
not only be explained by the number of BrdU" OLs. Therefore, direct differentiation, without prior
proliferation probably contributed to the observed differences in the population of newly generated OLs.
Of course, also an increased survival of OLs following injury could be the cause for the higher number
of OL in CRHR1 KO animals. Because of the consistent observation of a reduced number of OPCs

surrounding the injury site in OPC-specific CRH and global CRHR1 KO, this explanation loses its
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plausibility, though. If an increased OL survival would be the cause, this could only influence the OPC
population by a differential proliferative response. This difference is not visible in the BrdU experiment,
wherefore, OL survival is probably not a contributing factor. The increased number of BrdU" but also
BrdU™ CC1" cells did not persist and the overall number of mature OLs at 6 weeks post injury was equal
between the genotypes. Therefore, rather than long-term OL generation, the speed of differentiation
following injury seems to be influenced by the CRH/CRHR1 system.

To fully understand the potential function of the CRHR1 in OLCs, one has to look at the complete
picture, which includes results gathered from the modulation studies, but also from the quantification of
CRHRI1" OLCs under non-injury conditions. CRHRI1 signalling acts as a stalling mechanism for OPC
differentiation following injury. Still, CRHR 1-expressing OPCs have a higher maturation rate compared
to other OPCs under non-injury conditions. Although this seems contradictory, it is not. OPC
differentiation is, as commonly known, influenced by many different factors including neuronal activity,
hormonal function and the interaction with other cell types or the ECM (see Introduction, (Hughes and
Stockton 2021)). Therefore, CRHR1 cannot be the only determining factor in the differentiation of
CRHR1-expressing OPCs. The higher maturation rate of CRHR1" OPCs might necessitate a stalling
mechanism that prevents premature differentiation only under certain conditions, e.g., following injury.
This would also explain why under non-injury conditions CRHR1 KO animals did not show a difference
in the number of newly generated OLs nor in the total number of mature OLs. The total amount of newly
generated OLs is unchanged because only the speed of early differentiation processes was increased.
Although CRH-expressing OPCs are not present under non-injury conditions, the functional relevance
of this system under non-injury conditions has to be seen in the light of i) the unphysiological holding
conditions, ii) potential other sources of CRH, like neurons connected to stress-related behaviour and ii)
our limited insight into the downstream signalling pathways of CRHR1 within OLCs and its potential
contribution to OL maturation under non-injury conditions. As compared to GPR17, which apparently
only modulates OPC differentiation following acute injury, CRHR1 might have a context-dependent
effect on the expressing cell. In case of non-injured animals, the KO leads to no change in the number
of mature OLs, but following injury the lack of CRHR1 leads to an increased number of newly formed
OLs. Therefore, CRHR1 signalling seems to represent an inhibitory drive, that transiently slows
maturation down when activated by CRH, without influencing the total number of mature OLs.
Interestingly, a comparable phenomenon was reported in one of the earlier studies of GPR17 and its role
in oligodendrogenesis (Chen et al. 2009). Here, the global KO of GPR17 led to an increased speed of
oligodendrogenesis, without effecting the overall number of OLs. Furthermore, neuropeptides like
galanin and dynorphin A have already been connected to the process of oligodendrogenesis. Due to their
wide-spread expression throughout the brain and their, compared to neurotransmitters, long-lasting

release mechanisms, neuropeptides are ideally suited to influence changes in CNS myelination.
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3.6.3 CRHRI1-expressing astrocytes: an additional factor

As already discussed above, the CRH/CRHR1 system seems to influence OPC differentiation following
injury. While global CRHR1 inactivation and OPC-specific CRH KO are able to induce changes in the
OLC population, the OPC-specific CRHR1 KO is not. Therefore, the observed differences might be
influenced by CRHRI1-expressing astrocytes, also identified around the injury site. The fact that
astrocytes can influence OPC differentiation and oligodendrogenesis by different factors has long been
acknowledged (see introduction). Therefore, astrocytic changes were also analysed in the previously
described GOF and LOF experiments. CRH injection led to an increased GFAP expression in astrocytes
surrounding the injury site. Although CRHR1-expressing astrocytes only resemble a minority of all
astrocytes present, these changes were shown to have a global influence on the astrocytic population.
This effect was mediated by CRHRI, as its KO depleted the CRH-induced GFAP upregulation.
Furthermore, not only GFAP but also vimentin expression was influenced by the astrocytic CRHR1.
Thus, rather than influencing only GFAP, CRHR1-dependent signalling in astrocytes apparently has an
effect on astrocyte activation, in general. How the signal is transmitted from the minority of CRHR1-
expressing astrocytes to the whole population remains unclear. Fast communication between astrocytes
via gap junctions has been proposed in the past (Stephan, Eitelmann, and Zhou 2021). This form of
communication does not necessitate the relatively long transmission by release of a diffusible factor
within the extracellular space and would explain the fast transmission from one CRHR1" astrocytes to
the surrounding cells within a short time window following CRH-release from OPCs. Besides, it remains
unclear, whether CRHR1-expressing astrocytes resemble a distinct subpopulation with other specific
characteristics. Because the astrocyte population has been shown to be rather diverse (Tsai et al. 2012;
Hasel et al. 2021), this is a question that needs to be addressed in future experiments.

Parameters associated with enhanced wound healing like increased vascular recovery and neuronal
survival were not changed following CRH injection. Apparently, rather than having a long-term effect,
CRH seems to influence the speed of GFAP upregulation. Changes in neuronal survival, a factor also
influenced by the amount of astrogliosis, was only changed in CRHR1 KO animals. In combination with
the result that the OLC population also displays changes only under conditions of reduced CRH/CRHR 1
signalling shows, that a further increase or antedating of CRH’s action by its direct injection does not
affect the healing process. It only causes a premature GFAP upregulation in astrocytes, which is
attenuated by 7 dpi. Thus, the presence of CRH above a certain threshold seems to be essential, while a
further increase is not as influential. As already described in the introduction, CRHR1 inhibition led to
a downregulation of GFAP, IBA1 an TNFa following global cerebral ischemia (de la Tremblaye et al.
2017b). Although no functional connection with CRHR1-expressing astrocytes is put forward, they
might have been involved. Future experiments have to show whether astrocytes display other, e.g.,

transcriptional changes, when modulating the CRH/CRHR1 system by up or downregulation and
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whether they release substances like PDGFA, known to mediate astrocytic influence on OLC behaviour

(Pringle et al. 1989; Richardson et al. 1988).

3.7 Expression strength as determining factor of FlpO recombination

efficiency and its influence on CRH-related scientific questions

Because of the limited accessibility of the CRH/CRHR1 system by antibody-based approaches, the
study of the CRH/CRHRI1 system in OPCs and astrocytes had to rely on a plethora of different reporter
mouse models. Although CRH-Cre reporter lines have been widely used and extensively validated
concerning their expression pattern in the murine brain (Taniguchi et al. 2011; Chen et al. 2015), the
singular use of one recombinase sets limitations in the analysis of this system. First of all, by using only
one recombinase, specific subpopulations, like the CRH-expressing OPCs, cannot be specifically
visualized. Therefore, the development of a CRH-FIpO mouse line by Salimando and colleagues opened
up new opportunities for the analysis of the CRH/CRHR1 system (Salimando et al. 2020). Although
early experiments, using the CRH-FIpO::Ai65F or the intersectional NG2-Cre::CRH-FipO::A4i65 line
showed that CRH expression in OPCs can be reported with these systems, the number of reported cells
was found to be smaller compared to the CRH-Cre::Ai9 model. This, in addition to the observation that
reporting of neuronal CRH expression using CRH-FipO::A4i65F was reduced, compared to CRH-
Cre::Ai9 raised the need for a more detailed analysis of the CRH-FIpO line to identify the cause of
differential reporting and to reasonably evaluate future results. Although following recombination of an
identical STOP cassette reporting by tdTomato is driven by a CAG promoter in both lines, the genetic
composition in which the tdTomato is incorporated differs slightly (Madisen et al. 2015; Madisen et al.
2010). The very detailed analysis of 9 different CRH reporter mouse lines, led to the conclusion that the
reduced reporting was not caused by these differences but by FlpO-associated properties. We were able
to show that CRH reporting in CRH-FIpO mice recapitulates the expression pattern in CRH-Cre models,
but is inferior in its capacity to report CRH expression, due to a reduced recombination efficiency.
Additionally, reporting could be increased, e.g., by applying an acute stress model, wherefore,
expression strength of the driving promoter is the main determinant of FlpO-dependent recombination.
These results also have direct implications for the study concerning the CRH/CRHRI1 system in OPCs.
First of all, the number of cells reported in CRH-Cre::Ai9 mice following injury represent the best
approximation of the CRH-expressing population of OPCs in this area. Reduced cell numbers, visible
in intersectional approaches harbouring NG2-CreERT2 and CRH-FIpO are not only limited in their
reporting capacity by the tamoxifen inducible CreERT2, usually having a recombination efficiency
between 60 and 80% (Zhu et al. 2011), but also by the FlpO-connected impairment. Therefore, NG2-
CreERT2::CRH-FlpO::4i65 mice could be used for a validation of CRH-NG2 co-expression upon
injury, but not for any quantification of this specific population. Further testing is necessary to validate,

whether this inefficient CRH-reporting is compensated for in homozygous FlpO mice. In sum, we are
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certain that general rules can be deduced from this characterization study that apply to any given
scientific question that necessitates the singular or combinatorial use of recombinases: i) When
comparing Cre and FlpO driven reporting the strength of the driving promoter has to be taken into
account, ii) when using trans sectional approaches to label specific subpopulation the efficacy of
reporting is determined by the recombination efficiency of FIpO and iii) when using FipO for OE or
KO of a certain marker a deep validation of its efficacy in the specific population is necessary.
Furthermore, data gathered from FilpO experiments cannot directly be compared to those using Cre,

without prior characterization.

3.8 Conclusion and outlook

In this thesis we present a novel neuropeptide system, consisting of CRH and its receptor CRHR1 in
OLCs and astrocytes influencing regenerative processes following acute brain injury. The thorough
confirmation and characterization of the neuropeptide CRH as well as its receptor CRHR1 distinguishes
this study from previous ones concerning neuropeptide expression in OPCs in which the validation of
peptide expression but also of the receptors was not performed as intensely. We further show, that early
CRH release from OPCs targets CRHRI1-expressing OPCs and astrocytes stalling premature
differentiation of OPCs. Although the functional role of this stalling mechanism remains elusive, the
gathered results have to be seen in the light of previously published work on neuropeptides and GPCRs
and their influence on OLCs, namely dynorphin A, galanin and GPR17. These have already been shown
to modulate OPC differentiation. Therefore, this study represents the next step in understanding
neuropeptides’ role in CNS function and recovery, especially in the context of glia-glia communication
and its influence on OL generation. Still, many open questions remain that necessitate further
experiments.

To better understand the endogenous differences between CRH-expressing versus non-expressing OPCs
and their long-term reaction following injury, a label retaining experiment in CRH-Cre::A4i9 mice has
to be performed. This enables the assessment and comparison of their proliferative capacity and their
oligodendrogenic potential. Although, one needs to mention that direct differentiation without prior
proliferation could only be assessed in the CRH-expressing population in this experimental setup.
Another important question is whether CRH expression necessarily precedes proliferation or can also
stand by itself. To answer this question, other triggers have to be identified first because BBB breakdown
usually leads to a strong proliferative response.

Also, CRHR 1-expressing OPCs and the population of OLs derived from them need further investigation.
Therefore, the function of CRHRI1-expressing OPCs following injury but also under non-injury
conditions needs to be deeply analysed. On the one hand, a long-term label retaining experiment has to
be performed in CRHRI-Cre::INTACT mice, either confirming or neglecting the hypothesis of their high
oligodendrogenic potential under physiological conditions. In this context, the influence of CRH on

CRHR1-expressing OPCs should also be tested, by searching for conditions in which this
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oligodendrogenic potential is changed, e.g., during chronic stress, associated with increased CRH
release and expression from and in neurons. Additionally, a detailed analysis of the reaction of CRHR1-
expressing OPCs following injury is mandatory. Ideally, this analysis would be complemented by the
assessment of the effect of CRH/CRHRI1 signalling downregulation on these processes. Because of the
genetic design of the currently used mouse models for CRH or CRHR1 KO an analysis of the CRHR1-
expressing cells while CRH or CRHR1 is knocked out, is impossible. Pharmacological targeting of
CRHRI1 would be the solution. Although CRHR1 inhibitors are available, their application has proven
to be difficult and mostly did not lead to the desired performance in previous experiments.

The most important question, however, is why CRH expression in OPCs and the proposed stalling of
OL generation is necessary following injury and whether there are other conditions that trigger this
mechanism. Obviously, murine housing conditions are rather artificial, without essential stimuli like
exposure to predators, life-long social stress or immune stimulation by infection. Therefore, it is hard to
estimate, whether wild mice do express and release CRH from OPCs on a regular basis. It seems
necessary to test as many different stimuli as possible. Thus, different animal models of diseases with
and without clear involvement of OLCs should be tested. This includes but is not limited to the MS
models cuprizone and EAE, ALS models, Alzheimer’s disease models, peripheral infection as well as
different models inducing elevated stress, e.g., chronic social defeat or acute restraint stress. In these,
not only the appearance of CRH-expressing OPCs, but also the effect of CRH/CRHRI system
modulation should be analysed. Like other neuropeptides, e.g., dynorphin A or galanin, CRH could play
a vital role in the condition-dependent modulation of oligodendrogenesis under physiological but also

pathophysiological conditions, thus resembling a potential target for future treatment.
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