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ABSTRACT

Especially in higher vertebrates, astrocytes are an indispensible part of signal processing
within the brain. Thus, the mode of action of a neuroactive peptide such as OXT cannot be
fully understood without this integral part of the CNS. The effects of OXT on neuronal cells
have been well characterized, while its effects on astrocytic cells, specifically on OXTR-
coupled signaling and its resulting cellular consequences, are poorly understood and might
very well differ. To characterize the effect of OXT on astrocytic gene expression, intracellular
signaling, as well as astrocyte-specific proteins, synthetic OXT was either administered icv in
male Wistar rats or applied to cultured rat primary cortical astrocytes. Due to the results of this
analysis implying an acute OXT-induced cytoskeletal remodeling and alterations to gap-
junction coupling, | next examined the underlying molecular mechanisms and cellbiological
consequences of these alterations. Here | found that OXT led to rapid elongation and formation
of astrocytic processes in vitro and in vivo, while simultaneously impairing astrocytic
intercellular connectivity. Mechanistically, both of these effects were OXTR-specific, conveyed
via PKC and, to a lesser extent, MEK1/2 signaling. Notably, OXT-induced cytoskeletal
remodeling and impairment of gap-junctions were characteristic for OXT, since its closely
related sister-peptide AVP did not affect the examined parameters. CLSM and STED-
microscopy following icv or ex vivo administration of OXT furthermore revealed changes to
astrocyte-neuron spatial relationships in two brain regions associated with high
responsiveness of astrocytic markers to OXT, i.e. PVN and hippocampus. In depth in vitro
studies identified the previously undescribed Sp1-Gem signaling axis to be at the base of these
effects. A combination of knockdown, knockout and overexpression experiments revealed that
OXT drives Gem expression via the transcription factor Spl and that Gem is required and
sufficient for the effects of OXT on astrocytes. The Spl-Gem axis was differentially regulated
by OXT in neuronal cells, identifying it as key driver in the cell type-specific response of
astroglial cells to OXT. Based on these findings, astrocyte-specific AAV-mediated Gem or Oxtr
shRNA knockdown vectors were established as tools for a targeted manipulation of astrocytic
OXTR signaling and future assessment of astrocytic contribution to the physiological and
behavioral effects of OXT. To this end, shRNA oligonucleotides were screened for knockdown
efficiency in vitro and subsequently packaged into viral vectors providing astrocyte-specific

expression via transcriptional control of ShRNA expression under the hGFAP promoter.
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1 INTRODUCTION

1.1 The neuropeptide oxytocin

Due to its various physiological and behavioral functions, there has been a growing scientific
interest in the nonapeptide oxytocin (OXT) and its cognate receptor over the last decade.
However, the research on OXT and its closely related sister-peptide arginine vasopressin
(AVP) dates back more than a century. Besides a multitude of physiological functions, this
research unraveled a remarkable degree of evolutionary conservedness of the OXT/AVP
systems (Acher et al., 1995; Donaldson and Young, 2008; Hoyle, 1999), indicating a high
degree of selective pressure acting on both, the genes coding for OXT/AVP homologs, as well
as their receptors. As a result of a gene duplication of their common ancestor gene vasotocin,
which homologs can be traced back to invertebrate phylae like annelida or mollusca,
OXT/AVP-like neuropeptides are found in all vertebrate species. Their evolutionary
conservation extends beyond the chemical structures of the peptides and their receptors, as it
can also be observed in a similar anatomical distribution of the synthesizing neurons and
receptor expression patterns (Grinevich et al., 2016; Vargas-Pinilla et al., 2015). Moreover,
striking functional similarities exist, with OXT/AVP homologs regulating osmotic homeostasis
and social/sexual behaviors throughout large parts of the animal kingdom (Lema et al., 2015;
Soares et al., 2012; Van Kesteren et al., 1995).

In mammals, OXT and AVP are mainly synthesized in magnocellular neurons of the
paraventricular nucleus (PVN) and the supraoptic nucleus (SON) of the hypothalamus in a
mutually exclusive manner (Mohr et al, 1988; Sofroniew, 1983). A detailed
immunohistochemical analysis in rats revealed an additional expression in magnocellular
accessory nuclei of the hypothalamus constituting around one-third of OXT/AVP-positive cells
(Rhodes et al., 1981). An additional site of OXT synthesis is posed by parvocellular neurons
of the PVN, but also scattered extra-hypothalamic neurons (De Vries and Buijs, 1983;
Knobloch and Grinevich, 2014). Contrary to magnocellular neurons, these cells do not project
to the neurohypophysis, but instead form connections with a) areas in the brain stem and spinal
cord, where they are involved in the regulation of autonomic processes and pain perception
(Swanson et al., 1980) and b) magnocellular neurons of the SON/PVN to regulate OXT release
(Eliava et al., 2016).

OXT synthesizing cells express the Oxt gene, which encodes a signal peptide (SP), the
nonapeptide and its attached neurophysin (NP). The 4850bp gene contains three exons, two
introns (lvell and Richter, 1984), as well as a promoter region for which binding of various
hormone receptors (Adan et al., 1993; Richard and Zingg, 1990; Sladek and Somponpun,
2004) and the transcription factor CREB (Sharma et al., 2012) was identified. The newly
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synthesized SP-OXT-NP pre-peptide is packaged into neurosecretory large dense-core
vesicles (Tooze, 1998) where it undergoes extensive posttranslational modifications (Altstein
and Gainer, 1988; Gainer et al., 1977). The magnocellular cells of the PVN and SON send
axonal projections to the neurohypophysis, a neuro-hemal organ of neuronal (i.e. ectodermal)
origin. OXT-containing vesicles are stored in and released from neuronal terminals into

neurohypophysial capillaries, permitting entry into the peripheral blood stream (Hatton, 1990).

Within the brain, OXT neurons project to various mesolimbic and forebrain structures like the
bed nucleus of the stria terminalis (BNST), septal nuclei, nucleus accumbens, prefrontal
cortex, medial and central amygdala, hippocampus and the anterior olfactory nucleus (Dolen
et al., 2013; Grinevich et al., 2016; Sofroniew, 1980). In contrast to peripheral OXT release,
intracerebral OXT release seems to occur non-synaptically, as neither presynaptic localization
of OXT containing vesicles nor postsynaptic oxytocin receptors (OXTR) could be observed yet
(Knobloch et al., 2012; Theodosis, 1985). Oxt mMRNA has been detected in dendrites (Mohr
and Richter, 2003), suggesting local synthesis of OXT and consequent dendritic release (Pow
and Morris, 1989). Indeed, Pow and Morris were the first to describe such dendritic release of
nonapeptides using electronmicroscopic tools (Morris and Pow, 1991). Instead of being
transmitted synaptically, OXT is released axo-dendritically at axonal projection sites, or
somato-dendritically within the PVN/SON. These diffusion-like neuropeptide actions led to the
view of OXT as neuromodulator, rather than neurotransmitter (Landgraf and Neumann, 2004;
Leng and Ludwig, 2008). The anatomical distribution of OXT projections and release sites is

summarized in Fig. 1.
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Figure 1. Projections and release sites of the OXT system in an anatomical scheme of the rat brain (sagittal slice).
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OXTergic projections originating from the PVN/SON are depicted as black lines, connecting OXTR expressing brain
areas. Brain regions where OXT release has directly been shown are highlighted in yellow. AON, anterior olfactory
nucleus; OB, olfactory bulb; OT, olfactory tubercle; Nac, nucleus accumbens; OVLT, organum vasculosum laminae
terminalis; SON, supraoptic nucleus; PVN, paraventricular nucleus of the hypothalamus; PP, posterior pituitary;
PFC, prefrontal cortex; CC, cingulate cortex; MPOA, medial preoptic area; BNST, bed nucleus of the stria terminalis;
LS, lateral septum; CPu, caudate putamen;PV, paraventricular nucleus of the thalamus; CeA, central amygdala;
MeA, medial amygdala; BLA, basolateral amygdala; VTA, ventral tegmental area; LC, locus coeruleus; PBN,
parabrachial nucleus; DRN, dorsal raphe nucleus; PAG, periaqueductal gray; SN, substantia nigra; HPC,
hippocampus; HDB, nucleus of the horizontal limb of the diagonal band. Scheme adapted from (Jurek and
Neumann, 2018).

Interestingly, peripheral and central release can occur coordinated or independently,
increasing the response specificity of the OXT system to external stimuli. Stimuli triggering
simultaneous release include parturition, lactation (suckling), physical and emotional stress,
as well as osmotic challenge, mating and social interaction (reviewed in Jurek and Neumann,
2018). It should, however, be noted that differences in temporal dynamics of central and
peripheral release do still exist for these stimuli. An examples for a stimulus triggering
independent central OXT is the anorexic neuropeptide a-melanocyte stimulating hormone (a-
MSH). While a-MSH induced OXT release within the SON, it inhibited release into the
bloodstream (Sabatier et al., 2003).

Dependent on the stimulus and site of release, OXT drives an adequate physiological or
behavioral response, including the modulation of physiological parameters such as pain
perception, appetite and HPA axis activity, but also the regulation of complex social behaviors
and emotionality. A large body of literature has demonstrated that the endogenous OXT
system promotes learning and memory functions, maternal behavior, sexual aggression, social
preference and bonding (reviewed in Jurek and Neumann, 2018). Moreover, its robust
anxiolytic, anti-stress, and pro-social effects have brought the brain OXT system up for
discussion as a potential therapeutic target for psychopathologies such as anxiety disorders
(Labuschagne et al., 2010; Landgraf and Neumann, 2004; MacDonald and Feifel, 2014), major
depressive disorder or autism spectrum disorder (Bakermans-Kranenburg and van ljzendoorn,
2014). In this context, a detailed understanding of the mode of action of OXT is of particular

relevance and might contribute to the identification of new treatment options.

1.2 The OXTR and its downstream effectors

On a cellular level, OXT mediates its functions mainly via the OXTR. In the periphery, the Oxtr
gene displays a widespread expression pattern, including the renal cortex, adrenal medulla,
heart, retina, skin, fat tissue, the enteric nervous system, bones and taste buds (Colaianni et
al., 2014; Deing et al., 2013; Eckertova et al., 2011; Gutkowska and Jankowski, 2012; Halbach
et al., 2015; Ostrowski et al., 1995; Taylor et al., 1989). In the brain, Oxtr expression is found

in all above mentioned brain areas (for review, see Jurek and Neumann, 2018) and various
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non-neuronal cell types (Di Scala-Guenot and Strosser, 1992a; Yuan et al., 2016). OXTR-
positive cells display a wide range of properties that in some cases are even co-characteristic.
For example, Oxtr expressing neurons within the PVN are exclusively glutamatergic, whereas
within the BNST OXTR-positive neurons are of GABAergic nature (Dabrowska et al., 2013).
The highly conserved 17kb Oxtr gene consists of four exons and three introns and codes for a
389 amino acid 7-transmembrane domain (TM) G protein-coupled receptor (GPCR) (Kimura
etal., 1992; Rozen et al., 1995). The first three extracellular loops of the OXTR are most critical
for OXT binding by interacting with the tertiary structure of the peptide (Postina et al., 1996).
OXT does not exclusively bind to OXTRs (Ki=0.79nM), but also to the vasopressin receptors
Vla (Ki=120nM), V1b (Ki=1.782nM) and V2 (Ki=1.544nM), although with lower affinity (Akerlund
et al., 1999). This fact makes it both difficult and important to validate OXTR specificity in any
OXT-dependent effect to be studied.

Oxtr expression is under tight transcriptional and post-transcriptional control, strongly
enhancing the regulatory capacity of the OXT-OXTR system. This is reflected by binding sites
for various transcription factors/repressors like Spl, AP1/2, c-Myb, NF-kB, estrogen receptors,
C/EBP and Peg3 in the Oxtr sequence (Frey et al., 2018; Terzidou et al., 2006 and reviewed
in Blanks et al., 2007), as well as additional epigenetic and miRNA-based mechanisms (Beery
et al., 2016; Choi et al., 2013). Moreover, the availability of the ligand itself seems to be able
to affect OXTR quantities, since both chronic intracerebroventricular (icv), as well as repeated
intranasal administration reduced Oxtr mRNA expression in various brain regions (Huang et
al., 2014; Peters et al., 2014). Extracellular signals regulating Oxtr expression include labor-
induced mechanical stretch and interleukin-f release (Terzidou et al., 2011; Terzidou et al.,
2005), as well as estrogen and progesterone (Quinones-Jenab et al., 1997; Schumacher et
al., 1990).

Once the receptor is expressed and trafficked to its subcellular localization, the biochemical
environment of the plasma membrane and interaction partners within the membrane are able
to alter both signal perception, i.e. affinity, and activation patterns of downstream effectors
(Busnelli et al., 2016; Gimpl and Fahrenholz, 2001; Reversi et al., 2006; Romero-Fernandez
et al., 2013; Wiegand and Gimpl, 2012; Wrzal et al., 2012). Additionally, the coupled signaling
cascades will determine the cellular and, later on, network output. Due to its major role in
uterine contractions during birth, these cascades were initially mainly studied in myometrial

cells.

The first level of signal processing following ligand binding is characterized by the respective
subforms of G4/Gg/Gy proteins immediately coupled to the receptor, which can vary dependent
on the cell type and physiological state. For example, the OXTR is coupled to the inhibitory Gq

protein subforms Guair-s, Gaoa and Gaoe iIn myometrial cells (Busnelli et al., 2012), whereas
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coupling to the activating Gg11 subform and subsequent phospholipase C (PLC) activation was
described in myometrial membranes (Ku et al., 1995). Another example is the Gq1:1—mediated
increased contractility of myometrial cells of non-pregnant rats vs. the Gg,-dependent decrease
of contractility in myometrial cells of pregnant rats (Zhou et al., 2007). As exemplified here,
such differential coupling can in consequence lead to a contrary response to the same signal,
reflecting the highly context-dependent nature of OXTR signaling.

As a general characteristic of GPCRs, the second level of signal processing is an activation of
second messengers by either the activated G proteins or direct interactions. This mechanism
provides an enormous amount of amplification, enabling small quantities of a ligand to trigger
a significant response. The main second messenger recruited by G proteins is Ca?*, which can
be released from internal stores and/or enter cells from the extracellular space. Gq11 coupled
OXTR signaling activates phospholipase C, which in turn leads to the cleavage of
phosphatidylinositol 4,5-bisphosphate to inositol-3-phosphate (IP3) and diacylglycerol (DAG).
IP3 binding to IP3 receptors located in the endoplasmatic reticulum subsequently triggers Ca?*
release from intracellular stores (for review see Mikoshiba, 2007). In cells of the central
nervous system, this has been described for both neuronal (Ayar et al., 2014) and astrocytic
cells (Di Scala-Guenot et al., 1994) in the context of OXT. In contrast, OXT led to a decrease
of intracellular calcium in lipopolysaccharide-challenged microglial BV-2 cells (Yuan et al.,
2016). The full extent of signal amplification additionally requires Ca?* influx from the
extracellular space via calcium channels. For OXT, the involvement of various transient
receptor potential cation channels (TrpC; specifically TrpC1/TrpC3-6; Chung et al., 2010;
Murtazina et al., 2011; Shlykov et al., 2003; Ulloa et al., 2009) and transient receptor potential
vannilloid channels (TrpV; specifically TrpV2/TrpV4; van den Burg et al., 2015; Ying et al.,
2015), as well as voltage operated channels (Sanborn, 2007) has been reported. That this
aspect of OXTR signaling is of critical relevance at the behavioral level was demonstrated in
2015 by van den Burg et al., as pharmacological blockade of TrpV2 within the PVN prevented
the acute anxiolytic effect of OXT by inhibiting downstream activation of the mitogen activated
protein kinase (MAPK) pathway that had been previously shown to mediate this effect (Blume
et al., 2008; Jurek et al., 2012). Other Ca?*-dependent downstream effectors of the OXTR are
the calmodulin dependent kinases 1l/1V (Jurek et al., 2015), calcineurin (Pont et al., 2012) and
protein kinase C (PKC; Devost et al., 2008a). We recently found that OXT induces de novo
protein synthesis in neuronal cells in a PKC-dependent manner by stimulating the translational
activator eukaryotic elongation factor 2 (Martinetz et al., 2019). Notably, one of the newly
synthesized proteins, neuropeptide Y receptor Y5, was sufficient and necessary for the
anxiolytic effect of acute OXT within the PVN. In a broader picture, this demonstrates an
intracellular feed-forward mechanism of OXT, supporting its own effect on gene expression

(see below) by facilitating the translation of the newly transcribed mRNAs.
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The third level of signal transduction is additionally shaped by downstream effectors not
dependent on increased cellular Ca?*levels. The transactivation of the epidermal growth factor
receptor (EGFR) and subsequent activation of MAPK pathways studied both in myometrial
cells and neurons, is a link of OXTR signaling to such effectors (Blume et al., 2008; Lin et al.,
2012; Zhong et al., 2003). Although the direct signal transducer is yet unknown, OXTR-coupled
signaling triggers the auto-phosphorylation activity of the EGFR tyrosine kinase domains,
which subsequently recruits the membrane-bound GTPase Rat sarcoma (Ras). Full MAPK
activation is then accomplished by a phosphocascade of [c-Raf-1(Map3k)/Map2k/ERK1/2],
although ERK1/2 independent signaling was observed for the Map2k family member MEK1/2
in some cases (Fischmann et al., 2009; Jurek et al., 2015; Jurek et al., 2012; Kim et al., 2015).
OXT-induced phosphorylation peaks for c-Raf and ERK1/2 have been described as early as
Bmin or 10min, respectively (Blume et al., 2008), however the timecourse of ERK1/2
phosphorylation in particular seems to be cell type-dependent (Terzidou et al., 2011). Other
members of the MAPK family that have been linked to OXTR signaling in myometrial cells are
p38 and ERKS5 (Brighton et al., 2011; Devost et al., 2008b; Kim et al., 2017). In general, MAP
kinases are involved in the regulation of a wide variety of cellular processes ranging from cell
differentiation and migration, apoptosis to regulation of gene expression in response to
external stimuli. In the context of OXT, exertion of such transcriptional control has been mainly
studied for two distinct transcriptional regulators. First, the transcription factor CREB was found
to mediate OXTR/MAPK-induced spatial memory formation during motherhood (Tomizawa et
al., 2003), hippocampal long-term potentiation (Lin et al., 2012), as well as Crf expression
(Jurek et al., 2015). Second, the myocyte enhancer factor 2 (MEF-2) was activated by OXT in
myometrial (Devost et al., 2008b) and neuronal cells (Meyer et al., 2018), leading to neurite
outgrowth in the latter. In general, OXT seems to have profound effects on the formation and
elongation/retraction of cellular processes. While OXT caused less ramification in hippocampal
glutamatergic neurons ex vivo (Ripamonti et al., 2017), it induced process elongation in human
neuroblastoma and glioblastoma cells (Lestanova et al., 2016; Lestanova et al., 2017). The
latter effect was accompanied by a variety of changes in the expression of genes associated
with cytoskeletal dynamics. In line, OXT was found to increase myometrial contractility via
activation of the RhoA/ROCK signaling pathway, most pronounced during late pregnancy
(Gogarten et al., 2001; Tahara et al., 2002). The GTPase RhoA and its effector ROCK belong
to the major regulators of the cellular cytoskeleton and as such are involved in cellular
migration, morphology, adhesion, motility and smooth muscle contraction. (Van Aelst and
D'Souza-Schorey, 1997). ROCK targets Serl9 of the myosin light chain (MLC; Totsukawa et
al., 2000), while simultaneously inhibiting myosin light chain phosphatase (MYPT) via
phosphorylations at threonines 696 and/or 853 (Feng et al., 1999; Kawano et al., 1999) and,

in consequence, increases F-actin contractility.
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Finally, the desensitization of the OXT-OXTR signaling axis is initiated via OXTR
phosphorylation by the G protein-coupled receptor kinase 2 and is already initiated 4s following
ligand binding (Hasbi et al., 2004). This phosphorylation enables subsequent binding of -
arrestin2, which in turn uncouples the receptor from its G proteins and simultaneously acts as
an adapter for clathrin-mediated endocytosis (Goodman et al., 1996; Smith et al., 2006). The
endocytotic vesicles are stored intracellulary, and the receptor is reinserted into the membrane
around 4h after the initial internalization (Conti et al., 2009). In addition, B-arrestin provides a
negative feedback mechanism by inhibiting insertion of TrpV channels into the plasma
membrane (Ying et al., 2015). Interestingly, B-arrestin additionally seems to play a role in the
nuclear translocation of the OXTR, a process so far exclusively described in osteoblasts (Di
Benedetto et al., 2014). A potential secondary negative feedback mechanism is the prevention
of prolonged calcium influx via TrpC3/5 channels by inhibitory phosphorylation of these
channels by PKC (Venkatachalam et al., 2003).

Taken together, the high degree of regulatory capacity, from ligand over receptor to the cell
type-specific identity of coupled downstream effectors, enable the OXT-OXTR system to bring
about physiological and behavioral responses, which are diverse and highly specific at the
same time. In the brain, OXT actions are not restricted to neurons, which makes an

understanding of these actions on other cell types of the CNS imperative.

1.3 Astrocytes — Maintenance of CNS homeostasis and active participation in neuronal

communication

The first description of a neural cell that would later be classified as glia cell dates back to 1851
(Mdaller, 1851). Heinrich Muller had described cells of the retina, which were later named Muiller
cells, while six years later Karl Bergmann described radial like cells of the cerebellum (later
named Bergmann glia; Bergmann, 1857). Carl Frommann coined the term glia cell (from
greek: yAia, glue), when describing ‘Leim erfilite Interstitien’ (glue-filled
interstitiae; Frommann, 1867). Based on their star-shaped appearance with processes
pointing in all directions, Michael von Lenhossék was the first to use the term ‘astrocyte’ in
1895 (Lenhossék, 1895). This term was later on popularized by Santiago Ramén y Cajal, who
developed the first astroglia-specific staining technique based on gold and mercury chloride-
sublimate staining (Garcia-Marin et al., 2007). These anatomical studies fostered speculations
on the physiological functions of these cells, some of them turning out to be surprisingly correct
when examined experimentally later on. Such examinations were enabled by
electrophysiological experiments in the late 1950s providing the first evidence of neuron-glia
interactions (Hertz, 1965; Hild et al., 1958; Orkand et al., 1966). The establishment of purified
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cultures by Jean de Villis allowed research to provide insights into astroglial biology on a single-
cell level (Morrison and de Vellis, 1981). The findings of the following decades (see below)
even led some researchers to call for a shift from a neurocentric to a gliocentric view of the
brain. The glia cells that populate the CNS (neuroglia) are characterized by form, function and
developmental origin. Neuroglia are subdivided into macro and microglia, with the first
including cells of neuroectodermal origin (astrocytes, oligodendrocytes, ependymal cells),
while the latter are of mesodermal origin and originate from macrophages invading the brain
during early development (Sierra et al., 2014).

Evolutionary, neuro-supportive glial cells could be traced back to higher Platyhelminthes, with
support of neuronal cells by ‘proto-astrocytes’ first observed in Nemathelmintes (Golubev,
1988; Oikonomou and Shaham, 2011). Neuroglia were then found in all higher taxa including
Arthropoda, Mollusca and Annelida (Hartline, 2011), as well as vertebrates with a general trend
for increased glia to neuron-ratios throughout the course of evolution (Friede, 1954;
Reichenbach, 1989). This increase follows the increase in brain thickness, as well as neuronal
energy expenditure and reflects the resulting elevated demand for metabolic support and
homeostatic maintenance. Moreover, the complex astrocyte-neuron interplay on the synaptic
level (for a more detailed description see 1.4) allowed for a progressive increase in the
computational power of the CNS, which is also reflected by large increases in astrocytic size,
complexity and signal procession speed particularly seen in humans. This has been
remarkably demonstrated by engraftment of human glial progenitor cells (hGPCs) into
neonatal mice. Chimeric mice devoloped mature hominid astrocytes, which caused sharp
enhancements of LTP, as well as improved learning capabilities in a variety of behavioral tests
(Han et al., 2013). Despite significant advances in the identification of astrocytes (see below),
their exact abundance, especially in relation to other cell types, is still under debate. In rodents,
the glia to neuron ratio is around 0.3 — 0.4, with 10-20% of CNS cells being astrocytes (Sun et
al., 2017), whereas the glia-neuron ratio in higher mammals increases to around 1.5-2.0
(Pelvig et al., 2008; Sherwood et al., 2006). However, of these glia cells only ~20-40% where
found to be astrocytes, while oligodendrocytes make up ~50% and microglia ~5-10%
(Mittelbronn et al., 2001). Verkhratsky and Nedergaard (2018) describe astrocytes throughout
the course of evolution as ‘highly opportunistic supportive cells that tailor their form and
function to match the demands of progressively changing nervous tissue. In this context, the
CNS evolved through division of functions between cell types: the neurons become mostly
responsible for rapid propagation of signals associated with action potential and chemical
synapses, whereas neuroglia assumed the responsibility for homeostasis and defense’. In
case of astrocytes, these homeostatic functions are manifold and include ionostasis, pH
buffering, H.O homeostasis and thereby regulation of extracellular space volume, reactive

oxygen species homeostasis, neurotransmitter uptake and recycling, neurovascular coupling,
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clearance of waste products, systemic energy homeostasis, regulation of food intake and
nutrient shuttling to neurons. This homeostatic focus is reflected by a broad variety of
membrane transporters, ion channels and metabolic enzymes being the most highly expressed
astrocytic genes (Cahoy et al., 2008). Hence, astrocytes are indispensable to maintain a stable

molecular environment within the CNS and thereby support vital neuronal functions.

Developmentally, astrocytes, in contrast to microglia, originate from neuroepithelium-derived
neuronal progenitors (Kriegstein and Alvarez-Buylla, 2009) and differentiate to astrocytes after
the neurogenic period of the CNS, in which early neurons populate neuronal layers. In rodents,
the subsequent gliogenic switch, characterized by the expression of gliogenic transcription
factors like NFIA or Sox9 (Deneen et al., 2006; Freeman, 2010), occurs on embryonic day (E)
12 in the spinal cord and around E16-18 in the cortex. Neurons and astrocytes born in the
same region will generally develop together, and by that give rise to regional specificity (Gao
etal., 2014; Magavi et al., 2012). However, the described embryonic astrogliogenesis accounts
only for a part of adult CNS astrocytes. In rodents, the number of non-neuronal cells increases
from 4 million to over 140 million during the second and third postnatal weeks (Bandeira et al.,
2009), whereas in cats the astrocyte-to-neuron ratio almost doubles from ~0.8 in young kittens
to ~1.48 in adult animals (Brizzee and Jacobs, 1959). An important factor in this postnatal
increase is most likely the retained (low) proliferative capacity of astrocytes, which

distinguishes them from the majority of neurons (Ge and Jia, 2016).

The identification of astrocyte-specific markers facilitated the understanding of astroglial
biology to a great extent. However, even today, specific identification and targeting of
astrocytes is not trivial and topic of ongoing debates, since the high degree of morphological
and transcriptomic heterogeneity rendered identification of an universal astrocytic marker
impossible to the date. Therefore, only a combination of techniques and markers led to a more
concise picture. Early on, classical histological techniques based on Cajal’'s sublimated gold-
chloride staining accomplished labeling of astroglial filaments and endfeet. Later, glial fibrillary
acidic protein (GFAP) within the CNS was identified to be exclusively expressed in astrocytes
and has been the most commonly used astrocytic marker since. GFAP is an intermediate
filament of the astrocytic cytoskeleton (Bignami et al., 1972; Hol and Pekny, 2015; Ludwin et
al., 1976), which displays a subpopulation and region-specific heterogenic expression in vivo.
For example, 60% of astrocytes in the adult hippocampus are GFAP positive, while this holds
true for only 12% of astrocytes in the mouse entorhinal cortex. GFAP seems to be generally
upregulated in reactive astrocytes in vivo (Bushong et al., 2002; Nolte et al., 2001; Ogata and
Kosaka, 2002; Walz and Lang, 1998), while almost all astrocytes are GFAP positive in vitro
(Walz, 2000; Yeh et al., 2013). Even though GFAP stains the astrocytic cytoskeleton, its use

for this purpose is somewhat limited by its lack of localization to finer and distal processes
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(Connor and Berkowitz, 1985). Other proposed markers are the calcium binding protein S100B
(Savchenko et al., 2000), the glutamate transporters EAAT1 and EAATZ2 (Jungblut et al., 2012),
the enzyme glutamine synthetase (Anlauf and Derouiche, 2013), the intermediate filament
vimentin (Pekny et al.,, 1999), the water channel aquaporin 4 (Nielsen et al., 1997), the
transcription factor Sox9 (Sun et al., 2017), the foliate metabolism enzyme aldehyde
dehydrogenase 1 family member L1 (ALDH1L1; Cahoy et al., 2008) and the gap-junction
proteins Cx30/Cx43 (Dermietzel et al., 1991; Nagy et al., 1999). All of these markers provide
distinct advantages and disadvantages in terms specificity, inclusiveness and subcellular
distribution depending on the specific aim of the study and therefore have to be chosen
carefully beforehand (for a concisive review see Verkhratsky and Nedergaard, 2018).

Additionally, astrocytes can be visualized by either dye-loading with a patch pipette or
expression of a fluorescent protein/calcium indicator, e.g. EGFP, under the promoter of an
astrocytic marker gene like Gfap. Due to the subcellular distribution of fluorescent dyes or
proteins to even fine astrocytic processes, these techniques allow for a more detailed analysis
of the morphology of astrocytes and their spatial relationship to neighbouring cells. The
application of the above mentioned markers and approaches led to the identification of a
variety of astrocytic subpopulations. First, protoplasmic astroglia represent the major
population of astrocytes in the grey matter of the brain and spinal cord. These cells possess a
small soma (~10um in diameter) with 5-10 primary processes (~50um in length) that branch to
a dense peripheral arborization underlying their spongiform appearance. A single protoplasmic
astrocyte in the rodent cortex may contact 4-8 neurons, surround ~300-600 neuronal dendrites,
and interact with 20,000-120,000 synapses residing within its domain (Bushong et al., 2002;
Halassa et al., 2007b). Second, fibrous astrocytes populate the white matter of the CNS and
are organized in rows between the axonal bundles. Their arborization is less complex than that
of protoplasmic astrocytes, and their overlapping processes reflect the absence of domain
organization characteristic for protoplasmic cells. The processes of fibrous astrocytes establish
several perivascular endfeet and send numerous long (up to 100um) extensions that contact

axons at nodes of Ranvier (Lundgaard et al., 2014).

The morphological heterogeneity of astrocytes seems to be mirrored by a remarkable degree
of molecular heterogeneity (Chai et al., 2017), which is believed to play a role in their ability to
specifically accompany distinct neuronal circuits despite their high spatial overlap (Martin et
al., 2015). Fluorescence activated cell sorting with subsequent RNA sequencing revealed that
astrocytes are especially enriched in transcripts of genes involved in cellular metabolism
compared to neurons (Lovatt et al.,, 2007). Later studies showed a strong increase in
expression of phagocytotic genes in mature (17-30d) vs. immature (7-8d; Cahoy et al., 2008)

astrocytes, further supporting the involvement of astroglia in synaptic pruning (Chung et al.,
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2013). In conditions of CNS injury and disease, astrocytes switch to a so-called reactive state,
which is characterized by alterations in the astrocytic gene expression profile (Zamanian et al.,
2012). Specifically, this state is more directed towards interactions with the immune system
and cytoskeletal motility. Notably, astrocytes cultured in vitro display a similar transcriptome to
such a reactive state, stressing the importance to validate in vitro findings under non-reactive,
more physiological conditions, i.e. in vivo. In contrast, astrocytes show very similar
electrophysiological properties in all brain regions, a feature for which the above mentioned
heterogeneity of astrocytes is not observed (Du et al., 2016). In general, astroglia possess a
hyperpolarized resting potential (~80mV) and low input resistance, which is reflected by an
almost linear current to voltage relationship (Chvatal et al., 1995; Dallerac et al., 2013; Mishima
and Hirase, 2010).

1.4 Astrocytic networks and their regulation

A characteristic feature of astrocytes is their high degree of intercellular connectivity via gap-
junctions. In a variety of tissues these specialized subcellular areas allow a tightening of the
intercellular cleft to ~2-3nm (Evans and Martin, 2002), and the connexons residing within these
areas permit intercellular transport of ions, second messengers, nucleotides, siRNA and
metabolites smaller than 1kDa (Harris, 2007; Tabernero et al., 2006; Valiunas et al., 2005). In
the grey matter, two neighbouring astrocytes are connected with about 230 gap-junctions on
average. Injection of Lucifer yellow or biocytin into a single astrocyte results in staining of ~50—
100 adjacent astroglial cells. The concept of a panglial syncytium connecting all macroglia into
a single functional network, which has been described in invertebrates (Mugnaini, 1986), does
not fully apply to the mammalian CNS. In many brain regions anatomically segregated
astroglial networks follow anatomical structures (Giaume et al., 2010; Roux et al., 2011) and
even coupling between adjacent astrocytes is not always present, as 15-20% of neighbouring
astrocytes were found to be uncoupled (Houades et al., 2006; Meme et al., 2009). Thus,
astroglial coupling is not only defined by spatial proximity, and astroglial networks may
represent a non-binary second level of information processing parallel to that formed by
neurons.

A single gap-junction is composed of two adjacent (homo-or heteromeric) connexons that are
assembled from six connexin (Cx) subunits. The Cx gene family has 21 members in humans
coding for 4-TM proteins with differing molecular mass which also underlies their nomenclature
(e.g. Cx26, Cx43) (Dermietzel et al., 1990; Saez et al., 2003). Several hundred connexons
form so-called gap-junctional plaques between two coupled cells in a homo-or heterocellular
manner (e.g. astrocyte-oligodendrocyte or astrocyte-neuron; Altevogt and Paul, 2004;

Alvarez-Maubecin et al., 2000). Homocellular astrocytic gap-junctions are formed by
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Cx26,Cx30 and Cx43, with Cx43 being the most abundant, ubiquitously expressed isoform
(Giaume et al., 1991; Kunzelmann et al., 1999; Nagy et al., 2004). Cx30 is most prominently
found within the thalamus and leptominges, but not in the white matter (Sohl et al., 2004), while
Cx26 expression is restricted to subcortical areas like the hypothalamus and subthalamic
nuclei (Nagy et al., 2011). The expression of connexins seems to be regulated by neuronal
factors, since co-culturing neurons with astrocytes upregulates Cx43 and triggers Cx30
expression. Without exposure to neuronal factors, cultured astrocytes show detectable levels
of Cx30 only in a mature state (21d onwards; Koulakoff et al., 2008). The biophysical properties
of connexons are regulated by multiple factors including pH, transjunctional or membrane
voltage (Herve and Derangeon, 2013), subunit composition, intracellular calcium levels and
phosphorylation state, which is controlled by protein kinases A, C, and G, as well as MAPK
signaling (Ek-Vitorin et al.,, 2006). Phosporylation of Cx43 at Ser368 by PKC or at
Ser279/Ser282 by MAPK signaling can additionally lead to internalization and possible
subsequent degradation of the gap-junction which involves internalization into a specific
doublemembrane vacuole termed annular junction or connexosome (Kjenseth et al., 2010).
These regulatory mechanisms contribute to the high turnover rate of connexins with a half-life
of several hours. In addition, connexons can act as gated pores, known as hemichannels
(Esseltine and Laird, 2016), which have been identified in astrocytes in vitro and in vivo and
can be formed by all three types of astrocytic connexons (Giaume et al., 2013). Generally,
hemichannels are in a closed state, but their opening can be triggered by low external calcium
concentration, substantial depolarization, specific intracellular Ca2* signals or exposure to
proinflammatory agents (Orellana et al., 2012; Orellana et al., 2009). Hemichannels are
discussed to be one of the major ways for astroglial secretion of neuroactive substances (see
the concept of gliotransmission and the tripartite synapse below).

Notably, recent studies have demonstrated a variety of non-channel functions for astrocytic
connexins, including synapse invasion (Pannasch et al., 2014), synaptic glutamate clearance
(Pannasch et al., 2019), cellular migration and adhesion (Ghezali et al., 2018). These functions
seem to be accomplished by close interactions with other membrane proteins (e.g. glutamate
transporters) or adapter proteins like ezrin (Dukic et al., 2017; Pidoux et al., 2014), which
connect connexins to the cytoskeleton of its harboring cell and, thereby, form a membrane

bound signaling hub capable of integrating signals from different cellular compartments.

1.5 The tripartite synapse

With their perisynaptic astrocytic processes (PAPSs), astrocytes are in contact with at least half
of all neuronal synapses. PAPs express high levels of glutamate transporters, as well as ezrin

and radixin, which anchor them to the astrocytic cytoskeleton and may be at the base of the
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rapid morphological plasticity that has been described for astrocytic processes (Derouiche and
Frotscher, 2001; Hirrlinger et al., 2004; Lavialle et al., 2011). Furthermore, PAPs have an
extremely high surface to volume ratio and express a barrage of receptors, ion channels and
transporters that couple astrocytic homeostatic functions to neuronal activity (Grosche et al.,
2002). Together with the concept of ‘gliotransmission’ describing that astroglia release
neuroactive substances (Araque et al., 2014), these observations led to the model of the
tripartite synapse (Araque et al., 1999; Halassa et al., 2007a), in which astrocytes are not
merely seen as passive housekeeping cells, but are acknowledged as active participants of
signal transduction in the brain (Fig.2). At its core this concept is based on a bidirectional
communication between synaptic elements and PAPs, by which neuronal activity is sensed by
astrocytes and triggers rapid alterations in synaptic coverage, as well as release of neuroactive
substances. The first will in turn affect the efficiency of neurotransmitter reuptake and, thus,
availability of neurotranmsitters in the synaptic cleft, while the latter directly shapes synaptic
communication (Dityatev and Rusakov, 2011). In addition, findings that astrocytes are critical
for synapse formation, maturation, maintenance, as well as elimination further stress their
important role in shaping neuronal communication. Exemplary, this was demonstrated by a
reduction of synaptic density and dendritic spines following disruption of direct astrocyte-
neuron contacts (Lippman Bell et al., 2010; Nishida and Okabe, 2007). In consequence, altered
spatial relationships between astrocytes and neurons may affect higher cognitive processes,
as suggested by Ostroff et al. (2014). Here, rapid retraction of astroglial processes from
synapses in the lateral amygdala was found to be a prerequisite for synaptic remodeling
associated with memory consolidation during Pavlovian fear conditioning (Ostroff et al., 2014).
In general, synaptic coverage by astrocytes is highly dynamic and dependent on the brain
status. During sleep, for example, synaptic coverage is decreased, while in wakefulness the

opposite is observable (Bellesi et al., 2015).
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Figure 2. Neuron-astrocyte interactions at the tripartite synapse. At the synaptic cleft, thin terminal structures of
highly arborized astrocytic processes form perisynaptic processes (PAPs) and are in close contact with synaptic
boutons. PAPs modulate the synaptic environment by uptake of ions and neuroactive substances, whereas
gliotransmitters released from PAPs actively alter synaptic communication. In parallel, astrocytes maturate and
maintain synapses via contact-dependent mechanisms. The highly plastic spatial relationship between neurons and
astrocytes determines the efficiency of all of these functions and is dependent on physiological states and neuronal
activity. lllustration created on BioRender.com.

1.6 Neuron-glia interactions in the OXT system

The above described ability of astrocytes to rapidly respond to an altered environment of
neuroactive substances is provided by the expression of numerous ionotropic and
metabotropic receptors. Astrocytes monitor synaptic transmission by brain regionspecific
expression of receptors for almost all neurotransmitters and neuromodulators (Cahoy et al.,
2008; Neary et al., 2004; Verkhratsky and Nedergaard, 2018). The hypothalamic SON has
emerged as an important model system to study the plasticity of such neuron-glia interactions.
Pioneering studies observed a (reversible) reduction in glial coverage of SON OXT neurons
during pregnancy and lactation, a physiological condition associated with hyperactivity of the
OXT system (Theodosis et al., 1986a). In consequence, the surfaces of ~50% of all OXTergic,
but not AVPergic, neurons become directly juxtaposed and, in some cases, form ‘shared-
synapses’ in which two presynaptic boutons were observed to target a single postsynaptic
element. A direct involvement of OXT was further suggested by identical observations
following administration of chronic OXT icv via osmotic minipumps for 6d (Theodosis et al.,

1986b). Interestingly, AVP administration had no effect on SON remodeling. Follow-up studies
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demonstrated that these changes occur only in rats undergoing a prolonged diestrus and are
dependent on the concomitant actions of progesterone and estradiol (Montagnese et al.,
1990). Mechanistical work in acute SON slices of pregnant rats (PD19) further characterized
the effect of OXT (100nM) as OXTR-specific, Ca?*- and GABA-dependent, as well as requiring
de novo protein synthesis (Langle et al., 2003). The resulting consequences of this neuron-
glia remodeling for neuronal communication are increased glutamate availability and release
probability (Oliet et al., 2001), as well as an elevated glutamate spillover from uncovered to
neighboring synapses (Piet et al., 2004), which in turn leads to a stronger depression of
GABAergic transmission via activation of presynaptic mGIluRs. Moreover, the gliotransmitter
D-serine, an endogenous co-agonist at NMDA receptors and, therefore, critical for the
induction of long-term potentiation is less available at synapses lacking glial coverage
(Panatier et al., 2006).

On an intracellular level, ERK1/2 has been implicated in OXT-induced retraction of astrocytic
processes in acute SON slices of lactating rats, as pre-incubation with the MEK1/2 inhibitor
U0126 decreased miniature EPSC frequency and prevented OXT-evoked (10pM) neuronal
bursts, as well as neuronal F-actin dynamics. Notably, differential ERK1/2 activation patterns
were observed as early as 5min post-application, as OXT increased cytosolic pERK1/2 levels
in neurons, whereas it triggered an elevation of nuclear pERK1/2 in astrocytes (Wang and
Hatton, 2007). Furthermore, bath application of 10pM, but not 1nM, OXT reduced levels of
GFAP in acute SON slices of both lactating female rats and virgin male rats independently

from neuronal activity (Wang et al., 2017; Wang and Hatton, 2009).

To this date, it remains unclear, whether the above described findings are due to direct action
of OXT on astrocytes. In support of this hypothesis are the findings of Di-Scala Guenot and
Strosser (1992a, 1992b, 1994), who demonstrated reversible binding of the radio-iodinated
OXTR antagonist [125I]OTA to cultured hypothalamic and hippocampal astrocytes (Di Scala-
Guenot and Strosser, 1992a). In contrast to neurons, astrocytes displayed both low and high
affinity binding sites. Follow-up studies with synthetic OXT revealed that Mg?*-dependent
binding of OXT dose-dependently (starting at 10nM) triggers Ca?* release from astrocytic
intracellular stores, with some cells showing Ca?* oscillations (Di Scala-Guenot et al., 1994; Di
Scala-Guenot and Strosser, 1992b). Astrocytic Oxtr expression seems to be regulated by
intercellular interactions, as TGF-B1/2 released from neuronal cells increased Oxtr mRNA in
cultured astrocytes, whereas direct contact decreased OXTR binding and simultaneously
increased Oxtr mMRNA (Mittaud et al., 2002). However, the exact type of regulation might be
exerted by a combination of released and contact-dependent factors, since contact to neuronal
membranes alone decreased both [1251]OTA binding, as well as Oxtr mRNA (Mittaud et al.,

2002). Notably, the Oxtr expressed by cultured astrocytes is in fact identical to the transcripts
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expressed in neuronal and uterine cells (Strosser et al., 2001). In the context of development,
prolonged exposure of rat neural progenitor cells to OXT drove them more into a neuronal
lineage than into the astrocytic/oligodendrocytic fate (Palanisamy et al., 2018). However, the
molecular and physiological consequences of astrocytic OXTR signaling remain largely
unknown and might be, at least partially, different from neuronal OXTR signaling due to the
cell type-specific gene expression profile and physiological roles of astrocytes.

In addition to effects of OXT on astrocytes, direct actions of astrocytes on OXT neurons have
been reported. This was suggested by findings that icv administration of the gliotoxin L-
aminoadipic acid (L-AAA) suppressed OXT neuronal activity in SON slice preparations and
blocked the occurrence of the milk ejection reflex, which essentially depends on OXT secretion
into blood (Wang and Hatton, 2009). It should, however, be mentioned that gliotoxins such as
L-AAA have recently been criticized for lacking astrocyte specificity and inducing non-
physiological effects.

1.7 The small GTPase Gem as a potential mediator of OXT actions on astrocytes

Due to its preferential expression in astrocytes (Piddini et al., 2001; Zhang et al., 2014) and its
significant upregulation within the PVN following icv administration of OXT for 30min in a RNA
microarray study (Martinetz et al., 2019), one such cell type-specific molecular link may be the
protein Gem (GTP binding protein overexpressed in skeletal muscle). As a member of the RGK
(Rad/Rem/Rem2/Gem/Kir) monomeric GTPases, Gem belongs to the Ras-superfamily and
hence displays a Ras-like core domain, in which GTPase activity is located (Correll et al., 2008;
Splingard et al., 2007). However, unlike most GTPases, RGKs are not predominantly regulated
as nucleotide-dependent molecular switches. In most cases, their GTPase activity is below
detection level, and GTP binding does not induce conformational changes characteristic for
Ras-like GTPases (Cohen et al., 1994; Opatowsky et al., 2006; Sasson et al., 2011). Instead,
atypical extensions of both N- and C-terminus provide additional binding and phosphorylation
sites for regulatory proteins and downstream effectors. In the periphery, RGKs are widely and
differentially found in a variety of tissues, with Gem being predominantly expressed in the gall
bladder, urinary bladder, heart, kidney, lung, testes, uterus and adrenal glands (Maguire et al.,
1994). The expression of Gem is specifically induced by mitogenic and cytokine stimuli. For
example, the PKC activator PMA and, to a greater extent, the acetylcholine analog carbachol
both triggered Gem expression in neuroblastoma cells (Leone et al., 2001). In blood T cells,
increased quantities of Gem were detected following exposure to either fetal bovine serum
(FBS) or PMA (Maguire et al., 1994). Interleukin-1a, TNFa and LPS stimulation of porcine

aortic endothelial cells, but not thymus, spleen or lymph cells, yielded similar results (Vanhove

[22]



et al., 1997). Transcriptional control of the Gem gene was so far only studied in blood T cells,
in which Gem expression is driven by the transcription factors Tax and CREB (Chevalier et al.,
2014).

Functionally, two main roles have been described for Gem. First, the majority of studies
demonstrate profound effects on cytoskeleton-dependent processes, like cellular migration,
cell division, adhesion and elongation/ramification of cellular extensions. In a variety of cell
types, overexpression of Gem induces cellular elongation, cell flattening, loss of stress fibres
and focal adhesions, as well as increased migration (Chevalier et al., 2014; Leone et al., 2001,
Piddini et al., 2001; Ward et al., 2002). Gem is exerting its effects through direct and indirect
interactions with the RhoA/ROCK pathway and actin filaments/microtubules. Binding to its
effector Gem interacting protein (Gmip) triggers the Rho GTPase activating protein (RhoGAP)
activity of Gmip, which in turn distinctly inhibits RhoA, but not other members of the Rho-
GTPase family (Hatzoglou et al., 2007). The Gem-Gmip complex is recruited to the plasma
membrane by the active (i.e. phosphorylated) form of the membrane-cytoskeletal linker ezrin.
Additionally, inhibition of Gem-binding to its interaction site in ROCK1 alters the substrate
specificity of ROCK1 and specifically prevents downstream phosphorylation of the ROCK
substrates MLC/MYPT (Ward et al., 2002) independent of RhoA. This not only plays a role in
cellular morphology/migration, but was shown to be critical for vesicular transport and
exocytosis. JFC1 vesicles are able to recruit Gmip to locally inhibit RhoA and by that transverse
cortical actin structures that otherwise inhibit exocytosis (Johnson et al., 2012). Second, Gem
inhibits the Cayi12 subunit of the voltage gated L-type calcium channel (L-VGCC) by
sequestering its pore-forming B-subunit in the cytoplasm and immobilizing its voltage sensor
(Yang et al., 2012). This inhibition was shown to be critical for Ca?*-dependent growth homone
release from neurosecretory cells (Beguin et al., 2001) and activity dependent arborization of

mouse neurons (Krey et al., 2013).

A finely balanced posttranslational control involving various phosphorylation sites in the N- and
C-terminal domains of Gem, as well as binding of the regulatory proteins CaM and 14-3-3
governs the two main functions of Gem. In its unbound form, Gem is imported into the nucleus
via the importin a5, whereas either CaM or 14-3-3 binding localize Gem to the cytoplasm
(Mahalakshmi et al., 2007a; Mahalakshmi et al., 2007b) and stabilize the protein (Ward et al.,
2004). This cytoplasmatic localization is required for binding of Gem to the B-subunit of the L-
VGCC and the subsequent inhibition of the channel. Simultaneously, the cytoskeletal effects
of Gem are inhibited by conjunct CaM and 14-3-3 binding through inhibition of its interaction
with Gmip and possibly ezrin (Beguin et al., 2005; Hatzoglou et al., 2007). In response to
phosphorylations at S289/S261 in its C-terminal domain by PKC and/or cdc42, 14-3-3 binding
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is prevented which shifts the balance in favor of cytoskeletal regulation through ezrin/Gmip and
subsequent RhoA/ROCK inhibition (Ward et al., 2004).

Despite its well-described regulation, only a single study has examined the physiological role
of Gem. Gem knockout mice are glucose intolerant and have an impaired glucose-stimulated
release of insulin, as well as abnormal pancreatic B-cell Ca?* signaling (Gunton et al., 2012).
Given the multitude of cellular effects exerted by Gem, it is likely that its physiological role
extends far beyond that. Despite its high expression in astrocytes, the specific role of Gem in

the brain is largely unclear.

1.8 Aims and objectives

The neuropeptide OXT exerts manifold regulations of physiological and emotional processes.
Its modes of action on neuronal cells have been well characterized. However, its effects on
astrocytic cells, specifically on OXTR-coupled signaling cascades and the expression of
astrocytic genes, are poorly understood and might very well differ from those on neurons.
Astrocytes are increasingly appreciated as indispensable components of the CNS that actively
shape information processing. Thus, the biology of a neuroactive signaling peptide like OXT

cannot be fully understood without a more holistic and integrative approach to the CNS.

Therefore, the first aim of my thesis was to characterize the effects of OXT on astrocytic
signaling cascades and gene expression in vitro and to compare the resulting activation pattern
to published data of neuronal cells. In this context, | furthermore aimed to examine the acute
effect of centrally administered OXT on astrocyte-specific proteins in brain regions associated
with actions of the OXT system. To this end, synthetic OXT was either administered icv in male
Wistar rats or applied to cultured rat primary cortical astrocytes, and the effects on the above
mentioned parameters were analyzed by either (phospho-specific) immunoblotting, gPCR or

immunostainings.

Based on my findings of rapid OXT-induced alterations of astrocytic cytoskeletal dynamics and
gap-junction coupling, the second aim of my thesis was to examine the underlying mechanisms
and cellbiological consequences of the observed effects. In this context, | further aimed to
examine potential OXT-induced changes in astrocyte-to-neuron spatial relationships in two
brain regions, i.e., the PVN and hippocampus, which had shown the highest responsiveness
of astrocytic markers to OXT. To achieve this, | applied a combined approach of CLSM/STED-
microscopy following icv and ex vivo administration of OXT, as well as various genetic and

pharmacological manipulations in vitro.
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Based on these findings, the third aim of my thesis was to establish astrocyte-specific AAV-
mediated shRNA knockdown vectors as tools for a targeted manipulation of astrocytic OXTR
signaling and future assessment of astrocytic contribution to the physiological and behavioral
effects of OXT. For this purpose, shRNA nucleotides targeted against candidates identified in
the second part of my thesis were screened for knockdown efficiency in vitro and subsequently
packaged into viral vectors providing astrocyte-specific expression.

Overall, this thesis aims to provide a) a better understanding of the effects and underlying
mechanisms of OXT actions on astrocytes and b) a tool to study the involvement of astrocytes

in the physiological and behavioral effects of OXT.
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2 MATERIALS AND METHODS

2.1 Animals

The examination of the effects of central OXT infusion and astrocyte-specific knockdown of
Gem or OXTR was performed in adult male Wistar rats (250-300g; Charles River, Sulzfeld,
Germany) housed under standard laboratory conditions. After surgery, rats were single-
housed in polycarbonate observation cages five days before biological sample isolation.
Experiments were performed in the light phase between 0800 and 1200 hour, in accordance
with the Guide for the Care and Use of Laboratory Animals of the Government of Oberpfalz
and the guidelines of the NIH.

Due to the advantages of transgenic animals, connexin knockout studies were performed in
acute slices derived from adult male C57BL/6 mice (Connexin30 knockout (Cx30KO),
Connexin43 knockout (Cx43K0O) and wild type C57BL/6; Pannasch et al., 2014) housed under
standard laboratory conditions in accordance with the regulations of the guidelines of the
European Community Council Directives of January 1st 2013 (2010/63/EU) and of the local
animal welfare committee (certificate A751901, Ministére de I'Agriculture et de la Péche). All

efforts were made to reduce the number of animals used, as well as their suffering.

2.2 Cannula Implantations

For implantation of guide cannulas, rats were anesthesized with isoflurane (Isofluran Baxter,
Baxter Germany GmbH, Unterschleilheim, Germany) and fixed into a stereotactic frame. For
icv infusions, unilateral, stainless steel cannulas (21G, 12mm long, Injecta GmbH, Klingenthal,
Germany) were implanted 2mm above the right lateral ventricle (Fig.3; AP: -1.0mm bregma,
ML: +1.6mm lateral, DV: +1.8mm below the surface of the skull; G Paxinos, 2008). The guide
cannula was fixed with two stainless steel screws using dental cement. After surgery, an
antibiotic (100ul, 2.5% Baytril®, Bayer Vital GmbH, Klingenthal, Germany) was administered
subcutaneously to avoid post-surgical infections. The guide cannula was kept feasible with a
dummy cannula, which was cleaned every day during handling. Rats were handled daily for 5

days to reduce non-specific stress responses during experiments.

2.3 Microinfusions

For examination of the effects of central OXT infusion on astrocytes, rats received an icv
infusion of either vehicle (Veh, sterile Ringer solution, pH 7.4, 5ul) or synthetic OXT (1 nmol/5
pl; Blume et al., 2008). For this, an infusion cannula (30G, 14 mm) connected to a Hamilton

syringe via polyethylene tubing was lowered into the guide cannula (Fig.3) and infusions were
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slowly performed over 1min. Marks on the tubing allowed precise control of the volume
administered. Following the infusion, the system was left in place for at least 10s to allow
diffusion to occur. After withdrawal of the infusion cannula, the stylette was again inserted into
the guide cannula. After termination of the experiment, rats were killed by CO2-exposure
followed by cervical translocation. In order to control for correct for cannula placement, 2l ink
were injected and brains were harvested. Next, coronal sections were prepared using a
razorblade and only animals with ink distribution were included in the statistical analysis

Interaural 8.08 mm Bregma -0.92 mm

Figure 3. Placement of guide cannula (thick black line) and infusion cannula (thin black line) for icv administration
of OXT. Coordinates for stereotactic implantation of the guide cannula used were AP: -1.0mm bregma, ML: +1.6mm
lateral, DV: +1.8mm. Torquise circle marks point of infusion. lllustration adopted from Paxinos and Watson (2006).

For the establishment of astrocyte-specific knockdown of either Oxtr or Gem mRNA within the
PVN, rats received local bilateral intra-PVN microinfusions of AAV6-GFAP::shRNA constructs
or a control vector expressing a scrambled RNA oligonucleotide (Custom designed on
www.vectorbuilder.com; Fig.4; all combinations of 70/280/560nl volume and 10210102
GC/ml were tested; For more detailed information on the used vectors see Appendix 1). The
transfected shRNAs were priorly screened in vitro for sufficient knockdown efficiency (see
2.5.1, Fig.4 and 3.4). In order to accomplish cell type specificity, first, an AAV6 capsid was
selected for viral packaging. Among available adenoviral capsids, AAV6 packaged vectors
show the highest tropism for astrocytes compared to other cell types of the CNS (Schober et
al., 2016). Second, the shRNA expression is driven by the full-length promoter fragment of the
human GFAP (hGFAP) gene, thereby further increasing cell type specificity. In the applied
vectors, the co-expressed mCherry protein was used as a fluorescent reporter. To examine
transfection specificity (ratio mCherry+/GFAP+ cells) and perturbance (ratio GFAP+/mCherry+
cells), rats were transcardially perfused three weeks post-transduction to analyze brains
immunohistologically (see 2.10). Briefly, rats were anaesthetized by CO»-exposure to prevent
anaesthesia-induced changes to astrocytes (Thrane et al., 2012) and the left ventricle was
cannulated. Next, the right atrium was cut to ellow efflux of the perfusate and 0.01M PBS was
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transcardially perfused for 5min at a rate of 20ml/min by a multi-speed pump. Last, the
perfusion solution was changed to 4% Paraformaldehyde (PFA) in 0.01M PBS and perfused
for 15min at a rate of 20ml/min. Subsequently, brains were processed as described in 2.10. In
order to assess knockdown efficiency, RNA was isolated from PVN micropunches (see 2.6)
and quantified by RT-PCR as described in 2.6.1.

— GFAP_long

i \\. ~ // sFAP_long mpicillir -\\. ~ -

VB191205-1113khu VB191205-1084svn

Figure 4. Adenoviral vectors used for astrocyte-specific knockdown of either Oxtr or Gem mRNA within the rat
PVN. In both vectors shRNA, as well as mCherry expression is driven by the long fragment of the hGFAP
promoter. A) Adenoviral vector expressing a shRNA targeted against the rat Gem mRNA. B) Adenoviral vector
expressing a shRNA targeted against the rat Oxtr mRNA.

2.4 Preparation of acute hippocampal ex vivo slices

Mice were decapitated and both hippocampi were fixed to a small block of agar on which acute
slices (350uM) were prepared in a vibratome in oxygenized ACSF. Following bath application
of either Veh (ACSF) or OXT (500nM) for 10min, slices were fixed in 4% PFA in PBS for 2h
followed by 2h of blocking in PBS containing 2g gelatine/l and 1% Triton-X and stained under
the conditions described in 2.10/2.12 for morphological analysis, as well as 3D-reconstruction
and determination of astrocyte-synapse spatial relationship.

2.5 Cells

Primary rat cortical astrocytes. Cells isolated from newborn pups (adapted from Schildge
et al.,, 2013 ; post-natal day 1-3) were used for all in vitro experiments on astrocytes. For
dissection, the pup was decapitated and the scalp was cut by performing a midline incision
from caudal to rostral. Next, two diagonal cuts inferior to the cerebellum were performed, and

the skull was cut along the sutura sagittalis from caudal to rostral. Using this procedure, four
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brains were harvested with a micro spatula and transferred into a dissection dish containing
ice-cold Hanks balanced salt solution (HBSS; Invitrogen, Carlsbad, USA). Here, the cortex
hemispheres were separated from the remaining parts of the brain, as well as from the
meninges to prevent later contamination of the cultures with meningeal cells. The eight
hemispheres were transferred into a second dissection dish containing 3ml ice-cold HBSS, in
which they were cut into small pieces with a razorblade. Cortex pieces were transferred into a
50-ml falcon tube containing 20ml of a 0.2% trypsin solution and were subsequently incubated
at 37°C for 30min while shaking them thoroughly every 10min. After centrifugation for S5min at
180g, the tissue suspension was aspirated ad 15ml and resuspended to obtain a single cell
suspension. Subsequently, the suspension was filtrated through a 70-pum cell strainer (Corning,
New York, USA; 352350) into a fresh 50-ml tube and centrifuged at 180g for 5min. After
resuspending the cell pellet in 10ml of astrocyte growth medium ((Dulbecco’s Modified Eagle’s
Medium — (DMEM, high glucose) Sigma-Aldrich, St. Louis, USA; D6429) containing 10% foetal
bovine serum (FBS), 1% Penicillin/Streptomycin (Life Technologies, Darmstadt, Germany), 1%
Mem non-essential Amino acid solution (100x, Sigma-Aldrich) and 1% Glutamax (Life
Technologies; 35050038), the mixed cortical cells were seeded in a T75 cell culture flask
(Sarstedt, NiUrnbrecht, Germany) previously coated with 15ml of a poly-D-lysine solution
(0.01% poly-D-lysine in H,O, Sigma Aldrich; P7886). The flasks were incubated at 37°C and
5% CO,, and the medium was first changed after two days and subsequently every four days.
After 7-8 days in culture, when the mixed cultures had reached confluence, the flasks were
shaken on an orbital shaker for 30min at 37°C and 180rpm. After aspirating the supernatant
containing microglial cells, fresh growth medium was added, and the cells were again shaken
for 6h at 240 rpm to remove oligodendrocyte precursor cells. The remaining adherent astrocytic
layer was trypsinated and seeded into two new TC75 cell culture flasks. After 7 or 14 days in

culture, cells are seeded for experiments and treated as described below.

H32 neuronal cell line. The immortalized foetal rat hypothalamic cell line H32 (Mugele et al.,
1993) was cultured at 37 °C and 5% CO2 in DMEM F-12 Ham (Sigma Aldrich; D8437)
containing 10% FBS and 1% penicillin/streptomycin.

251 Transfection of Astrocytes by Electroporation

In order to study the involvement of different proteins of interest in astrocytic OXTR signaling,
astrocytes were transfected with various siRNA oligonucleotides (Cx43 (Gjal) siRNA, sc-
60008, Santa Cruz Biotechnology, Dallas, USA; Spl siRNA, Santa Cruz, sc-61895; Gem
siRNA, Origene, Rockville, USA, SR507514) or a Gem overexpression plasmid (Fig. 5a,
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VectorBuilder) by electroporation (Neon™ Transfection System, ThermoFisher; MPK5000). In
another set of experiments, cells were transfected with a plasmid expressing a shRNA
oligonucleotide under control of the long fragment of the hGFAP promoter targeted against
Gem (Fig.5b) or Oxtr (Fig.5c) mRNAs to screen for knockdown efficiency in vitro. For detailed
conditions of electroporation, please see Tab.l. In case of sSiRNAs, a scrambled
oligonucleotide (scrRNA) served as a control transfection, while a plasmid expressing solely
the fluorescent reporter protein EGFP (Fig.5d, VectorBuilder) served as a control condition for
plasmid transfections. Conditions of EGFP/scrRNA transfections were always identical to the
respective transfection of interest. For more detailed information on the used DNA plasmids
see Appendix 2.
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Figure 5. DNA plasmids used for in vitro transfections. A) Gem overexpression plasmid expressing the Gem
open reading frame (NCBI RefSeq NM_001106637.1) under the control of the long fragment of the hGFAP
promoter and EGFP under the CMV promoter. B-C) DNA plasmids expressing a shRNA and EGFP under the
control of the long fragment of the hGFAP promoter targeted against (B) the rat Gem mRNA or (C) the rat Oxtr
mRNA. D) Control vector expressing solely EGFP under the control of the CMV promoter.
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Table 1. Conditions of electroporation of primary astrocytes for oligonucleotides or plasmids tested during the
establishment process. Resulting cell viability was rated on a scale from + to +++, with + representing poor viability
and +++ representing viability similar to non-transfected cells. Conditions which were consequently applied in
experiments are shown in bold letters, conditions assessed during establishment of transfections are shown in non-
bold letters.

- g : S o £ 3 o 2
g ¢ 383 &8 7 ° $SSES &3 &
L > = F = - c
48-well Gem PDL 3x10* 0.5 ou 250 72 h Various V:1100 1100 1300
plate Overexpr ul settings ms:20 30 10
ession #2 1 3
Settings shown
above provided best
transfection and
viability rates
Gem PDL 6x10* 0.5 10 500 48 h V:1200 Viability: +++
Overexpr pl pl ms:10 Significant
24-well ession #3 overexression
plate/ 4- Gem PDL 7x10* 10 10 500 48 h V:1300 Viability: ++
chamber SiRNA nM pl pl ms:20 Significant
object #2 knockdown
slide Sp1 PDL 7x10* 10 10 500 48h V:1300 Viability: ++
SiRNA nM pl pl ms:20 Significant
#2 knockdown
Gem PDL 6x10* 0.5 10pul 500 24 h V:1200 ICC against GFP
shRNA pl ms:10 revealed +70%
#3 transfection rate
Oxtr PDL 6x10* 0.5 10 500 80 h V:1200 Viability: +++
shRNA pl pl ms:10 Significant
#3 knockdown
Gem PDL 6x10* 0.5 10 500 48h/1  V:1200 Expression
shRNA pl pl w ms:10 increased after 48h
#3 and remained
unchanged after 7d
Gem PLL 4x10° 2.5 100 1 12d V:1100 Viability: +++
35-mm overexpr pl ml ms:20 Not confluent enough
Petri dish ession #2 for GJIC
Gem PLL 8x10° 25 100 1 7d V:1100 Viability: +++
overexpr pl ml ms:20 Confluency suitable
ession #2 for GJIC
6-well Spl PDL 8x10° 10 100 3 48 h V:1100 Viability: +++
plate SiRNA nM ul ml ms:20 Significant
#2 knockdown
Gem PDL 8x10° 5 100 3 80 h V:1200 Viability: +++
shRNA ul ml ms:10 Significant
#3 knockdown
Oxtr PDL 8x10° 5 100 3 80 h V:1200 Viability: +++
shRNA pl ml ms:10 Significant
#3 knockdown
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Gem PDL 8x10° 5 100 3 48h V:1100 Viability: +++
overexpr ul ml ms:20 Significant
ession #2 overexpression
Gem PDL  1.1x10° 5 100 10 72h V:1100 Viability: +++
overexpr ul ml ms:20 Significant
ession #2 overexpression
Gem PDL 1.5%10° 10 100 10 48 h V:1300 Viability: ++
SiRNA nM pl ml ms:20 Significant
#2 knockdown
Sp1l PDL  1.5x10° 10 100 10 48 h V:1300 Viability: ++
SiRNA nM ul ml ms:20 Significant
#2 knockdown
Cx43 PDL  1.1x10° 10 100 10 24 h V:1100 Viability: +++
SiRNA nM ul ml ms:20 No knockdown
#2
Cx43 PDL 1x106 10 100 10 24 h V:1300 Viability: ++
siRNA nM pl ml ms:20 Significant knockdown
#2
Cx43 PDL 1x10° 10 100 10 48 h V:1300 Viability: ++
siRNA nM pl ml ms:20 Significant knockdown
60-mm #2
Petri dish Cx43 PDL  1x10° 20 100 10  48h V1700 Viability: +++
siRNA nM pl ml ms:20 No knockdown
#1
Cx43 PDL 1.5%10° 10 100 10 24 h V:1300 Viability: ++
siRNA nM pl ml ms:20 Significant knockdown
#2
scrRNA PDL  1.5x10° 10 100 10 24 h V:1300 Viability: ++
nM pl ml ms:20
#2
CX43 PDL 1.5%10° 10 100 10 24 h V:1300 Viability: ++
siRNA nM pl ml ms:20 Significant knockdown
#2
SCrRNA PDL 1.5%10° 10 100 10 48 h V:1300 Viability: ++
nM pl ml ms:20
#2
CX43 PDL 1.5%10° 50 100 10 48 h V:1300
SiRNA nM pl ml ms:20 Viability: ++
#2 Significant
knockdown

[32]



2.6 RNA-Isolation

From cells. Cells were trypsinized at ~90% confluency, and pellets were lysed in 1ml of
peqGold® TriFast (pegLab, Erlangen, Germany). Keeping the cells on ice during the whole
procedure prevented degradation of RNA. RNA was extracted according to the manufacturer’s
protocol. Briefly, the lysate was mixed with 200ul chloroform and centrifuged for 20min at
17000g and 4°C. Following collection of 500l of the RNA containing upper aqueous phase in
a fresh cup, RNA was precipitated with 466ul isopropanol overnight at -20°C. After
centrifugation at 170009 for 30min, the RNA pellet was washed twice with 80% ethanol and
air-dried for 10min. To minimize contamination with genomic DNA, a subsequent DNA
digestion was performed. To this end, the RNA was resuspended in 7yl RNAse-free sterile
H-O and 2pl DNAsel (ThermoFisher; EN0521), as well as 1pl 10x DNAsel reaction buffer
(ThermoFisher; B43). Following incubation at 37°C at 1000rpm for 30min, 1ul of 50mM EDTA
solution was added to inhibit DNAse activity. Last, DNAse denaturation was carried out at 65°C
at 1000rpm for 10min. RNA quantity and quality were determined at 260/280nm and
230/260nm using a NanoDrop spectrophotometer (Thermo Scientific, Waltham, USA).

From rat brain tissue. Animals were killed as described in 2.3 and brains were rapidly
removed. A coronal razor cut was made through the brain rostral to the cerebellum and the cut
surfaces were placed on a microtome specimen plate containing Leica Tissue Freezing
Medium (Leica, Wetzlar, Germany) and frozen on dry ice. Next, 300-uM thick coronal frozen
sections were prepared in a cryostat at -4°C. Sections were placed on chilled slides, placed
under a stereomicroscope where micropunches of the PVN were prepared using a stainless
steel cannula (diameter 1uM). PVN location was determined according to coordinates of (G
Paxinos, 2008), as well as using neuroanatomical landmarks such as the ventricles and
midline. Consequently, RNA isolation was performed as described for cultured cells (see

above).

2.6.1 Reverse Transcriptase PCR (RT PCR), Endpoint PCR and
quantitative PCR (qPCR)

RNA was reverse transcribed into cDNA by adding random primers (3 ug/ul) and dNTPs (final
concentration 0.5mM; Life Technologies) to 1ug of total RNA. The mix was filled ad 15pl with
RNAse-free sterile H,O and incubated for 5min at 65 °C for primer annealing. To initiate
reverse transcription, 5xFirstStrandBuffer, Dithioerythritol (DTT; final concentration 5mM), 1ul
RNase OUT (40U/ul) and the reverse transcriptase Super Script 1V (200U/ul; Life
Technologies) were added to a final volume of 21ul. Before addition of the reverse

transcriptase, 3pul of each reaction mix were transferred into a fresh cup. These samples served
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as a negative control (-RT) in endpoint or gPCRs to control for contamination with genomic
DNA. cDNA synthesis was performed in a Mastercycler® nexus X2 (Eppendorf, Wesseling-
Berzdorf, Germany) at 42°C for 50min and consequently stopped by degradation of the
enzyme at 70°C for 15min.

For endpoint PCR, 1pl cDNA, 2pmol of each forward and reverse primers (Metabion, Germany;
for a list of PCR-Primers used in this thesis, please see Table 2) and RNAse-free sterile H,O
were added to DreamTag™ Master Mix (Thermo Scientific), containing dNTPs (final
concentration 0.2mM each) and DreamTagq™ polymerase, to a final reaction volume of 25ul.
Negative controls consisted of respective —RTs or H,O. The PCR was run for 40 amplification
cycles with an initiating denaturation step at 95°C for 5min, while primer-annealing was
performed at 60°C for 15s followed by elongation at 72°C for 30s. The PCR cycler was
programmed to run a final elongation at 72°C for 10 additional min. The PCR-products were
then loaded onto a 1.5% agarose gel run at 140V for 45min. After electrophoresis, cDNA was
detected with Roti®-Gel Stain (Carl Roth GmbH, Karlsruhe, Germany) and visualized at UV-
light with a ChemiDoc XRS+ Imager (Bio-Rad).

gPCR was performed with the QuantStudio 3 and QuantStudio 5 Real Time PCR Systems
(ThermoFisher). One reaction mixture contained 5ul PowerUp™ SYBR® Green Master Mix
(ThermoFisher; A25743), 9ul RNAse-free DEPC-treated H,O and 2ul of both forward and
reverse primers (4pmol, Tab.2), as well as 2ul cDNA reverse transcribed from 1ug RNA and
diluted 1:2 in RNAse-free H,O. To reduce pipetting errors, each sample was pipetted in
triplicates and the mean Ct values were used in the final analysis. In a first step, the Uracil-
DNA-Glycosylase is activated at 50°C for 2min, followed by the hot-start activation of the Dual-
Lock DNA polymerase at 95°C for 2min. Next, a denaturation (95°C, 3s) and
annealing/extension (60°C 30s) step are repeated for 40 cycles. The detection dye SYBR®
Green bhinds to double stranded DNA while emitting a fluorescence signal at 522nm
proportional to the amount of PCR amplicons during the elongation step of the PCR . Following
amplification, a melting curve of the PCR product is calculated by gradually heating the sample
from 60°C to 95°C, while constantly measuring SYBR® Green fluorescence. The temperature
at which fluorescence is not detectable anymore marks the melting point of the double stranded
DNA. Detection of multiple melting points indicates the amplification of non-specific
byproducts, which was additionally verified in an agarose gel electrophoresis. The
housekeeping genes Gapdh and Rpl were used as internal reference controls and RNA

expression was quantified by comparative aa Ct-method .
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Table 2. Primers with their respective PCR product size used in PCR and qPCR experiments

Target Forward primer (5-3’) Reverse primer (5°-3’) Product size
(bp)
Gem (pairl) ACAGCCTTAGACTGCGGAAC GGCGCATGGTGACGTTATTC 145
Gem (pair2) ACCGAGTGGTGCTTATTGGG CAAGCTCTCCCTTCTGACACA 400
Gem (pair3) TGTGTCAGAAGGGAGAGCTTG  CAAGGGGACATCTGGACGAC 315
Gem (paird) GTGTCTGTGTCAGAAGGGAGA  GCCGCGTCTTAACAATGCTT 394
Gem (pair5) GAATAACGTCACCATGCGCC  GAGCCATTCATTCTCCCCCTTA 415
Gem (pair6) CACTCCACTGCTCCCGATG  CTCCCTTCTGACACAGACACTTC 485
Oxtr CTGGAGTGTCGAGTT GGACC  AGCCAGGAACAGAAT GAGGC 136
Gjal TTCATTGGGGGAAAGGCGTG CTGGGCACCTCTCTTTCACTT 173
Gjb6 TTCCAGTTCACCTCACACGG GGCAGTGGGAATGTCACCTTT 99
Gjb2 GGAACGAGACTCAGGAGCGT  CGGGGAAGAAGTGGTCGTAG 236
Slcla? GTGGACTGGCTGCTGGATAG AGTTGTGTGCGGCATAGACA 223
Slcla3 GGTGTGGACAAACGCATCAC TCGGAGGCGGTCCCTTATTG 162
Sp1 AAACACCCCAGGTGATCATGG  CATGAATGGCCTCTCCCCTG 307
Dao AGGCCCCTTGGATAAAGCAC GCCAGTGAGTTCACCCATGA 227
Gapdh TGATGACATCAAGAA GGTGG  CATTGTCATACCAGG AAA TGAG 185
Rpl ACAAGAAAAAGCGGA TGGTG TTCCGGTAATGGATC TTTGC 172
Amigo2 TAGACCGACGGCTGGCTAAG GCCTCCCACCAATCTGGTAA 382
Gfap GCGAAGAAAACCGCATCACC TTTGGTGTCCAGGCTGGTTT 77
Gatl CTATTAGGCCGCAAAGCTGC GAGAGGAACACCCGCAAAGA 385
Gat3 ATCTGTGCGGGCATCTTCAT TTAACGGTCACCATCCGTGG 263
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2.7 Protein Extraction

Proteins were either isolated from fresh brain tissue punches prepared identically as described
under 2.6 (from PVN, whole amygdala and whole Hippocampus) or cell culture.
Pellets/punches were resuspended in RIPA lysis buffer (Sigma Aldrich) and incubated on ice
for 45min under regular vortexing. Following centrifugation (13200g, 4°C), the supernatant
containing the protein lysate was transferred into a fresh cup. Next, protein concentration was
measured with a colorimetric BCA protein assay kit (Pierce ™ BCA Protein Assay Kit, Thermo
Scientific) according to the manufacturer’s guidelines. Briefly, 10ul of seven different solutions
containing a defined protein concentration (2ug - 0.025ug Albumin) are mixed with 200ul of
BCA solution to obtain a standard curve. In parallel, 2pl of protein lysate are treated identically.
After 30min of incubation at 37°C, the resulting luminescent reaction was quantified using an
optical density reader (FLUOstar OPTIMA, BMG Labtech, Ortenberg, Germany). To reduce
pipetting errors, each sample was pipetted in duplicates and the mean values were used for

concentration calculations.

2.8 SDS-PAGE and Western Blot Analysis

For determination of protein expression and phosphorylation levels, 20-30 ug of proteins were
mixed with 4xLaemmliBuffer (see Appendix 3) and denatured at 95°C for 5min. Next,
separation by molecular weight was performed on a 12.5% Criterion™ TGX Stain-Free™ Gel
(Bio-Rad) for 20min at 70V followed by 2h at 100V. After crosslinking the trihalo components
of the gel with tryptophan residues of the separated proteins in an UV-induced reaction, the
proteins were then transferred to a nitrocellulose membrane (Bio-Rad) for 5-30min (for detailed
blotting protocols see Tab. 3) using the Trans-Blot Turbo System (Bio-Rad; 1704150). In order
to visualize the total amount of protein blotted, the fluorescence of the crosslinked trihalo-
tryptophan components was imaged at UV-light with the ChemiDoc XRS+ Imager (Bio-Rad).
The picture of the total lane protein served as an internal reference control during the analysis.
To cover all non-specific binding sites, an appropriate blocking solution was applied to the
membrane for 90min (for detailed conditions see Tab. 3). Next, the membrane was incubated
over night with the diluted primary antibody under the conditions shown in Table 3, washed
extensively in Tris-buffered saline containing 0.001% Tween-20 (TBST) to remove all unbound
primary antibody and incubated with respective secondary antibodies conjugated with
horseradish peroxidase (Tab. 3). Following a second washing step to remove all unbound
secondary antibody, the membranes were incubated for 5min with developer solution (Bio-

Rad; Tab.3) and the protein/antibody complexes were then visualized by capturing
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luminescence with the ChemiDoc XRS+ Imager. The images were analyzed with ImagelLab
software (Bio-Rad) that was specifically created for the ChemiDoc Imager.

In some cases the blots were stripped to remove bound antibody complexes (Re-Blot Plus
Strong Solution 10x; Millipore, Darmstadt, Germany), blocked twice for 10min with the
appropriate blocking solution and reprobed with fresh primary antibodies. Wash steps,
incubation with secondary antibody and detection were carried out as described above.

Table 3. List of antibodies used in immunoblotting experiments with their respective application protocols.

Primary antibody Secondary Blotting Blocking Developer solution
antibody protocol solution
pCREB (Ser133) Milipore Anti-rabbit IgG, StandardSD 5% BSA  Clarity™ Western ECL Substrate
06519 7074S (30min) (Bio-Rad)
1:5000 in 5% BSA 1:5000 in 5% BSA
pCamKIll (Thr286) Anti-rabbit IgG, StandardSD 5% BSA  Clarity™ Western ECL Substrate
€s12716S 7074S (30min)
1:1000 in 5% BSA 1:1000 in 5% BSA
Sp1l Milipore 07645 Anti-rabbit 1gG, StandardSD 5% BSA  Clarity™ Western ECL Substrate
1:1000 in 5% BSA 7074S (30min)
1:5000 in 5% MP
Cx43 cs3512S Anti-rabbit 1gG, StandardSD 5% BSA  Clarity™ Western ECL Substrate
1:1000 in 5% BSA 7074S (30min)
1:1000 in TBS-T
pCx43 (Ser282) Thermo Anti-rabbit IgG, StandardSD 5% BSA Super Signal™ West Dura
PA5-64641 7074S (30min) Extended Duration Substrate
1:500 in 5% BSA 1:1000 in TBS-T (ThermoFisher)
pCx43 (Ser279) Thermo Anti-rabbit IgG, StandardSD 5% BSA Clarity Max™ Western ECL
PA5-64777 7074S (30min) Substrate (Bio-Rad)
1:500 in 5% BSA 1:2000 in 2% BSA
pCx43 (Ser368) cs3511S Anti-rabbit IgG, StandardSD 5% BSA  Clarity™ Western ECL Substrate
1:1000 in 5% BSA 7074S (30min)
1:1000 in TBS-T
Cx30 Thermo 71-2200 Anti-rabbit IgG, StandardSD 5% MP Super Signal™ West Dura
1:250 in 5% MP 7074S (30min) Extended Duration Substrate
1:1000 in TBS-T
Samples heated to 70°C
for 15min
MYPT1 ¢cs2634S Anti-rabbit IgG, StandardSD 5% BSA Clarity Max™ Western ECL
1:1000 in 5% BSA 7074S (30min) Substrate
1:1000 in TBS-T
PMYPTL1 (Thr696) Anti-rabbit IgG, StandardSD 5% MP Clarity Max™ Western ECL
cs4563S 7074S (30min) Substrate

1:500 in 5% MP

1:1000 in 3% MP
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PSAPK/INK Anti-rabbit IgG, StandardSD 5% BSA Super Signal™ West Dura
(Thr183/Tyrl85) cs9251S 7074S (30min) Extended Duration Substrate
1:5000 in 5% BSA 1:5000 in TBS-T
pAkt (Thr308) cs13038S Anti-rabbit IgG, StandardSD 5% MP Clarity Max™ Western ECL
1:1000 in 5% MP 7074S (30min) Substrate
1:5000 in 5% MP
Gem A-3 sc-514497 m-lgGk BP-HRP Low MW 5% BSA Clarity Max™ Western ECL
1:2000 in 5% BSA sc-516102 (5min) Substrate
1:2000 in TBS-T
peEF2 (Thr56) cs2331 Anti-rabbit IgG, StandardSD 5% MP Clarity™ Western ECL Substrate
1:000 in 5% BSA 7074S (30min)
1:1000 in TBS-T
ROCK1 cs4035 Anti-rabbit IgG, StandardSD 5% BSA Super Signal™ West Dura
1:2000 in 5% BSA 7074S (30min) Extended Duration Substrate
1:2000 in TBS-T
pPAMPK (Thr172) cs2535 Anti-rabbit 1gG, StandardSD 5% BSA  Clarity™ Western ECL Substrate
1:2000 in 5% BSA 7074S (30min)
1:2000 in TBS-T
EAAT1 sc515839 m-lgGk BP-HRP  StandardSD 5% BSA Super Signal™ West Dura
1:400 in 5% BSA sc-516102 (30min) Extended Duration Substrate
1:1000 in TBS-T
EAAT2 sc365634 m-lgGk BP-HRP StandardSD 5% BSA  Clarity™ Western ECL Substrate
1:10000 in 5% BSA sc-516102 (30min)
1:2000 in TBS-T
pp38 (Thr180/Tyr182) Anti-rabbit IgG, Mixed MW 5% BSA  Clarity™ Western ECL Substrate
sc17852 7074S (7min)
1:1000 in 5% BSA 1:1000 in TBS-T
pERK1/2 cs9101 Anti-rabbit IgG, StandardSD 5% BSA  Clarity™ Western ECL Substrate
1:5000 in 5% BSA 7074S (30min)
1:1000 in TBS-T
ERK1/2 ¢s9102 Anti-rabbit IgG, StandardSD 5% BSA  Clarity™ Western ECL Substrate
1:1000 in 5% BSA 7074S (30min)
1:1000 in TBS-T
pPERKS (Thr218/Tyr220) Anti-rabbit IgG, StandardSD 3% MP Clarity Max™ Western ECL
Millipore 07-507 7074S (30min) Substrate
1:5000 in 3% MP 1:5000 in 3% MP
GFAP ¢cs12389 Anti-rabbit 1gG, StandardSD 5% BSA  Clarity™ Western ECL Substrate
1:5000 in 5% BSA 7074S (30min)
1:2000 in TBS-T
Beta-Tubulin cs2146 Anti-rabbit 1gG, StandardSD 5% MP Clarity™ Western ECL Substrate
1:1000 in 5% MP 7074S (30min)
1:1000 in TBS-T
pEzrin (Thr567) ab47293 Anti-rabbit IgG, StandardSD 5% BSA Super Signal™ West Dura
1:1000 in 5%BSA 1:1000 in 5%BSA (30min) Extended Duration Substrate
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2.9 Immunocytochemistry

H32 cells or astrocytes (14d post-enrichment) were seeded in four-chamber glass slides (7x10°
cells/chamber; Corning; 354104). After 1h of serum starvation, cells were stimulated with
varying concentrations of OXT for 10min or 3h. For fixation, 4% PFA was added to the medium
(1:1) for 2min, whereafter the medium was aspirated and 0.5ml of 4%PFA was added for
10min. Next, chambers were washed three times with PBS-T and consequently rinsed with
PBS. After blocking for 30min (0.1% TritonX-100 (Sigma Aldrich), 1% FBS, 10% normal goat
serum in PBS), cells were incubated with primary antibodies (Tab.4) diluted in PBS containing
0.5% TritonX-100 and 3.3% FBS for 2h at RT. Following a second blocking step in 3% BSA
for 10min, appropriate secondary antibodies (Tab.3) were applied for 2h at RT in the dark to
prevent photobleaching. Finally, the slides were covered with ProLong® Gold containing DAPI
(Cell Signaling Technology, Princeton, USA; ¢s8961) and incubated overnight at RT in the
dark. Images were taken with a Leica SP8 confocal laser scanning microscope and quantified
as described in 2.12 with ImageJ software (Version 1.52e).

Table 4. List of primary antibodies with their respective dilutions and secondary antibodies used in
immunocytochemistry experiments.

Primary antibody Secondary antibody
(All ThermoFisher)

GFAP ¢s12389 goat-anti rabbit AlexaFluor488
1:1000 1:1000
Z01 ThermoFisher goat anti-mouse AlexaFluor594
1:100 1:1000
Gem A-3 sc-514497 goat anti-mouse AlexaFluor594
1:100 1:1000
pMLC(Ser19) cs3671 goat anti-rabbit AlexaFluor594
1:50 1:1000
GFP ThermoFisher PA1-980A goat-anti rabbit AlexaFluor488
1:200 1:1000
AlexaFluor488 Phalloidin cs8878 -
1:20
AlexaFluor594 Phalloidin cs8953 -
1:20
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2.10 Immunohistochemistry

Ten or 20min after icv OXT administration rats were transcardially perfused with 4%PFA in
PBS (see 2.3), and the brains were harvested and post-fixed in 4%PFA for 3h followed by
cryo-protection in 30% sucrose for 2 days and consequent snap-freezing in isopentane. Frontal
40-uM sections were prepared with a cryostat, washed three times in PBS for 20min and
blocked in PBS containing 2%goat serum and 1%TritonX-100 for 1h at RT. Consequently,
slices were incubated with primary antibody solutions (Tab.5) at 4°C overnight. After three
washing steps with PBS, appropriate secondary antibodies (Tab.5) diluted in blocking solution
were added to the slices for 2h at RT. The sections were mounted on object slides using
ProLong® Gold containing DAPI (Cell Signaling) and imaged using a Leica SP8 confocal laser
scanning microscope.

Table 5. List of primary antibodies with their respective dilutions and secondary antibodies used in
immunohistochemistry experiments.

Primary antibody Secondary antibody
(All ThermoFisher)

GFAP ¢s12389 goat-anti rabbit AlexaFluor488
1:500 1:1000
GFAP ab50738 goat-anti chicken AlexaFluor488
1:500 1:1000
Gem A-3 sc-514497 goat anti-mouse AlexaFluor594
1:100 1:1000
mCherry abcam 167453 goat anti-rabbit AlexaFluor594
1:800 1:1000
Homerl SySy 160 003 donkey anti-rabbit AlexaFluor647
1:250 1:500
Vglutl Sysy 135 311 goat anti-mouse AlexaFluor594
1:250 1:500
GFP Aves AB_2307313 goat-anti chicken AlexaFluor488
1:500 1:500
OXT-Neurophysin clone PS38 kindly provided by goat anti-mouse AlexaFluor555
Dr. Harold Gainer 1:1000
1:500
CNP1 SySy 355 004 goat anti-guinea pig AlexaFluor488
1:500 1:1000
MAP2 SySy 188 006 goat anti-chicken AlexaFluor647
1:500 1:1000
NeuN MAB377 goat anti-mouse AlexaFluor555
1:500 1:1000

[40]



2.11 Gap-junctional intercellular communication (GJIC)

In order to investigate the effects and mechanisms of OXT on the degree of astrocytic
intercellular coupling, scrape loading dye transfer experiments were performed. To this end,
8x10° primary astrocytes of different age (7d, 14d) were seeded in poly-D-lysine coated 35-
mm TC dishes (3x10° cells/dish; Corning; CLS3294) 2d prior to the experiments. After 1h of
serum starvation, OXT (1nM—1uM) or AVP (1nM-100nM) was added to the medium for various
timepoints (5-180min). To investigate the underlying signaling cascades, cells were
preincubated with one of various pharmacological inhibitors (1uM U0126; 10uM G66983; 1uM
L368,889; 1uM Carbenoxolone, Sigma Aldrich; C4790) or Veh (Ringer’s solution) 1h prior to
stimulation. After the respective treatments, the medium was aspirated, and the dishes were
rinsed three times with Ca?*-free PBS to remove remaining stimulants and prevent uncoupling
of the cells. Next, 1ml of pre-warmed (37°C) lucifer yellow (1mg/ml in Ca?*-free PBS, Sigma
Aldrich; L0259) or, in case of EGFP expressing cells, Biocytin (Lmg/ml in Ca?*-free PBS, Sigma
Aldrich; B4261) was added to the dish, and three cuts were made through the cell layer with a
rounded surgical blade, allowing the fluorescent solution to diffuse within the astrocytic
network. After 10min of incubation at 37°C, cells were washed three times with PBS and fixed
with 0.5ml 4% PFA. For Biocytin experiments, an AlexaFluor594-conjugated Streptavidin
(ThermoFisher; S32356) was used to visualize Biocytin diffusion. The fluorescence signal was
viewed using an epifluorescence microscope (Leica dm5000b) and images of each cut were

taken. The fluorescent dye spread area was quantified with ImageJ software (Version 1.52¢).

2.12 Bioimaging and Image Analysis

For all experiments, microscopy settings as well as image analysis settings were kept identical

within one experiment. In vitro experiments were replicated at least three times.

Morphological analysis in vitro, in vivo and ex vivo

Astrocytes were stained for GFAP and DAPI as described above and images were taken with
either a Leica SP8 (for in vitro and in vivo) or SP6 (for ex vivo) confocal laser scanning
microscope. In case of cultured cells, five pictures throughout one culture chamber
(1024x1024) were acquired per treatment condition and analyzed with ImageJ software
(Version 1.52e) as depicted in Fig.6a. For in vivo and ex vivo analyses, three z-sections per
animal (in vivo: 30uM, 0.5uM/z-section, 1024x1024, PVN and hippocampus (CA1 region); ex
vivo: 30uM, 0.5uM/z-section, 1024x1024, hippocampus (CA1 region)) were acquired and

analyzed with ImageJ software (Version 1.52e) as described in Fig.6b.
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Figure 6. Quantification of length (red lines) and number (yellow dots) of primary GFAP+ processes of astrocytes
in vitro and in vivo using ImageJ. A) Primary rat cortical astrocytes stained for GFAP/DAPI and analyzed for length
of longest primary process, as well as number of primary processes. B) Rat hippocampal (CA1 region) astrocyte
stained for GFAP and analyzed for length of longest primary process, as well as number of primary processes.
Lengths were measured from the edge of the nucleus indicated by DAPI staining to the end of the process of
interest.

3D-reconstruction of GFP-expressing astrocytes

In order to analyze OXT-induced changes to volume and surface area of astrocytes, animals
received unilateral intrahippocampal (CA1 region) infusions of 1ul vector plasmid solution
containing AAV2/5-GFAP-GFP in PBS (titer 1x10*® GC/ml, kindly provided by Dr. Nathalie
Rouach). After 14 days, hippocampi were harvested and acute slices (350uM) were prepared
as described under 2.4. 3D-reconstruction was accomplished using IMARIS software (Version
9.3, Bitplane AG, Zurich, Switzerland). In detail, two astrocytes per z-section were randomly
selected (Fig.7a), and a region of interest (ROI) was created in 3D around each of these cells
(Fig.7b-c). Next, a 3D object was generated within these ROIs (Fig.7d-e), allowing

guantification of both cellular surface and volume.

[42]



Figure 7. 3D reconstruction of GFP-expressing hippocampal astrocytes in acute ex vivo slice preparations using
IMARIS. A) Astrocyte of interest depicted in a 2D image of the z-section. Lower/lateral panels show position of the
cell in the context of the z-section. B-C) Generation of a 3D ROI around the cell of interest. D-E) Generation of a
3D object resembling the original shape of the astrocyte.




Determination of astrocyte-synapse spatial relationship by STED nanoscopy

STED nanoscopy was performed on acute ex vivo slice preparations (see 2.4) using a costum
built STED-microscope (Abberrior/Scientifica). Synaptic distance to the closest astrocytic
element was quantified with a Fiji-Plugin (provided by Philippe Mailly, CIRB imaging facility,
College de France, Paris) only including synapses that a) showed no wider distance than
300nm between pre-and postsynaptic element and b) contained Homer1/VGlutl fluorescence
maxima in both, deconvolved confocal images and STED images.

Colocalization studies

To assess the degree of Cx43 localization at cell/cell-contacts, the tight-junction protein ZO1
was used as a marker for points of intercellular contact (Penes et al., 2005). The number of
Cx43/Z01-immunoreactive (ir) punctae was determined manually to ensure inclusion of points

solely located at cellular contact zones.
Intensity measurements and determination of above threshold cells in vitro and in vivo

For immunofluorescence intensity measurements and maxima quantification, images were
taken with a Leica SP8 confocal laser scanning microscope (63x Obj., 16-Bit, 1024x1024) and
analyzed with ImageJ software (Version 1.52e). Following background subtraction, a ROl was
manually generated around cells of interest and fluorescence intensity within the ROI was
measured. Determination of above threshold cells was accomplished by use of the find maxima
function of ImageJ on a background subtracted single image (in vitro experiments) or a sum
z-projection (in vivo experiments; 30uM, 0.5uM/z-section, 1024x1024). Above threshold cells
were defined as single cells marked by DAPI staining displaying at least one maximum of the

fluorescence of interest.

2.13 Statistical Analysis

For statistical analysis, GraphPadPrism (V.8, GraphPad Software, San Diego, USA) was used.
Data were first tested for normal distribution by Shapiro-Wilks-test. In case of normally
distributed data, statistical hypothesis testing was carried out by two-tailed Student’s t-test,
one-way (factor: treatment) or two-way (factors: pre-treatment and treatment) ANOVA,
followed by a Bonferroni post-hoc analysis, whenever appropriate. Data shown in graphs
represent mean +/- SEM; significance was accepted at p < 0.05. For non-normally distributed
data, statistical hypothesis testing was carried out by two-tailed Mann-Whitney-U-test or

Kruskal-Wallis-test followed by Dunn-Bonferroni post-hoc analysis whenever appropriate.
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Here, data shown in graphs represent median + min/max and significance was accepted at p
< 0.05.
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3 RESULTS

3.1 Establishment of primary rat cortical astrocyte cultures

To study OXTR-mediated signaling in astrocytes, primary rat cortical astrocytes were cultured
(see 2.5) after a protocol adapted from (Schildge et al., 2013). As described for astrocytes
cultured in vitro , numbers of primary processes ranged from one to seven, displaying a less
complex cellular morphology compared to astrocytes in vivo/ex vivo (Fig.8a). Furthermore,
96% of cells within the cultures showed GFAP expression as assessed by
immunocytochemistry, with the remaining 4% representing either microglial/oligodendrocytical
remainders of the isolation process or astrocytes not expressing GFAP (Fig.8b; Morrison and
de Vellis, 1981; Schildge et al., 2013). Endpoint PCR revealed expression of genes
preferentially or exclusively expressed in astrocytes, including genes coding for the gap-
junction proteins Cx43 (Gjal) and Cx26 (Gjb2) , as well as genes coding for the
neurotransmitter transport proteins EAAT1/EAAT2 (SIcla3/Slcla2) and GAT1/GAT3
(Gatl/Gat3) (Fig.8c). As previously described for cultured astrocytes, Oxtr mRNA was

detectable in RNA from six independent cultures (Fig.8c).
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Figure 8. Characteristics of primary rat cortical astrocytes used for in vitro studies. A) Representative ICC image
performed on an exemplary astrocyte culture 14d post-enrichment. Most cultured astrocytes displayed one to seven
primary processes and an average process length of ~30-60uM. B) Quantification of the purity of five independent
cultures assessed by GFAP staining. C) Agarose gel showing expression of various genes preferentially or
exclusively expressed in astrocytes, as well as Oxtr expression in six independent cultures.
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3.2 Characterization of the effects of OXT on astrocytes
Effects of OXT on astrocytic signaling cascades and proteins in vitro and in vivo

To elucidate the molecular consequences of astrocytic OXTR signaling, synthetic OXT was
either applied to primary rat cortical astrocytes (500nM for 10min) or administered icv in male
Wistar rats. Subsequent analyses of changes in protein levels/phosphorylation state focused
on proteins preferentially or exclusively expressed in astrocytes, as well as targets and brain
regions previously linked to OXTR activation in other contexts (Blume et al., 2008; Devost et
al., 2008b; Jurek and Neumann, 2018; Martinetz et al., 2019). For a summary of all examined
targets please see Fig.9a (in vitro experiments) and Fig.9b (in vivo experiments). In primary
astrocytes, OXT induced increases in pCreb(Serl33; t15=2.840, p=0.012), pAkt(Thr308;
t15=2.303, p=0.036), pERK5(Thr218/Tyr220; t;=2.309, p=0.054), pCx43(Ser368; t14=3.506
p=0.004), pCx43(Ser279; U=1, p=0.016), pCx43(P1; U=10, p=0.021), pCx43(P2; t15=2.574
p=0.021), pEzrin(Thr567; t10=2.536, p=0.030) and pERK1/2 phosphorylation levels (t10=2.459,
p=0.038 pERK1; t10=4.702, p<0.001 pERK2), while decreasing peEF(Thr56; U=0, p=0.008)
and pMYPT(Thr696; t15=2.068, p=0.056) phosphorylation. No changes were observed for
pp38, pJNK(Thrl83/Thrl85) and pcamKIl(Thr286). Furthermore, OXT-exposure caused
elevated levels of the cytoskeleton-related proteins beta-Tubulin (U=2, p=0.032), ROCK1
(t7=2.758, p=0.028), Gem (t1s=2.203, p=0.041) and Sp1l (t1»=2.470, p=0.030), while reducing
GFAP (ts=2.718, p=0.026). The astrocytic glutamate transporter EAAT2 was unaffected by
OXT stimulation. Attempts to detect OXT-induced changes in RhoA activity by means of a pull-
down assay of GTP-bound (i.e. active) RhoA, failed due to below detection limit endogenous

activity of RhoA (data not shown).

Within the PVN, icv OXT increased levels of the gap-junction protein Cx30 (t11=3.361,
p=0.006), pCx43(Ser368; t11=2.244, p=0.046) and the endogenous ROCK-inhibitor Gem (U=2,
p=0.005) 10min post-administration, while downregulating EAAT2 (t1,=2.799, p=0.016) and
the gap-junction protein Cx43 (t11.=3.546, p=0.005). The changes to Cx30 (U=2, p=0.005), Gem
(U=7, p=0.051) and pCx43(Ser368; t11=2.029, p=0.067) remained observable after 20min,
whereas EAAT2 and Cx43 levels recovered to control levels. Within the hippocampus,
elevated quantities of Cx30 (U=4, p=0.014) and pCx43(Ser368; t10=2.195, p=0.053), as well
as decreased quantities of Cx43 (t10=6.664, p<0.001) were detected 10min following OXT
administration. Here, the decrease in Cx43 persisted 20min post-administration (t1o=2.707,
p=0.019), while EAAT1 (t10=2.972, p=0.014) was downregulated. Within the amygdala, OXT
elicited acute increases of Cx30 (U=7, p=0.051) and EAAT1 (t11=4.387, p=0.001), while
decreasing Gem levels (t1,=2.818, p=0.016). None of these differences remained significant at
20min post-administration. However, OXT upregulated GFAP (U=4, p=0.014) and decreased
guantities of EAAT2 (t1,=2.533, p=0.026) at this timepoint.
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Figure 9. Effects of OXT on signaling pathways and proteins of astrocytes in vitro and in vivo. A) Heatmap of
percentage changes in protein/phosphorylation levels following exposure of primary rat cortical astrocytes to 500nM
OXT for 10min. B) Heatmap of percentage changes of protein/phosphorylation levels 10min or 20min after icv
administration of OXT in punches derived from three different brain regions (PVN, hippocampus, amygdala).
Downregulations are colored in blue, while upregulations are colored in red.

Effects of OXT on the expression of selected astrocytic genes

Based on the OXT-induced changes of astrocytic proteins, the expression of genes coding for
these proteins was analyzed in vitro following OXT stimulation (500nM) for different timepoints.
While there was no change in Cx43 (Gjal) expression, Cx30 (Gjb6) (independent t-test;
ts=2.134, p=0.062) and Cx26 (Gjb2) (Mann-Whitney U=4, p=0.052) expression both showed a
trend to be decreased compared to the control group after 10min of exposure, but this
difference did not reach statistical significance (Fig.10a). Thirty min after OXT application, an
increase in Gjal (t;=2.755, p=0.028) as well as Gem expression (t,=2.373, p=0.049) was
detected, while EAAT2 (Slcla2) expression remained unchanged (Fig.10b). The observed
trend of decreased Gjb2 expression after 10min of stimulation became statistically significant
at the 30min timepoint (t=4.427, p=0.003).
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Figure 10. Expression of astrocytic genes following exposure to OXT for three differing timespans. A) Gjal, Gjb6
and Gjb2 mRNA levels after 10min of stimulation with 500nM OXT. B) Gjal, Gem, Slcla2 and Gjb2 expression
after 30 min of OXT exposure. C) Gjal, Gjb6 and Gjb2 mRNA levels following 180min of OXT application. Data
represent mean relative expression +/- SEM for normally distributed data and median +/- min/max values for non-
normally distributed data. * p<0.05, ** p <0.01.

Contrary to a shorter exposure, 180min of OXT stimulation caused a decrease in Gjal
expression (Fig.10c; ts=2.982, p=0.018), while Gjb2 mRNA recovered to control levels.
Following the tendency after 10min of exposure, Gjb6 expression was lowered after 180min of
OXT application compared to Veh-treated cells (ts=2.486, p=0.039).
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Effect of OXT on distribution of astrocytic gap-junctions and its impact on intercellular

connectivity

Due to protein and mRNA analyses pointing towards a downregulation of astrocytic gap-
junctions by OXT, | next tested, whether OXT affects gap-junctional intercellular
communication (GJIC). To this end, dye-spread assays (Upham et al., 2016) were performed,
in which the broad-range gap-junction inhibitor carbenoxolone (Rozental et al., 2001) served
as a positive control (Fig.11a). In an initial dose-response experiment (Fig.11b), a treatment
effect (one-way ANOVA,; F473=6.847, p < 0.001) was observable for doses of 10nM (p=0.001),
500nM (p=0.002), as well as 1pM (p=0.0004) of OXT with OXT acutely impairing GJIC. To
investigate the underlying signaling mechanisms, cells were pre-treated with either 10uM of
the MEK-inhibitor U0126, 1uM of the broad-range PKC-inhibitor G66983 or 1uM of the OXTR-
antagonist L368,889 prior to exposure to 500nM OXT for 10min and subsequent GJIC
assessment (Fig.11c). Differences were found depending on pre-treatment (F3;6:=5.919,
p=0.001) and interaction (Fs6:=5.574, p=0.002), but not treatment (F16.=0.1290, p=0.7207).
OXT treated cells showed impaired GJIC by around 20% (p=0.01), while this effect was
blocked by each of the three pre-administered substances. Interestingly, the closely related
sister-peptide AVP had no effect in these experiments (data not shown). Since the expression
of gap-junctional genes varies over the time course of culture (Koulakoff et al., 2008; Li et al.,
2019), an identical experiment was performed on cells cultured for 14 days (Fig.11d) after
enrichment, yielding similar results (pre-treatment: F;3,=5.609, p=0.007; interaction:
F230=7.117, p=0.002; treatment: F139=1.862, p=0.1802; posthoc: p=0.002 Veh/OXT vs.
Veh/Veh). Application of a positive control, i.e. the gap-junction blocker carbenoxolone,
resulted in reduced GJIC by around 70% (t15=14.75, p< 0.0001).

To visualize the impact of OXT on astrocytic gap-junctions on a single cell level, ICC of the
most abundant astrocytic gap-junction protein Cx43 was carried out. Here, the tight-junction
protein ZO1 was used as a marker for cell-cell contacts and Cx43/Z01 colocalization (Fig.12a)

was quantified following pre-treatments and treatments identical to GJIC experiments.
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Figure 11. OXT impairs gap-junctional intercellular communication in a MEK, PKC and OXTR-dependent manner.
A) Representative images of streptavidin staining visualizing the distance of biocytin diffusion within the astrocytic
network. Middle and right panel show impaired GJIC by OXT and carbenoxolone treatment, respectively. B) Dose-
response curve of acute OXT acting on GJIC. C) Impact of OXT on relative GJIC of astrocytes cultured for 7d
following pre-treatment with either Veh (grey bars), U0126 (black bars), G66983 (dotted bars) or L368,889 (striped
bars). D) Same as C), but performed on cells cultured for 14d. E) Quantification of GJIC after treatment with the
gap-junction blocker carbenoxolone. Data represent mean relative GJIC+/- SEM. * p<0.05, ** p <0.01 *** p<0.001.

[51]



Veh OXT
B C
g 22 150 T £ 150+
N 2 2
1 gt
2o =
8 £ 100- R [
S8 S8
N & N &
™ O ™ O *k
% g 504 gg 50 \I
23 28
- 5%
e E_ 0—'mq—rrrmq—r-rrml|—rrmn|ﬁ1-rm||' o §_ 0 T T T 1 1| I
01 1 10 100 1000 0 10 20 30 180
OXT [nM] (log+g) time [min]
ime [min
D E
2 157 @
=€ 2 NP
© = B b 3 Veh © =
3% 10+ v iR
3 % % i = U0126 (_g.) %
S s || | M = % B 3 G66983 3 b =
NE 5 % e L368889 NE
o] G55 ]
5% % i : 3%
2 Ll Il 7 2
Veh OXT Veh OXT

Figure 12. OXT reduces Cx43 localization at cell-cell contacts in a PKC and OXTR-dependent manner. A)
Representative ICC images of cells stained for Cx43 (green), ZO1 (red) and DAPI (blue) displaying high levels of
Cx43/201 colocalization in the control group (left) and reduced colocalization in OXT treated cells (right). White
arrows indicate points of Cx43/Z0O1 colocalization. B) Dose-response curve of OXT affecting Cx43 localization at
cell-cell contacts. C) Time-response curve of OXT (500nM) affecting Cx43 localization at cell-cell contacts.D/E)
Impact of 15min (D) or 180min (E) of OXT exposure on Cx43/Zo1l colocalization following pre-treatment with either
Veh (grey bars), U0126 (black bars), G66983 (dotted bars) or L368,889 (striped bars). Data represent mean
absolute (D;E) or relative (B;C) Cx43/Z01 colocalized punctae per two contacting cells +/- SEM. * p<0.05, ** p
<0.01 *** p<0.001.
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In a dose-response experiment (Fig.12b), a treatment effect (Fs3=8.810, p < 0.001) was
observable for OXT doses of 100nM (p=0.001), 500nM (p=0.002), as well as 1uM (p=0.0004)
with OXT reducing Cx43 localization at cell-cell contacts by 35-60%. The effect first became
significant at 10min and 15min post-stimulation (Fig.12c; p=0.005, p=0.024, respectively),
while recovering to control levels at the 30min timepoint. After a longer exposure for 180min,
a similar reduction as for the 10min timepoint was observable (p=0.003). To investigate the
underlying signaling cascades, cells underwent identical pre-treatment conditions as described
for GJIC experiments prior to stimulation with 500nM OXT for 15 min or 3h and subsequent
Cx43 localization assessment (Fig.12d). After 15min of OXT stimulation, differences were
found depending on treatment (F14=13.16, p=0.001), pre-treatment (F346=8.029, p=0.001), as
well as interaction (Fs46=5.267, p=0.003). OXT-treated cells displayed less Cx43 localization
at cell-cell contacts (p=0.008), while this effect was PKC and OXTR-dependent, but not MEK-
dependent (p=0.001). Similar to GJIC experiments, the closely related sister-peptide AVP had
no effect (data not shown). A prolonged exposure with OXT for 180 min (Fig.12e), yielded
similar results (pre-treatment: F;20=0.4274, p=0.656; interaction: F229=5.237, p=0.011,
treatment: F120=7.061, p=0.013; p=0.002 Veh/OXT vs. Veh/Veh).

OXT-induced changes in astrocytic cytoskeletal dynamics and the impact on astrocyte-

neuron spatial relationships

The modulation of neuronal communication by astrocytes highly depends on the spatial
relationship of astrocytes and neuronal synapses, a relationship critically set by the
astrocytic cytoskeleton. Since our studies revealed several changes of proteins associated
with cytoskeletal dynamics, | opted to examine possible OXT- induced alterations of the
cytoskeleton of astrocytes. In an initial dose-response experiment (Fig.13a/b) a treatment
effect (Fa530=2.760, p=0.0272) was observable with 500nM (p=0.016) of acute (10min) OXT
causing a rapid elongation of astrocytic processes. To investigate the underlying signaling
mechanisms, cells were pre-treated with either 10uM U0126, 1uM G66983 or 1uM L368,889
prior to exposure to 500nM OXT for 10min and subsequent analysis of primary process length
and number. Differences in process length (Fig.13c) were found depending on pre-treatment
(F3646=3.421, p=0.017) and interaction (Fze:6=4.480, p=0.004), but not treatment (F1,646=2.024,
p=0.1553). OXT-treated cells showed an increase in the length of primary processes by around
25% (p=0.008), while this effect was blocked by each of the three pre-administered
substances. Additionally, differences in process number (Fig.13d) were found depending on
treatment (F1414=4.220, p=0.041), pre-treatment (Fs414=2.741, p=0.043) and interaction
(F3,414=6.179, p=0.0004) with OXT causing a ~30% increase in primary process number
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(p=0.002) that was MEK, PKC, as well as OXTR-dependent. Similar to gap-junction
experiments, AVP had no effect in these experiments (data not shown).

To assess, whether prolonged exposure to OXT induces comparable effects with a similar
underlying signaling profile, the above described experiments were repeated with 180min of
OXT stimulation. In the corresponding dose-response experiment (Fig.13e), a similar
treatment effect (Fss54=3.738, p=0.002) was observable for a dose of 500nM (p=0.016).
Differences in process length (Fig.13f) were found depending on treatment (Fi515=9.444,
p=0.002) and interaction (Fs515=2.800, p=0.04), but not pre-treatment (Fs515=2.402, p=0.067),
while a significant treatment (F1,450=7.111, p=0.008), pre-treatment (Fz450=7.244, p<0.001) and
interaction (F3450=11.97, p<0.001) effect was observed for the number of primary processes
(Fig.13g). Stimulation for 180min increased both, the length (p=0.047) and number (p=0.018)
of primary processes to a similar magnitude as 10min of OXT exposure.
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cells. J) Quantification of pMLC(Ser19) immunofluorescence in OXT-treated cells compared to Veh-treated cells.
Data represent mean absolute or relative values +/- SEM. * p<0.05, ** p <0.01 *** p<0.001.

Mechanistically, this effect was again dependent on PKC and OXTR activity, but in case of
process numbers not dependent on MEK (Fig.13g; p<0.001 U0126/Veh vs. U0126/OXT). In
line with this finding, OXT-treated cells pre-treated with U0126 displayed a similar tendency
toward process elongation (p=0.224 Veh/Veh vs. U0126/OXT). Since cellular process
formation and elongation are indicators of a dampened activity of the RhoA/ROCK pathway
and protein analyses revealed an OXT-induced increase in the endogenous RhoA/ROCK
inhibitor Gem, F-actin (Phalloidin) and phospho(Ser19)-myosin-light-chain-kinase fluorescent
intensity measurements were used as indirect markers of RhoA/ROCK activity (Fig.13h;
Totsukawa et al., 2000). OXT stimulation with 500nM OXT for 180min induced a decrease in
F-actin stress fibres (Fig.13h/i; independent t-test; t13=3.225, p=0.007) and pMLC (Serl9)
levels (Fig.13h/j; t1o=3.136, p=0.009), both indicative of a dampened RhoA/ROCK activity.
Taken together, these observations imply a rapid impact of OXT on the cytoskeleton of
astrocytes in vitro.

To validate these effects in vivo, synthetic OXT was administered icv in male Wistar rats. PVN,
as well as hippocampal (CA1 region) astrocytes were examined for OXT-induced changes in
cellular morphology and possible changes in resulting neuron-astrocyte spatial relationships.
Corroborating in vitro experiments, centrally administered OXT caused astrocytic process
elongation (Fig.14a/b; t10=3.484, p=0.006) and ramification (Fig.14a/c; t10=2.469, p=0.033)
within the PVN 10min post-administration, leading to an increased astrocytic coverage of OXT
neurons (Fig.14a/d; t10=3.093, p=0.011). The total amount of PVN GFAP+ cells remained
unchanged (Fig.14e). Within the hippocampus (Fig.14f), a significant elongation of processes
was not observable in an analysis with n=1 animal (Fig.14g; t10=1.510, p=0.162). However,
separate analysis of all acquired optical fields revealed a significant increase in process length
(Fig.14a/d; t29=2.342, p=0.026). The number of processes (Fig.14i), as well as the total number
of GFAP+ cells (Fig.13)) were unaffected.

As GFAP is not expressed throughout the entity of an astrocyte, | next used a viral vector-
based strategy to express GFP under the promoter of the hGFAP gene (Fig.15a). 3D-
reconstruction (Fig.15b) revealed an increase in astrocyte surface (Fig.15c; 120=3.302,
p=0.004) and volume (Fig.15d; t20=2.155, p=0.046) after OXT exposure. Co-staining with pre-
/ post-synaptic markers together with STED nanoscopy (Fig.15e-g) revealed an OXT-induced
change in the spatial relationship between astrocytes and excitatory synapses 10min post-
bath application in acute hippocampal slices (Fig.15h), suggesting an effect of OXT-induced

cytoskeletal dynamics on neuronal communication.
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3.3 Involvement of the Sp1 — Gem signaling axis
The involvement of the small GTPase Gem in the effects of OXT on astrocytes

Based on its OXT-induced in vitro and in vivo upregulation, as well as on the observed
dampened activity of the RhoA/ROCK pathway, | hypothesized that the endogenous ROCK-
inhibitor Gem plays an important role in conveying the effect of OXT on astrocytes. To test this
hypothesis, | applied a siRNA-based knockdown approach in vitro (Fig.16a). Gem knockdown
(pre-treatment:  F1405=33.69, p<0.001; treatment: F1405=2.940, p=0.087; interaction:
F140s=10.58, p=0.001) prevented OXT-induced process elongation (p=0.008), with
SiRNA/OXT-treated cells even displaying shortened processes compared to scrRNA/Veh-
treated cells (Fig.16b; p=0.016). Although OXT did not induce significant ramification (pre-
treatment: F149:=29.95, p<0.001; treatment: Fi1491=2.886, p=0.09; interaction: Fi9:=3.204,
p=0.074) in cells transfected with scrRNA (p=0.092), cells transfected with Gem siRNA
displayed significantly less primary processes than scrRNA/OXT-treated cells (Fig.16c;
p<0.001). To exclude that the cytoskeleton of cells in which Gem had been knocked down is
uncapable to respond to external stimuli, |1 applied the exogenous ROCK-inhibitor (1uM for
30min; Liao et al., 2007) to cells transfected with Gem siRNA as a positive control. Exposure
to y-27632 induced significant process elongation in Gem siRNA/y-27632-treated cells
compared to Gem siRNA/Veh-treated cells (Fig.16d; U=5936, p=0.009). Furthermore, the
previously observed OXT-induced breakdown of F-actin stress-fibres is partially Gem-
dependent, as knockdown of Gem blunted this effect (Fig.16e; pre-treatment: Fi37=21.41,
p<0.001; treatment: F137=9.632, p=0.04; interaction: F137=0.5877, p=0.448; p=0.003
scrRNA/Veh vs. scrRNA/OXT and p=0.063 siRNA/Veh vs. siRNA/OXT). Notably, OXT induced
ROCK-activity solely in Gem knockdown astrocytes as assessed by pMYPT(Thr696)
phosphorylation levels (Fig.16f; pre-treatment: F11,=19.86, p<0.001; treatment: F;1,=15.42,
p=0.002; interaction: F112,=15.42, p=0.006; p=0.003 for siRNA/Veh vs. siRNA/OXT). Similar to
OXT effects on the cytoskeleton, | found OXT-induced effects on astrocytic gap-junctions to
be Gem-dependent. Here, Gem knockdown prevented OXT-induced impairment of GJIC
(Fig.16g; pre-treatment: F159=6.837, p=0.011; treatment: F150=0.5326, p=0.4684; interaction:
F150=9.424, p=0.003; p=0.0413 scrRNA/Veh vs. scrRNA/OXT), as well as reduction of Cx43
localization at cell-cell contacts by OXT (Fig.16h; pre-treatment: F114=9.830, p=0.007;
treatment: F1,14=42.25, p<0.001; interaction: F114=14.04, p=0.002; p<0.001 scrRNA/Veh vs.
SCrRNA/OXT and p=0.4316 siRNA/Veh vs. siRNA/OXT).
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Figure 16. The in vitro effects of OXT on astrocytes are Gem-dependent. A) Validation of successful Gem
knockdown by siRNA was performed by immunoblotting. Representative bands are shown below. B-C)
Quantification of longest primary process (B) and primary process number (C) in cells transfected with either Gem
SiRNA or a control oligonucleotide (scrRNA) and subsequent administration of 500nM OXT for 10min. D) Length of
longest primary process after exposure to 1uM y-27632 for 30min in cells transfected with Gem siRNA. E) Phalloidin
immunofluorescence after Gem knockdown and subsequent OXT exposure. F) Relative phosphorylation of MYPT
at Thr696 following Gem knockdown and subsequent OXT stimulation. Representative bands are shown below. G)
Absolute area of lucifer yellow diffusion in dye spread experiments after Gem knockdown and subsequent OXT
exposure. H) Impact of 15min OXT stimulation on Cx43/Zol1-colocalization following transfection with either Gem
siRNA or a control oligonucleotide. Data represent mean relative or absolute values +/- SEM for normally distributed
data and median +/- min/max values for non-normally distributed data. * p<0.05, ** p <0.01, *** p <0.001.
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In a gain-of-function approach | next tested, whether overexpression of Gem (Gem OE) is able
to mimic the effect of OXT on astrocytes. To this end, primary astrocytes were transfected with
a plasmid expressing the ORF of the rat Gem mRNA under the control of the long promoter
fragment of the hGFAP gene. First, successful overexpression was validated by
immunofluorescence intensity measurements (Fig.17a/b; t14=2.539, p=0.024), as well as
immunoblotting (Fig.17c; tse=3.137, p=0.014). qPCRs using primers binding in a region of the
Gem mRNA not expressed by the Gem OE plasmid revealed a strong trend of decreased
endogenous Gem mRNA (Fig.17d; t10=2.172, p = 0.055), while increased mRNA levels were
detected when using primers binding within the plasmid-expressed ORF of the Gem mRNA
(Fig.17e; U=0, p = 0.002). In analyses of the cytoskeleton, Gem OE caused significant process
elongation and ramification (Fig.17f-h; pre-treatment: Fi3s4=4.552, p=0.037; treatment:
F1354=1.832, p=0.1767; interaction: F1354=23.64, p<0.001; p<0.001 EGFP/Veh vs. EGFP/Gem
OE) to a similar extent as OXT (p<0.001 EGFP/Veh vs. EGFP/OXT). Importantly, OXT had no
add-on effect in Gem OE cells compared to EGFP expressing cells. Furthermore, Gem OE
elicited significant stress fibre breakdown reminiscent of OXT treatment (Fig.17i/j; t14=4.467, p
< 0.001), as well as a strong reduction in ROCK-activity as assessed by quantification of
pMYPT(Thr696) phosphorylation levels (Fig.17k; ts=2.792, p=0.026).

In GJIC experiments, Gem OE impaired astrocyte network connectivity with no add-on effect
of OXT (Fig.18a/b; pre-treatment: F144=13.57, p<0.001; treatment: Fi44=4.834, p=0.033;
interaction: F1,44=7.450, p=0.009; p<0.001 EGFP/Veh vs. EGFP/Gem OE; p=0.018 EGFP/Veh
vs. EGFP/OXT). On a molecular level, Gem OE altered Cx43 phosphorylation states
(Fig.18c/d; ts=2876, p=0.021 for PO Cx43 t;=4.090, p=0.005 for pCx43(Ser368)) and
decreased Cx43 (Gjal) mRNA (Fig.18e; t9=2.414, p=0.039) analogously to previous OXT

stimulations.
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OE expressing cells (right panel) stained for DAPI (blue) and GFAP (red) (G). I) Representative ICC images of
Phalloidin staining in EGFP or Gem OE transfected cells. J) Levels of Phalloidin immunofluorescence intensity in
EGFP or Gem OE transfected cells. K) Assessment of ROCK activity by quantification of pMYPT (Thr696)
phosphorylation levels in EGFP vs. Gem OE expressing cells. Data represent mean relative or absolute values +/-
SEM for normally distributed data and median +/- min/max values for non-normally distributed data. * p<0.05, ** p
<0.01, *** p <0.001.
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Figure 18. Overexpression of Gem is sufficient to mimic the effect of OXT on astrocytic gap-junctions. A)
Representative ICC images of scrape-loading dye transfer experiments taken from cells transfected with a control
plasmid (left panel) or the Gem OE plasmid (right panel). B) Degree of GJIC of cells transfected with either EGFP
control plasmid or Gem OE plasmid following stimulation with 500nM OXT or Veh for 10min. C) Effect of Gem OE
on the phosphorylation status of Cx43 with PO representing the unphosphorylated form of Cx43 and P1/P2
representing two distinct phosphorylation sites. D-E) Impact of Gem OE on pCx43(Ser368) phosphorylation levels
(D), as well as Cx43 (Gjal) mRNA (E). Data represent mean relative or absolute values +/- SEM. * p<0.05, ** p
<0.01, *** p <0.001.
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Potential involvement of astrocytic gap-junctions in OXT-induced cytoskeletal

remodeling

To strengthen the link between OXT-induced regulation of astrocytic gap-junction proteins and
altered cytoskeletal dynamics, acute hippocampal slices prepared from Cx30 or Cx43
knockout mice, as well as wildtype mice (C57BL/6) were treated with 500nM OXT for 10min.
Similar to experiments in rats, OXT caused increases in domain area (Fig.19a-c; t14=2.016,
p=0.063 WT; t19=3.900, p=0.001 Cx30KO), process length (U=6, p=0.020 WT; t»,=2.183,
p=0.040 Cx30KO) and process number (t13=2.321, p=0.037 WT; t19=3.456, p=0.003 Cx30KO)
in slices from WT and Cx30KO mice. In contrast, OXT did not alter these parameters of
astrocytes in slices from Cx43KO mice (Fig.19d), suggesting an involvement of Cx43, but not
Cx30 in OXT-induced cytoskeletal dynamics of astrocytes. To confirm these findings in vitro
and subsequently study the involvement of Cx43 in OXT/Gem-induced alterations to the
cytoskeleton of astrocytes, an siRNA-mediated knockdown of Cx43 was performed in rat
primary cortical astrocytes (Fig. 19e; t;,=4.319, p=0.004). Corroborating ex vivo results, Cx43
knockdown prevented OXT-induced elongation of processes (Fig.19f; pre-treatment:
F1680=4.074, p=0.044; treatment: F163=3.572, p=0.059; interaction: F165=3.617, p=0.058;
p=0.010 scrRNA/Veh vs. scrRNA/OXT). To examine a potential regulation of Gem by reduced
Cx43 levels, Gem protein levels in Cx43 knockdown cells were analyzed. Transfection with
Cx43 siRNA did not affect the total amount of Gem (Fig.19g). However, Cx43 knockdown
significantly increased the phosphorylated (i.e. active) amount of the Gem effector ezrin
(Fig.19h; t11=2.438, p=0.033). Here, Cx43 knockdown efficiency negatively correlated with the
degree of ezrin phosphorylation, implying an increasing availability of active ezrin with falling
Cx43 levels (Fig.19i; p=0.046, r>=0.582).
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Figure 19. Cx43, but not Cx30 is involved in OXT-induced alterations of the cytoskeleton of astrocytes. A)
Representative IHC images taken from mouse acute hippocampal slices treated with either 500nM OXT or Veh for
10min. B-D) Assessment of domain area, process length and process number in acute hippocampal slice
preparations from either WT (B), Cx30 knockout (C) or Cx43 knockout (D) mice treated with 500nM OXT or Veh for
10min. E) Validation of successful Cx43 knockdown in rat primary astrocytes by means of immunoblotting. F)
Quantification of longest primary process in cells transfected with either Gjal siRNA or a control oligonucleotide
(scrRNA) and subsequent administration of 500nM OXT for 10min. G) Effect of Cx43 knockdown on Gem protein
quantities. H) Effect of Cx43 knockdown on phosphorylation of ezrin on Thr576. 1) Correlation of Cx43 level in Gjal
siRNA transfected cells with ezrin phosphorylation status. Data represent mean relative or absolute values +/- SEM.
* p<0.05, ** p <0.01, *** p <0.001.
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Regulation of Gem by OXT on a genomic level

In order to investigate by which transcription factor OXT upregulates Gem expression, | first
used a publically available database (AliBaba 2.1, http://gene-
regulation.com/pub/programs/alibaba2/index.html) for the prediction of transcription factor
binding sites within the promoter region of the Gem gene (Tab.6). Here, the transcription factor
Sp1l posed the highest quantity of binding sites (12 predicted binding sites vs. 1-2 binding sites
for other transcription factors).

Table 6. List of predicted transcription factor binding sites within the promoter region of the rat Gem gene.

Transcription factor # of predicted binding sites within the
promoter region of Gem
Spl 12
NF-kappaB
AP-2alpha
AP-1
HNF-1C
CEPB-alpha
CEPB-beta
Pit-1b
NF-1
ETF
WT1

c-Fos
CREB
ATF
E1A 12S
RxR-beta

c-Jun

NF-kappa
CRE-BP1

Rl R R R R R R R R R P R P R R R NN

Based on this in silico analysis and its OXT-induced upregulation (see 3.2), | hypothesized that
the transcription factor Sp1 controls Gem expression and by this conveys OXT-induced Gem-
dependent alterations to the cytoskeleton of astrocytes. To test this hypothesis, | applied a
siRNA-based knockdown approach in vitro (Fig.20a/b; t,=4.548, p=0.010 24h siRNA vs.
SCRNA and t,=4.548, p=0.010 48h siRNA vs. scrRNA; U=2, p=0.065 gPCR). Sp1 knockdown
prevented OXT-induced process elongation (Fig.20c; pre-treatment: Fi1106=22.05, p<0.001;
treatment: F1,1106=0.027, p=0.871; interaction: F1,1106=16.51, p<0.001; p=0.012 scrRNA/Veh vs.
ScrRNA/OXT), while reversing the effect of OXT in the Spl knockdown group (p=0.031 for
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siRNA/Veh vs. siRNA/OXT). Importantly, knockdown of Spl prevented the OXT-induced
upregulation of Gem (Fig.20d/e; pre-treatment: F183,=5.285, p=0.022; treatment: F1,g32=15.89,
p<0.001; interaction: F1g3,=22.32, p<0.001; p<0.001 scrRNA/Veh vs. scrRNA/OXT) and led to
a decrease of Gem mRNA expression (to=2.818, p=0.020). To exclude that these observations
are due to an insensitivity of OXTR-coupled pathways caused by secondary effects on Oxtr
expression, | verified that Sp1 knockdown did not affect Oxtr mRNA levels (Fig.20g).
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Figure 20. The transcription factor Sp1 conveys OXT-induced Gem expression. A-B) Validation of successful
knockdown by immunoblotting (A) and qPCR (B). Representative bands are shown below. C) Quantification of
longest primary process in cells transfected with either Spl siRNA or a control oligonucleotide (scrRNA) and
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subsequent administration of 500nM OXT for 10min. D) Representative ICC images taken from Spl siRNA or
scrRNA transfected cells subsequently exposed to OXT for 10min and stained for Gem. Quantification of above
threshold (Gem+) cells was defined as single cells marked by DAPI/GFAP staining displaying at least one maximum
of above threshold Gem fluorescence. E) Representative immunoblot of Gem showing noticeable OXT-induced
increase of intensity solely in the scrRNA group. F-G) Effects of Sp1 knockdown on Gem (F) and Oxtr (G) mRNA
expression. Data represent mean relative or absolute values +/- SEM, * p<0.05, ** p <0.01, *** p <0.001.

Differential regulation of the Sp1-Gem-ROCK axis in neuronal cells

Since OXT has contrary effects on the cytoskeleton of neuronal cells (Meyer et al., 2018), i.e.
a retraction of neurites, | examined whether OXT differentially regulates the Sp1-Gem-ROCK
signaling axis in neuronal cells compared to astrocytes. To this end, the neuronal cell line H32
was exposed to 100nM of OXT for 180min. Protein analyses revealed an OXT-induced
increase in ROCK1 (t14=3.744, p=0.002) and ROCK activity (t10=3.244, p=0.007), as well as a
decrease in Gem (t13=3.700, p=0.003) and Sp1 (112=8.751, p<0.001) quantities (Fig.21a-d). To
examine whether this activation of the ROCK pathway is required for OXT-induced neurite
retraction, neuronal cells were pre-treated with either Veh or 1uM of the ROCK-inhibitor y-
27632 and exposed to 100nM OXT for 180min. OXT caused a retraction of neurites which was
prevented in cells pre-treated with y-27632, indicating that activation of ROCK is critical for
OXT-induced neurite retraction (Fig.21e; pre-treatment: Fi1s34=15.18, p<0.001, treatment:
F11834=18.78, p<0.001, interaction: F1,1884=7.396, p=0.007, p<0.001 Veh/Veh vs. Veh/OXT). To
validate these findings in vivo, the cellular distribution of Gem was analyzed within the
hippocampus of rats which were previously administered Veh or OXT icv (Fig.21f). In line with
protein analyses (see 3.2), OXT did not alter the total amount of Gem (Fig.21g). However, an
analysis of the distribution in astrocytes (GFAP+) vs. non-astrocytic cells (GFAP-) revealed an
OXT-induced increase of Gem-positive (Gem+) astrocytes (t10=2.771, p=0.020), as well as a

simultaneous decrease of Gem-expressing non-astrocytic cells (t10=2.606, p=0.029).
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Figure 21. OXT polarizes Gem expression in neurons vs. astrocytes. A-D) Quantification of Gem (A), ROCK1 (B),
PMYPT(Thr696, C) and Sp1 (D) protein levels in H32 cells by immunoblotting following exposure to 100nM OXT
for 180min. Represenative bands are shown below. E) Neurite length of H32 cells following pre-treatment with either
Veh or the ROCK-inhhibitor y-27632 and treatment with either Veh or 100nM OXT for 180min. F/G) Representative
IHC images of hippocampal astrocytes (GFAP; green) co-stained with Gem (red) and DAPI (blue) in animals that
received either Veh or OXT icv. Quantification of above threshold (Gem+) cells was defined as single cells marked
by DAPI/GFAP (Gem+/GFAP+) or DAPIl/absence of GFAP (Gem+/GFAP-) staining displaying at least one
maximum of above threshold Gem fluorescence. Data represent mean relative or absolute values +/- SEM. *
p<0.05, ** p <0.01, *** p <0.001.

3.4 Establishment of astrocyte-specific Oxtr/Gem-knockdown

vectors

To study the physiological and behavioral relevance of astrocytic OXTR signhaling and its
downstream effector Gem, | aimed to establish viral vectors providing an astrocyte-specific
knockdown of OXTR or Gem in vivo. First, ShRNAs (see 2.5.1) were screened in vitro for
knockdown efficiency. Unexpectedly, the Oxtr-shRNA expressing plasmid led to a significant
increase in Oxtr mMRNA expression 2d days post-transfection (Fig.22a; U=4, p=0.007).
However, a significant downregulation of Oxtr mMRNA was observed after more stable shRNA
expression for 7d (Fig.22b; U=19, p=0.018).
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Figure 22. In vitro validation of successful shRNA-mediated knockdown of Oxtr mRNA. A/B) Oxtr mRNA levels
analyzed by gPCR 2d (A) and 7d (B) after transfection of primary astrocytes with a plasmid expressing an shRNA
targeted against Oxtr mRNA under the control of the long promoter fragment of the hGFAP gene. Data represent
median +/- min/max values. * p<0.05, ** p <0.01.

Successful knockdown of Gem 7d post-transfection was validated by means of fluorescence
intensity measurements (Fig.23a/b; t,3=3.723, p=0.001) and qPCR (Fig.23c; t1=4.548, p=0.010
t10=3.506, p=0.031). Notably, Gem knockdown caused a decrease in Gjal expression (Fig.
23d; t10=2.443, p=0.035).

Since both shRNAs displayed sufficient knockdown efficiency, | designed AAV6-
GFAP::shRNA vectors for the purpose of in vivo Gem or OXTR knockdown (see also 2.3 and
Fig.4). In a preliminary experiment, | aimed to determine the optimal physical viral titer and
volume for microinfusions of the PVN. The viral titers ranging from 108-10* GC/ml, as well as
the tested volumes (70/280/560nl) used in this experiment were chosen based on the literature
of AAV-mediated transfections of the PVN (Garza et al., 2008; Koba et al., 2018; Zhang et al.,
2013). Of the tested conditions, only a titer of 1012 GC/ml resulted in a detectable, but scattered,
expression of the fluorescent reporter protein mCherry at the injection site (Fig.24). Thus, the
ideal injection volume cannot be determined based on this experiment. The low rate of
successful transfection indicates an insufficient amount of available viral particles.
Nevertheless, all successfully transfected cells were mCherry+/GFAP+ double positive,

indicating cell type-specificity for astrocytes.
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Figure 23. In vitro validation of shRNA-mediated knockdown of Gem mRNA. A) Representative ICC images of
primary astrocytes transfected with a control plasmid (left panel) or an shRNA targeted against the Gem mRNA.
B/C) Validation of successful Gem knockdown by quantification of immunofluorescence (A) and qPCR (B). D) Effect
of Gem knockdown on Gjal mRNA levels. Data represent mean relative or absolute values +/- SEM. * p<0.05, ** p
<0.01, *** p <0.001.

Figure 24. Cell type-specific targeting of PVN astrocytes with AAV6-GFAP::shRNA vectors. Representative IHC
image taken from the PVN of animals that received unilateral microinfusions of 280nl OXTR knockdown vector at
a physical viral titer of 1012 GC/ml. Successful transfection is indicated by the expression of the fluorescent reporter
mCherry, while cell-type specificity is indicated by double positive immunostaining for mCherry and GFAP.
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4  DISCUSSION

Especially in higher vertebrates, astrocytes are an indispensible part of signal processing
within the brain. Thus, the mode of action of a neuroactive peptide such as OXT cannot be
fully understood without this integral part of the CNS. The effects of OXT on neuronal cells
have been well characterized, while its effects on astrocytic cells, specifically on OXTR-
coupled signaling and its resulting cellular consequences, are poorly understood and might
very well differ. To characterize the effect of OXT on astrocytic gene expression, intracellular
signaling, as well as astrocyte-specific proteins, synthetic OXT was either administered icv in
male Wistar rats or applied to cultured rat primary cortical astrocytes. Due to the results of this
analysis implying an acute OXT-induced cytoskeletal remodeling and alterations to gap-
junction coupling, | next examined the underlying molecular mechanisms and cellbiological
consequences of these alterations. Here | found that OXT led to rapid elongation and formation
of astrocytic processes in vitro and in vivo, while simultaneously impairing astrocytic
intercellular connectivity. Mechanistically, both of these effects were OXTR-specific, conveyed
via PKC and, to a lesser extent, MEK1/2 signaling. Notably, OXT-induced cytoskeletal
remodeling and impairment of gap-junctions were characteristic for OXT, since its closely
related sister-peptide AVP did not affect the examined parameters. CLSM and STED-
microscopy following icv or ex vivo administration of OXT furthermore revealed changes to
astrocyte-neuron spatial relationships in two brain regions associated with high
responsiveness of astrocytic markers to OXT, i.e. PVN and hippocampus. In depth in vitro
studies identified the previously undescribed Sp1-Gem signaling axis to be at the base of these
effects. A combination of knockdown, knockout and overexpression experiments revealed that
OXT drives Gem expression via the transcription factor Spl and that Gem is required and
sufficient for the effects of OXT on astrocytes. The Spl-Gem axis was differentially regulated
by OXT in neuronal cells, identifying it as key driver in the cell type-specific response of
astroglial cells to OXT. Based on these findings, | established astrocyte-specific AAV-mediated
Gem or Oxtr shRNA knockdown vectors as tools for a targeted manipulation of astrocytic
OXTR signaling and future assessment of astrocytic contribution to the physiological and
behavioral effects of OXT. To this end, shRNA oligonucleotides were screened for knockdown
efficiency in vitro and subsequently packaged into viral vectors providing astrocyte-specific

expression via transcriptional control of ShRNA expression under the hGFAP promoter.
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4.1 Effects of OXT on astrocytic signaling cascades and proteins

To characterize the downstream effects of OXTR-coupled signaling on astrocytic phospho-
cascades and proteins, | used cultured rat primary cortical astrocytes as a model sytem.
Although cultured astrocytes have been shown to display a partially different gene expression
profile as astrocytes under physiological conditions, the unique advantage of this model
system is the absence of non-astrocytic OXTRs. Due to the exclusion of potential secondary
effects via other OXTR expressing cells like neurons or microglia (Yuan et al., 2016), this
allowed examination of exclusively astrocytic responses to OXT. Furthermore, administration
of icv OXT provided, first, validation of the in vitro results and, in case of differing findings, a
better understanding of which OXT-induced effects on astrocytes might involve other cell

types.

The resulting pattern of rapid OXT-induced activation of CREB, various protein kinases, such
as the MAPKs ERK1/2 and ERK5, PKB (Akt), as well as eEF2 dephosphorylation, compares
well to OXT effects previously described in neuronal and myometrial cells (Blume et al., 2008;
Devost et al., 2008b; Jurek and Neumann, 2018; Klein et al., 2013; Martinetz et al., 2019). The
activation of astrocytic CREB is particularly intriguing, since OXT facilitates LTP formation and
spatial memory in female mice via a CREB-dependent mechanism (Tomizawa et al., 2003).
Since both cell types are required for LTP (Henneberger et al., 2010), it should be explored,
whether this is due to neuronal and/or astrocytic CREB activity. Moreover, the absence of INK
activation as well is analogous to neuronal cells. However, astrocyte-specific differences
consisted in a lack of OXT-triggered CamKIl activation (van den Burg et al., 2015) and a
decrease in the activity of Rho-associated protein kinase (ROCK). ROCK-conveyed signaling
is involved in various cytoskeleton-associated cellular processes like contractility or migration
and OXT activates myometrial ROCK to increase contractility during late pregnancy (Tahara
et al., 2002). In contrast, | found OXT exposure to dampen the activity of the ROCK pathway
as reflected by decreased phosphorylation of the downstream ROCK targets MLC and MYPT

(for a detailed discussion of the role of ROCK please see 4.3).

In general, these findings point towards Ca?* and EGFR as important upstream nodes of
astrocytic OXTR signaling and underline the high responsiveness of astrocytes to OXT. This
is in line with previous studies of Di Scala-Guenot et al. (1994) and (Wang and Hatton, 2007)
in which OXT elicited rapid dose-dependent Ca?* release from intracellular stores in cultured
hypothalamic astrocytes or an increase of nuclear pERK1/2 in astrocytes of acute SON slice
preparations, respectively. Moreover, identical to studies in SON slices of lactating, as well as
virgin male rats (Wang et al., 2017; Wang and Hatton, 2009), | found a OXT-induced
degradation of GFAP in cultured astrocytes. In contrast, icv OXT increased GFAP quantities

of the amygdala 20min post-administration, while not affecting the intermediate filament in the
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PVN or hippocampus. Since the exact amount of peptide reaching its target areas is hard to
control in icv experiments, a possible explanation for the observed discrepancy between in
vitro and in vivo experiments might be a dose-dependent differential regulation of GFAP by
OXT. Indeed, dose-dependent differential coupling of downstream effectors has been
described for the OXTR in HEK293 cells (Busnelli et al., 2012). However, since OXT-induced
GFAP regulation was shown to be dose-dependent, but unidirectional (Wang and Hamilton,
2009), possible differences in the dose of OXT seem unsuitable to explain the observed
differential regulation of GFAP. With previous work (Wang and Hamilton, 2009) and the in vitro
results of the present thesis suggesting the regulation of GFAP by OXT to be independent of
neurons, this discrepancy more likely reflects brain region-specific differences in the direct
response of astrocytes to OXT. This demonstrates the differential responsiveness of
astrocytes in distinct brain regions and mirrors their high degree of molecular heterogeneity
(Chai et al., 2017). As major component of the astrocytic cytoskeleton, GFAP is responsible
for the maintenance of astrocytic structure and shape (Li et al., 2020). Its OXT-induced
regulation is in good agreement with its well described dynamic plasticity in response to an
altered neurochemical environment (Camacho-Arroyo et al., 2011; Kumar et al., 2018) and
highlights the rapid responsiveness of astrocytes to OXT (for further discussion on GFAP

please see also 4.3).

Furthermore, central administration of OXT altered the levels of the astrocytic glutamate
transporters EAAT1 and EAAT2. OXT transiently elevated EAAT1 in the amygdala 10min after
the injection, while downregulating EAAT1 in the hippocampus after 20min. EAAT2 was
reduced within the PVN and amygdala, but not the hippocampus. Since astrocytes clear ~90%
of the available glutamate in the brain via EAAT1 and EAAT2 (Anderson and Swanson, 2000;
Eulenburg and Gomeza, 2010), changes in the expression of these proteins can have profound
effects on neuronal communication. EAAT?2 expression positively correlates with the synaptic
activity of glutamatergic neurons (Poitry-Yamate et al., 2002; Swanson et al., 1997), with
glutamate acting as the main regulatory molecule for EAAT2 expression. Such an indirect,
activity-dependent regulation of EAAT2 seems also likely in the case of OXT, since direct
exposure of cultured astrocyted did not alter EAAT2 expression in the present thesis. OXT-
induced downregulation of EAAT2 might therefore reflect an increase in GABAergic
transmission, a condition that has been associated with OXT in multiple studies (Bulbul et al.,
2011; Marlin et al., 2015). However, the concurrent upregulation of EAAT1 in the amygdala
contradicts this idea. Notably, exposure of neuron-astrocyte co-cultures to excessive amounts
of glutamate decreased EAAT2 expression, while simultaneously increasing EAAT1 levels
(Schlag et al., 1998). In the light of this condition resulting in a similar EAAT regulatory profile
as OXT, it might be that the exogenously applied amount of OXT elicited a supraphysiological

degree of glutamatergic transmission. Therefore, the expression of astrocytic neurotransmitter
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transporters should be further explored under physiological conditions of elevated OXTergic
activity, e.g. lactation or osmotic challenge. Indeed, EAAT2 expression is decreased within the
SON of dehydrated rats (Boudaba et al., 2003). Similar to lactation, dehydration causes
reduction of astroglial coverage and in turn increases glutamate availability, lending support to
the idea of glutamate, not GABA, being the main driver of OXT-induced EAAT regulation.

4.2 Effect of OXT on expression and distribution of astrocytic gap-junctions and its

impact on intercellular connectivity

A characteristic feature of astrocytes is their intercellular connectivity via homocellular gap-
junctions composed of the connexin isoforms Cx26, Cx30 or Cx43. Cx43 is the major astrocytic
isoform in the CNS, but is also widely expressed in the periphery in a variety of cell types
(Andersen et al., 1993; Gros et al., 2004; Richard, 2000). So far, two studies have examined
the regulation of Cx43 by OXT in peripheral contexts. In mouse embryonic stem cells, exposure
to OXT for 3h induced Cx43 expression via a PKA-NF-kB/CREB/CBP signaling mechanism
(Yun et al., 2012). A similar observation was made by Khan-Darwood et al. (1998), who found
elevated Cx43 protein and phosphorylation levels after incubation of cultured baboon corpus
luteum cells with OXT for two days (Khan-Dawood et al., 1998). Thus, | investigated the effect
of OXT on astrocytic gap-junctions in vitro and in vivo. Central administration of OXT caused
a strong and acute increase in Cx30 in all three examined brain regions, whereas it decreased
Cx43 levels of the PVN and hippocampus. These changes were accompanied by an increase
of Cx43 phosphorylation at Ser368. Notably, Cx43 quantities and phosphorylation were
unaffected in the amygdala. Corroborating these results, OXT altered the phosphorylation of
multiple sites of Cx43 in vitro. PKC-induced phosphorylation at Ser368 and MAPK-induced
Ser279/Ser282 phosphorylation of Cx43 lead to altered permeability/selectivity, as well as
internalization and possible subsequent degradation of the gap-junction (Fong et al., 2014;
Nimlamool et al., 2015). Therefore, | hypothesized that OXT causes Cx43 internalization and
consequent impairment of intercellular communication. In accordance with this idea, | found
that OXT reduces GJIC in a PKC and MEK-dependent manner. Interestingly, the
accompanying internalization of Cx43, as assessed by co-staining with ZO-1, was as well PKC,
but not MEK-dependent. This suggests that OXT conveys the closure of Cx43 gap-junctions
via the concerted activity of PKC and MAPK signaling, while it solely operates through PKC
for the removal of Cx43 from cell/cell-contacts. The conducted dose-response experiments
demonstrate that Cx43 internalization requires a higher dose of OXT, than impairment of GJIC.
In comparison to the pharmacological gap-junction blocker carbenoxolone, the rather small
degree of GJIC impairment exerted by OXT suggests more of a modulatory role in this process.
While carbenoxolone inhibited GJIC by around 70%, the extent of OXT-induced inhibition did
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not surpass 25% even at a high dose of 1uM. The transient recovery of Cx43 localization at
cell/cell contacts after 30min of OXT exposure might be due to the increase of Cx43 (Gjal)
MRNA expression detected at this timepoint and likely reflects a compensatory feedback
mechanism. However, prolonged stimulation with OXT mimicked the effect of acute exposure
on GJIC and was at this timepoint accompanied by decreased Gjal expression, indicating a
manifestation of the inhibitory effect on gap-junctions. The expression pattern of connexin-
coding genes (see 3.2) induced by OXT at varying timepoints demonstrates a highly dynamic
and isoform-specific regulation of astrocytic gap-junctions by OXT that generally points
towards inhibition of intercellular connectivity. However, if this is the case in vivo remains to be
elucidated. The strong acute increase in Cx30 observed in vivo, but not in vitro, might
compensate for the transient loss of GJIC caused by internalized/reduced Cx43 levels. Other
than Cx43, Cx30 expression is generally induced by neurons via a contact dependent
mechanism (Koulakoff et al., 2008) and is responsible for around 20% of astrocyte-astrocyte
coupling (Gosejacob et al., 2011). Indeed, Cx30 has been shown to be upregulated in Cx43
deficient mice, in which it is able to partially compensate the decreased intercellular
connectivity caused by the loss of Cx43 (Rouach et al., 2008; Wallraff et al., 2004). Thus, future
studies should decipher the contribution of distinct connexin isoforms to the impact of OXT on
astrocytic gap-junctional coupling. Here, dye-coupling experiments in ex vivo slice
preparations of Cx43 and Cx30 knockout animals would provide a more detailed picture.
Nevertheless, alterations in the interconnectivity of astroglial networks are able to produce
profound effects on synaptic transmission and plasticity on multiple levels. First, metabolites
required at sites of high neuronal activity are partially trafficked via astroglial gap-junctions,
which have been shown to undergo activity-dependent reshaping to meet this demand (Gandhi
et al., 2009; Rouach et al., 2008). Second, both potassium and glutamate reuptake efficiency
are enhanced in areas of coupled astrocytes, pointing toward an inhibitory role of astroglial
networks (Pannasch et al., 2011). In turn, disconnection of astrocytes by double genetic
deletion of Cx43/Cx30 greatly improves excitatory transmission of CA1 pyramidal neurons due
to an increased availability of potassium and glutamate at the synapses (Pannasch et al.,
2011). Last, gliotransmission induced by neuronal activity can additionally be triggered at distal
synapses by information spread via astroglial networks and thereby lead to secondary
activation of neurons (Kang et al., 2005; Pannasch and Rouach, 2013; Serrano et al., 2006).
However, due to a multitude of non-channel functions attributed to astrocytic connexins, the
implications of their OXT-induced regulation might extend beyond the alteration of astrocyte-
astrocyte coupling. In case of Cx30, its control of synapse invasion (Pannasch et al., 2014),
synaptic glutamate clearance (Pannasch et al., 2019) and cellular migration/adhesion (Ghezali
et al., 2018) has recently been demonstrated. Acute upregulation of Cx30 by OXT could thus

cause a less efficient glutamate uptake akin to the implications of OXT-induced EAAT2
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downregulation (as discussed in 4.1.). The idea of OXT additionally acting via connexin
functions not involved in astrocytic interconnectivity is further supported by the regulation of
Cx26 expression found in the present thesis. Cx26 is believed to not play a role in the coupling
of astrocytes, and rather acts as a functional hemichannel (Huckstepp et al., 2010; Rouach et
al., 2008).

Taken together, this thesis is the first to demonstrate the regulation of astrocytic gap-junctions
and their forming proteins by OXT. The present findings indicate a rapid and dynamic
remodeling of astroglial networks, potentially facilitating excitatory transmission in the affected
brain areas. However, the consequences of OXT-elicited connexin regulation on neuronal

communication should be addressed by work specifically targeted at this question.

4.3 OXT-induced changes in astrocytic cytoskeletal dynamics and the impact on

astrocyte-neuron spatial relationships

Since astrocytes modulate and support neuronal function via mechanisms relying on diffusion
of signaling molecules, ions or metabolites, the spatial arrangement and distance between
astrocytic processes and neuronal structures are of functional importance (Reichenbach et al.,
2010). This relationship is critically set by the astrocytic cytoskeleton (Heller and Rusakov,
2015; Zeug et al., 2018). Since my experiments had revealed several changes of proteins
associated with cytoskeletal dynamics, such as beta-tubulin and the ROCK-pathway, |
examined possible OXT-induced alterations of the cytoskeleton of astrocytes. Here, | found
that OXT causes rapid process extension and ramification in vitro. Mechanistically, these
effects were OXTR-specific, as well as PKC-dependent, while the acute induction, but not the
maintenance, of these effects required MEK activity. These findings, for the first time,
demonstrate an acute action of OXT on astroglial cytoskeletal remodeling that is directly
mediated via the astrocytic OXTR and its downstream effectors. In vivo analyses confirmed
the timepoint and directionality of these effects in the PVN and hippocampus. The dynamics
of astrocytic processes under physiological conditions and in tissue culture are thought to be
comparable in time, as both can elongate within a few minutes in acute slice preparations
(Hirrlinger et al., 2004) or in cultured astrocytes (Cornell-Bell et al., 1990), respectively.
Moreover, | found a tighter spatial relationship between PVYN OXTergic neurons and GFAP-
positive branches of astrocytes following central administration of OXT. Bath application of
OXT to mouse hippocampal slice preparations further confirmed OXT-induced elongation and

ramification of GFAP-positive processes.

The obtained results are in line with studies identifying OXT as a direct regulator of cellular

morphology in different cell types (Lestanova et al., 2017; Meyer et al., 2018; Meyer et al.,
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2020; Ripamonti et al., 2017; Theodosis et al., 1986b). As outlined in the introduction, the
directionality, i.e. retraction vs. elongation of processes, is cell type-dependent. However, the
elongation and ramification generally observed in the present thesis seem to contradict the
well-described retraction of terminal astroglial processes from SON OXT neurons during
lactation (Theodosis et al., 1986a), a condition associated with high activity of the OXT system.
A possible explanation might be a difference in the motility of the major astrocytic branches
compared to their fine terminal processes. GFAP, used as one of the markers to visualize the
astrocytic cytoskeleton in this thesis, solely stains the major somatic branches of astrocytes
(Connor and Berkowitz, 1985). Since cultured astrocytes do not possess the same elaborate
arborization as astrocytes in vivo, GFAP is suitable for the analysis of the astrocytic
cytoskeleton in vitro, while it may not reveal a sufficiently precise picture of astrocytic
morphology under physiological conditions (Reichenbach et al., 2010). In contrast, the
subcellular distribution of fluorescent proteins, even to fine astrocytic processes, enables a
more comprehensive analysis of the morphology of astrocytes and their spatial relationship to
neighbouring cells. Indeed, | found a greater distance between synapses and GFP-expressing
astrocytic elements in OXT treated hippocampal slices, which is consistent with the OXT-
induced decreased astroglial coverage described in the SON (Theodosis et al., 1986b). In the
same hippocampal slice preparations, | found GFAP positive processes to be increased in
length and number (see also 4.5.) similar to in vitro experiments. It should thus be considered
that GFAP might serve as a valuable marker of general cytoskeletal responsiveness, but may
be unfit to determine the directionality of astrocytic cytoskeletal remodeling. For this purpose,
targeted expression of fluorescent proteins (as used in the present thesis) or electron
microscopy should be applied. As 3D reconstruction of GFP expressing astrocytes additionally
revealed acute OXT-induced swelling, the increased astrocytic volume might drive PAPs away
from synapses. Astrocytic swelling has been shown to be an indicator of neuronal activity
(Guldner and Wolff, 1973) and is thought to result from an increased need of reuptake of
neuronal K* and glutamate (Koyama et al., 1991). The consequent osmotic entry of water from
the extracellular space through aquaporin channels in turn causes astrocytic hypertrophy that
can affect PAP motility (Kimelberg, 2004; Nagelhus et al., 2004). In case of the SON, the
neurobiological consequences of reduced astroglial synaptic coverage elicited by OXT are
increased glutamate availability and release probability (Oliet et al., 2001), as well as an
elevated glutamate spillover from uncovered to neighboring synapses (Piet et al., 2004). This
lends further support to the idea of a transient facilitation of excitatory transmission discussed

in the previous paragraphs (4.1 and 4.2).

Similar to findings in the SON (Theodosis et al., 1986b), | found no effect of AVP exposure on
cytoskeletal dynamics in vitro, indicating a mode of action characteristic for OXT. Moreover,

OXT-elicited astroglial uncovering of synapses within the SON is limited to OXTergic neurons
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(Langle et al., 2003; Theodosis et al., 1986a). Eventhough the hippocampus does not contain
OXT positive neurons, | found a similar effect in hippocampal slices ex vivo, marking this mode
of action of OXT as more general and widespread than previously thought. Notably,
Montagnese et al. (1990) showed that continuous icv administration of OXT for six days
induces astrocytic cytoskeletal remodeling solely in pregnant/lactating rats or rats undergoing
a prolonged diestrus. In animals with normal estrous cycles, the effect of OXT required
concomitant intramuscular injections of progesterone and estradiol. The findings of the present
thesis demonstrate that OXT alone is sufficient to induce astrocytic remodeling in male rodents,
corroborating the concept of OXT, per se, being a general regulator of astrocytic plasticity.

4.4 The involvement of the small GTPase Gem in the effects of OXT on astrocytes

Based on its OXT-induced upregulation in vitro and in vivo, as well as on the observed
dampened activity of the ROCK pathway, | hypothesized that the endogenous RhoA/ROCK-
inhibitor Gem plays an important role in conveying the effect of OXT on astrocytes. To test this
hypothesis, | applied a combinational approach of siRNA-based knockdown and
overexpression experiments in vitro. Confirming my hypothesis, | found that Gem is required
and sufficient for the effects of OXT on cytoskeletal dynamics and gap-junctional coupling of
astrocytes. This identifies Gem as the common link between OXT-induced cytoskeletal

remodeling and the regulation of astrocytic connexins.

Two main functions have been ascribed to Gem. First, the inhibition of L-VGCCs through
interaction with the Cay1.2 subunit of the channel (Yang et al., 2012) and, second, regulation of
cytoskeletal dynamics via inhibitory interaction with either RhoA or ROCK (Hatzoglou et al.,
2007; Ward et al., 2002). Due to the lack of Cayi2expression in astrocytes (Zhang et al., 2014),
it seems likely that Gem solely acts via the latter function in this cell type. The GTPase RhoA
and its downstream effector ROCK are major cytoskeletal regulators in many cell types (Hall,
1998; Jaffe and Hall, 2005; Ponimaskin et al., 2007; Riento and Ridley, 2003), and as such
have also been implicated in the control of astrocyte morphology (Holtje et al., 2005; John et
al.,, 2004; Kalman et al.,, 1999). Hallmarks of astrocytic RhoA/ROCK activation are a
retraction/loss of processes, whereas decreased RhoA/ROCK activity causes formation and
outgrowth of processes, as well as a breakdown of F-actin stress-fibres. Our results show that
in astrocytes Gem prevents the activation of RhoA/ROCK by OXT, which in other cell types,
as well as in astrocytes with reduced levels of Gem, seems to be the default mode of OXT
(see 4.6; Gogarten et al., 2001; Tahara et al., 2002). This unique feature, together with the
general dependency of OXT effects on Gem, marks Gem as a key factor in the cell type-

specific response of astroglial cells to OXT. Gem expression, as well as its function as
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cytoskeletal regulator are facilitated by PKC (Leone et al., 2001; Maguire et al., 1994; Ward et
al., 2004). This is well in line with the observed PKC dependency of the effects of OXT on
astrocytic cytoskeletal parameters and suggests that OXT regulates Gem expression and
function via PKC signaling.

In addition to OXT-induced cytoskeletal remodeling, Gem directly governed gap-junctional
coupling, as well as Cx43 localization and phosphorylation status. The link between the
cytoskeleton and GJIC is still a matter of debate in the literature. While some studies report
that disruption of the cytoskeleton impairs Cx43 trafficking to the membrane, and consequently
GJIC (Butkevich et al., 2004; Derangeon et al., 2008; Smyth et al., 2012; Theiss and Meller,
2002), other work suggests no such relation (Giepmans et al., 2001; Johnson et al., 2002;
Rouach et al., 2006). Adding to this complexity, pharmacological inhibition of ROCK caused
Cx43 degradation in rat renal cells (Gomez et al., 2019), while other work has found no effect
of decreased ROCK activity on GJIC in ZW13-2 cells (Kim et al., 2020), or even reported
increased GJIC following ROCK-inihibition in corneal epithelial cells (Anderson et al., 2002).
Specifically in cultured astrocytes, ROCK-inhibition alone did not reduce GJIC (Rouach et al.,
2006). Since, in contrast, overexpression of Gem was sufficient to impair GJIC, Gem might
thus exert its control of Cx43 via inhibition of RhoA, but not ROCK. In support of this idea,
direct activation of RhoA was reported to impair GJIC in cardiac myocytes (Derangeon et al.,
2008) and Gem has been shown to inhibit RhoA independently of ROCK (Hatzoglou et al.,
2007). To support this hypothesis, future work should examine whether direct activation of
RhoA is able to rescue Gem OE-induced effects on astrocytic gap-junctions. Attempts to
directly detect OXT-induced inhibition of RhoA activity by means of a pull-down assay of GTP-
bound (i.e. active) RhoA, failed due to below detection limit endogenous activity of RhoA (data
not shown). In situ hybridization for RhoA in the rat spinal cord has shown very low levels in
astrocytes (Erschbamer et al., 2005). Nevertheless, evidence that even below detection limit
Rho GTPase expression levels are relevant for physiological processes in astrocytes come
from functional studies demonstrating that introduction of constitutively active or dominant-
negative RhoA or Racl can clearly affect astrocyte morphology in situ (Kalman et al., 1999;
Nishida and Okabe, 2007).

Notably, Langle et al. (2003) found OXT-induced astroglial remodeling within the SON to be
dependent on newly synthesized proteins, as the protein-sythesis inhibitor anismoycin
prevented this effect. However, the identity of these proteins remained elusive. Therefore, the

potential involvement of Gem in astroglial plasticity of the SON should be examined.
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4.5 Involvement of astrocytic gap-junctions in OXT-induced cytoskeletal remodeling

To explore the possibility of an involvement of astrocytic connexins in OXT-induced
cytoskeletal remodeling, hippocampal slices of WT, Cx30 or Cx43 knockout mice were treated
with OXT. Similar to experiments in rats, OXT caused acute increases in domain area, process
length and process number in slices from WT and Cx30KO mice. In contrast, OXT did not alter
process length and number of Cx43 knockout astrocytes. Moreover, it showed a trend to
decrease astrocytic domain area in slices from Cx43KO mice, overall suggesting an
involvement of Cx43, but not Cx30, in OXT-induced cytoskeletal dynamics of astrocytes. Both
Cx43 and Cx30 have been implicated in the regulation of cytoskeletal processes (Ghezali et
al., 2018) via C-terminal interactions with components of the cytoskeleton such as tubulin and
actin (Ambrosi et al., 2016; Qu et al., 2009; Wall et al., 2007). Cx30 not being required for OXT-
induced cytoskeletal remodeling renders its upregulation by OXT more likely to play a role in
glutamate clearance and/or compensate for the loss of Cx43-based gap-junctional coupling
(as discussed under 4.2). However, the involvement of Cx43 is in good agreement with a large
body of literature (reviewed in Kameritsch et al., 2012; Matsuuchi and Naus, 2013), identifying
Cx43 to play an important role in cytoskeletal dynamics in a variety of cell types. For this
purpose, Cx43 is providing a membrane-bound ‘nexus’ for proteins that subsequently induce
cytoskeletal rearrangements required for the extension of processes or directed migration (Olk
etal., 2010; Olk et al., 2009). These actions, which are independent of Cx43 channel functions,
are characterized by dynamic disassembly and reassembly of cytoskeletal components.
Besides their interaction with components of the cytoskeleton, Cx43 signaling hubs additionally
contain transcription factors enabling them to exert downstream transcriptional control
(Matsuuchi and Naus, 2013). Since | found both, upregulation of Gem, as well as decreased
levels of Cx43, to be required for OXT-induced cytoskeletal remodeling, | investiged whether
Gem levels are under regulatory control of Cx43. However, there was no direct regulation of
Gem by reduced Cx43 levels in vitro. Notably, the ability of Gem to affect cytoskeletal dynamics
requires the activated (i.e. phosphorylated) form of ezrin, which recruits Gem to the cell
membrane and enables its inhibition of RhoA via the Rho-GAP Gmip (Hatzoglou et al., 2007).
Adapter proteins like ezrin and drebrin (Butkevich et al., 2004; Dukic et al., 2017; Pidoux et al.,
2014), which connect Cx43 to the cytoskeleton of its harboring cell, are part of Cx43 signaling
scaffolds. While not affecting Gem levels directly, Cx43 knockdown significantly increased the
phosphorylated amount of ezrin and negatively correlated with the degree of ezrin
phosphorylation, implying an increasing availability of active ezrin with decreasing Cx43 levels.
Due to its preferential expression in astrocytes within the CNS (Derouiche and Frotscher,
2001), as well as its direct interactions with Cx43 and Gem, ezrin might thus be the common
link between Gem and Cx43-mediated cytoskeletal dynamics elicited by OXT. The

phosphorylation of ezrin at Thr567, which is critical for its interaction with Gem, is induced by
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PKC (Ng et al., 2001). The critical involvement of PKC-signaling in the effects of OXT further
supports such a link. To strengthen this hypothesis, future work should address whether
manipulation of ezrin is able to alter the effects of OXT on astrocytes. Furthermore, it would be
of interest whether the OXT-induced increase in astrocytic volume is related to the
downregulation of Cx43. Since astrocytic gap-junctions gate the distribution of ions and small
molecules within astrocytic networks, their disconnection can lead to swelling due to the
unability to equilibrate osmotically active substances (Quist et al., 2000). The resulting
reduction in extracellular space has been shown to result in altered diffusional properties of
neuroactive substances (Piet et al.,, 2004). Notably, this regulation of cell volume is
characteristic for Cx43, since Cx43 knockout animals, in contrast to Cx30 deficient animals

(Pannasch et al., 2014), show astrocytic swelling (Chever et al., 2014).

Taken together, OXT-induced cytoskeletal remodeling of astrocytes specifically involves the
connexin isoform Cx43. This is likely mediated via C-terminal interactions of Cx43 that provide
a link to the cytoskeleton and do not involve its channel function. Loss of Cx43 increases the
available amount of active ezrin, a protein required the regulatory function of Gem on the
cytoskeleton.

4.6 Transcriptional regulation of Gem by OXT

Since | had identified OXT-induced expression of Gem to play a critical role in the effect of
OXT on astrocytes, | explored how OXT controls Gem on a transcriptional level. An initial in
silico analysis suggested the transcription factor Spl as a promising candidate. In vitro
experiments confirmed that Spl is required for the OXT-induced upregulation of Gem on the
protein level and, in accordance with its regulation of Gem, for cytoskeletal remodeling by OXT.
Moreover, Spl knockdown decreased Gem mMRNA quantities, further supporting direct

transcriptional control.

Sp1 was the first mammalian transcription factor to be cloned and characterized and as such
is the founding member of the Specificity protein/Krippel-like factor (Sp/KLF) family of
transcription factors (Dynan and Tjian, 1983; Kadonaga et al., 1987; Philipsen and Suske,
1999). The DNA-binding of Spl is accomplished by three adjacent zinc finger domains that
recognize GC-rich motifs (Suske et al., 2005). Due to its involvement in a wide variety of
cellular processes, as well as its relatively stable and ubiquitous expression, Spl was once
thought to serve as a constitutive activator of housekeeping genes (Tan and Khachigian,
2009). However, recent studies revealed a highly dynamic activity profile of Sp1, regulated by

multiple post-translational modifications (Li and Davie, 2010) and Spl abundance itself (Li et
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al., 2004). In this context, both PKC and ERK1/2 have been shown to regulate Spl activity
through multiple phosphorylations (Chu, 2012).

Notably, within the brain, several studies found Spl to be predominantly expressed by
astrocytes (Hung et al., 2020; Mao et al., 2009). Astrocyte-specific inducible knockout of Sp1
in mice caused impaired outgrowth or death of hippocampal and cortical neurons and resulted
in lower performances in object recognition and motor ability tasks (Hung et al., 2020).
Moreover, loss of Spl severely altered astrocyte morphology into a less ramified and retracted
state through unknown mechanisms (Hung et al., 2020). In contrast, | did not observe an effect
of Sp1 knockdown alone, which might be due to remaining Spl activity in siRNA-transfected
cells. However, contrary to its effect on control cells, OXT-stimulation resulted in retraction of
processes in Spl knockdown cells. Since Spl knockdown reduced Gem levels and additionally
prevented OXT-induced upregulation of Gem, a subsequent activation of the ROCK pathway

by OXT, similar to observations in Gem knockdown cells, might explain this finding.

Specifically in astrocytes, Spl has been shown to positively regulate P2rx7 (Garcia-Huerta et
al., 2012), Sicla2 (Bradford et al., 2009), Ccndl (Michinaga et al., 2013), Cryab (Hong et al.,
2017), Sod2 (Mao et al., 2006), as well as multiple genes of the complement system (Hung et
al., 2020). As Sp1 controls the transcription of the Oxtr gene in ovine and mouse cell lines
(Fleming et al., 2006; Mamrut et al., 2013), | excluded the possibility of astrocytic OXTR
signaling being desensitized by Sp1 knockdown.

In line with Sp1-dependent upregulation of Gem, astrocytic Spl is generally understood as an
activator of expression (Mao et al., 2009), although several lines of evidence demonstrate its
ability to function as transcriptional repressor (Dabrowska and Zielinska, 2019; Hung et al.,
2020). Transcriptional regulation of the Gem gene was so far only studied in blood T cells, in
which Gem expression is driven by the transcription factors Tax and CREB (Chevalier et al.,
2014). Since | found that OXT activates CREB in astrocytes and Sp1 interacts with CREB and
other transcription factors (Safe and Kim, 2004), an indirect regulation of Gem via such an
interaction cannot be excluded. Thus, future work should validate direct binding of Sp1 to the
promoter region of Gem by means of chromatin immunoprecipitation. Moreover, it should be
explored, to which extent Sp1 is involved in the regulation of astrocytic gap-junctions. This is
of particular interest, as Spl exerts positive transcriptional control over the genes coding for
Cx43 and Cx30 in different cell types (Essenfelder et al., 2005; Fernandez-Cobo et al., 2001,
Hernandez et al., 2006; Teunissen et al., 2003; Villares et al., 2009; Vine et al., 2005). Whether

this is the case in astrocytes remains to be elucidated.

Overall, this is the first work to link Sp1 to OXTR-coupled signaling in general and, by means
of its regulation of Gem, identifies the previously undescribed OXTR-Sp1-Gem signaling axis

as primary driver of OXT actions on astrocytes.
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4.7 Differential regulation of the Sp1-Gem axis in neuronal cells

Since OXT has contrary effects on the cytoskeleton of neuronal cells (Meyer et al., 2018; Meyer
et al., 2020; Ripamonti et al., 2017), i.e. a retraction of neurites, | examined whether OXT
differentially regulates the Sp1l-Gem signaling axis in neuronal cells compared to astrocytes.
In contrast to astrocytes, OXT stimulation resulted in downregulation of Spl and Gem, which
was accompanied by an increase in ROCK activity. To validate these findings in vivo, the
cellular distribution of Gem was analyzed within the hippocampus of rats following central
administration of OXT. This revealed an OXT-induced increase of Gem-positive astrocytes, as
well as a simultaneous decrease of Gem-expressing non-astrocytic cells. In general, two-thirds
of Gem-positive cells were of astrocytic identity, which is in accordance with its preferential
expression in this cell type. Even though the Gem-positive non-astrocytic cells resembled
neurons in their appearence, their exact identity is focus of ongoing work and thus remains to
be elucidated.

Differential and even contrary responses to identical manipulations are well documented
between neurons and astrocytes and might explain the observed polarization of Gem
expression by OXT. For example, while G4-coupled GPCR signaling activated both neurons
and astrocytes, Gio-coupled GPCR signaling inhibited neurons, but activated astrocytes
(Durkee et al., 2019). This is especially relevant in the context of OXT, since the OXTR couples
to G4 and Gj, proteins alike (Busnelli et al., 2012; Ku et al., 1995). Moreover, activation of the
GPCR effector PKC increased OXTR binding activity in neurons, while it had the opposite
effect in astrocytes (Strosser et al., 2001). Further examples are found on the transcriptional
level, where the same transcription factor can regulate vastly different gene networks in
neurons or astrocytes with minimal overlap (Pardo et al., 2017). In the case of Sp/KLF
transcription factors, the exertion of transcriptional control is characterized by the cell type-
specific expression of their isoforms. While Sp1l is preferentially found in astrocytes, Sp4 is the
dominant Sp transcription factor in mature neurons (Mao et al., 2006; Mao et al., 2009). Other
than Spl, Sp4 is often acting as a transcriptional repressor, particularly when expressed in the
presence of Sp3 (Hagen et al., 1995; Mao et al., 2002; Wong et al., 2001). As shown for the
Sod2 gene, this can result in a contrary regulation of the same target gene through binding of
different Sp isoforms to the same binding site (Mao et al., 2006). Therefore, future work should

investigate a potential role of Sp4 in the downregulation of neuronal Gem by OXT.

Notably, | found OXT-induced neurite retraction of H32 cells to be dependent on ROCK activity.
Previous studies showed that the transcription factor MEF-2A is required for the effect of OXT

on the cytoskeleton of these cells (Meyer et al., 2018). Moreover, MEF-2A expression seems
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to define the morphological response of some cell types to OXT. In absence of MEF-2A, OXT
caused process elongation, while it induced the opposite effect in MEF-2A expressing cells
(Meyer et al., 2020). Indeed, we did not detect MEF-2A expression in astrocytes in a
preliminary analysis (data not shown). Since | found activation of the ROCK pathway to be
involved in OXT-elicited neurite retraction of H32 cells, it should be explored whether knockout
of MEF-2A decreases the responsiveness of the ROCK pathway to OXT. A possible underlying
mechanism is posed by the observed downregulation of Gem in H32 cells, which should result
in a loss of Gem-exerted inhibition of ROCK. As Gem is not degraded via the proteasome
pathway in H32 cells (Nerb, 2020), MEF-2A might regulate a protease that degrades Gem
upon OXT stimulation and consequently disinhibits ROCK. Alternatively, MEF-2A may induce

expression of a transcriptional repressor of Spl and by this cause reduced Gem expression.

Taken together, these findings further identify Gem as a defining factor in the cell type-specific

response of astroglial cells to OXT.

4.8 Establishment of astrocyte-specific Oxtr/Gem-knockdown vectors

Based on my previous findings demonstrating that OXT acts directly on astrocytes and that
these actions are conveyed by Gem, | aimed to establish astrocyte-specific Gem or Oxtr
knockdown vectors as tools for a targeted manipulation of astrocytic OXTR signaling in vivo.
This would enable future work to assess a potential astrocytic contribution to the physiological
and behavioral effects of OXT.

To this end, shRNA oligonucleotides were screened for knockdown efficiency in vitro. Despite
a compensatory effect on Oxtr expression 2d post-transfection, both shRNA plasmids caused
a significant knockdown of their target mMRNAs after a prolonged post-transfection period of
one week and thus were chosen for the design of AAV-based vectors. In order to accomplish
cell type specificity, first, an AAV6 capsid was selected for viral packaging. Among available
adenoviral capsids, AAV6 packaged vectors show the highest tropism for astrocytes compared
to other cell types of the CNS (Schober et al., 2016), while simultaneously providing good
perturbance (Ellis et al., 2013). Second, transcriptional control of ShRNA expression is exerted
by the hGFAP promoter. Using a viral knockdown strategy provides several advantages over
the creation of traditional knockout animal, e.g. via the Cre/loxP system. First, it enables brain
region-specific assessment of the involvement of astrocytic OXTR-signaling. This is of
particular relevance in the light of brain region-dependent heterogeneity of astrocytes, as well
as due to brain region-specific differences in physiological/behavioral effects of OXT. Second,
it permits manipulation of astrocytic gene expression in rats, for which the creation of

transgenic animals is cost-ineffecient and of particular technical difficulty. It should, however,

[83]



be mentioned that the target sequences of both used shRNAs are found in the mouse
Gem/Oxtr mRNA sequences as well and might therefore prove suitable for an application in
this species.

In a preliminary experiment, | aimed to determine the optimal physical viral titer and volume
for microinfusions of the rat PVN. Of the tested conditions, only the highest physical viral titer
resulted in a detectable, but scattered, expression of the fluorescent reporter protein mCherry
at the injection site. The physical viral titers ranging from 108-10'2 GC/ml used in this
experiment were chosen based on the literature of AAV-mediated transfections of the PVN
(Garza et al., 2008; Koba et al., 2018; Zhang et al., 2013). However, the low rate of successful
transfection indicates an insufficient amount of available viral particles. Therefore, future

microinfusions should be assessed with a viral titer of 103 GC/ml.

4.9 Conclusion and future perspectives

Astrocytes are increasingly appreciated as indispensable components of the CNS that actively
shape information processing. Thus, the biology of a neuroactive signaling peptide like OXT
cannot be fully understood without taking its interactions with non-neuronal cell types into
account. Therefore, the present thesis aimed to provide a better understanding of the effects
and underlying mechanisms of direct OXT actions on astrocytes. Its findings demonstrate a
rapid OXT-induced cytoskeletal remodeling and alterations to gap-junction coupling.
Mechanistically, both of these effects were OXTR-specific, conveyed via PKC and, to a lesser
extent, MEK1/2 signaling. Moreover, this mode of action was characteristic for OXT, since its
closely related sister-peptide AVP did not affect the examined parameters. In depth in vitro
analyses identified the previously undescribed Sp1-Gem signaling axis to be at the base of
these effects. A combination of knockdown, knockout and overexpression experiments
revealed that OXT drives Gem expression via the transcription factor Spl and that Gem is
required and sufficient for the effects of OXT on astrocytes. The Spl-Gem axis was
differentially regulated by OXT in neuronal cells, identifying it as key driver in the cell type-
specific response of astroglial cells to OXT. The intracellular events defining the effect of OXT
on astrocytes are summarized in Fig.25. Their potential ramifications on the synaptic level,
which point towards potentiation of excitatory neurotransmission by reducing astroglial

governance over the synaptic environment, are illustrated in Fig.26.
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Figure 25. Schematic overview of OXTR-mediated signaling and its cellbiological consequences in astrocytes.
Binding of OXT to its receptor induces activation of the MAPK-pathway and PKC signaling. Concerted action of
ERK1/2 and PKC is required for induction of cytoskeletal remodeling and closure of gap-junctions. Concomitant
PKC-induced Cx43 phosphorylation causes internalization of Cx43-based gap-junctions and increases the available
amount of active, i.e. phosphorylated ezrin. PKC and ERK signaling converge at the transcription factor Sp1, which
drives expression of Gem. Within the cytoplasm, PKC-activated Gem initiates cytoskeletal remodeling via direct
inhibition of ROCK and, in complex with phosphorylated ezrin and Gmip, RhoA. Inhibition of RhoA might potentiate
the impairment of gap-junctional intercellular connectivity. lllustration created with BioRender.com.
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Figure 26. Schematic overview of OXT actions on astrocytes and their potential ramifications on the synaptic
level. As shown in the present thesis, OXT acutely upregulates Cx30 and Gem in astrocytes, while downregulating
Cx43 and EAAT2. In consequence, K* buffering via astrocytic networks and reuptake of glutamate are less efficient.
Simultaneous astroglial cytoskeletal remodeling and swelling cause retraction of PAPs from the synaptic clefts,
furthering the decrease in astrocytic glutamate reuptake and permitting spillover to neighbouring synapses. Thus,
oxytocin might potentiate excitatory neurotransmission by reducing astroglial governance over the synaptic
environment. lllustration created with BioRender.com.

The present thesis provides the first overview of astrocytic OXTR-coupled signaling and its
cellbiological consequences. By identifying cell type-specific mediators that define the outcome
of this signaling, this work furthers our understanding of how the OXT system is able to bring
about physiological and behavioral responses, which are diverse and highly specific at the
same time. The astrocyte-specific Gem/Oxtr-shRNA vectors derived from this thesis might
provide tools for a targeted manipulation of astrocytic OXTR signaling and future assessment
of astrocytic contribution to the physiological and behavioral effects of OXT. In this way, this
thesis might serve as a base for future studies pursuing a more integrative and holistic

approach in OXT research.

Finally, a number of important limitations need to be considered. Even though key findings
were constantly validated in vivo, the majority of experiments were performed in cultured
astrocytes. The use of this model system naturally results in the possibility of findings lacking
biological relevance. Future work should therefore aim to further validate the described findings

in vivo/ex vivo and demonstrate their involvement in physiological and cognitive processes.
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Second, in all experiments OXT was applied exogenously, which might have resulted in
supraphysiological stimulation of target cells. The described mechanisms should thus be
further explored under physiological conditions of elevated OXTergic activity, e.g. lactation or

osmotic challenge. In addition, their involvement in processes depending on endogenous
release of OXT should be demonstrated.
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Appendix 1

a) AAV6-GFAP Gem shRNA vector

Vector Summary
Vector ID VEB151205-1113khu
Vector Name pAAV] miR30]-GFAP_long=mCherry:{sh-rGemWPRE
mm Paclic 2019-12-04
Vector Size 7040 bp
Viral Genome Size 4443 bp
Vector Type Marmmalian miR30-shRRA Knockdown A&V Veobor
Iraertesd Promober GRAP_long
Inserted ORF mCherry
Tnaerted shRbA {zh-rGem}
Target Sequenoe AGACAGAANGACATTOCTATAAT
mu-niul:npyw High
Aritibiotic Resistance Ampicillin
Claning Hast VB LileraStable (or sibernative strain)
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Vector Components

Mame | Pasition :;:.; Type Description Application nates
AAV 5" inverted
Lerminal repaeat Allaws replltaljnn al the viral
SR |m1-141 141 | MR (functional genarne and its packaging into
equivalant of wild- | virus.
type 5 [TR)
Hurnan glial
GFAP Jong | W 1692345 | 2178 | promoter | MEMRArY acidic Tissute specificity: Brain, Cell type
- protein promater | specificity: Astracytes.
(2.1 kb)
Kiyzak tranel stion Facilitates translation initiation af
Kazak  |m2371-2376 & | Miscellaneous ATG start codon downstrearn of
initiation sequence
the Kozak sequence.
Variant af mAFM Cammonly used red Auoresoent
mCherry M 2377-3087 711 | ORF generated by protein; fast maturation compared
rautagenesis to its predecessor, mRFEF.
Human rriR30 5°
Allaws ta form mature shRMA and
5" FriR-30€ |W3112-3238 | 128 | Miscellanecus | contest with several | 77 B T
bases mutation 99 )
fsh-rGem] | MW 3240-3302 63 | shRMA None Nioine
Human rriR30 3°
3 PrilR-30€ | W 3303-3432 | 130 | Miscellanecus | context with several ﬂ'““':ﬁ:ﬂﬂ”” =R and
bages mutation age )
Woodchuck Enhances virus stability in
WPRE o 3460-4057 col | Miseallanesyus hepatitis virus packaging cells, leading to higher
pasttranscriptional | titer of packaged virus; enhances
regulatary element | higher expression of transgenes.
[ZRE T grl'.'l'l'lfh N|I‘.'|\I'."'|.II".HI"I5¢'_T|F|E:II1'| terrmindtion
harmone and polyadenylation of mRNA
BGHpA \M4083-4205 | 208 | Polyhsignal | ederyistion | trarseribed by Pol I RNA
signal palymerase.
n
. Allows replication af the viral
T IR complement | 441 | R ARY 3 Ivwerted genome and its packaging into
(4303 terminal repeat ris.
4443)
; Ampicillin Allaws E. cofi to be resistart to
Ampicilin |W5360-6220 | 861 | ORE
. resistance gere | ampicillin,
Sire
Name | Position | o Type Description Application nates
BUC orsgin of Facilitates plasmid replication in £
puCor  |mE3916979 | se9[Rep origin | Lo coll; requilates high-copy plasrrid

riLimser (S00-700).

Mote: Comnponents added by user are listed in bold red text.
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Vector Sequence

1041
1121
1201
1281
1361
1441
1521
1601
1681
1761
1841
1921
2001
2081
2161
2241
2321
2401
2481
2561
2edl
2721
2801
2881

CCTGCAGGCA

GCTGCGCECT

CGCTCGCTCA

CTGAGGCCGEC

CCGGGCAAMG

CCCGGGCGETC

GGGECGACCTT

TGETCGCCCG

GCCTCAGTGA

GCGAGCGAGC

GCGCAGAGAG

GGAGTGGCCA

ACTCCATCRC

TAGGGGTTCC

TTCTAGRCAA

AAARGTTGGA
CCARATGCAG

GCTCCCACCT

CCCTCTCTGT

GCTGGGACTC

ACAGAGGGAG

ACCTCAGGAG

GCAGTCTGTC

CTTTGTATAG
CATCACATGT

AGCATACCCT

GGGCTGGGEG

CAGTGGCGCA

CAACTGTAAT

TCCAGCACTT

TGGGAGGCTG

ATGTGGAAGG

ATCACTTGAG

CCCAGAAGTT

CTAGACCAGC

CTGEGCAACA

TGGCAAGACC

CTATCTCTAC

ARRRARARGTT

ARRRAATCAG

CCACGTGTGG

TGACACACAC

CTGTAGTCCC

AGCTATTCAG

GAGGCTGAGG

TGAGGGGATC

ACTTAAGGCT

GGGAGGTTGA

GGCTGCAGTG

AGTCGTGGTT

GCGCCACTGC

ACTCCAGCCT

GGGCAACAGT

GAGACCCTGT

CTCAARRGAC

ARARRARBARRA

AARRARRARA

AAGRACATAT

CCTGGTGTGG

AGTAGGGGAC

GCTGCTCTGA

CAGAGGCTCG

GGGGCCTGAG

CTGGCTCTGT

GAGCTGGGGA

GGAGGCAGAC

AGCCAGGCCT

TGTCTGCAAG

CAGACCTGGC

AGCATTGGGC

TGGECCECCCC

CCAGGGCCTC

CTCTTCATGC

CCAGTGRATG

ACTCACCTTG

GCACAGACAC

AATGTTCGGG

GTGGGCACAG

TGCCTGCTTC

CCGCCGCACC

CCAGCCCCCC

TCARATGCCT

TCCGAGAAGC

CCATTGAGCA

GGEGGCTTGEC

ATTGCACCCC

AGCCTGACAG

CCTGGCATCT

TGGGATAARR

GCAGCACAGC

CCCCTAGGGG

CTGCCCTTGC

TGTGTGGCGEC

CACCGGCGGET

GGAGARACAAG

GCTCTATTCA

GCCTGTGCCC

AGGAARGGEGG

ATCAGGGGAT

GCCCAGGCAT

GGACAGTGGG

TGGCAGGEGEE

GGAGAGGAGG

GCTGTCTGCT

TCCCAGAAGT

CCARGGACAC

AAATGGGTGA

GGGGACTGGG

CAGGGTTCTG

ACCCTGIGGG

ACCAGAGTGG

AGGGCGTAGA

TGGACCTGAA

GTCTCCAGGG

ACAACAGGGC

CCAGGTCTCA

GGCTCCTAGT

TGGECCCAGT

GGCTCCAGCG

TTTCCAARRACC

CATCCATCCC

CAGAGGTTCT

TCCCATCTCT

CCAGGCTGAT

GTGTGGGAAC

TCGAGGAAAT

AAMRTCTCCAG

TGGGAGACGE

AGGGGTGGCC

AGGGARMCGG

GGCGCTGCAG

GAATARAGAC

GAGCCAGCAC

AGCCAGCTCA

TGCGTAACGG

CTTTGTGGAG

CTGTCAAGGC

CIGGETCTICTG

GGAGAGAGGC

RCAGGGAGGC

CAGACARGGA

AGGGGTGACC

TGGAGGGACA

GATCCAGGGG

CTARAGTCCT

GATAAGGCAA

GAGAGTGCCG

GCCCCCTCTT

GCCCTATCAG

GACCTCCACT

GCCACATAGA

GGCCATGATT

GACCCTTAGA

CRARGGGCTG

GTGTCCRATC

CCAGCCCCCA

GCCCCAGARC

TCCAGGGAAT

GAATGGGCAG

AGAGCAGGARA

TGTGGGACAT

CTGTGTTCAA

GGGAAGGACT

CCAGGAGTCT

GCTGGGAATG

AGGCCTAGTA

GGARATGAGE

TGECCCTTGA

GGGTACAGAR

CAGGTTCATT

CTITCGCCARR

TTCCCAGCAC

CTTGCAGGCA

CTTACAGCTG

AGTGAGATRA

TGCCTGGGTT

ATGRAATCAR

ARAGTTGGAA

AGCAGGTCAG

AGGTCATCTG

GTACAGCCCT

TCCTTCCCTT

TTTTTTTTTT

TTTTTTTTTG

TGAGACAAGG

TCTCTCTCTG

TTGCCCAGGC

TGGAGTGGCG

CAAACACAGC

TCACTGCAGC

CTCAACCTAC

TGGGCTCAAG

CAATCCTCCA

GCCTCAGCCT

CCCAARAGTGC

TGGEATTACA

AGCATGAGCC

ACCCCACTCA

GCCCTTTCCT

TCCTTTTTAA

TTGATGCATA

ATAATTGTAA

GTATTCATCA

TGGTCCRACC

AACCCTTTCT

TGACCCACCT

TCCTAGAGAG

AGGGTCCTCT

TGCTTCAGCG

GTCAGGGCCC

CAGACCCATG

GTCTGGCTCC

AGGTACCACC

TGCCTCATGC

AGGAGTTGGEC

GTGCCCAGGA

AGCTCTGCCT

CTGGGCACAG

TGACCTCAGT

GGGETGAGGE

GAGCTCTCCC

CATAGCTIGGG

CTGCGGCCCA

ACCCCACCCC

CTCAGGCTAT

GCCAGGGGEGET

GTTGCCAGGG

GCACCCGGEGC

ATCGCCAGTC

TAGCCCACTC

CTTCATAAAG

CCCTCGCATC

CCAGGAGCGA

GCAGAGCCAG

AGCAGGCARG

TTTGTACARA

ARAGCAGGCT

GCCACCATGG

TGAGCARAGGG

CGAGGAGGAT

ARCATGGCCA

TCATCAAGGA

GTTCATGCGC

TTCAAGGTGC

ACATGGEAGGEG

CTCCGTGAAC

GGCCACGAGT

TCGAGATCGA

GGGCGAGGEC

GAGGGCCGCC

CCTACGAGGG

CACCCAGACC

GCCAAGCTGA

AGGTGRCCARA

GGETGGCCCC

CTGCCCTITCG

CCTGGGACAT

CCTGTCCCCT

CAGTTCATGT

ACGGECTCCAA

GGCCTACGTG

AMGCACCCCG

CCGACATCCC

CGACTACTTG

AAGCTGTCCT

TCCCCGAGGG

CITCRAGTGG

GAGCGCGTGA

TGAACTTCGA

GGACGGCGGEC

GTGGTGACCG

TGACCCAGGA

CTCCTCCCTG

CAGGACGGECG

AGTTCATCTA

CAAGGTGAAG

CTGCGCGGCA

CCAACTTCCC

CTCCGACGGC

CCCGTAATGC

AGAAGRAGRC

CATGGGCTGG

GAGGCCTCCT

CCGAGCGGAT

GTACCCCGAG

GACGGCGCCC

TGAAGGGCGA

GATCAAGCAG

AGGCTGAAGC

TGARGGACGG

CGGCCACTAC

GACGCTGAGG

TCARGACCAC

CTACARGGCC

ARGAAGCCCG

TGCAGCTGCC
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Vector Sequence

CCTGCAGGCA

GCTGCGCECT

CGCTCGCTCA

CTGAGGCCGEC

CCGGGCAAMG

CCCGGGCGETC

GGGECGACCTT

TGETCGCCCG

GCCTCAGTGA

GCGAGCGAGC

GCGCAGAGAG

GGAGTGGCCA

ACTCCRTCRC

TAGGGGTTCC

TTCTAGRCAA

AAARGTTGGA
CCARATGCAG

GCTCCCACCT

CCCTCTCTGT

GCTGGGACTC

ACAGAGGGAG

ACCTCAGGAG

GCAGTCTGTC

CTTTGTATAG
CATCACATGT

AGCATACCCT

GGGCTGGGLG

CAGTGGCGCA

CAACTGTAAT

TCCAGCACTT

TGGGAGGCTG

ATGTGGAAGG

ATCACTTGAG

CCCAGAAGTT

CTAGACCAGC

CTGGGCAACA

TGGCAAGACC

CTATCTCTAC

ARARRARAGTT

ARPRARATCAG

CCACGTGTGG

TGACACACAC

CIGTAGTCCC

AGCTATTCAG

GAGGCTGAGG

TGAGGGGATC

ACTTARGGCT

GGGAGGTTGA

GGCTGCAGTG

AGTCGTGGTT

GCGCCACTGC

ACTCCAGCCT

GGGCAACAGT

GAGACCCTGT

CTCAARRGAC

ARRARRARPARRR

ARRARPARANRR

ARGAACATAT

CCTGGTGTGG

AGTAGGGGAC

GCTGCTCTGA

CAGAGGCTCG

GGGEGCCTGAG

CTGGCTCTGT

GAGCTGGGGEA

GGAGGCAGAC

AGCCAGGCCT

TGTCTGCAAG

CAGACCTGGC

AGCATTGGGC

TGGECCGECCCC

CCAGGGCCTC

CTCTTCATGC

CCAGTGRATG

ACTCACCTTG

GCACAGACAC

AATGTTCGGG

GTGGGCACAG

TGCCTGCTTC

CCECCGCACT

CCAGCCCCCC

TCAAATGCCT

TCCGAGAAGC

CCATTGAGCA

GGGGGCTTGEC

ATTGCRACCCC

AGCCTGACAG

CCTGGCATCT

TGGGATARAR

GCAGCACAGC

CCCCTAGGGG

CTGCCCTTGC

TGTGTGEGCEC

CACCGGCGGET

GGAGAACAMG

GCTCTATTCA

GCCTGTGCCC

AGGRARGGGG

ATCAGGGGAT

GCCCAGGCAT

GGACAGTGGG

TGGCAGGGGE

GGAGAGGAGG

GCTGTCTGCT

TCCCAGAAGT

CCAAGGACAC

ARATGGEGTGA

GGGEACTGEGE

CAGGGTTCTG

ACCCTGTGGG

ACCAGAGTGG

AGGGCGTAGA

TGGACCTGARA

GTCTCCAGGG

ACARMCAGGGC

CCAGGTCTCA

GGCTCCTAGT

TGGECCCAGT

GGCTCCAGCG

TTTCCAAACC

CATCCATCCC

CAGAGGTTCT

TCCCATCTCT

CCAGGCTGAT

GTGTGEGAAC

TCGAGGAAAT

ARATCTCCAG

TGEEAGACGG

AGGGEGTGGCC

AGGGARRCGG

GGCGCTGCAG

GAATARRGAC

GAGCCAGCAC

AGCCAGCTCA

TGCGTARCGG

CTTTGTGGAG

CTGTCAAGGC

CTGGTCTCTG

GGAGAGAGGEC

ACAGGGAGGC

CAGACARGGA

AGGGGTGACC

TGEAGGGACA

GATCCAGGGG

CTARRGTCCT

GATARAGGCRA

GAGAGTGCCG

GCCCCCTCTT

GCCCTATCAG

GACCTCCACT

GCCACATAGA

GGCCATGATT

GACCCTTAGA

CAAAGGGCTG

GTGTCCAATC

CCAGCCCCCA

GCCCCAGAAC

TCCAGGGAAT

GAATGGGCAG

AGAGCAGGAA

TGTGGGACAT

CTGTGTTCARA

GGGAAGGACT

CCAGGAGTCT

GCTGGGRATG

AGGCCTAGTA

GGAAATGAGG

TGGCCCTTGA

GGGTACAGAR

CAGGTTCATT

CTTCGCCAAR

TTCCCAGCAC

CTTGCAGGCA

CTTACAGCTG

AGTGAGATAR

TGCCTGGGETT

ATGAARTCRA

ARAGTTGGRA

AGCAGGTCRAG

AGGTCATCTG

GTACAGCCCT

TCCTTCCCTT

TTTTTTTTTIT

TTTTTTITTG

TGAGACAAGG

TCTCTCTCTG

TTGCCCAGEC

TGGAGTGGECG

CARRCACAGC

TCACTGCAGC

CTCRAACCTAC

TGGGECTCAAG

CAATCCTCCA

GCCTCAGCCT

CCCARAGTGC

TGGGATTACA

AGCATGAGCC

ACCCCACTCA

GCCCTTTCCT

TCCTTTTTAA

TTGATGCATA

ATAATTGTAA

GTATTCATCA

TGGTCCAACC

AACCCTTTCT

TGACCCACCT

TCCTAGAGAG

AGGGTCCTCT

TGCTTCAGCG

GTCAGGGCCC

CAGACCCATG

GTCTGGCTCC

AGGTACCACC

TGCCTCATGC

AGGAGTTGGEC

GTGCCCAGGA

AGCTCTGCCT

CTGGGCACAG

TGACCTCAGT

GGGETGAGGG

GAGCTCTCCC

CATAGCTGGG

CTGCGGECCCA

ACCCCACCCC

CTCAGGCTAT

GCCAGGGGEET

GTTGCCAGGG

GCACCCGGEEC

ATCGCCAGTC

TAGCCCACTC

CTTCATAAMG

CCCTCGCATC

CCAGGAGCGA

GCAGAGCCAG

AGCAGGCAAG

TTTGTACARA

ARAGCAGGCT

GCCACCATGG

TGAGCAAGGEG

CGAGGAGGAT

ARCATGGCCA

TCATCAAGGA

GTTCATGCGC

TTCAAGGTGC

ACATGGEAGGEG

CTCCGTGAAC

GGCCACGAGT

TCGAGATCGA

GGGCGAGGEC

GAGGGCCGCC

CCTACGAGGG

CACCCAGACC

GCCAAGCTGA

AGGTGRCCARA

GGETGGCCCC

CTGCCCTITCG

CCTGGGACAT

CCTGTCCCCT

CAGTTCATGT

ACGGECTCCAA

GGCCTACGTG

AMGCACCCCG

CCGACATCCC

CGACTACTTG

AAGCTGTCCT

TCCCCGAGGG

CTTCAAGTGG

GAGCGCGTGA

TGAACTTCGA

GGACGGCGGEC

GTGGTGACCG

TGACCCAGGA

CTCCTCCCTG

CAGGACGGCG

AGTTCATCTA

CRAGGTGAAG

CTGCGCGGCA

CCAACTTCCC

CTCCGACGGC

CCCGETAATGC

AGAAGRAGRC

CATGGGCTGG

GAGGCCTCCT

CCGAGCGGAT

GTACCCCGAG

GACGGCGCCC

TGAAGGGCGA

GATCAAGCAG

AGGCTGAAGC

TGAAGGACGG

CGGCCACTAC

GACGCTGAGG

TCARGACCAC

CTACARGGCC

ARGAAGCCCG

TGCAGCTGCC
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5521

5601
5681
5761
5841
5821
6001
6081
6lel
6241
6321
6401
6481
6361
6641

6721

CGGCGCCTAC

ARCGTCAACA

TCAAGTTGGA

CATCACCTCC

CACAACGAGG

ACTACACCAT

CGTGGAACAG

TACGAACGCG

CCGAGGGCCG

CCACTCCACC

GGCGGCATGG

ACGAGCTGTA

CARGTAAACC

CAGCTTTCTT

GTACARAGTG

GTGTTTGAAT

GAGGCTTCAG

TACTTTACAG

AATCGTTGCC

TGCACATCTT

GGAAACACTT

GCTGGGATTA

CTTCGACTTC

TTAACCCAAC

AGRRAGGCTCG

AGAAGGTATA

TTGCTGTTGA

CAGTGAGCGC

GACAGAAGRC

ATTCCTATARA

TTAGTGAAGC

CACAGATGTA

ATTATAGGRA

TGTCTTCTGT

CTTGCCTACT

GCCTCGGACT

TCARGGGEGCT

AGAATTCGAG

CRATTATCTT

GTTTACTARA

ACTGAATACC

TTGCTATCTC

TTTGATACAT

TTTTACAARG

CTGAATTAAR

ATGGTATARA

TTARATCACT

TTATACATAG
GCTCCTTTTA

TTGGARATTCC

GATARATCAAC

CTCTGGATTA

CARAATTTGT

GAAAGATTGA

CTGGTATTCT

TTCAACTTTA
—

TAACTATGTT

CGCTATGTGG

ATACGCTGCT

TTAATGCCTT

TGTATCATGC

TATTGCTTCC

CGTATGGCTT

TCATTTTCTC

CTCCTTGTAT

ARATCCTGGT

TGCTGTCTCT

TTATGAGGAG

TTGTGGCCCG

TTGTCAGGCA

ACGTGGCGTG

GTGTGCACTG

TGTTTGCTGA

CGCARACCCCC

ACTGGTTGGG

GCATTGCCAC

CACCTGTCAG

CTCCTTTCCG

GGACTTTCGC

TTTCCCCCTC

CCTATTGCCA

CGGCGGAACT

CATCGCCGCC

TGCCTTGCCC

GCTGCTGGAC

AGGGGCTCGG

CTGTTGGGCA

CTGACAATTC

CGTGGTGTTG

TCGGGGAAGC

TGACGTCCTT

TCCATGGCTG

CTCGCCTGTG

TTGCCACCTIG

GATTCTGCGC

GGGACGTCCT

TCTGCTACGT

CCCTTCGGCC

CTCRATCCAG

CGGACCTTCC

TTCCCGCGGC

CTGCTGCCGG

CTCTGCGGCC

TCTTCCGCGT

CTTCGCCTTC

GCCCTCAGAC

GAGTCGGATC

TCCCTTTGGG

CCGCCTCCCC

GCATCGGGRAA

TTCCTAGAGC

TCGCTGATCA

GCCTCGACTG

TGCCTTCTAG

TTGCCAGCCA

TCTGTTGTTT

GCCCCTCCCC

CGTGCCTTCC

TTGACCCTGG

AAGGTGCCAC

TCCCACTGTC

CTTTCCTAAT

ARRRATGAGGA

AATTGCATCG

CATTGTCTGA

GTAGGTGTCA

TTCTATTCTG

GGGEGTGGGG

TGEEGTAGEA

CAGCRAGGGG

GRAGGATTGGG

ARGAGAATAG

CAGGCATGCT

GGEEEAGGECC

GCAGGRACCC

CTAGTGATGG

AGTTGGCCRC

TCCCTCTCTG

CGCGCTCGCT

CGCTCACTGA

GGCCGGEGCGA

CCAARAGGTCG

CCCGACGCCC

GGGCTTTGCC

CGEGCGEGECCT

CAGTGAGCGA

GCGAGCGLGC

AGCTGCCTGC

AGGGGCGCCT

GATGCGGTAT

TTTCTCCTTA

CGCATCTIGTG

CGGTATTTCA

CACCGCATAC

GTCAARGCAR

CCATAGTACG

CGCCCTGTAG

CGGCGCATTA

AGCGCGGCGE

GGGTGETGGET

TACGCGCAGC

GTGACCGCTA

CACTTGCCAG

CGCCTTAGCG

CCCGCTCCTT

TCGCTTTCTT

CCCTTCCTTT

CTCGCCACGT

TCGCCGEGCTT

TCCCCGTCAA

GCTCTRARATC

GEGEGECTCCC

TTTAGGGTTC

CGATTTAGTG

CTTTACGGCA

CCTCGACCCC

AARRARAACTTG

ATTTGGGTGA

TGGTTCACGT

AGTGGGCCAT

CGCCCTGATA

GACGGTTTTT

CGCCCTTTGA

CGTTGGAGTC

CACGTTCTTT

AATAGTGGAC

TCTTGTTCCA

ARCTGGRACA

ACACTCRACT

CTATCTCGGG

CTATTCTTTT

GATTTATARG

GGATTTTGCC

GATTTCGGTC

TATTGGTTAA

ARAATGAGCT

GATTTAACRA

ARATTTAACG

CGARTTTTAA

CAARATATTA

ACGTTTACRA

TTTTATGGTG

CACTCTCAGT

ACAATCTGCT

CTGATGCCGC

ATAGTTAAGC

CAGCCCCGAC

RACCCGCCARAC

ACCCGCTGAC

GCGCCCTGAC

GGGCTTGTCT

GCTCCCGGCA

TCCGCTTACA

GACAAGCTGET

GACCGTCTCC

GGGAGCTGCA

TGTETCAGAG

GTTTTCACCG

TCATCRACCGA

AACGCGCGAG

ACGAAAGGGC

CTCGTGATAC

GCCTATTTTT

ATAGGTTAAT

GTCATGATAR

TAATGGTTTC

TTAGACGTCA

GGTGGCACTT

TTCGGEGAAR

TGTGECGCGGA

ACCCCTATTT

GTTTATTTTT

CTARATACAT

TCAARATATGT

ATCCGCTCAT

GAGACAATRA

CCCTGATARA

TGCTTCAATA

ATATTGAARA

AGGAAGAGTA

TGAGTATTCA

ACATTTCCGT

GICGCCCTTA

TTCCCTTTTT

TGCGGCATTT

TGCCTTCCTG

TTTTTGCTCA

CCCAGRAACG

CTGGETGAAAG

TAAAAGATGC

TGAAGATCAG

TTGGGETGCAC

GAGTGGGTTA

CATCGAACTG

GATCTCAACA

GCGGTAAGAT

CCTTGRAGAGT

TTTCGCCCCG

AAGAACGTTT

TCCAATGATG

AGCACTTTTA

AAGTTCTGCT

ATGTGGCGCG

GTATTATCCC

GTATTGACGC

CGGGCAAGAG

CAACTCGGTC

GCCGCATACA

CTATTCTCAG

ARTGACTTGG

TTGAGTACTC

RACCAGTCACA

GAARAGCATC

TTACGGATGG

CATGACAGTA

AGAGAATTAT

GCAGTGCTGC

CATARCCATG

AGTGATAACA

CTGCGGCCRA

CTITACTTCTG

ACARCGATCG

GRAGGACCGAR

GGAGCTAACC

GCTTTTTTGC

ACAACATGGEG

GGATCATGTA

ACTCGCCTTG

ATCGTTGGGA

ACCGGAGCTG

AATGAAGCCA

TACCARACGA

CGAGCGTGAC

ACCACGATGC

CTGTAGCAAT

GGCAACAACG

TTGCGCAAAC

TATTRACTGG

CGAACTACTT

ACTCTAGCTT

CCCGGCAACA

ATTAATAGAC

TGGATGGAGG

CGGATAAAGT

TGCAGGACCA

CTTCTGCGCT

CGGCCCTTCC

GGCTGGCTGG

TTTATTGCTG

ATAAATCTGG

AGCCGGTGAG

CGTGGAAGCC

GCGGTATCAT

TGCAGCACTG

GGGCCAGATG

GTAAGCCCTC

CCGTATCGTA

GTTATCTACA

CGACGGGGAG

TCAGGCAACT

ATGGATGAAC

GAAATAGACA

GATCGCTGAG

ATAGGTGCCT

CACTGATTARA

GCATTGGTAR

CTGTCAGACC

AAGTTTACTC

ATATATACTT

TAGATTGATT

TAARACTTCA

TTTTTAATTT

ARBAGGATCT

AGGTGAAGAT

CCTTTTTGAT

AATCTCATGA

CCARRRTCCC

TTAARCGTGAG

TTITTCGTTCC

ACTGAGCGTC

AGACCCCGTA

GAAAAGATCA

ARGGATCTTC

TTGAGATCCT

TTTTTTCTGC

GCGTRATCTG

CTGCTTGCAR

ACAARRBARAC

CACCGCTACC

AGCGGTGGTT

TGTTTGCCGG

ATCRAGAGCT

ACCRACTCTT

TTTCCGRAAGG

TARACTGGCTT

CAGCAGAGCG

CAGATACCRA

ATACTGTTCT

TCTAGTGTAG

CCGTAGTITAG

GCCACCACTT

CAAGRACTCT

GTAGCACCGC

CTACATACCT

CGCTCTGCTA

ATCCTGTTAC

CAGTGGCTGC

TGCCAGTGGEC

GATAAGTCGT

GTCTTACCGG

GTTGGACTCA

AGACGATAGT

TACCGGATAA

GGOGCAGCGG

TCGGEGCTGRA

CGGEGEGETTC

GTGCACACAG

CCCAGCTTGG

AGCGAACGAC

CTACACCGRA

CTGAGATACC

TACAGCGTGA

GCTATGAGRA

AGCGECCACGC
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TTCCCGAAGG GAGARAGGCG GACAGGTATC CGGTAAGCGG CAGGGTCGGA ACAGGAGAGC GCACGAGGGA GCTTCCAGGG

GGRAACGCCT GGTATCTTTA TAGTCCTGTC GGGTTTCGCC ACCTCTGACT TGAGCGTCGA TTTTTGTGAT GCTCGTCAGG

GGGGCGGAGC CTATGGAAAA ACGCCAGCAA CGCGGCCTTT TTACGGTTCC TGGCCTTTTG CTGGCCTTTT GCTCACATGT

Validation by Restriction Enzyme Digestion

Restriction Enzymes

Cutting Sites DNA Fragments (bp)

Ncol

2107, 2376, 2811, 3873 269, 435, 1062, 5274

Apall

2438, 3674, 4979, 5476, 6722 1236, 1305, 497, 1246, 2756

Apall+Ncol

2107, 2376, 2438, 2811, 3674, 3873, 4979,
5476, 6722

269, 62, 373, 863, 199, 1106, 497,
1246, 2425

b) AAV6-GFAP Oxtr shRNA vector

Vector Summary
Vector ID VB191205-1084svn
Vector Name pAAV[mIR30]-GFAP_long>mCherry:{sh-rOXTR}:WPRE
%E:.Z )Created (Pacific 2019-12-04
Vector Size 7040 bp
Viral Genome Size 4443 bp
Vector Type Mammalian miR30-shRNA Knockdown AAV Vector
Inserted Promoter GFAP_long
Inserted ORF mCherry
Inserted shRNA {sh-rOXTR}
Target Sequence CTGCTGTGTCGTCTGGTCAAAT
Plasmid Copy Number High
Antibiotic Resistance Ampicillin
Cloning Host VB UltraStable (or alternative strain)
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Vector Components

Name Position (St:zpt; Type Description Application notes
AAV 5' inverted
terminal repeat Allows replication of the viral
5'ITR m1-141 141 |ITR (functional genome and its packaging into
equivalent of wild- | virus.
type 5' ITR)
Human glial
GFAP_long | m1169-2346 2178 | Promoter ﬂbrlll.‘?nry acidic Tlssge 5.peuﬁC|ty: Brain. Cell type
protein promoter specificity: Astrocytes.
(2.1 kb)
Kozak translation Facilitates translation initiation of
Kozak m2371-2376 6 | Miscellaneous | . ... ATG start codon downstream of
initiation sequence
the Kozak sequence.
Variant of mRFP1 Commonly used red fluorescent
mCherry |2377-3087 711 | ORF generated by protein; fast maturation compared
mutagenesis to its predecessor, mRFP1.
Human miR30 5'
5' miR-30E | 3112-3239 128 | Miscellaneous | context with several AI.IOWS to form mature shRNA and
. trigger knockdown.
bases mutation
ish- W 3240-3302 63 | ShRNA None None
rOXTR}
Human miR30 3'
3' miR-30E |W3303-3432 | 130 | Miscellaneous | context with several | ~1OWS t form mature shRNA and
. trigger knockdown.
bases mutation
Woodchuck Enhances virus stability in
WPRE W 3460-4057 598 | Miscellaneous hepatitis wr.us‘ p.ackagmg cells, Iea‘tdmg to higher
posttranscriptional | titer of packaged virus; enhances
regulatory element | higher expression of transgenes.
Bovine growth Allows transcription termination
BGH pA 40884295 208 | PolyA signal hormone ‘ and poI‘yadenyIatlon of mMRNA
polyadenylation transcribed by Pol II RNA
signal polymerase.
= Allows replication of the viral
, complement AAV 3' inverted P . S
3'ITR 141 | ITR _ genome and its packaging into
(4303- terminal repeat virus
4443) '
Ampicillin | m5360-6220 361 | ORE Amhpmllln Allov?rs. E coli to be resistant to
resistance gene ampicillin.
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Size

Name Position (bp) Type Description Application notes
pUC origin of Facilitates plasmid replication in E.
pUC ori M 6391-6979 589 | Rep_origin replication coli; regulates high-copy plasmid

number (500-700).

Note: Components added by user are listed in bold red text.

Vector Sequence

1 CCTGCAGGCA GCTGCGLGCT CGLCTCGCTCA CTGAGGCCGC COGGGCAARAG CCCGGEGLGTC GGGECGACCTT TGGTCGCCCGE
GCCTCAGTGA GCGAGCGAGC GCGCAGAGAG GGAGTGGCCA ACTCCATCAC TAGGGGTTCC TTCTAGACAA CTTTGTATAG

161 ARARGTTGGA GCTCCCACCT CCCTCTCTGT GCTGGGACTC ACAGAGGGAG ACCTCAGGAG GCAGTCTGTC CATCACATGT

241 CCAAATGCAG AGCATACCCT GGGCTGGGCG CAGTGGCGCA CAACTGTAAT TCCAGCACTT TGGGAGGCTG ATGTGGAAGG

221 ATCACTTGAG CCCAGRAGTT CTAGACCAGC CTGGGCAACA TGGCAAGACC CTATCTCTAC AAAARARGTT AARARAATCAG

401 CCACGTGTGG TGACACACAC CTGTAGTCCC AGCTATTCAG GAGGCTGAGG TGAGGGGATC ACTTAAGGCT GGGAGGTTGA

481 GGCTGCAGTG AGTCGTGGTT GCGCCACTGC ACTCCAGCCT GGGCAACAGT GAGACCCTGT CTCAAAAGAC ARRAARRMMARA

61 AARARRRAMD ARGAACATAT CCTGGTGTGG AGTAGGGGAC GCTGCTCTGA CAGAGGCTCG GGGGCCTGAG CTGGCTCTGT

GAGCTGGGGEA GGAGGCAGAC AGCCAGGCCT TGTCTGCAAG CAGACCTGGC AGCATTGGGC TGECCGCCCC CCAGGGCCTC

721 CTCTTCATGC CCAGTGAATG ACTCACCTTG GCACAGACAC RATGTTCGGG GTGGGCACAG TGCCTGCTTC CCGCCGCACC

801 CCAGCCCCCC TCAAATGCCT TCCGAGRAGC CCATTGAGCA GGGGGCTTGC ATTGCACCCC AGCCTGACAG CCTGGCATCT

881 TGGGATAAAR GCAGCACAGC CCCCTAGGGG CTGCCCTTGC TGTGTGGCGC CACCGGCGGET GGAGAACAAG GCTCTATTCA

961 GCCTGTGCCC AGGAAAGGGG ATCAGGGGAT GCCCAGGCAT GGACAGTGGG TGGCAGGGGGE GGAGAGGAGG GCTGTCTGCT

1041 TCCCAGAAGT CCAAGGACAC AAATGGGTGA GGGGACTGGG CAGGGTTCTG ACCCTGTGGG ACCAGAGTGGE AGGGCGTAGA

1121 TGGACCTGAA GTCTCCAGGG ACAACAGGGC CCAGGTCTCA GGCTCCTAGT TGGGCCCAGT GGCTCCAGCG TTTCCAARCC

1201 CATCCATCCC CAGAGGTTCT TCCCATCTCT CCAGGCTGAT GTGTGGGAAC TCGAGGAAAT AAATCTCCAG TGGGAGACGG

1281 AGGGGETGGCC AGGGAAACGG GGCGCTGCAG GAATAAAGAC GAGCCAGCAC AGCCAGCTCA TGCGTAACGG CTTTGTGGAG

13261 CTGTCAAGGC CTGGTCTCTG GGAGAGAGGC ACAGGGAGGC CAGACRAGGA AGGGGTGACC TGGAGGGACA GATCCAGGGG

CTRAAGTCCT GATAAGGCAA GAGAGTGCCG GCCCCCTCTT GCCCTATCAG GACCTCCACT GCCACATAGA GGCCATGATT

GACCCTTAGA CAAAGGGCTG GTGTCCAATC CCAGCCCCCA GCCCCAGAAC TCCAGGGAAT GAATGGGCAG AGAGCAGGAA

TGTGGGACAT CTGTGTTCAR GGGAAGGACT CCAGGAGTCT GCTGGGRATG AGGCCTAGTA GGAAATGAGG TGGCCCTTGA
GGGTACAGRA CAGGTTCATT CTTCGCCAAR TTCCCAGCAC CTTGCAGGCA CTTACAGCTG AGTGAGATAA TGCCTGGGTT

ATGAAATCAA ARAGTTGGAA AGCAGGTCAG AGGTCATCTG GTACAGCCCT TCCTTCCCTT TTTTTTTTTT TTTTTTTTTG

TGAGACAAGG TCTCTCTCTG TTGCCCAGGC TGGAGTGGCG CAAACRCAGC TCACTGCAGC CTCAACCTAC TGGGCTCAAG

1921 CAATCCTCCA GCCTCAGCCT CCCAAAGTGC TGGGATTACA AGCATGAGCC ACCCCACTCA GCCCTTTCCT TCCTTTTTAA

TTGATGCATA ATAATTGTAR GTATTCATCA TGGTCCAACC ARCCCTTTCT TGACCCACCT TCCTAGAGAG AGGGTCCTCT
TGCTTCAGCG GTCAGGGCCC CAGACCCATG GTCTGGCTCC AGGTACCACC TGCCTCATGC AGGAGTTGGC GTGCCCAGGA

2161 AGCTCTGCCT CTGGGCACAG TGACCTCAGT GGGGTGAGGG GAGCTCTCCC CATAGCTGGG CTGCGGCCCA ACCCCACCCC

2241 CTCAGGCTAT GCCAGGGGGT GTTGCCAGGG GCACCCGGGC ATCGCCAGTC TAGCCCACTC CTTCATARAG CCCTCGCATC

2321 CCAGGAGCGA GCAGAGCCAG AGCAGGCAAG TTTGTACAAA AAAGCAGGCT GCCACCATGG TGAGCAAGGG CGAGGAGGAT

AACATGGCCA TCATCAAGGA GTTCATGCGC TTCAAGGTGC ACATGGAGGG CTCCGTGAAC GGCCACGAGT TCGAGATCGA
GGGCGAGGGEC GAGGGCCGCC CCTACGAGGEG CACCCAGACC GCCRAGCTGA AGGTGACCAA GGGETGGCCCC CTGCCCTTCG

CCTGGGACAT CCTGTCCCCT CAGTTCATGT ACGGCTCCAA GGCCTACGTG AAGCACCCCG CCGACATCCC CGACTACTTG

AAGCTGTCCT TCCCCGAGGG CTTCAAGTGG GAGCGCGTGA TGAACTTCGA GGACGGLGGC GTGGTGACCG TGACCCAGGA

CTCCTCCCTG CAGGACGGCG AGTTCATCTA CAAGGTGAAG CTGCGCGGCA CCAACTTCCC CTCCGACGGC CCCGTAATGC

AGRAGARGAC CATGGGCTGG GAGGCCTCCT CCGAGCGGAT GTACCCCGAG GACGGCGCCC TGAAGGGUGA GATCAAGCAG
AGGCTGAAGC TGAAGGACGS CGGCCACTAC GACGCTGAGG TCAAGACCAC CTACAAGGCC AAGAAGCCCG TGCAGCTGCC
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CGECECCTAC

AACGTCRACA

TCAAGTTGGA

CATCACCTCC

CACARCGAGG

ACTACACCAT

CGTGGARCAG

TACGAACGCG

CCGAGGGCCG

CCACTCCACC

GGCGGCATGGE

ACGAGCTGTA

CAAGTARACC

GAGGCTTCAG

TACTTTACAG

AATCGTTGCC

TGCACATCTT

GGAARCACTT

CAGCTTTCTT
GCTGGGATTA

GTACRAAGTG
CTTCGACTTC

GTGTTTGAAT
T
TTAACCCAAC

AGRAGGCTCG

AGARGGTATA

TTGCTGTTGA

CAGTGAGCGA

TGCTGTGTCG

TCTGGTCARA

TTAGTGRAGC

CACAGATGTA

ATTTGACCAG

RACGACACAGC

AGTGCCTACT

GCCTCGGEACT

TCAAGGGEGCT

AGAATTCGAG

CAATTATCTT

GTTTACTARA

ACTGAATACC

TTGCTATCTC

TTTGATACAT

TTTTACAARAG

CTGAATTAAR

ATGGETATARA

TTARATCACT

TTCAACTTTA

TTATACATAG

TTGGAATTCC

GATAATCAAC

CTCTGGATTA

CAARATTTGT

GAAAGATTGA

CTGGTATTCT

TAACTATGTT

GCTCCTTTTA

CGCTATGTGG

ATACGCTGCT

TTAATGCCTT

TGTATCATGC

TATTGCTTCC

CGTATGGCTT

TCATTTTCTC

CTCCTTGTAT

BAARATCCTGGET

TECTGTCTCT

TTATGAGGAG

TTETGGCCCG

TTGTCAGGCA

ACGTGGCETG

GTGTGCACTG

TGTTTGCTGA

CGCAACCCCC

ACTGGTTGGG

GCATTGCCAC

CACCTGTCAG

CTCCTTTCCG

GGACTTTCGC

TTTCCCCCTC

CCTATTGCCA

CGGCGGAACT

CATCGCCGCC

TGCCTTGCCC

GCTGCTGGAC

AGGGEGCTCGE

CTGTTGGGCA

CTGACAATTC

CGTGGTGTTG

TCGGGGAAGC

TGACGTCCTT

TCCATGGCTG

CTCGCCTGTG

TTGCCACCTG

GATTCTGCGC

GGGACGTCCT

TCTGCTACGT

CCCTTCGGCC

CTCARTCCAG

CGGACCTTCC

TTCCCGCGET

CTGCTGCCGE

CTCTGCGGCC

TCTTCCGCGET

CTTCGCCTTC

GCCCTCAGAC

GAGTCGGATC

TCCCTTTGGG

CCGCCTCCCC

GCATCGGGAA

GCCTCGACTG

TCCCACTGTC

TGCCTTCTAG

TTGCCAGCCA

TCTETTGTTT

GCCCCTCCCC

CGTGECCTTCC

TTCCTAGAGC
TTGACCCTGG

TCGCTGATCA
ARGGTGCCAC

CTTTCCTAAT

ARAATGAGGA

AATTGCATCG

CATTGTCTGA

GTAGGTGTCA

TTCTATTCTG

GGEGEEGETGEEG

TGEGGCAGEA

CAGCARAGGGG

GAGGATTGGEG

ARGAGAATAG

CAGGCATGCT

GGGGAGGGCC

AGTTGGECCAC

TCCCTCTCTG

CGCGCTCGET

CGCTCACTGA

GGCCGGGECGA

CCARAGGTCG

GCAGGARCCC

CTAGTGATGG

CCCGACGCCC

GGGCTTTGCC

CGEGCGGCCT

CAGTGAGCGA

GCGAGCGCGC

AGCTGCCTGC

AGGGGCGCCT

GATGCGGTAT

TTTCTCCTTA

CGCATCTGTG

CGGTATTTCA

CACCGCATAC

GTCARAGCAR

CCATAGTACG

CGCCCTGTAG

CGGCGCATTA

AGCGCGGCGGE

GGGETGGETGET

TACGCGCAGC

GTGACCGCTA

CACTTGCCAG

CGCCTTAGCG

CCCGCTCCTT

TCGCTTTCTT

CCCTTCCTTT

CTCGCCACGT

TCGCCGGECTT

TCCCCGTCAA

GCTCTAAATC

GGGGGCTCCC

TTTAGGGTTC

CGATTTAGTG

CTTTACGGCA

CCTCGACCCC

ARARRAACTTG

ATTTGGGTGA

TGGTTCACGT

AGTGEGGCCAT

CGCCCTGATA

GACGGTTTTT

CGCCCTTTGA

CGTTGGAGTC

CACGTTCTTT

AATAGTGGAC

TCTTGTTCCA

AACTGGAACA

ACACTCAACT

CTATCTCGGG

CTATTCTTTT

GATTTATAMG

GGATTTTGCC

GATTTCGGTC

TATTGGTTAA

ARAATGAGCT

GATTTARCAR

ARATTTAACG

CGAATTTTAR

CARARATATTA

ACGTTTACRA

TTTTATGGTG

CACTCTCAGT

ACAATCTGCT

CTGATGCCGC

ATAGTTARAGC

CAGCCCCGAC

ACCCGCCRAC

ACCCGCTGAC

GCGCCCTGAC

GGGCTTGTCT

GCTCCCGGCA

TCCGCTTACA

GACRAGCTGT

GACCGTCTCC

GGGAGCTGCA

TGTGTCAGAG

GTTTTCACCG

TCATCACCGA

ARCGCGCGAG

ACGAARGGGC

CTCGTGATAC

GCCTATTTTT

ATAGGTTAAT

GTCATGATAA

TAATGGTTTC

TTAGACGTCA

GGTGGCACTT

TTCGGGGAAR

TGTGCGCGGA

ACCCCTATTT

GTTTATTTTT

CTAARTACAT

TCARATATGT

ATCCGCTCAT

GAGACAATAA

CCCTGATARA

TGCTTCAATA

ATATTGAARA

AGGRAGAGTA

TGAGTATTCA

ACATTTCCGET

GTCGCCCTTA

TTCCCTTTTT

TGCGGCATTT

TGCCTTCCTG

TTTTTGCTCA

CCCAGAAACG

CTGGTGAAAG

TARMAGATGC

TGAMRGATCAG

TTGEGTGCAC

GAGTGGGTTA

CATCGAACTG

GATCTCAACA

GCGGTAAGAT

CCTTGAGAGT

TTTCGCCCCG

ARGAACGTTT

TCCAATGATG

AGCACTTTTA

AMGTTCTGCT

ATGTGECGCG

GTATTATCCC

GTATTGACGC

CGGGCAAGAG

CAACTCGGTC

GCCGCATACA

CTATTCTCAG

AATGACTTGG

TTGAGTACTC

ACCAGTCACA

GAAAAGCATC

TTACGGATGG

CATGACAGTA

AGAGAATTAT

GCAGTGCTGC

CATAACCATG

AGTGATARCA

CTGCGGCCARA

CTTACTTCTG

ACAACGATCG

GAGGACCGAA

GGAGCTAACC

GCTTTTTTGC

ACAACATGGG

GGATCATGTA

ACTCGCCTTG

ATCGTTGGGA

RCCGGAGCTG

ARTGAAGCCA

TACCARMCGA

CGAGCGTGAC

ACCACGATGC

CTGTAGCAAT

GGCARACAACG

TTGCGCAAAC

TATTARCTGG

CGAACTACTT

ACTCTAGCTT

CCCGGCRACA

ATTAATAGAC

TGGATGGAGG

CGGATARAGT

TGCAGGACCA

CTTCTGCGCT

CGGCCCTTCC

GGCTGGCTGG

TTTATTGCTG

ATARATCTGG

AGCCGGTGAG

CGTGGAAGCC

GCGGTATCAT

TGCAGCACTG

GGGCCAGATG

GTAAGCCCTC

CCGTATCGTA

GTTATCTACA

CGACGGGGAG

TCAGGCAACT

ATGGATGAAC

GAAATAGACA

GATCGCTGAG

ATAGGTGCCT

CACTGATTARA

GCATTGGTAA

CTGTCAGACC

AARGTTTACTC

ATATATACTT

TAGATTGATT

TAAAACTTCA

TTTTTAATTT

ARARGGATCT

AGGTGAAGAT

CCTTTTTGAT

AATCTCATGA

CCARRATCCC

TTARCGTGAG

TTTTCGTTCC

ACTGAGCGTC

AGACCCCGTA

GAARAGATCA

AAGGATCTTC

TTGRGATCCT

TTTTTTCTGC

GCGTAATCTG

CTGCTTGCAA

ACAARARMARC

CACCGCTACC

AGCGGTGGTT

TGTTTGCCGG

ATCARGAGCT

ACCRACTCTT

TTTCCGAAGG

TAACTGGCTT

CAGCAGAGCG

CAGATACCARA

ATACTGTTCT

TCTAGTGTAG

CCGTAGTTAG

GCCACCACTT

CAAGARCTCT

GTAGCACCGEC

CTACATACCT

CGCTCTGCTA

ATCCTGTTAC

CAGTGGCTEC

TGCCAGTGGEC

GATAAGTCGT

GTCTTACCGG

GITGGACTCA

AGACGATAGT

TACCGGATAA

GGCGCAGCGG

TCGGECTGAA

CGGGEGGEGETTC

GIGCACACAG

CCCAGCTTGG

AGCGARCGAC

CTACACCGRA

CTGAGATACC

TACAGCGTGA

GCTATGAGARA

AGCGCCACGC
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TTCCCGAAGG GAGARAGGCG GACAGGTATC CGGTAAGCGG CAGGGTCGGA ACAGGAGAGC GCACGAGGGA GCTTCCAGGG

GGAAACGCCT GGTATCTTTA TAGTCCTGTC GGGTTTCGCC ACCTCTGACT TGAGCGTCGA TTTTTGTGAT GCTCGTCAGS

GGGGCGGAGC CTATGGARAA ACGCCAGCAA CGCGGCCTTT TTACGGTTCC TGGCCTTTTG CTGGCCTTTT GCTCACATGT

Validation by Restriction Enzyme Digestion

Restriction Enzymes Cutting Sites DNA Fragments (bp)
Ncol 2107, 2376, 2811, 3873 269, 435, 1062, 5274
Apall 2438, 3674, 4979, 5476, 6722 1236, 1305, 497, 1246, 2756
ApaLI+Ncol 2107, 2376, 2438, 2811, 3674, 3873,4979, | 269, 62, 373, 863, 199, 1106, 497,
5476, 6722 1246, 2425

Appendix 2

a) CMV-EGFP control plasmid

Vector Summary
Vector ID VB181226-1397jaz
Vector Name pRP[Exp]-EGFP/Puro-CAG>Stuffer300
_[r)i.:z )Created (Pacific 2018-12-26
Vector Size 6582 bp
Vector Type Mammalian Gene Expression Vector
Plasmid Copy Number High
Antibiotic Resistance Ampicillin
Cloning Host Stbi3 (or alternative strain)

Vector Components

Name Position f;i; Type Description Application notes
CAG W 22-1754 1733 | misc_feature | None note=CAG
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Size

Name Pasition
(bp)

Type Description Application notes

note=Unknown feature

Stuffer_300bp | M 1779-2078 300 | ORF None type:ORF color: #0ed8aa;
direction: RIGHT

note=Unknown feature
type:PolyA_signal color:
#5566f5; direction: RIGHT

Simian virus 40 late

SV40 late pA |2123-2344 222 | PolyA_signal polyadenylation signal

note=Unknown feature
Human type:Promoter color:
Cmv W 2348-2935 583 | Promoter ‘cytome‘galowrus #efbcdf; direction: RIGHT
promoter immediate early full_name=Human
enhancer/promoter cytomegalovirus immediate

early promoter

note=Unknown feature
type:Marker color: #c54b7c;
direction: RIGHT
full_name=EGFP and
puromycin dual reporter
gene

EGFP/Puro W 2967-4283 1317 | ORF EGFP fused with Puro

note=Unknown feature
Bovine growth type:PolyA_signal color:
BGH pA W 4327-4551 225 | PolyA_signal | hormone #d05c0a; direction: RIGHT
polyadenylation signal | full_name=Bovine growth
hormone polyadenylation

note=Unknown feature
type:Rep_origin color:
589 | Rep_origin | pUC origin of replication | #fd3434; direction: LEFT
full_name=pUC origin of
replication

|
complement

(4747-
5335)

pUC ori

note=Unknown feature
type:ORF color: #46c6ef;
direction: LEFT
full_name=Ampicillin
resistance gene

|

complement Ampicillin resistance
(5506- 861 | ORF gene

6366)

Ampicillin

Note: Components added by user are listed in bold red text.

Vector Sequence

CAACTTTGTA TAGRAAAAGTT GCTCGACATT GATTATTGAC TAGTTATTAA TAGTAATCAA TTACGGGGTC ATTAGTTCAT
AGCCCATATA TGGAGTTCCG CGTTACATAAR CTTACGGTAA ATGGCCCGCC TGGCTGACCG CCCAACGACC CCCGCCCATT
GACGTCAATA ATGACGTATG TTCCCATAGT AACGCCRATA GGGACTTTCC ATTGACGTCA ATGGGTGGAG TATTTACGGT
AARCTGCCCA CTTGGCAGTA CATCRAGTGT ATCATATGCC AAGTACGCCC CCTATTGACG TCAATGACGG TAAATGGCCC
GCCTGGCATT ATGCCCAGTA CATGACCTTA TGGGACTTTC CTACTTGGCA GTACATCTAC GTATTAGTCA TCGCTATTAC
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CATGGTCGAG

GTGAGCCCCA

CGTTCTGCTT

CACTCTCCCC

ATCTCCCCCC

CCTCCCCACC

CCCRATTTTG

TATTTATTTA

TTTTTTAATT

ATTTTGTGCA

GCGATGGGGEG

CEEEEEGEEGEE

GGEEGGEGCEC

GCGCCAGGCG

GGECGEEGGEEG

GGEECGAGGGE

CGEGEGCGEGEG

CGAGGCGGAG

AGGTGCGGCG

GCAGCCRATC

AGAGCGGCGC

GCTCCGAARAG

TTTCCTTTTA

TGGCGAGGCG

GCGGCGGLGG

CGGCCCTATA

ARARGCGAAG

CGCGCGGCGE

GCGGGAGTCG

CTGCGCGCTG

CCTTCGCCCC

GTGCCCCGCT

CCGCCGCCGC

CTCGCGCCEC

CCOGCCCCGGEC

TCTGACTGAC

CGCGTTACTC

CCACAGGTGA

GOGGGCGGEA

CGGCCCTTCT

CCTCCGGGECT

GTAATTAGCG

CTTGGTTTAR

TGACGGCTTG

TTTCTTTTCT

GTGGCTGCGET

GAAAGCCTTG

AGGGGCTCCG

GGAGGGECCCT

TTGTGCGGEEE

GGAGCGEGCTC

GGEEEETECE

TGCETGETGETG

TGTGCGETGEGEE

GAGCGCCGCG

TGCGGECTCCG

CGCTGCCCGG

CGGCTGTGAG

CGCTGCGGGEC

GCGGCGCGGE

GCTTTGTGCG

CTCCGCAGTG

TGCGCGAGGG

GAGCGCGGCC

GGGGGCGETG

CCCCGCGETG

CGEGGGEGGEC

TGCGAGGGGA

ACARAGGCTG

CGTGCGGGGET

GTGTGCGTGG

GGGGGTGAGC

AGGGGGETGETG

GGCGCGETCGE

TCGGGCTGCA

ACCCCCCCTG

CACCCCCCTC

CCCGAGTTGC

TGAGCRCGGC

CCGGCTTCGG

GTGCGGEGECT

CCGTACGGGEE

CGTGGCGCEE

GGCTCGCCGT

GOCGGGCGGEG

GGGTGGCGGEC

AGGTGGGGET

GCCGEGECGGEE

GOGGGGECCGC

CTCGGGECCGEE

GGAGGGECTCG

GGGGAGGGET

GOGGCGGCCC

CCGGAGCGCC

GGCGGCTGTC

GAGGCGCGED

GAGCCGCAGC

CATTGCCTTT

TATGGTAATC

GTGCGAGRAGE

GCGCAGGGAC

TTCCTTTGTC

CCARATCTGT

GCGGAGCCGA

AATCTGGGAG

GCGCCGCCGC

ACCCCCTCTA

GCGEGECGECGE

GGCGEARGCGGE

TGCGGECGCCGE

GCAGGARAGGA

RAATGGGCGEG

GAGGGCCTTC

GTGCGTCGCC

GCGCCGCCET

CCCCTTCTCC

CTCTCCAGCC

TCGGEEGECTGET

CCGCGEGGEEG

ACGGCTGCCT

TCGGGGEGEGA

CGGGGCAGGG

CGGGGTTCGG

CTTCTGGCGT

GTGACCGGCG

GCTCTAGAGC

CTCTGCTAAC

CATGTTCATG

CCTTCTTCTT

TTTCCTACAG

CTCCTGGGCA

ACGTGCTGGET

TATTGTGCTG

TCTCATCATT

TTGGCAAAGA

ATTGCAAGTT

TGTACRAAMR

AGCAGGCTGT

CGTTTTACAR

CGTCGTGACT

GGGAARACCC

TGGCGTTACC

CAACTTAATC

GCCTTGCAGC

ACATCCCCCT

TTCGCCAGCT

GGCGTAATAG

CGAAGAGGCC

CGCACCGATC

GCCCTTCCCA

ACAGTTGCGC

AGCCTGARATG

GCGAATGGCG

CTTTGCCTGG

TTTCCGGCAC

CAGAAGCGGET

GCCGGRAAGC

TGGCTGGAGT

GCGATCTTCC

TGAGGCCGAT

ACTGTCGTCG

TCCCCTCARA

CTGGCAGATG

CACGGTTACG

ATGCGCCCAT

CTACACCARC

GTARCCTATC

CCATTACGAC

CCAGCTTTCT

TGTACARAGT

GGTGEATGGCC

GECCGCTTCG

AGCAGRACATG

ATAAGATACA

TTGATGAGTT

TGGACAAACC

ACARCTAGAR

TGCAGTGAMA

AMARTGCTTT

ATTTGTGARA

TTTGTGATGC

TATTGCTTTA

TTTETARCCA

TTATAAGCTG

CAATARACAR

GTTAACARACA

ACAATTGCAT

TCATTTTATG

TTTCAGGTTC

AGGGGGAGGT

GTGGGAGGTT

TTTTAARGCA

AGTARRACCT

CTACARATGT

GGTACGCGTT

GACATTGATT

ATTGACTAGT

TATTAATAGT

AATCARATTAC

GGGGTCATTA

GTTCATAGCC

CATATATGGA

GTTCCGCGTT

ACATAACTTA

CGGTARATGG

CCCGCCTGGC

TGACCGCCCA

ACGACCCCCG

CCCATTGACG

TCAATAATGA

CGTATGTTCC

CATAGTARACG

CCARTRAGGGA

CTTTCCATTG

ACGTCRATGG

GTGGAGTATT

TACGGTAAAC

TGCCCACTTG

GCAGTACATC

ARGTGTATCA

TATGCCRAGT

ACGCCCCCTA

TTGACGTCAR

TGACGGTARA

TGGCCCGCCT

GGCATTATGC

CCAGTACATG

ACCTTATGGG

ACTTTCCTAC

TTGGCAGTAC

ATCTACGTAT

TAGTCATCGC

TATTACCATG

GTGATGCGGT

TTTGGCAGTA

CATCAATGGG

CGTGGATAGC

GGTTTGACTC

ACGGGGATTT

CCAAGTCTCC

ACCCCATTGA

CGTCAATGGG

AGTTTGTTTT

GGCACCARARA

TCARCGGGAC

TTTCCARAAT

GTCGTAACAR

CTCCGCCCCA

TTGACGCAAR

TGGGCGEGTAG

GCGTGTACGG

TGGGAGGTCT

ATATARGCAG

AGCTCTCTGG

CTARCTAGAG

ARCCCACTGC

GCCACCATGG

TGAGCAAGGG

CGAGGAGCTG

TTCACCGGGE

TGGTGCCCAT

CCTGGTCGAG

CTGGACGGCG

ACGTAARACGG

CCACARGTTC

AGCGTGTCCG

GCGAGGEGCGA

GGGCGATGCC

ACCTACGGCA

AGCTGACCCT

GARAGTTCATC

TGCACCACCG

GCARAGCTGCC

CGTGCCCTGG

CCCACCCTCG

TGACCACCCT

GACCTACGGC

GTGCAGTGCT

TCAGCCGCTA

CCCCGACCAC

ATGAAGCAGC

RACGACTTCTT

CRAGTCCGCC

ATGCCCGAAG

GCTACGTCCA

GGAGCGCACC

ATCTTCTTCA

AGGACGACGG

CAACTACAAG

RCCCGCGCCG

AGGTGRAGTT

CGAGGGCGAC

ACCCTGGTGA

ACCGCATCGA

GCTGARGGGC

ATCGACTTCA

AGGAGGACGG

CAACATCCTG

GGGCACAAGC

TGGAGTACAA

CTACARCAGC

CACARCGTCT

ATATCATGGC

CGACAAGCAG

ARGAACGGCA

TCARGGTGAA

CTTCARGATC

CGCCACRACA

TCGAGGACGG

CAGCGTGCAG

CTCGCCGACC

ACTACCAGCA

GRACACCCCC

ATCGGCGACG

GCCCCETGCT

GCTGCCCGAC

ARCCACTACC

TGAGCACCCA

GTCCGCCCTG

AGCARRGACC

CCARCGAGAR

GCGCGATCAC

ATGGTCCTGEC

TGGAGTTCGT

GACCGCCGCC

GGGATCACTC

TCGGECATGGEA

CGAGCTGTAC

ARGATGACCG

AGTACRAGCC

CRACGGTGCGEC

CTCGCCACCC

GCGACGACGT

CCCCAGGGCC

GTACGCACCC

TCGCCGCCGET

GTTCGCCGAC

TACCCCGCCA

CGCGCCACAC

CGTCGATCCG

GACCGCCACA

TCGAGCGGGET

CACCGAGCTG

CAAGAACTCT

TCCTCACGCG

CGTCGGGCTC

GACATCGGCA

AGGTGTGGGET

CGCGGRCGAC

GGCGCCGCGG

TGGCGGETCTG

GACCACGCCG

GAGAGCGTCG

AAGCGGGGEGEC

GGTGETTCGCC

GAGATCGGCC

CGCGCATGGC

CGAGTTGAGC

GGTTCCCGGC

TGGCCGCGCA

GCAACAGATG

GAAGGCCTCC

TGGCGCCGCA

CCGGCCCRAG

GAGCCCGCGT

GGTTCCTGGC

CACCGTCGGC

GTCTCGCCCG

ACCACCAGGG

CAAGGGTCTG

GGCAGCGCCG

TCGETGCTCCC

CGGAGTGGAG

GCGECCGAGC

GOGCCEGGEET

GCCCGCCTTC

CTGGAGACCT

CCGLECCCCE

CRACCTCCCC

TTCTACGAGC

GGCTCGGCTT

CACCGTCACC

GCCGACGTCG

AGGTGCCCGA
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AGGACCGCGC

ACCTGGTGCA

TGACCCGCAR

GCCCGGTGCC

TGACTCGAGT

CTAGAGGGCC

CGTTTAARCC

CGCTGATCAG

CCTCGRCTGET

GCCTTCTAGT

TGCCAGCCAT

CTGTTGTTTG

CCCCTCCCCC

GTGCCTTCCT

TGACCCTGGA

AGGTGCCACT

CCCACTGTCC

TTTCCTAATA

ARATGAGGAR

ATTGCATCGC

ATTGTCTGAG

TAGGTGTCAT

TCTATTCTGG

GGGGETGGEGET

GGGGCRAGGAC

AGCARGGGGE

AGGATTGGGA

AGACRATAGC

AGGCATGCTG

GGGATGCGGT

GGGCTCTATG

GGCGGCCGECE

GCGCTCTTCC

GCTTCCTCGED

TCACTGACTC

GCTGCGCTCG

GTCGTTCGGC

TGCGGCGAGT

GGTATCAGCT

CACTCARAGG

4641 CGGTAATACG

GTTATCCACA

GRATCAGGGG

ATARACGCAGG

ARRAGAACATG

TGAGCARARG

GCCAGCARAR

GGCCAGGAAC

CGTAARARGG

CCGCGTTGCT

GGCGTTTTTC

CATAGGCTCC

GCCCCCCTGA

CGAGCATCAC

ARARATCGAC

GCTCAAGTCA

GAGGTGGCGA

ARCCCGACAG

GACTATAARG

ATACCAGGCG

TTTCCCCCTG

GAAGCTCCCT

CGTGCGCTCT

CCTGTTCCGA

CCCTGCCGCT

TACCGGATAC

CTGTCCGCCT

TTCTCTCTTC

GGGAAGCGTG

GCGCTTTCTC

ATAGCTCACG

CTGTAGGTAT

CTCAGTTCGG

TGTAGGTCGT

TCGCTCCAAG

CTGGGCTGTG

TGCACGAACC

CCCCGTTCAG

CCCGACCGCT

GCGCCTTATC

CGGTAACTAT

CGTCTTGAGT

CCAACCCGET

AAGACACGAC

TTATCGCCAC

TGGCAGCAGT

CACTGGTARC

AGGATTAGCA

GAGCGAGGTA

TGTAGGCGGT

GCTACAGAGT

TCTTGAAGTG

GTGGCCTRAC

TACGGCTACA

CTAGARGRAC

AGTATTTGGT

5op1 ATCTGCGCTC

TGCTGAAGCC

AGTTACCTTC

GGARAARAGAG

TTGGTAGCTC

TTGATCCGGC

AMRCARRACCA

CCGCTGGTAG

5281 CGGTGGETTTT

TTTGTTTGCA

AGCAGCAGAT

TACGCGCAGA

ARRAMAGGAT

CTCAAGAAGA

TCCTTTGATC

TTTTCTACGG

5361 GGTCTGACGC

TCAGTGGAAC

GAAAACTCAC

GTTAAGGGAT

TTTGGTCATG

AGATTATCAA

ARAGGATCTT

CACCTAGATC

5441 CTTTTARAATT

ARAMATGAAG

TTTTARATCA

ATCTAAAGTA

TATATGAGTA

ARCTTGGTCT

GACAGTTACC

ARTGCTTRAT

5591 CAGTGAGGCA

CCTATCTCAG

CGATCTGTCT

ATTTCGTTCA

TCCATAGTTG

CCTGACTCCC

CGTCGTGTAG

ATAACTACGA

5p01  TACGGGAGGG

CTTACCATCT

GGCCCCAGTG

CTGCAATGAT

ACCGCGAGAC

CCACGCTCAC

CGGCTCCAGA

TTTATCAGCA

ATARACCAGC

CAGCCGGAAG

GGCCGAGCGT

AGAAGTGGTC

CTGCAACTTT

ATCCGCCTCC

ATCCAGTCTA

TTAATTGTTG

CCGGGRAGCT

AGAGTAAGTA

GTTCGCCAGT

TAATAGTTTG

CGCAACGTTG

TTGCCATTGC

TACAGGCATC

GTGGTGTCAC

GCTCGTCGTT

TGGTATGGCT

TCATTCAGCT

CCGGTTCCCA

ACGATCAAGG

CGAGTTACAT

GATCCCCCAT

GITGTGCAAA

5621 AAAGCGGTTA

GCTCCTTCGE

TCCTCCGATC

GTTGTCAGAA

GTAAGTTGGEC

CGCAGTGTTA

TCACTCATGE

TTATGGCAGC

6001 ACTGCATAAT

TCTCTTACTG

TCATGCCATC

CGTAAGATGC

TTTTCTGTGA

CTGGTGAGTA

CTCAACCAAG

TCATTCTGAG

AATAGTGTAT

GCGGCGACCE

AGTTGCTCTT

GCCCGGLGETC

AATACGGGAT

ARTACCGCGC

CACATAGCAG

ARCTTTARRA

GTGCTCATCA

TTGGARAACG

TTCTTCGGGG

CGAAAACTCT

CARGGATCTT

ACCGCTGTTG

AGATCCAGTT

CGATGTAACC

p2a1 CACTCGTGCA

CCCAACTGAT

CTTCAGCATC

TTTTACTTTC

ACCAGCGTTT

CTGGGTGAGC

ARARACAGGA

AGGCARAATG

GGGAATARGG

GCGACRACGGA

ARTGTTGAAT

ACTCATACTC

TTCCTTTTTC

AATATTATTG

ARGCATTTAT

6401 CAGGGTTATT

GTCTCATGAG

CGGATACATA

TTTGAATGTA

TTTAGARRAR

TAAACARATA

GGGGTTCCGC

GCACATTTCC

gag1 CCGAAAAGTG

CCACCTGACG

TCTAAGARAC

CATTATTATC

ATGACATTAR

CCTATARARA

TAGGCGTATC

ACGAGGCCCT

561 TTCGTCGGCG

CGCCGCGGECT

Validation by Restriction Enzyme Digestion

GC

Restriction Enzymes

Cutting Sites

DNA Fragments (bp)

Nael

1341, 1500, 2111

159, 611, 5812

Fspl

1909, 5802

3893, 2689

Spel

40, 2366

2326, 4256

Apall

5001, 6247

1246, 5336

ApalLl+Fspl

1909, 5001, 5802, 6247

3092, 801, 445, 2244

Apall+Spel

40, 2366, 5001, 6247

2326, 2635, 1246, 375

Apall+Nael

1341, 1500, 2111, 5001, 6247

159, 611, 2890, 1246, 1676
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b) GFAP-Gem overexpression plasmid

Vector Summary

Vector ID VB190514-1022kfc

Vector Name pRP[Exp]-EGFP-GFAP_long>rGem[NM_001106637.1]
_[:i?l:z )Created (Pacific 2019-05-13

Vector Size 7024 bp

Vector Type Mammalian Gene Expression Vector
Inserted Promoter GFAP_long

Inserted ORF rGem[NM_001106637.1]

Inserted Marker EGFP

Plasmid Copy Number High

Antibiotic Resistance Ampicillin

Cloning Host Stbl3 (or alternative strain)
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Size

Name Position (bp) Type Description Application notes
Human glial Tissue specificity:
GFAP_long m222199 2178 | Promoter fibrillary acidic Brain. Cell type
protein promoter specificity:
(2.1 kb) Astrocytes.
Facilitates translation
Kozak translation initiation of ATG start
Kozak W 2224-2229 6 | Miscellaneous |, ..~ . codon downstream
initiation sequence
of the Kozak
sequence.
rGem[NM_001106637.1] | ®2230-3117 888 | ORF None None
Allows transcription
Simian virus 40 late ;i:{;;;g::;;;g: of
SV40 late pA 3162-3383 222 | PolyA_signal lyadenylati
aep - OyA.signa Eior)::I enylation mRNA transcribed by
9 Pol 1 RNA
polymerase.
Human Strong promoter;
CMV promoter w3387-3974 | 588 | Promoter cytomegalovirus | may have variable
immediate early strength in some cell
enhancer/promoter | types.
Enhanced green Commonly used
fluorescent protein; | green fluorescent
codon optimized protein; ranked high
EGFP 4006-4725 720 | ORF based on avariant | in brightness,
of wild type GFP photostability and pH
from the jellyfish stability among all
Aequorea victoria fluorescent proteins.
Allows transcription
Bovine growth termination and
. hormone polyadenylation of
BGH pA W 4769-4993 225 | PolyA signal polyadenylation mRNA transcribed by
signal Pol II RNA
polymerase.
Facilitates plasmid
. replication in E. coli;
. complement L. pUC origin of .
puUC ori (5189- 589 | Rep_origin replication regula.tes high-copy
5777) plasmid number
(500-700)
- | . Ampicilli ist Allows E. coli to be
Ampicillin complemen 861 | ORF MPICITiN FESISTAnce | o qistant to

(5948-
6808)

gene

ampicillin.
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Vector Sequence

CARACTTTGTA

TAGARRAGTT

GGAGCTCCCA

CCTCCCTCTC TGTGCTGGGA

CTCACAGAGG

GAGACCTCAG

GAGGCAGTCT

GTCCATCACA

TGTCCAAATG

CAGAGCATAC

CCTGGGCTGG GCGCAGTGGC

GCACAACTGT

AATTCCAGCA

CTTTGGGAGG

CTGATGTGGA

AGGATCACTT

GAGCCCAGAA

GTTCTAGACC AGCCTGGGCA

ACATGGCAAG

ACCCTATCTC

TACAARRARLR

GTTAAAAARAT

CAGCCACGTG

TGGTGACRCA

CACCTGTAGT CCCAGCTATT

CAGGAGGCTG

AGGTGAGGGG

ATCACTTAAG

GCTGGGAGGT

TGAGGCTGCA

GTGAGTCGTG

GTTGCGCCAC TGCACTCCAG

CCTGGGCARAC

AGTGAGACCC

TGTCTCAARRA

GACAAARARRD

ADADRADRRA

ARARAGAACA

TATCCTGGTG TGGAGTAGGG

GACGCTGCTC

TGACAGAGGC

TCGGGGGCCT

GAGCTGGCTC

TGTGAGCTGG

GGAGGAGGCA

GACAGCCAGG CCTTGTCTGC

ARGCAGACCT

GGCAGCATTG

GGCTGGCCGC

CCCCCAGGGC

CTCCTCTTCA

TGCCCAGTGA

ATGACTCACC TTGGCACAGA

CACAATGTTC

GGGGTGGGCA

CAGTGCCTGC

TTCCCGCCGC

ACCCCAGCCC

CCCTCAAATG

CCTTCCGAGA AGCCCATTGA

GCAGGGGGCT

TGCATTGCAC

CCCAGCCTGA

CAGCCTGGCA

TCTTGGGATA

ARARAGCAGCAC

AGCCCCCTAG GGGCTGCCCT

TGCTGTGTGG

CGCCACCGGC

GGTGGAGAAC

ARGGCTCTAT

TCAGCCTGTG

CCCAGGARAG

GGGATCAGGG GATGCCCAGG

CATGGACAGT

GGGTGGCAGG

GGGGGAGAGG

AGGGCTGTCT

GCTTCCCAGA

AGTCCAAGGA

CACARATGGG TGAGGGGACT

GGGCAGGGTT

CTGACCCTGT

GGGACCAGAG

TGGAGGGCGET

AGATGGACCT

GARAGTCTCCA

GGGACAACAG GGCCCAGGTC

TCAGGCTCCT

AGTTGGGCCC

AGTGGCTCCA

GCGTTTCCARA

ACCCATCCAT

CCCCAGAGGT

TCTTCCCATC TCTCCAGGCT

GATGTGTGGG

AACTCGAGGA

ARTARATCTC

CAGTGGGAGA

CGGAGGGGTG

GCCAGGGARA

CGGGGCGCTG CAGGAATAAR

GACGAGCCAG

CACAGCCAGC

TCATGCGTAR

CGGCTTTGTG

GAGCTGTCRA

GGCCTGGTCT

CTGGGAGAGR GGCACAGGGA

GGCCAGACARA

GGAAGGGGTG

ACCTGGAGGG

ACAGATCCAG

GGGCTAAAGT

CCTGATARGG

CAAGAGAGTG CCGGCCCCCT

CTTGCCCTAT

CAGGACCTCC

ACTGCCACAT

AGRGGCCATG

ATTGACCCTT

AGACAAAGGG

CTGGTGTCCA ATCCCAGCCC

CCAGCCCCAG

AACTCCAGGG

AATGAATGGG

CRAGAGAGCRG

GAATGTGGGA

CATCTGTGTT

CAAGGGAAGG ACTCCAGGAG

TCTGCTGGGA

ATGAGGCCTA

GTAGGRAATG

AGGTGGCCCT

TGAGGGTACA

GRACAGGTTC

ATTCTTCGCC ARATTCCCAG

CACCTTGCAG

GCACTTACAG

CTGAGTGAGA

TAATGCCTGG

GTTATGARAAT

CAARAAGTTG

GAARGCAGGT CAGAGGTCAT

CTGGTACAGC

CCTTCCTTCC

CTTTTTTTTIT

TTTTTTTTTT

TTGTGAGACA

AGGTCTCTCT

CTGTTGCCCA GGCTGGAGTG

GCGCRAACAC

AGCTCACTGC

AGCCTCARACC

TACTGGGCTC

AAGCAATCCT

CCAGCCTCAG

CCTCCCAAAG TGCTGGGATT

ACAAGCATGA

GCCACCCCAC

TCAGCCCTTT

CCTTCCTTTT

TAATTGATGC

ATAATAATTG

TAAGTATTCA TCATGGTCCA

ACCAACCCTT

TCTTGACCCA

CCTTCCTAGA

GAGAGGGTCC

TCTTGCTTCA

GCGGTCAGGG

CCCCAGACCC ATGGTCTGGC

TCCAGGTACC

ACCTGCCTCA

TGCAGGAGTT

GGCGTGCCCA

GGAAGCTCTG

CCTCTGGGCA

CAGTGACCTC AGTGGGGTGA

GGGGAGCTCT

CCCCATAGCT

GGGCTGCGGC

CCARACCCCAC

CCCCTCAGGC

TATGCCAGGG

GGTGTTGCCA GGGGCACCCG

GGCATCGCCA

GTCTAGCCCA

CTCCTTCATA

AAGCCCTCGC

ATCCCAGGAG

CGAGCAGAGC

CAGAGCAGGC ARAGTTTGTAC

AMARRAAGCAG

GCTGCCACCA

TGACTCTGAA

TARCGTCACC

ATGCGCCAAG

GCACTGTGGG

CATGCAGCCA CAGCARACGCT

GGAGCATCCC

TGCTGATGGC

AGGCATCTGA

TGGTCCAGAA

GGATCCCCAC

CCCTGCAACC

CCCACRACCA CCACTCCACT

GCTCCCGATG

ACCACTGCCG

GCGGAGCTGG

TCCTCCGAGT

CCACAGACTC

GGTTATCTCT

TCCGAGTCAG GAARCACCTA

CTACCGAGTG

GIGCTTATTG

GGGAGCAAGG

AGTGGGCARG

TCCACCCTGG

CCAACATCTT

TGCAGGTGTA CATGACAGCA

TGGACAGCGA

CTGTGAGGTC

TTGGGAGAAG

ATACATATGA

GCGTACCCTG

GTCGTTGATG

GAGAGAGTGC AACCATTATC

CTACTGGACA

TGTGGGAAAR

TAAGGGGGAG

AATGAATGGC

TCCACGACCA

CTGCATGCAG

GTCGGGGACG CCTACCTGAT

CGTCTACTCC

ATCACAGACC

GGGCGAGCTT

TGAGAAGGCG

TCTGAGCTGA

GGATCCAGCT

CCGCAGGGCC CGGCAGACAG

AAGRCATTCC

TATAATTTTG

GTTGGCAACA

ARAGCGACTT

AGTGCGGTGT

CGAGAAGTGT

CTGTGTCAGA AGGGAGAGCT

TGTGCCGTGG

TGTTCGACTG

CARATTCATC

GAGACCTCTG

CAGCCGTGCA

GCACRACGTG

RAAGGAACTGT TTGAGGGCAT

TGTGCGGCAG

GTCCGTCTGC

GTCGGGACAG

CAAGGAAARG

AACGAGAGGA

GGCTGGCCTA

CCAGRAGAGG CGGGAGAGTA

TCCCCAGGAA

AGCCAGACGC

TTCTGGGGCA

ARATTGTAGC

CRAARACARC

BAGAACATGG

CTTTCRAGCT CAAGTCAAAR

TCCTGCCATG

ACCTGTCTGT

GCTCTAGACC

CAGCTTTCTT

GTACARAGTG

GTGATGGCCG

GCCGCTTCGA GCAGACATGA

TAAGATACAT

TGATGAGTTT

GGACARACCA

CAACTAGAAT

GCAGTGAARA

ARATGCTTTA

TTTGTGARAT TTGTGATGCT

ATTGCTTTAT

TTGTAACCAT

TATAAGCTGC

ARTAARCARG

TTAACAACAR

CARATTGCATT

CATTTTATGT TTCAGGTTCA

GGGGGAGGTG

TGGGAGGTTT

TTTAARGCARA

GTAARACCTC

TACARATGTG

GTACGCGTTG

ACATTGATTA TTGACTAGTT

ATTAATAGTA

ATCAATTACG

GGGTCATTAG
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TTCATAGCCC

ATATATGGAG

TTCCGCGTTA

CATAACTTAC

GGTARATGGC

CCGCCTGGCT

GACCGCCCRA

CGACCCCCGC

CCATTGACGT

CAATAATGAC

GTATGTTCCC

RTAGTARCGC

CRATAGGGAC

TTTCCATTGA

CGTCAATGGG

TGGAGTATTT

ACGGTARACT

GCCCACTTGG

CAGTACATCA

RAGTGTATCAT

ATGCCAAGTA

CGCCCCCTAT

TGACGTCAAT

GACGGTARAT

GGCCCGCCTG

GCATTATGCC

CAGTACATGA

CCTTATGGGA

CTTTCCTACT

TGGCAGTACA

TCTACGTATT

AGTCATCGCT

ATTACCATGG

TGATGCGGTT

TTGGCAGTAC

ATCRATGGGC

GTGGATAGCG

GTTTGACTCA

CGGGGATTTC

CAAGTCTCCA

CCCCATTGAC

GTCAATGGGA

GTTTGTTTTG

GCACCAARAT

CAACGGGACT

TTCCAARATG

TCGTAACAAC

TCCGCCCCAT

TGACGCAARAT

GGGCGGTAGG

CGTGTACGGT

GGGAGGTCTA

TATARGCAGA

GCTCTCTGGC

TRACTAGAGA

ACCCACTGCG

CCACCATGGT

GAGCRAGGGC

GAGGAGCTGT

TCACCGGGGT

GGTGCCCATC

CTGGTCGAGC

TGGACGGCGA

CGTARACGGC

CACARGTTCA

GCGTGTCCGG

CGAGGGCGRG

GGCGATGCCA

CCTACGGCARA

GCTGACCCTG

AAGTTCATCT

GCACCACCGG

CAAGCTGCCC

GTGCCCTGGC

CCACCCTCGT

GACCACCCTG

ACCTACGGCG

TGCAGTGCTT

CAGCCGCTAC

CCCGACCACA

TGARGCAGCA

CGACTTCTTC

ARGTCCGCCA

TGCCCGAAGG

CTACGTCCAG

GAGCGCACCA

TCTTCTTCAA

GGACGACGGC

AACTACAAGA

CCCGCGCCGA

GGTGRAGTTC

GAGGGCGACA

CCCTGGTGRA

CCGCATCGAG

CTGAAGGGCA

TCGACTTCAR

GGAGGACGGC

ARCATCCTGG

GGCACAAGCT

GGAGTACARAC

TACAACAGCC

ACRACGTCTA

TATCATGGCC

GACARGCAGA

AGAACGGCAT

CAAGGTGAAC

TTCAAGATCC

GCCACAACAT

CGAGGACGGC

AGCGTGCAGC

TCGCCGACCA

CTACCAGCAG

ARCACCCCCA

TCGGCGACGG

CCCCGTGCTG

CTGCCCGACA

ACCACTACCT

GAGCACCCAG

TCCGCCCTGA

GCARRGACCC

CAACGAGAAG

CGCGATCACA

TGGTCCTGCT

GGAGTTCGTG

ACCGCCGCCG

GGATCACTCT

CGGCATGGAC

GAGCTGTACA

AGTRACTCGA

GTCTAGAGGG

CCCGTTTARA

CCCGCTGATC

AGCCTCGACT

GTGCCTTCTA

GTTGCCAGCC

ATCTGTTGTT

TGCCCCTCCC

CCGTGCCTTC

CTTGACCCTG

GAAGGTGCCA

CTCCCACTGT

CCTTTCCTAA

TRAAATGAGG

ARATTGCATC

GCATTGTCTG

AGTAGGTGTC

ATTCTATTCT

GGGGGGTGGEE

GTGGGGCAGG

ACAGCARAGGG

GGAGGATTGG

GARGRCAATA

GCAGGCATGC

TGGGGATGCG

GTGGGCTCTA

TGGGCGGCCE

CGGCGCTCTT

CCGCTTCCTC

GCTCACTGAC

TCGCTGCGCT

CGGTCGTTCG

GCTGCGGCGA

GCGGTATCAG

CTCACTCRAA

GGCGGTAATA

CGGTTATCCA

CAGAATCAGG

GGATRACGCA

GGAAAGAACA

TGTGAGCARA

AGGCCAGCAA

ARGGCCRGGA

ACCGTARRAAR

GGCCGCGTTG

CTGGCGTTTT

TCCATAGGCT

CCGCCCCCCT

GACGAGCATC

ACARARATCG

ACGCTCAAGT

CAGAGGTGGC

GAARACCCGAC

AGGACTATAA

AGATACCAGG

CGTTTCCCCC

TGGARGCTCC

CTCGTGCGCT

CTCCTGTTCC

GACCCTGCCG

CTTACCGGAT

ACCTGTCCGC

CTTTCTCTCT

TCGGGAAGCG

TGGCGCTTTC

TCATAGCTCA

CGCTGTAGGT

ATCTCAGTTC

GGTGTAGGTC

GTTCGCTCCA

AGCTGGGCTG

TGTGCACGAA

CCCCCCGTTC

AGCCCGACCG

CTGCGCCTTA

TCCGGTAACT

ATCGTCTTGA

GTCCARACCCG

GTAAGACACG

ACTTATCGCC

ACTGGCAGCA

GCCACTGGTA

RCAGGATTAG

CAGAGCGAGG

TATGTAGGCG

GTGCTACAGA

GTTCTTGAAG

TGGTGGCCTA

ACTACGGCTA

CACTAGAAGA

RCAGTATTTG

GTATCTGCGC

TCTGCTGAAG

CCAGTTACCT

TCGGRAARAG

AGTTGGTAGC

TCTTGATCCG

GCAARCARRC

CACCGCTGGT

AGCGGTGGTT

TTTTTGTTTG

CAAGCAGCAG

ATTACGCGCA

GRARADDAGG

ATCTCRAGRA

GATCCTTTGA

TCTTTTCTAC

GGGGTCTGAC

GCTCAGTGGA

ACGAAARCTC

ACGTTAAGGG

ATTTTGGTCA

TGAGATTATC

ARARAGGATC

TTCACCTAGA

TCCTTTTARA

TTAAAARTGA

AGTTTTARAT

CAATCTARAG

TATATATGAG

TAAACTTGGT

CTGACAGTTA

CCAATGCTTA

ATCAGTGAGG

CACCTATCTC

AGCGATCTGT

CTATTTCGTT

CATCCATAGT

TGCCTGACTC

CCCGTCGTGT

RGATAACTAC

GATACGGGAG

GGCTTACCAT

CTGGCCCCRG

TGCTGCRATG

ATACCGCGAG

ACCCRCGCTC

ACCGGCTCCR

GATTTATCAG

CAATRAACCA

GCCAGCCGGA

AGGGCCGAGC

GCAGRAGTGG

TCCTGCAACT

TTATCCGCCT

CCATCCAGTC

TATTARTTGT

TGCCGGGAAG

CTAGAGTAAG

TAGTTCGCCA

GTTRAATAGTT

TGCGCAACGT

TGTTGCCATT

GCTACAGGCA

TCGTGGTGTC

ACGCTCGTCG

TTTGGTATGG

CTTCATTCAG

CTCCGGTTCC

CAACGATCAA

GGCGAGTTAC

ATGATCCCCC

ATGTTGTGCA

AARAAGCGGT

TAGCTCCTTC

GGTCCTCCGA

TCGTTGTCAG

AAGTAAGTTG

GCCGCAGTGT

TATCACTCAT

GGTTATGGCA

GCACTGCATA

ATTCTCTTAC

TGTCATGCCA

TCCGTAAGAT

GCTTTTCTGT

GACTGGTGAG

TACTCAACCA

AGTCATTCTG

AGAATAGTGT

ATGCGGCGAC

CGAGTTGCTC

TTGCCCGGCG

TCAATACGGG

ATAATACCGC

GCCACATAGC

AGAACTTTAA

AAGTGCTCAT

CATTGGARAA

CGTTCTTCGG

GGCGARAACT

CTCAAGGATC

TTACCGCTGT

TGAGATCCARG

TTCGATGTAA

CCCACTCGTG

CACCCARCTG

ATCTTCAGCA

TCTTTTACTT

TCACCAGCGT

TTCTGGGTGA

GCAARAACAG

GAAGGCAAAR

TGCCGCRARA

AAGGGAATAR

GGGCGACACG

GARATGTTGA

ATACTCATAC

TCTTCCTTTT

TCAATATTAT

TGAAGCATTT

ATCAGGGTTA

TTGTCTCATG

AGCGGATACA

TATTTGRATG

TATTTAGARA

AATARACRAR

TAGGGGTTCC

GCGCACATTT

CCCCGARAAG

TGCCACCTGA

CGTCTAAGAR

ACCATTATTA

TCATGACATT

AACCTATRAR

AATAGGCGTA

TCACGAGGCC

CTTTCGTCGG

CGCGCCGCGE

CCGC
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Restriction Enzymes Cutting Sites DNA Fragments (bp)
Nael 1323, 2390, 3150 1067, 760, 5197
Smal 2130 7024
Xmal 2128 7024
Apall 5443, 6689 1246, 5778
Dralll 2908 7024
ApalLI+Xmal 2128, 5443, 6689 3315, 1246, 2463
ApalLI+Smal 2130, 5443, 6689 3313, 1246, 2465
ApalLI+Nael 1323, 2390, 3150, 5443, 6689 1067, 760, 2293, 1246, 1658
ApalLI+Dralll 2908, 5443, 6689 2535, 1246, 3243

c) GFAP-Gem shRNA knockdown plasmid

Vector Summary
Vector ID VB190507-1061xgu
Vector Name pRP[mIR30]-GFAP_long>EGFP:{rGem}

Date Created (Pacific

Time) 2019-05-06

Vector Size 5586 bp

Vector Type Mammalian miR30-shRNA Knockdown Vector
Inserted Promoter GFAP_long

Inserted ORF EGFP

Inserted shRNA {rGem}

Target Sequence AGACAGAAGACATTCCTATAAT

Plasmid Copy Number High

Antibiotic Resistance Ampicillin

Cloning Host Stbl3 (or alternative strain)
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Vector Components

Name Position ?tlazpi Type Description Application notes
Human glial fibrillary . - .
Tissue specificity: Brain. Cell
GFAP_long | 22-2199 2178 | Promoter acidic protein promoter 55t p. I.I |.y I
type specificity: Astrocytes.
(2.1 kb)
Facilitates translation
Kozak 22242229 6 | Miscellaneous Kozak translation initiation | initiation of ATG start codon
sequence downstream of the Kozak
sequence.
Enhanced green Commonly used green
fluorescent protein; codon | fluorescent protein; ranked
EGEP = 2230-2949 720 | orRE Opt‘ImIZEd bgsed ona high in bnghtness,
variant of wild type GFP photostability and pH
from the jellyfish stability among all
Aequorea victoria fluorescent proteins.
Human miR30 5' context | Allows to form mature
5' miR-30E | W 2974-3101 128 | Miscellaneous | with several bases shRNA and trigger
mutation knockdown.
{rGem} W 3102-3164 63 | shRNA None None
Human miR30 3' context | Allows to form mature
3" miR-30E | M 3165-3294 130 | Miscellaneous | with several bases shRNA and trigger
mutation knockdown.
Allows transcription
- . termination and
SVaolate | 33343555 | 222 | Polya signal | O/mian virus 40 late polyadenylation of mRNA
pA polyadenylation signal -
transcribed by Pol II RNA
polymerase.
- Facilitates plasmid
o o replication in E. coli;
pUC ori co{r;?;ement 589 | Rep_origin pUC origin of replication | regulates high-copy plasmid
4339) number (500-700).
|
Ampicillin complement 861 | ORF Ampicillin resistance gene Allows _E‘,C_OII to be resistant
(4510- to ampicillin.
5370)

Note: Components added by user are listed in bold red text.
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Vector Sequence

CAACTTTGTA

GTCCATCACA

TAGAAMAGTT

TGTCCAAATG

GGAGCTCCCA

CCTCCCTCTC TGTGCTGGGA

CTCACAGRGG GAGACCTCAG

GAGGCAGTCT

CAGAGCATAC

CCTGGGCTGG

GCGCAGTGGC

GCACAACTGT

AATTCCAGCA

CTTTGGGAGG

CTGATGTGGA

RAGGATCACTT

GAGCCCAGAR

GTTCTAGACC

AGCCTGGGCA

ACATGGCAAG

ACCCTATCTC

TACARRARAR

GITAAAAAAT

CAGCCACGTG

TGETGACACA

CACCTGTAGT

CCCAGCTATT

CAGGAGGCTG

AGGTGAGGGG

ATCACTTAAG

GCTGGGRGET

TGAGGCTGCA

GTGAGTCGTG

GTTGCGCCAC

TGCACTCCAG

CCTGGGCRAC

AGTGAGRCCC

TGTCTCAARR

GACAAARRRR

ARAAARRARR

AAARAGAACA

TATCCTGGETG

TGGAGTAGGE

GACGCTGCTC

TGACAGAGGC

TCGGEGGGCCT

GAGCTGGCTC

TGTGAGCTGG

GGAGGAGGCA

GACAGCCAGG

CCTTGTCTGC

ARGCAGACCT

GGCAGCATTG

GGCTGGCCGC

CCCCCAGGGEC

CTCCTCTTCA

TGCCCAGTGA

ATGACTCACC

TTGGCACAGA

CACAATGTTC

GGGGTGGGCA

CAGTGCCTGC

TTCCCGCCGC

ACCCCAGCCC

CCCTCAAATG

CCTTCCGAGA

AGCCCATTGA

GCAGGGGGCT

TGCATTGCAC

CCCAGCCTGA

CAGCCTGGCA

TCTTGGGATA

AAAGCAGCAC

AGCCCCCTAG

GGGCTGCCCT

TGCTGTGTGG

CGCCACCGGC

GGTGGAGAAC

ARAGGCTCTAT

TCAGCCTGTG

CCCAGGARAAG

GGGATCAGGG

GATGCCCAGG

CATGGACAGT

GGETGGCAGG

GGGEEAGAGG

AGGGCTGTCT

GCTTCCCAGA

AGTCCAAGGEA

CACRAATGGE

TGAGGGGACT

GGGCAGGETT

CTGACCCTGET

GGGACCAGAG

TGGAGGGCGET

AGATGGACCT

GAAGTCTCCA

GGGACAACAG

GGCCCAGGTC

TCAGGCTCCT

AGTTGGGCCC

AGTGGCTCCA

GCGTTTCCAA

ACCCATCCAT

CCCCAGAGGT

TCTTCCCATC

TCTCCAGGCT

GATGTGTGEG

ARACTCGAGGA

AATARATCTC

CAGTGGGAGA

CGGAGGGGTG

GCCAGGGARR

CGGGEGCGCTG

CAGGAATARR

GACGAGCCAG

CACAGCCAGC

TCATGCGTAR

CGGECTTTGTG

GAGCTGTCAA

GGCCTGGTCT

CTGGGAGAGA

GGCACAGGGA

GGCCAGACAA

GGAAGGGGTG

ACCTGGAGGG

RCAGATCCAG

GGGCTAAAGT

CCTGATAAGG

CAAGAGAGTG

CCGGCCCCCT

CTTGCCCTAT

CAGGACCTCC

ACTGCCRACAT

AGAGGCCATG

ATTGACCCTT

AGACAAMAGGEG

CTGGTGTCCA

ATCCCAGCCC

CCAGCCCCAG

AACTCCAGGG

RATGAATGGES

CAGAGAGCAG

GRATGTGGGA

CATCTGTGTT

CAAGGGAAGG

ACTCCAGGAG

TCTGCTGGGA

ATGAGGCCTA

GTAGGAAATG

AGGTGGCCCT

TGAGGGTACA

GAACAGGTTC

ATTCTTCGCC

ARATTCCCAG

CACCTTGCAG

GCACTTACAG

CTGAGTGAGA

TRAATGCCTGG

GTTATGAAAT

CAAMARGTTG

GAARGCAGGT

CAGAGGTCAT

CTGGTACAGC

CCTTCCTTCC

CTTTTTTTTT

TTTTTTTTTT

TTGTGAGACA

AGGTCTCTCT

CTGTTGCCCA

GGCTGGAGTG

GCGCAMACAC

AGCTCACTGC

RAGCCTCRAACC

TACTGGGCTC

AAGCAATCCT

CCAGCCTCAG

CCTCCCARAG

TGCTGGGEATT

ACAAGCATGA

GCCACCCCAC

TCAGCCCTTT

CCTTCCTTTT

TARATTGATGC

ATAATAATTG

TAAGTATTCA

TCATGGTCCA

ACCAACCCTT

TCTTGACCCA

CCTTCCTAGA

GAGAGGGTCC

TCTTGCTTCA

GCGGTCAGGG

CCCCAGACCC

ATGGTCTGGC

TCCAGGTACC

ACCTGCCTCA

TGCAGGAGTT

GGCGTGCCCA

GGAAGCTCTG

CCTCTGGGCA

CAGTGACCTC

AGTGGGETGA

GGGGAGCTCT

CCCCATAGCT

GGGCTGCGGEC

CCAACCCCAC

CCCCTCAGGC

TATGCCAGGG

GGTGTTGCCA

GGGGCACCCG

GGCATCGCCA

GTCTAGCCCA

CTCCTTCATA

ARGCCCTCGC

ATCCCAGGAG

CGAGCAGAGC

CAGAGCAGGC

AAMGTTTGTAC

ARARMARGCAG

GCTGCCACCA

TGGTGAGCAR

GGGCGAGGAG

CTGTTCACCG

GGGTGGTGCC

CATCCTGGETC

GAGCTGGACG

GCGACGTARR

CGGCCACAAG

TTCAGCGTGT

CCGGCGAGGE

CGAGGGCGAT

GCCACCTACG

GCAAGCTGAC

CCTGAAGTTC

ATCTGCACCA

CCGGCARAGCT

GCCCGTGCCC

TGGCCCACCC

TCGTGACCAC

CCTGACCTAC

GGCGTGCAGT

GCTTCAGCCG

CTACCCCGAC

CACATGARAGC

AGCACGACTT

CTTCAAGTCC

GCCATGCCCG

AAGGCTACGT

CCAGGAGCGC

ACCATCTTCT

TCAAGGACGA

CGGCAACTAC

RAGACCCGCGE

COGAGGTGAA

GTTCGAGGEC

GACACCCTGG

TGAACCGCAT

CGAGCTGAAG

GGCATCGACT

TCAAGGAGGA

CGGCARCATC

CTGGGGCACA

RAGCTGGAGTA

CAACTACARC

AGCCACARCG

TCTATATCAT

GGCCGACRAG

CAGAAGRACG

GCATCAAGGT

GRACTTCAAG

ATCCGCCACA

ACATCGAGGA

CGGCAGCGTG

CAGCTCGCCG

ACCACTACCA

GCAGAACACC

CCCATCGGCG

ACGGCCCCGT

GCTGCTGCCC

GACARACCACT

ACCTGAGCAC

CCAGTCCGCC

CTGAGCARAG

ACCCCARCGA

GRAGCGCGAT

CACATGGTCC

TGCTGGAGTT

CGTGACCGCC

GCCGGGATCA

CTCTCGGCAT

GGACGAGCTG

TACAAGTARAR

CCCAGCTTTC

TTGTACARAG

TGGTGTTTGA

ATGAGGCTTC

AGTACTTTAC

AGRATCGTTG

CCTGCACATC

TTGGAARCAC

TTGCTGGGAT

TACTTCGACT

TCTTAACCCA

ACAGRAAGGCT

CGAGAAGGTA

TATTGCTGTT

GACAGTGAGC

GCGACAGRAAG

RACATTCCTAT

AATTAGTGAA

GCCACAGATG

TAATTATAGG

AATGTCTTCT

GTCTTGCCTA

CTGCCTCGGA

CTTCAAGGGG

CTAGAATTCG

AGCAATTATC

TTGTTTACTA

BRAACTGAATA

CCTTGCTATC

TCTTTGATAC

ATTTTTACRA

AGCTGAARTTA

ARATGGTATA

AATTAAATCA

CTTTCAACTT

TATTATACAT

AGTTGATGGC

CGGCCGCTTC

GAGCAGACAT

GATAAGATAC

ATTGATGAGT

TTGGACRRAC

CACAACTAGA

ATGCAGTGAA

ARRRATGCTT

TATTTGTGAA

ATTTGTGATG

CTATTGCTTT

ATTTGTRACC

ATTATARGCT

GCAATAAACR

AGTTARACARC

AACAATTGCA

TTCATTTTAT

GTTTCAGGTT

CAGGGGGAGE

TGTGGGAGGT

TTTTTARAGC

AAGTARRAACT

TCTACAAATG

TGGETAGCGGC

CGCGGCGECTC

TTCCGCTTCC

TCGCTCACTG

ACTCGCTGCG

CTCGGTCGETT

CGGCTGCGGEE

GAGCGGTATC

AGCTCACTCA

ARAGGCGGTAR

TACGGTTATC

CACAGAATCA

GGGGATAACGE

CAGGAAAGARA

CATGTGAGCA

AAAGGCCAGC

AARAGGCCAG

GAACCGTAAR

ARGGCCGCGET

TGCTGGCGTT

TTTCCATAGG

CTCCGCCCCC

CTGACGAGCA

TCACAARARAT

CGACGCTCARA

GTCAGAGGTG

GCGAAACCCG

ACAGGACTAT

ARAGATACCA

GGCGTTTCCC

CCTGGAAGCT

CCCTCGTGCG

CTCTCCTGTT

CCGACCCTGC

CGCTTACCGG

ATACCTGTCC

GCCTTTCTCT
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CTTCGGGAAG CGTGGCGCTT TCTCATAGCT CACGCTGTAG GTATCTCAGT

TCGGETGTAGG TCGTTCGCTC CAAGCTGGGC

TGTGTGCACG AACCCCCCGT TCAGCCCGAC CGCTGCGCCT TATCCGGTAA

CTATCGTCTT GAGTCCAACC CGGTAAGACA

CGACTTATCG CCACTGGCAG CAGCCACTGG TAACAGGATT AGCAGAGCGA

GGTATGTAGG CGGTGCTACA GAGTTCTTGA

4161 AGTGGTGGCC TAACTACGGC TACACTAGAA GAACAGTATT TGGTATCTGC

GCTCTGCTGA AGCCAGTTAC CTTCGGAAAA

AGAGTTGGTA GCTCTTGATC CGGCARACARA ACCACCGCTG GTAGCGGTGG

TTTTTTTGTT TGCAAGCAGC AGATTACGCG

CAGARARRAAR GGATCTCAAG AAGATCCTTT GATCTTTTCT ACGGGGTCTG

ACGCTCAGTG GAACGAAARC TCACGTTAAG

GGATTTTGGT CATGAGATTA TCAARRAGGA TCTTCACCTA GATCCTTTTA

AARTTAARRAAT GAAGTTTTAA ATCAATCTAA

1451 AGTATATATG AGTAAACTTG GTCTGACAGT TACCAATGCT TAATCAGTGA

GGCACCTATC TCAGCGATCT GTCTATTTCG

4551 TTCATCCATA GTTGCCTGAC TCCCCGTCGT GTAGATAACT ACGATACGGG

AGGGCTTACC ATCTGGCCCC AGTGCTGCAA

4p41 TGATACCGCG AGACCCACGC TCACCGGCTC CAGATTTATC AGCAATARAC

CAGCCAGCCG GARGGGCCGA GCGCAGAAGT

GGTCCTGCAA CTTTATCCGC CTCCATCCAG TCTATTAATT GTTGCCGGGA

AGCTAGAGTA AGTAGTTCGC CAGTTAATAG

TTTGCGCAAC GTTGTTGCCA TTGCTACAGG CATCGTGGTG TCACGCTCGT

CGTTTGGTAT GGCTTCATTC AGCTCCGGTT

CCCAACGATC AAGGCGAGTT ACATGATCCC CCATGTTGTG CARRARAGCG

GTTAGCTCCT TCGGTCCTCC GATCGTTGTC

AGAAGTAAGT TGGCCGCAGT GTTATCACTC ATGGTTATGG CAGCACTGCA

TAATTCTCTT ACTGTCATGC CATCCGTAAG

ATGCTTTTCT GTGACTGGTG AGTACTCAAC CAAGTCATTC TGAGAATAGT

GTATGCGGCG ACCGAGTTGC TCTTGCCCGG

CGTCRATACG GGATAATACC GCGCCACATA GCAGAACTTT AARAGTGCTC

ATCATTGGAA AACGTTCTTC GGGGCGARAA

5201 CTCTCRAGGA TCTTACCGCT GTTGAGATCC AGTTCGATGT AACCCACTCG

TGCACCCAAC TGATCTTCAG CATCTTTTAC

5251 TTTCACCAGC GTTTCTGGGT GAGCAARAAC AGGAAGGCAA AATGCCGCAR

ARRAGGGAAT AAGGGCGACA CGGAAATGTT

5351 GAATACTCAT ACTCTTCCTT TTTCAATATT ATTGAAGCAT TTATCAGGGT

TATTGTCTCA TGAGCGGATA CATATTTGAA

54471 TGTATTTAGA AAAATAARCA AATAGGGGTT CCGCGCACAT TTCCCCGAAA

AGTGCCACCT GACGTCTAAG AAACCATTAT

5521 TATCATGACA TTAACCTATA AARATAGGCG TATCACGAGG CCCTTTCGTC

GGCGCGCCGC GGCCGC

Validation by Restriction Enzyme Digestion

Restriction Enzymes Cutting Sites DNA Fragments (bp)
Ncol 1960, 2229 269, 5317
Apall 4005, 5251 1246, 4340
ApalLI+Ncol 1960, 2229, 4005, 5251 269, 1776, 1246, 2295

d) GFAP-Oxtr shRNA knockdown plasmid

Vector Summary
Vector ID VB190808-1095zxy
Vector Name pRP[MiR30]-GFAP_long>EGFP:{rOXTR}

Date Created (Pacific

Time) 2019-08-07

Vector Size 5586 bp

Vector Type Mammalian miR30-shRNA Knockdown Vector
Inserted Promoter GFAP_long

Inserted ORF EGFP

Inserted shRNA {rOXTR}

Target Sequence GGACGCAGAGTGGTGCTAATTT

Plasmid Copy Number High

Antibiotic Resistance Ampicillin

Cloning Host VB UltraStable (or alternative strain)
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Vector Components

(4510-
5370)

Name Position (S;zpe) Type Description Application notes
Human glial fibrillary ) e .
T ficity: Brain. Cell
GFAP_long | 22-2199 2178 | Promoter acidic protein promoter ISSUE spect .ICI.ty ram. ~-€
type specificity: Astrocytes.
(2.1 kb)
Facilitates translation
Kozak m 2224-2229 6 | Miscellaneous Kozak translation initiation | initiation of ATG start codon
sequence downstream of the Kozak
sequence.
Enhanced green Commonly used green
fluorescent protein; codon | fluorescent protein; ranked
} optimized based on a high in brightness,
EGFP W 2230-2949 720 | ORF variant of wild type GFP photostability and pH
from the jellyfish stability among all
Aequorea victoria fluorescent proteins.
Human miR30 5' context | Allows to form mature
5' miR-30E | m 2974-3101 128 | Miscellaneous | with several bases shRNA and trigger
mutation knockdown.
{rOXTR} 3102-3164 63 | sShRNA None None
Human miR30 3' context | Allows to form mature
3' miR-30E | 1 3165-3294 130 | Miscellaneous | with several bases shRNA and trigger
mutation knockdown.
Allows transcription
- . termination and
S\:lD late W 3334-3555 222 | PolyA _signal Slc:TIzQ:r:rLIJ;t‘ilc?JzEenal polyadenylation of mRNA
P poly Y 9 transcribed by Pol II RNA
polymerase.
- Facilitates plasmid
complement o o replication in E. coli;
puUC ori (3;'51 589 | Rep_origin pUC origin of replication requlates high-copy plasmid
4339) number (500-700).
|
Ampicillin complement 861 | ORF Ampicillin resistance gene Allows E, coli to be resistant

to ampicillin.

Note: Components added by user are listed in bold red text.
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Vector Sequence

1 CAACTTTGTA TAGAARAAGTT

GGAGCTCCCA

CCTCCCTCTC

TGTGCTGGGA

CTCACAGAGG

GAGACCTCAG

GAGGCAGTCT

GTCCATCACA

TGTCCARATG

CAGAGCATAC

CCTGGGCTGG

GCGCAGTGGC

GCACARCTGT

AATTCCAGCA

CTTTGGGAGG

CTGATGTGGA

AGGATCACTT

GAGCCCAGAA

GTTCTAGRCC

AGCCTGGGCA

ACATGGCAARG

ACCCTATCTC

TACAAAAAAR

GTTARARAAT

CAGCCACGTG

TGGTGACACA

CACCTGTAGT

CCCAGCTATT

CAGGAGGCTG

AGGTGAGGGG

ATCACTTAAG

GCTGGGAGGT

TGAGGCTGCA

GIGAGTCGTG

GTTGCGCCAC

TGCACTCCAG

CCTGGGCAAC

AGTGAGACCC

TGTCTCARAR

GACARARMAARN

ARDARRRDARN

ARMARGARCA

TATCCTGGTG

TGGAGTAGGG

GACGCTGCTC

TGACAGAGGC

TCGGGGGCCT

GAGCTGGCTC

TGTGAGCTGG

GGAGGAGGCA

GACAGCCAGG

CCTTGTCTGC

AAMGCAGACCT

GGCAGCATTG

GGCTGGCCGC

CCCCCAGGGC

CTCCTCTTCA

TGCCCAGTGA

ATGACTCACC

TTGGCACAGA

CACAATGTTC

GGGGTGGGCA

CAGTGCCTGC

TTCCCGCCGC

ACCCCAGCCC

CCCTCARATG

CCTTCCGARGA

AGCCCATTGA

GCAGGGGGCT

TGCATTGCAC

CCCAGCCTGA

CAGCCTGGCA

TCTTGGGATA

AAAGCAGCAC

AGCCCCCTAG

GGGCTGCCCT

TGCTGTGTGG

CGCCACCGGC

GGTGGAGAAC

AAGGCTCTAT

TCAGCCTGTG

CCCAGGARAG

GGGATCAGGG

GATGCCCAGG

CATGGACAGT

GGGTGGCAGG

GGGGGAGAGG

AGGGCTGTCT

GCTTCCCAGA

AGTCCAAGGA

CACRRATGGG

TGAGGGGACT

GGGCAGGGTT

CTGACCCTGT

GGGACCAGAG

TGGAGGGCGT

AGATGGACCT

GAAGTCTCCA

GGGACRACAG

GGCCCAGGTC

TCAGGCTCCT

AGTTGGGCCC

AGTGGCTCCA

GCGTTTCCAA

ACCCATCCAT

CCCCAGAGGT

TCTTCCCATC

TCTCCAGGCT

GATGTGTGGG

AACTCGAGGA

MATARATCTC

CAGTGGGAGA

CGGAGGGGTG

GCCAGGGAAA

CGGGGCGCTG

CAGGAATARA

GACGAGCCAG

CACAGCCAGC

TCATGCGTAA

CGGCTTTGTG

GAGCTGTCAA

GGCCTGGTCT

CTGGGAGAGA

GGCACAGGGA

GGCCAGACARA

GGRAGGGGTG

ACCTGGAGGG

ACAGATCCAG

GGGCTAAAGT

CCTGATAAGG

CAAGAGAGTG

CCGGCCCCCT

CTTGCCCTAT

CAGGACCTCC

ACTGCCACAT

AGAGGCCATG

ATTGACCCTT

AGACAAAGGG

CTGGTGTCCA

ATCCCAGCCC

CCAGCCCCAG

AACTCCAGGG

AATGAATGGG

CAGAGAGCAG

GAATGTGGGA

CATCTGTGTT

CAAGGGAAGG

ACTCCAGGAG

TCTGCTGGGA

ATGAGGCCTA

GTAGGRAATG

AGGTGGCCCT

TGAGGGTACA

GRACAGGTTC

ATTCTTCGCC

AAATTCCCAG

CACCTTGCAG

GCACTTACAG

CTGAGTGAGA

TARTGCCTGG

GTTATGARAT

CAAARAGTTG

GAAAGCAGGT

CAGAGGTCAT

CTGGTACAGC

CCTTCCTTCC

CTTTTTTTTT

TTTTTTTTTT

TTGTGAGACA

AGGTCTCTCT

CTGTTGCCCA

GGCTGGAGTG

GCGCARACAC

AGCTCACTGC

AGCCTCRACC

TACTGGGCTC

AAGCAATCCT

CCAGCCTCAG

CCTCCCARAG

TGCTGGGATT

ACAAGCATGA

GCCACCCCAC

TCAGCCCTTT

CCTTCCTTTT

TAATTGATGC

ATAATAATTG

TAAGTATTCA

TCATGGTCCA

ACCAACCCTT

TCTTGACCCA

CCTTCCTAGA

GAGAGGGTCC

TCTTGCTTCA

GCGGTCAGGG

CCCCAGACCC

ATGGTCTGGC

TCCAGGTACC

ACCTGCCTCA

TGCAGGAGTT

GGCGTGCCCA

GGAAGCTCTG

CCTCTGGGCA

CAGTGACCTC

AGTGGGGTGA

GGGGAGCTCT

CCCCATAGCT

GGGCTGCGGC

CCAACCCCAC

CCCCTCAGGC

TATGCCAGGG

GGTGTTGCCA

GGGGCACCCG

GGCATCGCCA

GTCTAGCCCA

CTCCTTCATA

AAGCCCTCGC

ATCCCAGGAG

CGAGCAGAGC

CAGAGCAGGC

AAGTTTGTAC

AMRARAGCAG

GCTGCCACCA

TGGTGAGCAA

GGGCGAGGAG

CTGTTCACCG

GGGTGGTGCC

CATCCTGGTC

GAGCTGGACG

GCGACGTAAA

CGGCCACAAG

TTCAGCGTGT

CCGGCGAGGG

CGAGGGCGAT

GCCACCTACG

GCAAGCTGAC

CCTGAAGTTC

ATCTGCACCA

CCGGCAAGCT

GCCCGTGCCC

TGGCCCACCC

TCGTGACCAC

CCTGACCTAC

GGCGTGCAGT

GCTTCAGCCG

CTACCCCGAC

CACATGAAGC

AGCACGACTT

CTTCRAGTCC

GCCATGCCCG

ARGGCTACGT

CCAGGAGCGC

ACCATCTTCT

TCAAGGACGA

CGGCAACTAC

ARGACCCGCG

CCGAGGTGAA

GTTCGAGGGC

GACACCCTGG

TGAACCGCAT

CGAGCTGAAG

GGCATCGACT

TCRAAGGAGGA

CGGCAACATC

CTGGGGCACA

AGCTGGAGTA

CRACTACRRAC

AGCCACARCG

TCTATATCAT

GGCCGACAAG

CAGAAGARACG

GCATCAAGGT

GRACTTCRARAG

ATCCGCCACA

ACATCGAGGA

CGGCAGCGTG

CAGCTCGCCG

ACCACTACCA

GCAGAACACC

CCCATCGGCG

ACGGCCCCGT

GCTGCTGCCC

GACARCCACT

ACCTGAGCAC

CCAGTCCGCC

CTGAGCARAG

ACCCCAACGA

GARGCGCGAT

CACATGGTCC

TGCTGGAGTT

CGTGACCGCC

GCCGGGATCA

CTCTCGGCAT

GGACGAGCTG

TACRAGTAAR

CCCAGCTTTC

TTGTACRAAG

TGGTGTTTGA

ATGAGGCTTC

AGTACTTTAC

AGRATCGTTG

CCTGCACATC

TTGGAAACAC

TTGCTGGGAT

TACTTCGACT

TCTTAARCCCA

ACAGAAGGCT

CGAGARGGTA

TATTGCTGTT

GACAGTGAGC

GAGACGCAGA

GTGGTGCTAA

TTTTAGTGAA

GCCACAGATG

TAAAARTTAGC

ACCACTCTGC

GTCCTGCCTA

CTGCCTCGGA

CTTCAAGGGG

CTAGAATTCG

AGCAATTATC

TTGTTTACTA

AAACTGAATA

CCTTGCTATC

TCTTTGATAC

ATTTTTACAR

AGCTGAATTA

AARTGGTATA

AATTAAATCA

CTTTCAACTT

TATTATACAT

AGTTGATGGC

CGGCCGCTTC

GAGCAGACAT

GATAAGATAC

ATTGATGAGT

TTGGACAAAC

CACARCTAGA

ATGCAGTGAA

AARAATGCTT

TATTTGTGAA

ATTTGTGATG

CTATTGCTTT

ATTTGTRACC

ATTATAAGCT

GCAATAARACH

AGTTAACRAC

AACARATTGCR

TTCATTTTAT

GTTTCAGGTT

CAGGGGGAGG

TGTGGGAGGT

TTTTTARAGC

AAGTARRACC

TCTACARATG

TGGTAGCGGC

CTCGGTCGTT
CAGGARAAGARA
CTCCGCCCCC

CGGCTGCGGC
CATGTGAGCA
CTGACGAGCA

GAGCGGTATC
AAAMGGCCAGC
TCACAARRAT

AGCTCACTCA
AMAAAGGCCAG
CGACGCTCAA

CGCGGCGCTC
AAGGCGGTAA
GAACCGTARA
GTCAGAGGTG

TTCCGCTTCC
TACGGTTATC
AAGGCCGCGT
GCGAAACCCG

TCGCTCACTG
CACRAGAATCA
TGCTGGCGTT
ACAGGACTAT

ACTCGCTGCG
GGGGATAACG

TTTCCATAGG

AAAGATACCA

GGCGTTTCCC

CCTGGAAGCT

CCCTCGTGCG

CTCTCCTGTT

CCGACCCTGC

CGCTTACCGG

ATACCTGTCC

GCCTTTCTCT
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4401
4481

CTTCGGGRAG

CGTGGCGCTT

TCTCATAGCT

CACGCTGTAG

GTATCTCAGT

TCGGTGTAGG

TCGTTCGCTC

CRAGCTGGGC

TGTGTGCACG

AACCCCCCGT

TCAGCCCGAC

CGCTGCGCCT

TATCCGGTAA

CTATCGTCTT

GAGTCCAACC

CGGTAAGACA

CGACTTATCG

CCACTGGCAG

CAGCCACTGG

TRAACAGGATT

AGCAGAGCGA

GGTATGTAGG

CGGTGCTARCA

GAGTTCTTGA

AGTGGTGGCC

TAACTACGGC

TACACTAGAA

GAACAGTATT

TGGTATCTGC

GCTCTGCTGA

AGCCAGTTAC

CTTCGGARAR

AGAGTTGGTA

GCTCTTGATC

CGGCARAACAA

ACCACCGCTG

GTAGCGGTGG

TTTTTTTGTT

TGCAAGCAGC

AGATTACGCG

CAGAAARRRR

GGATCTCAAG

ARGATCCTTT

GATCTTTTCT

ACGGGGTCTG

ACGCTCAGTG

GAACGAARAC

TCACGTTAAG

GGATTTTGGT

CATGAGATTA

TCAARAAGGA

TCTTCACCTA

GATCCTTTTA

AATTAARAAT

GAAGTTTTAA

ATCAATCTAR

AGTATATATG

AGTARAACTTG

GTCTGACAGT

TACCAATGCT

TAATCAGTGA

GGCACCTATC

TCAGCGATCT

GTCTATTTCG

TTCATCCATA

GTTGCCTGAC

TCCCCGTCGT

GTAGATAACT

ACGATACGGG

AGGGCTTACC

ATCTGGCCCC

AGTGCTGCAR

TGATACCGCG

AGACCCACGC

TCACCGGCTC

CAGATTTATC

AGCAATARAC

CAGCCAGCCG

GRAGGGCCGA

GCGCAGAAGT

GGTCCTGCAA

CTTTATCCGC

CTCCATCCAG

TCTATTAATT

GTTGCCGGGA

AGCTAGAGTA

AGTAGTTCGC

CRGTTAATAG

TTTGCGCAAC

GTTGTTGCCA

TTGCTACAGG

CATCGTGGTG

TCACGCTCGT

CGTTTGGTAT

GGCTTCATTC

AGCTCCGGTT

CCCAACGATC

AAGGCGAGTT

ACATGATCCC

CCATGTTGTG

CAAMRAAGCG

GTTAGCTCCT

TCGGTCCTCC

GATCGTTGTC

AGAAGTARGT

TGGCCGCAGT

GTTATCACTC

ATGGTTATGG

CAGCACTGCA

TRATTCTCTT

ACTGTCATGC

CATCCGTAAG

ATGCTTTTCT

GTGACTGGTG

AGTACTCRAC

CAAGTCATTC

TGAGAATAGT

GTATGCGGCG

ACCGAGTTGC

TCTTGCCCGG

CGTCAATACG

GGATAATACC

GCGCCACATA

GCAGAACTTT

ARAAGTGCTC

ATCATTGGAR

AACGTTCTTC

GGGGCGARARL

CTCTCAAGGA

TCTTACCGCT

GTTGAGATCC

AGTTCGATGT

AACCCACTCG

TGCACCCAAC

TGATCTTCAG

CATCTTTTAC

TTTCACCAGC

GTTTCTGGGT

GAGCAAARAC

AGGAAGGCARA

AATGCCGCAA

AADAGGGAAT

ARAGGGCGACA

CGGARATGTT

GAATACTCAT

ACTCTTCCTT

TTTCARATATT

ATTGAAGCAT

TTATCAGGGT

TATTGTCTCA

TGAGCGGATA

CATATTTGAR

TGTATTTAGA

AARATAAACR

AATAGGGGTT

CCGCGCACAT

TTCCCCGAAA

AGTGCCACCT

GACGTCTRAG

AAACCATTAT

TATCATGACA

TTAACCTATA

ARAATAGGCG

TATCACGAGG

CCCTTTCGTC

GGCGCGCCGL

GGCCGC

Validation by Restriction Enzyme Digestion

Restriction Enzymes

Cutting Sites

DNA Fragments (bp)

Ncol

1960, 2229

269, 5317

Apall

4005, 5251

1246, 4340

ApalLI+Ncol

1960, 2229, 4005, 5251

269, 1776, 1246, 2295

Appendix 3

Laemmli Sample Buffer (4x)

Tris (1.0M, pH 6.8)

SDS

Glycerol

B-Mercaptoethanol

Bromophenol blue

dH20

10 mL
4049
20 mL
10 mL

0.1g

to 50 mL
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