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1 Zusammenfassung

Der G-Protein-gekoppelte Cannabinoid Rezeptor 2 (CB2) hat sich in den letzten zwei
Jahrzehnten zu einem vielversprechenden Ziel in der Behandlung pathophysiologischer
Prozesse im zentralen Nervensystem entwickelt. Wichtige Aspekte, auf die sich diese
Arbeit fokussiert, sind hierbei die Rolle von CB2-Signalwegen fiir anti-inflammatorische
Funktionen von Mikroglia, seine Relevanz in der Regulation adulter Neurogenese (AN)
im Hippocampus, sowie die Aktivierung von cAMP- und MAPK-Signalkaskaden durch
CB2 und seinen moglichen Interaktionspartnern, den B-adrenergen Rezeptoren (BAR).
Zunachst war das Ziel, den Beitrag von basaler CB2-Aktivitit an AN in der Maus zu
quantifizieren. Anschlieflend sollte ein HEK293-Zellmodel generiert werden, welches es
erlaubt, die Dynamiken intrazelluldaren cAMPs nach CB2-Stimulation in lebenden Zellen
und in Echtzeit zu messen. Die Untersuchung eines moglichen funktionellen Crosstalks
mit BAR in cAMP- und MAPK-Signalwegen, sowie die Rezeptorinteraktion zwischen
CB2 und dem pBr-adrenergen Rezeptor (B2AR) sollten ebenso untersucht werden, wie
Echtzeit-cAMP-Dynamiken in adulten Mikroglia der Maus nach der Stimulation von CB2
und BAR.

Mithilfe von Immunfluoreszenzfarbung fiir den Proliferationsmarker Ki67 und Mar-
kern fiir neuronale Progenitorzellen, Doublecortin (DCX) und Calretinin (CR), in Gehirn-
schnitten von 16 bis 17 Wochen alten CB2-defizienten und Kontroll-Madusen wurde AN
in der subgranuldren Zone des Gyrus Dentatus quantifiziert. Die Quantifizierung von
AN in CB2-defizienten Mdusen zeigte, dass CB2 keinen Einfluss auf die Zellproliferation
(~ 1 x 10° Ki67+ pro mm?> der Kornerzellschicht (GCL)) und die Groéle der DCX+ (~
4.5 x 10° DCX+ pro mm? GCL) und DCX+/CR+ (~ 75 % aller DCX+ Zellen) Zellpopula-

tionen im Gyrus Dentatus hatte.

In HEK293-Zellen, die den FRET-basierten cAMP-Biosensor Epacl-camps stabil ex-
primieren, wurde ebenso FLAG-hCB2 stabil integriert (Epac1-CB2-HEK-Zellen), um Ef-
fekte von CB2 und endogenen BAR auf den cAMP-Signalweg tiber die Detektion von
FRET in Echtzeit an lebenden Zellen zu messen. FLAG-hCB2 und HA-hB;AR wurden
in HEK293 Zellen ko-transfiziert, um per Ko-Immunopréazipitation eine mogliche Kom-
plexbildung zu untersuchen und um per Immunfarbung und Fluoreszenzdetektion eine
Ko-Lokalisierung der Rezeptoren an der Plasmamembran zu zeigen. Zelllysate von sti-
mulierten Epacl-CB2-HEK-Zellen wurden per Western Blot analysiert und die Phospho-

rylierung von ERK1/2 wurde quantifiziert.




2 1 Zusammenfassung

Mit dem generierten Zellmodell Epac1-CB2-HEK, welches auf Einzelzellebene Heteroge-
nitdt aufweist, war es moglich, die Inhibition von cAMP-Produktion durch Ga;-Proteine
nach CB2-Stimulation mit unterschiedlichen CB2-Liganden in Echtzeit zu messen, sowie
diese mit CB2-spezifischen inversen Agonisten/Antagonisten AM630 zu blocken. Epacl-
CB2-HEK-Zellen zeigten ebenso ein negatives cAMP-Feedback nach initialer cAMP-Pro-
duktion durch den BAR-Agonisten Isoprenalin, welches durch Stimulation mit AM630
geblockt werden konnte. Ko-Stimulation von CB2 und BAR fiihrte zu einer doppelt so
starken Aktivierung von ERK1/2 in Epacl-CB2-HEK-Zellen verglichen mit der Einzel-
stimulation der Rezeptoren. Die Komplexbildung von CB2 und B,AR wurde durch die
gegenseitige Ko-Prazipitation von CB2 und HA-hpB,AR gezeigt und ebenso konnte die
Ko-Lokalisierung von ca. 24% aller positiven Fluoreszenzsignale der markierten Rezep-

toren an der Zellmembran detektiert werden.

RNAseq-Expressionsdaten aus murinen adulten Mikroglia wurden in einer Meta-Ana-
lyse mit Bezug auf GPCR-assoziierte cAMP-Signalkaskaden zusammengefasst und die
FRET-Echtzeitmessung von CB2- und BAR-Effekten auf die intrazelluldre cAMP-Konzen-
tration in adulten Mikroglia von Wildtyp und CB2-defizienten Mausen mit Epacl-camps-
Expression wurde durchgefiihrt. Obwohl es nicht moglich war, CB2-Effekte auf cAMP-
Signalwege in adulten Mikroglia zu messen, konnte ein negatives cAMP-Feedback nach
Stimulation von BAR, dhnlich zu Epac1-CB2-HEK-Zellen, auch in Mikroglia festgestellt

werden.

In dieser Arbeit wurde gezeigt, dass sich der Verlust von CB2 nicht auf die basale
AN im Hippocampus auswirkt, und, dass das generierte Zellmodell Epac1-CB2-HEK
die Moglichkeit zur Echtzeitmessung von CB2-Effekten auf die intrazelluldre cAMP-
Konzentration moglich macht. Mit dieser Methode konnte ebenso ein funktioneller Re-
zeptor-Crosstalk mit BAR detektiert werden, der auch im MAPK-Signalweg gezeigt wur-
de. Die Interaktion zwischen CB2- und 8, AR konnte in ko-transfizierten HEK293-Zellen
gezeigt werden.

Im Gegensatz zu CB2-Effekten, konnten das negative cAMP-Feedback nach cAMP-Pro-
duktion durch BAR-Stimulation in lebenden adulten heterogenen Mikroglia und in Echt-
zeit gemessen werden. Die Resultate dieser Arbeit haben Auswirkungen auf die Sicht
der Rolle von CB2 in adulter Neurogenese und auf generelle Aspekte von CB2 und sei-
nen Interaktionspartnern. Ebenso liefern sie Erkenntnisse zu cAMP-Signalkaskaden in
Mikroglia, die wichtig fiir CB2-Effekte wihrend neuroinflammatorischer Prozesse sein

konnten.




2 Abstract

In the last two decades, the G-protein coupled cannabinoid receptor 2 (CB2) has emerged
as a target for treating pathophysiological processes in the central nervous system. The
role of CB2 signalling in anti-inflammatory functions of microglia, its relevance for the
regulation of adult hippocampal neurogenesis (AN) and the activation of cyclic AMP
and MAPK pathways by CB2 and its putative interaction partners, f-adrenergic recep-
tors (BAR), are the main aspects this work is focused on. First, the aim was to quantify
the contribution of basal CB2 signalling to AN in mice. Second, the goal was to generate
a HEK293 cell model that allows for the live measurement of CB2-mediated cAMP dy-
namics and the investigation of possible functional crosstalk with BAR in cAMP but also
in MAPK pathways. The possible interaction between CB2 and B,AR was specifically
investigated. Finally, CB2- and BAR-mediated cAMP signalling and functional crosstalk

were studied in primary adult mouse microglia.

AN in the subgranular zone of the dentate gyrus was quantified in 16 to 17-week-old
wildtype and CB2-deficient mice using immunostaining of brain sections for the cell pro-
liferation marker Ki67 and neural progenitor markers doublecortin (DCX) and calretinin
(CR). Quantification of AN revealed that CB2-deficiency did not impair cell proliferation
(~ 1 x 10° Ki67+ per mm? granule cell layer (GCL)) or the size of the DCX+ (~ 4.5 x 10°
DCX+ per mm3 GCL) or DCX+/CR+ cell population (~ 75% of all DCX+ cells) in the
dentate gyrus.

Using HEK293 cells that stably express the FRET-based cAMP biosensor Epacl-camps,
cells with additional stable heterologous expression of FLAG-hCB2 were generated (Epacl-
CB2-HEK) and CB2- and endogenous BAR-mediated effects on intracellular cAMP levels
were measured via live cell FRET imaging. Co-immunoprecipitation (IP) and immuno-
cytochemistry in FLAG-hCB2 and HA-hpB;AR co-transfected HEK293 cells were used to
investigate complex formation and co-localisation of the two receptors at the cell mem-
brane and activation of the MAPK pathway was determined by detecting the phospho-
rylation of ERK1/2 in stimulated Epac1-CB2-HEK cell lysates via immunoblotting.

With the generated cell model Epacl-CB2-HEK, it was possible to measure live CB2-
mediated inhibition of cAMP production by Ga; subunits and its blockage using different
CB2 ligands despite the heterogeneity of the cell model on a single cell level. Epac1-CB2-
HEK cells also showed a negative cAMP feedback after Gas-mediated cAMP produc-
tion elicited by BAR agonist isoprenaline, which was reversible by the CB2 inverse ago-
nist/antagonist AM630. Co-stimulation of CB2 and BAR led to a two-fold stronger acti-
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vation of ERK1/2 in Epac1-CB2-HEK cells compared to the activation of a single receptor.
Complex formation of CB2 and $,AR was demonstrated by showing the co-precipitation
of HA-hpB> AR in FLAG-hCB2-IP samples and vice versa in HEK293 cells transiently trans-
fected with both receptors. Co-localisation at the cell membrane was seen for around 24%

of all positive fluorescent signals from both labelled receptors.

In a meta-analysis of mouse microglia RNAseq data, previously published research
was summarised regarding the expression of GPCRs and the cAMP signalling machin-
ery. To study endogenous CB2 and BAR effects on cAMP signalling, adult microglia
from wildtype and CB2-deficient mice ubiquitously expressing Epacl-camps were iso-
lated and live cell FRET imaging was conducted. Detection of CB2 effects on cAMP
signalling in adult microglia was not possible with the present approach, however, en-
dogenous BAR signalling was detectable and displayed a negative cAMP feedback after
initial ;cAMP production similar to Epac1-CB2-HEK cells with variability on a single cell

level.

In this work, it was shown that CB2 deficiency did not impair basal levels of AN in mice
and that using a newly generated Epacl-CB2-HEK cell line to measure live cell dynamics
of CB2-mediated cAMP signalling, functional crosstalk with BAR was seen, that was also
detected for the MAPK pathway ERK1/2. Evidence for the interaction between CB2 and
B2AR was shown in co-transfected HEK293 cells. Detection of live cAMP changes after
CB2 stimulation in adult mouse microglia failed, but live cAMP signalling from BAR
showed a negative cAMP feedback after initial ;CAMP production and heterogeneity on a
single cell level. These results have implications for the role of CB2 in AN as well as for
general aspects of CB2 signalling and possible interaction partners. They also provide
insights into microglial cAMP signalling which may be of importance for CB2-mediated

effects during neuroinflammatory processes.




3 Introduction

This work focuses on the cannabinoid receptor 2 (CB2), a G-protein coupled receptor
(GPCR) that is part of the endocannabinoid system (ECS). In the following introductory
chapters selected aspects of CB2-mediated signalling, functional implications and theo-
retical background on GPCR signalling are reviewed to give the reader an overview of

the research field.

3.1 G-protein Coupled Receptors

G-protein coupled receptors are diverse transmembrane proteins found in all eukaryotes
that integrate extracellular cues into cellular responses. Their important involvement in
physiological and pathophysiological biological processes in humans makes them an im-
portant target for biomedical research and drug development (Sriram and Insel, 2018).
To date, it is estimated that 35 % of all drugs approved in the European Union and the
United States target GPCRs, establishing them as the most frequently drug-targeted pro-
teins (Sriram and Insel, 2018; Campbell and Smrcka, 2018).

In humans, the GPCR superfamily consists of at least 810 different genes and is cate-
gorised into different classes. Class A rhodopsin-like GPCRs are the largest group with
more than 700 receptors (Stevens et al., 2012). Class B secretin-like and class C glutamate-
like receptors each have 15 receptors and the classes E and F (adhesion and frizzled) re-
ceptors each consist of 24 receptors in humans (Stevens et al., 2012). Olfactory receptors
are the most abundant class A GPCRs with almost 400 receptors (Stevens et al., 2012),
and from the remaining receptors more than 100 are so-called orphan receptors where
endogenous ligands have not yet been identified (Wacker et al., 2017). Structurally, a
GPCR has seven transmembrane domains (x-helices) that are highly conserved, an ex-
tracellular N-terminus and an intracellular C-terminus exposing three interhelical loops
towards each side of the membrane (Venkatakrishnan et al., 2013). Depending on the
GPCR-ligand pairing, binding to the ligand can involve the N-terminus, the transmem-
brane domains and/or the loops (Venkatakrishnan et al., 2013).

GPCRs trigger G-protein dependent and independent intracellular signalling cascades.
G-protein dependent pathways are activated via the heterotrimeric G-protein complex
that consists of the three G-protein subunits, «, 8, and <, and binds to cytoplasmic do-
mains of a GPCR (Flock et al., 2017). When the Ga subunit is bound to guanosine diphos-
phate (GDP), it associates with the GBy-heterodimer. Upon ligand activation of a GPCR,
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conformational changes enable it to act as a guanine nucleotide exchange factor (GEF),
exchanging the GDP from the Gu to a guanosine triphosphate (GTP) after receptor asso-
ciation with the G-protein complex. This leads to further conformational changes causing
the GTP-bound Ga and Gy to dissociate from the receptor (Oldham and Hamm, 2008).
Both, Ga and G+, then affect their downstream targets and transduce the extracellu-
lar signal onto intracellular effectors (Wettschureck and Offermanns, 2005; Gurevich and
Gurevich, 2018). The Ga subunit has an intrinsic GTPase activity that hydrolyses GTP to
GDP and inorganic phosphate and therefore self-deactivates it to start a new activation
cycle (Oldham and Hamm, 2008).

Following ligand activation of a GPCR, its phosphorylation by GPCR kinases (GRK)
causes the scaffold-protein B-arrestin to bind the receptor and initiate its internalisation.
Internalisation of GPCRs via clathrin-dependent endocytosis is an important step in the
desensitisation of G-protein dependent signalling and their trafficking to intracellular
sites, such as endosomes or the Golgi (Wang et al., 2018). Recent evidence supports the
continued signalling of internalised ligand- and scaffold-bound GPCRs at these sites that
significantly influences the cellular response as it has been shown for the p,-adrenergic
receptor (B2AR) (Calebiro et al., 2009).

It has been accepted that GPCR p-arrestin dependent signalling is important for the pro-
longed activation of the mitogen-activated protein kinase (MAPK) ERK1/2 (extracellu-
lar signal-regulated kinase), a signalling pathway integral to cell survival, proliferation
and differentiation (Wang et al., 2018; Shenoy et al., 2005). Using p-arrestin or G-protein
knockout cell lines and pharmacological tools, several studies have questioned the im-
portance of B-arrestin in activating ERK1/2 while showing that this activation can rely
solely on the heterotrimeric G-protein complex (Grundmann et al., 2018). On the other
hand, Luttrell et al. (2018) show that both B-arrestin and G-protein dependent pathways
contribute to the activation of MAPK and that the deletion of either pathway may in-
crease the dependence on the remaining signalling proteins. Further research may re-
solve this controversy (Wootten et al., 2018) but it illustrates that the abundance or ab-
sence of intracellular proteins binding GPCRs modulates engaged signalling pathways

and that experimental designs must account for this.

In addition to B-arrestin, there are PDZ- and Non-PDZ scaffold proteins that bind
GPCRs at their C-terminus or at intracellular loops, respectively (Wootten et al., 2018).
PDZ scaffolds, like postsynaptic density protein 95 (PSD-95) or Homer1 associate with
kinases and phospholipases, like phospholipase C (PLC) and protein kinase A (PKA), as
well as ion channels to modulate the activation of these downstream pathways. They
may also directly influence the interaction of G-proteins or p-arrestin with a GPCR regu-
lating G-protein dependent signalling and internalisation rates (Wootten et al., 2018).
Signalling regulation can also be achieved by the engagement of a GPCR with Non-PDZ
scaffolds, like the A kinase anchor protein (AKAP), that can bind the kinases PKA and
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protein kinase C (PKC) in addition to phosphatases and intracellular receptors. AKAPs
have also been shown to bind the small G-protein Ras (rat sarcoma) and STAT (signal
transducer and activator of transcription) (Wootten et al., 2018). The coupling of GPCRs
to these regulatory proteins is highly dynamic and may be modulated by the cell’s gen-

eral state or the conformation of the receptor.

Another layer of complexity added to GPCR signalling is the capability of some recep-
tors to form homo- and/or heterodimers. Class C glutamate receptors e.g. are frequently
present in dimers, however, for class A rhodopsin-like GPCRs dimerisation seems to be
less frequent (Felce et al., 2017). It has been shown by Felce et al. (2017) that the ancestor
of all rhodopsin-like receptors was and a majority of GPCRs on HEK293 is monomeric
and that only around 20 % of the tested GPCRs may form dimers.

Especially GPCR heterodimers may have profound impact on cellular signalling as re-
ceptor cross-agonism, cross-antagonism, and crosstalk can lead to unexpected signalling
behaviour in vivo, where endogenous ligands are dynamically released and/or continu-
ingly present (Gomes et al., 2016).

Three criteria for the classification of a functional GPCR heterodimer have been reviewed
by Gomes et al. (2016) and entail that heteromers should physically interact and co-
localise (1) and show distinct signalling properties compared to each single receptor (2,
unique biochemical fingerprint). Additionally, the disruption of the heteromer via anti-
bodies, specific ligands or mutated receptor variants should lead to the loss of unique
heteromer-signalling and protein complexes (3).

The characterisation of these protein-protein interactions has been facilitated using res-
onance energy transfer (RET) methods allowing the live imaging of GPCR complex for-
mation (Goddard and Watts, 2012). Still, in vivo studies on the functional impact of GPCR
heterodimers are rare. Among the best described heterodimers, that fulfill all three cri-
teria, is the é-p opioid receptor heterodimer that shows enhanced ligand potency and
efficacy as a heterodimer and is of importance for the treatment of pain with opiate anal-
getics (Gomes et al., 2000).

There are many reported GPCR heterodimers that show the presence of one or two

criteria for functional heterodimerisation in heterologous expression systems, however,
impact and relevance of these receptor pairings in a physiological setting must be further
investigated.
The temporal and spatial compartmentalisation of GPCR signalling by the complexity
of regulatory proteins, ligands and GPCR interactions has important implications on the
manipulation of GPCRs via drugs and is continuing to make understanding GPCR phys-
iology in health and disease a challenging task.
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3.1.1 Heterotrimeric G-Protein Subunits and GPCR Signal Transduction

Although GPCRs show a high diversity, they couple with a relatively limited number
of Ga and Gpy subunits to activate distinct signalling pathways. Among downstream
effector proteins of Ga and Gpv subunits are adenylyl cyclases (AC), the enzymes that
produce the ubiquitous second messenger 3’,5"-cyclic adenosine monophosphate (cAMP)
from adenosine triphosphate (ATP), ion channels and protein kinases.

Ga subtypes are encoded by 16 genes in humans, are functionally diverse and clas-

sified into four groups, Gas, Ga;/o, Gag/11, and Gagp/13, according to their downstream
effectors. Members of one group are structurally similar but can have very different ex-
pression patterns (Wettschureck and Offermanns, 2005).
The Gas group with its members Gas, a longer version of Gas named Ga;x1, and Ga,y f tar-
gets all nine membrane-bound isoforms of the cAMP-producing enzyme AC. The bind-
ing of Gas leads to an increased enzymatic activity of ACs and therefore to an increase in
cAMP production (Wettschureck and Offermanns, 2005; Northup et al., 1980).

Guj1, Gajp, and Gajs belong to the Ga;/, group and are subunit isoforms that inhibit
ACs and their production of cAMP (Taussig et al., 1993). Interestingly, not all AC iso-
forms are targeted by Gu;. It has been shown that only AC;, ACs, and ACg are directly
inhibited by Ga; (Sunahara, 2002; Taussig et al., 1994). Ga, and Ga; are less abundant
Gu;/, proteins. Ga; has been shown to affect the Rapl GTPase activating protein and to
inhibit AC; , ACs, and ACg (Campbell and Smrcka, 2018; Meng et al., 1999), whereas AC
inhibition by Ga, has only been reported for AC; (Sadana and Dessauer, 2009). The more
specialised Gg;,/, proteins are Gagyst, Ga;—, and Ga; . and are only found in taste cells,

rods, and cones (Wettschureck and Offermanns, 2005).

The smallest Ga group consists of Gajo and Gaz and links GPCRs to the activation
of Rho (Ras homolog gene family) signalling pathways. They are abundantly expressed
and can directly interact with different RhoGEFs to mediate the assembly of cytoskele-
ton structures as well as cell adhesion molecules (Wettschureck and Offermanns, 2005;
Siehler, 2009). It has also been reported that AC; is a downstream effector of Gayy /13
and is synergistically regulated when additionally stimulated with Ga; (Jiang et al., 2008,
2012).

The two ubiquitously expressed Ga,/11 group members, Ga, and Gayy , are impli-
cated in the activation of PLCB-mediated release of intracellular Ca** and PKC activation
(Campbell and Smrcka, 2018). Ga,; and Gay1 have 90 % sequence similarity and seem to
have identical biological functions. GPCRs that couple these Ga subunits can also in-
terchange them (Offermanns et al., 1994; Wettschureck and Offermanns, 2005). Another
effector of Ga; and Gayq is p63RhoGEF that further activates Rho, and for Ga,;, PKCZ has

been reported as a downstream effector (Campbell and Smrcka, 2018). Besides activating
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PLCB, no other functions are reliably associated with Ga14 and Gays,/1¢, the other mem-
bers of the Ga, /11 group. It has been reported, though, that mutations in the Gay4 gene

can cause childhood vascular tumours (Lim et al., 2016).

The intrinstic GTPase activity of all Ga subunits that recycles Ga for a new GPCR ac-
tivation cycle can be regulated by around 30 different regulators of G-protein signalling
(RGS). Several RGS show selective targeting of different Ga subunits and are therefore
able to specifically regulate Ga-turnover and signalling rates (Syrovatkina et al., 2016).

The second part of the heterotrimeric G-protein complex, the GBv subunit, interacts

with and affects a large variety of downstream effectors. Gp subunits are less diverse,
with five different isoforms compared to 12 variants of Gy in mammals. Gf;_4 share a
high homology and are most likely functionally interchangeable as they couple to any
G subunit (Davis et al., 2005). GBs5 is mainly expressed in the brain and there is no evi-
dence that it interacts with either Gy or Ga in vivo. However, it has been shown that G5
forms complexes with RGS proteins possibly modulating their binding to Ga subunits
(Witherow et al., 2000).
Different GBy combinations do not seem to have different functional effects although
the knockout or knockdown of specific subunit isoforms can lead to severe phenotypes
(Campbell and Smrcka, 2018). After GPCR activation, G-y subunits regulate ion chan-
nels, stimulate specific AC variants (2, 4, 5, 6, and 7) or inhibit them(1, 8, and 3). They
also activate PLC and phosphatidylinositol 3-kinases (PI3K) that further activate protein
kinase B (PKB) (also called Akt) (Sadana and Dessauer, 2009; Wettschureck and Offer-
manns, 2005).

Most GPCRs are predominantly coupled to a particular Ga subunit, however, for some
receptors coupling to different Ga has been shown in heterologous cell models as well as
endogenous systems (Wacker et al., 2017). In 2017, Flock et al. (2017) revealed that GPCR-
Gu selectivity is achieved via barcode sequences in the Ga proteins that are recognised by
different receptor regions in different GPCRs. This could explain the development of the
vast diversity of GPCRs that bind a small set of highly conserved Ga proteins and help to
understand observations like the Ga-switching or the pre-coupling of multi-complexes
including GPCR, G-proteins and downstream effectors, like ACs (Campbell and Smrcka,
2018).
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3.1.2 Activation of GPCRs

GPCRs respond to a variety of ligands that ranges from small and large peptides, such
as cytokines and hormones, to lipids, ions, odorants or photons (Wettschureck and Of-
fermanns, 2005). Ligands are pharmacologically characterised according to their efficacy
to produce GPCR activity relative to their concentration (half maximal effective concen-
tration (ECsp)) and according to their affinity to bind the receptor (association constant
(K3)). Endogenous ligands that elicit maximal receptor activation for a signalling path-
way are termed full agonists, whereas agonists that fail to fully activate the GPCR are
partial agonists. A neutral antagonist binds the receptor but does not initiate changes in
signalling and an inverse agonist can inhibit receptor activation below basal levels that
are maintained by constitutive receptor activity (Wacker et al., 2017).

Agonists, antagonists and inverse agonist bind the orthosteric binding pocket of a recep-
tor that represents the site of endogenous ligand binding. Ligands that not only bind
the orthosteric site but additionally bind an alternative allosteric site are called bitopic
ligands.

Allosteric sites may also be used by positive (PAM) or negative (NAM) allosteric modu-
lators. These small molecules can facilitate or hinder the binding of an orthosteric ligand

affecting its receptor affinity (Wacker et al., 2017).

In the multi-state GPCR model (Hill, 2006), it is stated that GPCRs exist in various
spontaneously or constitutively active and inactive conformations that form an activity
equilibrium. Ligands may have different affinities towards a receptor conformation and
then stabilise the GPCR in a particular conformation, shifting the equilibrium to elicit
biological effects (de Ligt et al., 2000; Milligan, 2003; Sato et al., 2016). Additionally, pro-
tean ligands may act as an agonist in systems with low receptor activity but show inverse
agonism when a receptor exhibits a high degree of constitutive activity (Kenakin, 2001).
Using heterologous expression systems, it was possible to describe the impact of consti-
tutively active receptor conformations that show ligand-independent signalling activity.
Many antagonists were followingly classified as inverse agonists that bind constitutively
active receptor forms and block or reduce their activity (Milligan et al., 1995; Hill, 2006;
Kenakin, 2001).

It is a current research focus to identify GPCRs that exhibit a high degree of constitutive
activity in endogenous systems and find selective inverse agonists to target their function
(Sato et al., 2016).

The ligand-induced stabilisation of GPCR conformations can additionally trigger the
selective intracellular binding of one receptor to different signal transducers and modu-
lators depending on the ligand (Wootten et al., 2018). This characteristic is called biased
agonism or functional selectivity and describes the ligand’s dynamic efficacy for different
signalling pathway. Biased ligands have a high clinical potential as the targeted modu-

lation of a disease-involved GPCR signalling pathway can lead to more efficient drugs
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(Wootten et al., 2018).

The multitude of GPCR activation modes that is shaped by the combination of various
ligands, G-proteins, regulatory and interacting proteins as well as intrinsic capacities of
the receptor itself shows the highly dynamic nature of GPCR signalling and their contin-

uously growing potential in clinical applications.

3.1.3 Cyclic-AMP Signalling Pathways and Methods of cAMP Measurement

Cyclic AMP, first described in 1958 by Sutherland and Rall (1958), is an ubiquitinous
second messenger that is integral to cellular physiology and the cells” ability to regu-
late functional responses to external stimuli (Sassone-Corsi, 2012). Important cellular
functions, such as growth and differentiation, are influenced and governed by cAMP
through its effect on gene transcription, ion currents, metabolism and other signal trans-
ducers (Sassone-Corsi, 2012). Control of intracellular cAMP levels is achieved by two
enzymes, the cAMP-producing adenylyl cyclases and the cAMP-degrading phosphodi-

esterases (PDE) (see Figure 3.1 for an overview).

| o)~ D

gene
transcription CREB

Figure 3.1. CB2-mediated signalling pathways. Depicted are a selection of signalling pathways engaged by
CB2 and other GPCRs. Adapted from Sassone-Corsi (2012); Boularan and Gales (2015).

ACs catalyse the conversion of ATP to cAMP and are a main downstream target GPCR
activation. In addition to the nine membrane-bound isoforms, there is a tenth, solu-
ble isoform (ACjp) that is not stimulated by Ga; subunits (Sunahara, 2002; Sadana and
Dessauer, 2009). AC activity can be modulated isoform-specific and AC isoform expres-
sion can shape tissue-specific cCAMP signalling after GPCR activation. All membrane-

bound isoforms are stimulated by Ga, subunits but only some are inhibited by members
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of the Gu;/, (see Introduction section 3.1.1). Continued inhibition of ACs by Ga; subunits
can lead to the sensitisation of ACs and followingly to a cAMP increase when receptor
activation is terminated (Watts and Neve, 2005). This adaptive response is most obvious
for ACs, and ACg, when additionally stimulated with Ga; (Watts and Neve, 2005).

The calmodulin (CaM)-sensitive group of ACs, AC;, AC3, and ACg, is additionally stim-
ulated by calcium-bound calmodulin and in a feedback loop AC; and AC3 may be in-
hibited by calmodulin kinases IV and II, respectively. This group of ACs is also the only
one that is inhibited by GB~ subunits, which, in turn, have stimulatory effects on AC iso-
forms 2, 4, 5, 6, and 7 (Wettschureck and Offermanns, 2005; Sadana and Dessauer, 2009).
It has been reported that Gaj, /13 subunits may also directly regulate ACy (Jiang et al.,
2008, 2012), however, these effects are not well investigated and demand further specifi-
cation.

The protein kinases A and C are also main regulators of AC activity with stimulatory
and inhibitory effects on different AC isoforms. High intracellular Ca** concentration
inhibits all ACs but ACs and ACy are sensitive towards this Ca’*-mediated inhibition at
much lower physiological concentrations, which highlights the link between intracellu-
lar Ca®" and cAMP (Sadana and Dessauer, 2009).

The activation of ACs by the plant-derived diterpene forskolin (FSK) has been a valuable
tool in the investigation of ACs and cAMP signalling as it initiates CAMP production in
most cells, targeting AC; to ACg. Interestingly, FSK binds to a unique site at the AC and
is therefore not competitively influencing other AC regulators but may synergistically
enhance their effect (e.g. Gu;). Synergistic effects of FSK with other proteins, like PKCax,
have also been described (Insel and Ostrom, 2003; Sadana and Dessauer, 2009).

The main downstream effectors of cAMP are PKA, Epac (exchange protein directly ac-
tivated by cAMP), and CNGC (cyclic-nucleotide gated ion channels). PKA, as the best de-
scribed cCAMP target, phosphorylates several transcription factors, such as CREB (cAMP
response element-binding protein) or NF-«xB (nuclear factor kappa-light-chain-enhancer
of activated B cells) and therefore activates gene expression. It also interacts with differ-
ent metabolic enzymes, like acetyl coenzyme A, as well as with ACs and PDEs in cAMP
feedback loops (Sassone-Corsi, 2012).

The regulation of other signal transducers, like PLC, MAPK, Ras homolog gene family
(Rho) or ion channels further shows the important role of cAMP-dependent PKA acti-
vation for cellular function. Through binding of AKAPs, PKA can be associated with
a downstream effector to coordinate signalling spatially and temporally (Sassone-Corsi,
2012; Campbell and Smrcka, 2018).

Cyclic AMP-dependent activation of the Epac proteins (Epacl and Epac2) leads to the
activation of small GTPases from the Ras-related protein family regulating cell adhesion
via integrin (Robichaux and Cheng, 2018). Through the binding of CNGC by cAMP Cay*
currents are modulated, which has effects on ACs and PDEs. The activation of Na* or K*

CNGC can influence membrane potentials with strong effects on, e.g. neurons.
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The cAMP-degrading enzyme PDE catalyses the hydrolysis of cCAMP. PDEs are en-

coded by eleven genes and have several different isoforms that are either cAMP-specific
or cyclic guanosine monophosphate (cGMP)-specific, or act on both cyclic nucleotides.
Similar to ACs, their cell specific isoform expression profile, localisation and association
with other effectors makes them an important target for the regulation of cAMP levels by
both endogenous signal transducers and pharmacological drugs (Keravis and Lugnier,
2012). Of special interest for drug development in cardiovascular disease, inflamma-
tion or neurodegeneration is cAMP-specific PDE4 (Fertig and Baillie, 2018; Pearse and
Hughes, 2016), that is also the most diverse subfamily of PDEs with over 20 different
isoforms (Keravis and Lugnier, 2012). PDE7 and PDES are also cAMP-specific isozymes
and PDE], 2, 3, 10, and 11 can hydrolyse cAMP as well as cGMP (Keravis and Lugnier,
2012).
PDEs are strongly regulated by PKA which leads to a negative cAMP feedback loop af-
ter cAMP-dependent activation of PKA. Furthermore, PDE activity can be inhibited by
ERK1/2 and CaM kinases and stimulated by PKB/Akt and CaM (Sassone-Corsi, 2012;
Agarwal et al., 2014; Froese and Nikolaev, 2015).

3.1.4 Live cAMP Measurement with FRET-based Biosensors

Over the last few years, advancements in the measurement of intracellular cAMP levels
have contributed significantly to the understanding of the spatial and temporal control of
cAMP-dependent signalling in cells. The use of Forster resonance energy transfer (FRET)-
based cAMP biosensors allows for the live measurement of cAMP levels in the whole cell
or at particular subdomains on a single cell level (Nikolaev and Lohse, 2006; Froese and
Nikolaev, 2015). FRET, the emission-less energy transfer between two fluorophores via
dipole-dipole coupling, is observed when the three following biophysical properties are
given: (1) the distance between the fluorophores must be less than 10nm, (2) spectral
overlap of the donor’s emission and the acceptor’s excitation spectrum, and (3) the par-
allel orientation of the two fluorophores (Forster, 1948). The FRET efficiency reflects the
relative amount of energy transfer to overall donor excitation and is decreasing linear to

the sixth power of the distance between the fluorophores (Forster, 1965).

Green fluorescent protein (GFP) variants cyan fluorescent protein (CFP) and yellow
fluorescent protein (YFP) are commonly used FRET pairs with CFP as the donor fluo-
rophore and YFP as the acceptor. Different cAMP sensors have been designed that use
cAMP binding domains of PKA, CNGC or Epac coupled to a CFP-YFP pair (Boularan
and Gales, 2015). Common for FRET-based cAMP sensors is that the binding of cAMP
initiates a conformational change of the sensor that leads to a change in FRET between
the two sensor-coupled fluorophores.

The cAMP biosensor used in this work was developed by Nikolaev et al. (2004a) and is
termed Epacl-camps (cAMP sensor). It consists of the cAMP-binding domain of Epacl
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Figure 3.2. Scheme of the FRET-based cAMP biosensor Epacl-camps. When cAMP binds the cAMP-
binding domain of the biosensor the distance between the fluorophores CFP and YFP increases and FRET
decreases. FRET changes can be measured by detecting fluorescent emission light from CFP at 480 nm and
YFP at 535 nm after excitation of CFP with 440 nm. Adapted from Calebiro et al. (2010).

and is flanked by enhanced CFP and YFP. Binding of cAMP leads to an increased dis-
tance between CFP and YFP and therefore to a reduced FRET efficiency. The change in
FRET can be detected, e.g. via sensitised emission while measuring the emission inten-
sity of CFP and YFP upon donor excitation and calculating a ratio (Borner et al., 2011;
Sprenger et al., 2012) (Fig. 3.2). Due to the design of the sensor, CFP and YFP are in
equimolar concentration and the single cAMP binding domain allows for a rapid activa-
tion of the sensor compared to, e.g. PKA-based sensors (Willoughby and Cooper, 2008).
With an ECsg of 2.35 uM cAMP, Epacl-camps is suitable to sensitively detect cAMP in a
physiological range of 0.1 uM to 10 uM (Nikolaev et al., 2004a; Hill, 2006).
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3.2 Endocannabinoid System and Cannabinoid Receptor 2

First described in the early 1990’s by Munro et al. (1993) as part of the endocannabi-
noid system, the cannabinoid receptor 2 has since developed into a promising target
of biomedical research. For more than a decade CB2 has been termed the “peripheral”
cannabinoid receptor referring to its high abundance in peripheral organs and the im-
mune system (Bouaboula et al., 1996), which was thought to be in contrast to the “cen-
tral” cannabinoid receptor 1 (CB1) predominantly found in the brain (Matsuda et al.,
1990). CBI1 regulates synaptic transmission and plays a role in central neurobiological
processes, such as memory, anxiety, adult neurogenesis, pain transmission and food in-
take (Pertwee et al., 2010).

Protein expression of CB2 on immune cells, such as B cells (CD19+), T lymphocytes
(CD4+ and CD8+), monocytes (CD11b+) and natural killer cells (CD335+) has been re-
peatedly reported (Schmole et al., 2015; Turcotte et al., 2016) and the functional relevance
of CB2 signalling in these cell types including the regulation of cell activation as well
as cytokine and antibody production has been shown (Bouaboula et al., 1993; Galiegue
et al., 1995; Malfitano et al., 2014). Studies in CB2-deficient mice corroborate its impor-
tance in the regulation of the immune response, specifically for B cell migration (Atwood
and Mackie, 2010; Pereira et al., 2009).

Additionally, the control of autoimmunity by the endocannabinoid system has been illus-
trated by showing that CB1 on neurons and CB2 on T cells can suppress and control ex-
perimental autoimmune encephalitis (EAE)-associated neuroinflammation, a model for
human multiple sclerosis (Maresz et al., 2005).

The spleen is the organ with the highest CB2 expression, but also thymus, bone (Ofek
et al., 2006, 2011) and other tissues, such as skin (Karsak et al., 2007), fat, liver and mus-
cles express CB2 (Pacher and Mechoulam, 2011). CB2 has been shown to regulate bone
mass with effects in osteoblasts and osteoclasts (Ofek et al., 2006) and certain human CB2
variants are known to increase the risk for osteoporosis (Karsak et al., 2005).
Cannabinoid receptor ligands have been repeatedly associated with the treatment of can-
cer and anti-tumour activity (Sledziriski et al., 2018). CB1 and CB2 expression and sig-
nalling in different cancer cell lines and in breast, liver, and prostate cancer as well as
in glioblastoma and lymphoma has been shown to contribute to the important role of

cannabinoids in cancer treatment (Sarfaraz et al., 2008).

The function of CB2 in the brain has been highly debated for several years, however re-
cently, evidence for CB2 involvement in brain physiology and pathogenesis has emerged
(Cassano et al., 2017; Benito et al., 2008; Prenderville et al., 2015; Molina-Holgado et al.,
2007a; Quraishi and Paladini, 2016). Relatively well investigated is the presence of CB2
on microglia, especially during neuroinflammatory conditions, such as neurodegenera-
tion or brain injury (Cassano et al., 2017; Tao et al., 2016). The CB2-mediated regulation of

microglial activation during inflammation has assigned CB2 a neuroprotective role that
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is continuously investigated. CB2 expression on glioblastoma (Dumitru et al., 2018) and
neural stem cells (Prenderville et al., 2015; Molina-Holgado et al., 2007b) and reported
functions of CB2 receptors in neurons (Stempel et al., 2016; Stumpf et al., 2018; Zhang
et al., 2014) highlight the potential complexity of CB2-mediated signalling in the central

nervous system which will be discussed in detail in chapter 3.3.

Debates about tissue and cell type specific CB2 expression have followed the field since

the beginning (Rogers, 2015). In particular, the lack of antibodies against CB2 with suf-
ficient specificity, a common issue in GPCR research, might have contributed to claims
of CB2 expression that could not be cross-validated by other studies with different tech-
niques (Baek et al., 2013; Marchalant et al., 2014).
As of this date, including negative CB2 knockout controls (Buckley et al., 2000; Deltagen-
Inc, 2005) in antibody-based studies is necessary to unambiguously show CB2 involve-
ment. With the use of CB2-GFP reporter mice, single cell RNA sequencing (scRNAseq)
and fluorescently-labelled CB2 ligands, CB2 expression and therefore associated func-
tions can be investigated more reliably. In addition, splicing variants of CB2 have been
reported for humans, mice, and rats which most likely contributed to the conflicting re-
sults of CB2 tissue distribution in the past (Liu et al., 2009).

3.2.1 Cannabinoid Receptor 2 Signalling Pathways

As a Gu;/,-coupled GPCR, the activation of CB2 leads to the inhibition of ACs via Gu;
subunits (Munro et al., 1993; Bouaboula et al., 1999) causing a decrease in cAMP, as de-
scribed in section 3.1.1 of this Introduction. In contrast to CB1, which also couples Gg,
(Prather et al., 2000) and possibly Ga; (Glass and Felder, 1997) and Ga,, (Lauckner et al.,
2005), there is no evidence for the coupling of CB2 to other Ga subunits but Ga;.

CB2 activation PKC-dependently targets the MAPK pathways p38, ERK1/2, and c-Jun
and has been linked to the regulation of cell cycle and cell proliferation by targeting the
PI3K/ Akt pathway that activates mTORC1 (mammalian target of rapamycin complex 1)
(Sénchez et al., 2001; Palazuelos et al., 2012).

The activation of GIRK (G-protein-gated inwardly rectifying potassium) channels has
been shown for CB1 (Felder et al., 1995). For CB2 however, Felder et al. (1995) did not
observe this regulation. Recently, this has been challenged by Stumpf et al. (2018), who
show that activation of CB2 leads to the hyperpolarisation of cortical neurons via GIRK
channels.

CB2-mediated effects on intracellular Ca>* levels, that are regulated through the activa-
tion of PLC and production of inositol trisphosphate (IP3) leading to the release of Ca**
from the endoplasmatic reticulum (ER) have also been reported (Zoratti et al., 2003). The
enhanced production of the sphingolipid ceramide after CB2 activation has been shown
to induce apoptosis in glioma and bladder cancer (Sanchez et al., 2001; Bettiga et al.,
2017).
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Early reports on CB2-mediated signalling from Bouaboula et al. (1999) already regis-
tered a high degree of constitutive receptor activity in cAMP measurements in heterolo-
gous expression systems that was later confirmed by describing the action of CB2 inverse
agonists (Mancini et al., 2009; Bolognini et al., 2012). To this date, it is not clear if CB2 also
exhibits constitutive activity in vivo and, if so, what the physiological role of this property

might be.

3.2.2 Endogenous and Synthetic Cannabinoid Receptor Ligands

The engagement of CB2 in specific cellular signalling pathways important to physiolog-
ical and pathophysiological processes can be modulated by different CB2 ligands. Al-
though there are many studies describing functional effects of CB2 ligand treatment in
animal models and in vitro, only recently, research has targeted the functional selectivity
of known and novel CB2 ligands to shed light on the mechanisms that elicit these effects
(Soethoudet et al., 2017).

The two most important and best described endogenous ligands that bind CB2, as
well as CB1, are the endocannabinoids anandamide (AEA) (Devane et al., 1992) and 2-
arachidonoyl glycerol (2-AG) (Stella et al., 1997).

Both endocannabinoids are lipids generated from membrane phospholipids that contain
arachidonic acid (AA), and are Ca**-dependently released in response to stimuli. AEA is
synthesised from NArPE (N-arachidonoyl phosphatidyl ethanolamine) predominantly
through NAPE-PLD (N-acetyl phosphatidyl ethanolamine-hydrolysing phospholipase
D) and degraded by the fatty acid amide hydrolase (FAAH) to AA. Synthesis of 2-AG is
PLC dependent which catalyses the hydrolysis of membrane lipids to 1,2-diacylglycerol
(DAG). DAG lipase (DAGL) is then converting DAG to 2-AG. Monoacylglycerol lipase
(MAGL) in turn degrades 2-AG to AA (Pertwee, 2015). Although main routes of endo-
cannabinoid synthesis, the described biosynthesis pathways are not exclusive and for
AEA and 2-AG different synthesising and degrading cascades have been described (Per-
twee, 2015).

In an extensive CB2 ligands study by Soethoudt et al. (2017), the authors showed that
2-AG and AEA have no selectivity towards human CB2 or CB1, bind both receptors with
moderate binding affinities (see Table 3.1). For murine CB receptors, 2-AG is slightly
more affine for CB2 whereas AEA is more affine for CB1. AEA and 2-AG both show a
bias towards GIRK activation over cAMP signalling, whereas AEA is also biased towards
the activation of MAPK ERK1/2 (Soethoudt et al., 2017).

Phytocannabinoids are natural cannabinoid receptor ligands that are produced in plants.
The most prominent phytocannabinoid is trans-A°-tetrahydrocannabinol (THC), which is
predominantly responsible for the psychoactive effect of recreational cannabis use medi-
ated by CB1 (Matsuda et al., 1990). THC is a non-selective cannabinoid receptor agonist
with high binding affinity and a strong bias towards ERK1/2 signalling and against the
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activation of GIRK (Soethoudt et al., 2017; Ibsen et al., 2017). Around 100 different phyto-
cannabinoids have been found in plants of the genus Cannabis, among those cannabidiol
and caryophyllenes. B-caryophyllene (BCP), an essential oil additionally but not exclu-
sively found in hops, rosemary, and basil, has been reported to selectively bind human
CB2 (Gertsch et al., 2008) and to show CB2-mediated neuroprotective effects in mouse
models, such as EAE (Alberti et al., 2017). BCP acts as a CB2 agonist and activates Gu;
signalling, leads to higher intracellular Ca®** and weakly activates the MAPK ERK1/2
and p38 (Gertsch et al., 2008).

The need for selective cannabinoid receptor ligands fuelled the development of syn-

thetic cannabinoids that bind CB2 with high affinity and selectivity. Among those JWH133,
HU308 and HU910 are widely used and well established CB2 agonists that are recom-
mended to use in studies investigating CB2 function (Soethoudt et al., 2017). When com-
paring GIRK, G-protein, cAMP, ERK1/2 activation and B-arrestin recruitment HU308 is
a relatively well-balanced agonist at human CB2, whereas JWH133 has been shown to
not activate GIRK channels. At the murine CB2, JWH133 and HU308 show a greater bias
towards G-protein signalling. In general, CB2 agonists display less selectivity and po-
tency for either cannabinoid receptor in mice compared to humans, highlighting species
differences that might explain discrepancies between in vitro studies, which often use hu-
man cell lines, human clinical trials and in vivo mouse studies (Atwood and Mackie, 2010;
Rogers, 2015).
Synthetic cannabinoids that act as CB2 antagonists and inverse agonists have also con-
tributed to identify CB2 function. SR144528 and AM630 are inverse agonists that show
the highest CB2 selectivity (Soethoudt et al., 2017) and have been used in various in vitro
and in vivo studies. In contrast to CB2 agonists, their CB2 selectivity is higher on mouse
than human receptors (Soethoudt et al., 2017) and SR144528 shows stronger CB2 selec-
tivity than AM630. For cAMP signalling, both inverse agonists are highly potent and
functionally selective over GIRK and ERK1/2 pathways, however, SR144528 also shows
a strong bias towards inverse agonism for B-arrestin recruitment and G-protein signalling
(Soethoudt et al., 2017; Dhopeshwarkar and Mackie, 2016).

In a study from Bolognini et al. (2012), it was also shown that AM630 acts a protean lig-
and at the human CB2 eliciting agonism at constitutively active receptor forms with low
affinity and inverse agonism with a higher affinity at constitutively inactive CB2 forms.
It must be stressed that, to this date, all CB2 ligand bias studies (Soethoudt et al., 2017;
Dhopeshwarkar and Mackie, 2016) have been performed in cell models and with recep-
tor overexpression. Additionally, ligand bias has been determined relatively to the non-
selective, highly affine and potent cannabinoid receptor agonist CP55940, which in turn
also shows a bias towards cAMP signalling (Soethoudt et al., 2017; Dhopeshwarkar and
Mackie, 2016). It remains to be investigated to what extent ligand bias is influencing

endogenous receptor signalling and how it could be used in a clinical setting.
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Positive and negative allosteric modulators of GPCRs influence cellular signalling if
receptor agonists bind different GPCRs with similar affinity, as it is seen for CB1 and CB2
and their endocannabinoids AEA and 2-AG. Pepcan-12 (PC12), expressed in brain, liver,
and kidney (Petrucci et al., 2017) has been reported to negatively modulate the binding
of synthetic CB1/CB2 agonists CP55940 and WIN55,212-2 to CB1 receptors (Bauer et al.,
2012).

In 2017, it was shown by Petrucci et al. (2017) that PC12 also binds CB2 and acts as a PAM
potentiating the effect of the endocannabinoid 2-AG in G-protein binding and cAMP sig-
nalling assays. The targeting of CB1 and CB2 by PC12 and its complementary effects on
the receptors represents a potential endogenous regulatory mechanism of endocannabi-

noid signalling.

Cannabinoid ligands do not exclusively bind the cannabinoid receptors CB1 and CB2.
Common off-targets for cannabinoids of different origins are G-protein coupled receptor
55 (GPR55) and transient receptor potential (TRP) channels (Pertwee et al., 2010). For
the CB2 agonist JWH133 and inverse agonist AM630, significant cross-reactivity with
TRPA1 at a concentration of 10 pM has been reported (Soethoudt et al., 2017). Some
compounds of the CEREP panel, a panel consisting of common off-targets, were shown to
be cross-activated by AM630 and HU308, among those adenosine receptors and chloride
channels (Soethoudt et al., 2017). Specifically for the inverse agonist AM630, a substance
often given at higher concentrations to block agonist action, these off-target effects are of
relevance when interpreting previous studies and future research.

Table 3.1. CB2 ligand binding affinities and potencies for cAMP and ERK1/2 pathways at human receptors.

CB2 selectivity was determined from the ratio of the K; at CB1 compared to the K; value at CB2. Adapted
from Soethoudt et al. (2017) and Gertsch et al. (2008). ND - not determined.

Ligand K; [nM] ECsp cAMP [nM] ECsp ERK1/2 [nM]  CB2 selectivity
AEA 123 1175 3890 1
2-AG 115 151 3890 1
THC 6.92 ND 200 0.5
CP55940 3.63 0.05 11 0.2
WIN55212,2 2.69 0.32 5 1
JWH133 66 4.17 646 153
HU308 36 2.95 138 278
HU910 60 3.89 3162 166
BCP 155 1900 ND ND
AM630 41 28 8128 8

SR144528 13 21 1349 129
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3.2.3 Cannabinoid Receptor 2 Heterodimerisation

Heterodimerisation of GPCRs represents an additional level of complexity in GPCR-
mediated signalling (see Introduction section 3.1). CB2 has been found to heterodimerise
with the three different GPCRs: cannabinoid receptor CB1 (Callén et al., 2012), GPR55
(Balenga et al., 2014) and the C-X-C chemokine receptor type 4 (CXCR4) (Coke et al.,
2016).

The CB1-CB2 heteromer was first described by Callén et al. (2012) showing that the re-
ceptors physically interact in transfected HEK293T cells, CB2-transfected SH-SY5Y neu-
roblastoma cell lines and in rat brain slices. They further report a bi-directional cross-
antagonism in Akt/PKB and ERK1/2 pathways as a biochemical characteristic of the
CB1-CB2 heteromer. CB1 and CB2 agonists both promote neuritogenesis via the Akt
pathway when applied alone, however, in the presence of both agonists negative crosstalk
seems to attenuate the differentiation process via the CB1-CB2 heteromer (Callén et al.,
2012). Sierra et al. (2015) also showed the existence of CB1-CB2 heteromers in basal gan-
glia of macaque brains with reduced expression in parkinsonian animals. Later, this neg-
ative crosstalk was corroborated by Navarro et al. (2018b) reporting it for the activation
of ERK1/2 and B-arrestin recruitment in transfected HEK293T cells.

Adding to the role of cannabinoid receptors in the brain is the observation that CB1-CB2
heteromers also form in a transfected microglial cell line modulated by the cell’s acti-
vation state (Navarro et al., 2018a). Lipopolysaccharides (LPS) and interferon -y (IFNy)
activated microglial cells showed cross-antagonism in the cAMP and ERK1/2 pathway,
whereas resting microglia do not exhibit these characteristics, supposedly, because of
lower CB2 expression showing the dynamics of heteromer formation and their speci-
ficity to the cellular state (Navarro et al., 2018a).

Two out of three criteria for a functional heteromer according to (Gomes et al., 2016) are
followingly met by the proposed CB1-CB2 heteromer, the physical interaction and the
biochemical footprint (Callén et al., 2012; Navarro et al., 2018b,a; Sierra et al., 2015). Dif-
ferent studies additionally showed CB1-CB2 functional interplay and crosstalk in T cells
(Borner et al., 2009), neuropathic pain (Desroches et al., 2014), neurogenesis (Rodrigues
et al., 2017), autoimmune contact dermatitis (Karsak et al., 2007) and bone loss (Sopho-
cleous et al., 2017) underscoring the relevance of co-occurring CB1-CB2 signalling.

In 2016, Coke et al. (2016) reported heterodimerisation of CB2 and CXCR4 upon CB2
and CXCR4 agonist co-stimulation in human breast and prostate cancer cells that leads to
a decrease in ERK1/2 phosphorylation and blocking of CXCR4-mediated cell migration,
which is reversed by the CB2 inverse agonist AM630 (Coke et al., 2016). Additionally,
signalling through Gay3 and Rho, member A (RhoA) was shown to be important for
CXCR4-mediated cell migration (Ridley, 2015). The formation of the CB2-CXCR4 het-
eromer leads to a reduction of RhoA activation and therefore to a reduced migration of

cancer cells (Scarlett et al., 2018). This silencing of CXCR4 signalling by CB2 association
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represents the biochemical property of this heteromer and could contribute to the anti-
tumour activity of cannabinoids (Sledziriski et al., 2018; Gomes et al., 2016; Scarlett et al.,
2018; Coke et al., 2016).

Physical interaction between CB2 and GPR55 was shown by Balenga et al. (2014) after
previously reporting a functional interaction of the two receptors in the recruitment of
neutrophils to inflammatory sites (Balenga et al., 2011). In transfected HEK293T, CB2-
GPR55 heteromers lead to a reduced activation of transcription factors but increased ac-
tivation of ERK1/2 by GPR55. Cross-antagonism of the CB2-GPR55 heteromer was also
observed and the involvement of the heteromer in cancer or microglia activation was
postulated (Balenga et al., 2014).

CB2 heteromer formation is a mechanism of CB2 signalling that has only been inves-
tigated for a short period of time (Callén et al., 2012) but could help to understand the
diversity of cannabinoid-mediated signalling in vivo. However, as most of the CB2 het-
erodimerisation studies investigated heterologous cell models, endogenous functional

heterodimerisation needs to be further characterised.

3.2.4 Crosstalk Between Endocannabinoid and B-adrenergic Signalling

The GPCR family of BAR consists of three members, Bi-adrenergic receptor (81AR),
B2AR, and Bz-adrenergic receptor (83AR). They are part of a bigger family of adrenergic
receptors, « and B, that were first described by Raymond Ahlquist in 1948 and were later
found to bind the hormones epinephrine and norepinephrine (also termed adrenaline
and noradrenaline) (Ahlquist, 1948). Since their discovery they have been studied in-
tensively and found to play an integral part in the regulation of cardiac function. BAR
antagonists/inverse agonists, so-called B-blockers, were followingly established as treat-
ment against different cardiac diseases, such as a hypertension, arrhythmia, heart failure,
and after myocardial infarcts (Wachter and Gilbert, 2012; Waagstein et al., 1975).

BAR are predominantly Gas-coupled GPCRs that, upon activation, lead to a stimula-
tion of ACs and a rise in intracellular cAMP and activation of PKA (Wachter and Gilbert,
2012). Further, the stimulation of L-type calcium channels, activation of transcription fac-
tors and parts of the contractile apparatus in cardiomyocytes are initiated and regulate,
e.g. contractility (Wachter and Gilbert, 2012).

B2AR has also been reported to couple to Ga; with low affinity after receptor phosphory-
lation by PKA (Zamah et al., 2002). The switch to Ga; was reported to mediate ERK1/2
activation that was shown to be pertussis toxin sensitive, an indication of Ga; involve-
ment (Daaka et al., 1997). The existence of a Ga;s to Ga; switch at f2AR is supported by
studies linking it to the localised activation of L-type calcium channels (Chen-Izu et al.,

2000) and showing that the Ga subunit switch can be modulated by the involvement of
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PDE4D and B-arrestin (Baillie et al., 2003; Bruss et al., 2008). However, regarding foAR-
mediated ERK1/2 activation, a substantial Ga; involvement was challenged by Friedman
et al. (2002) who postulated that activation of the tyrosine kinase Src is the main require-
ment for the activation of MAPK ERK1/2.

Functional interaction between cannabinoid and p-adrenergic receptor signalling has
been reported previously. Effects of THC, endocannabinoids and synthetic cannabinoids
on heart rate and blood pressure are well described (Ho and Kelly, 2017). Additionally,
activation of CB1 via 2-AG on sympathetic nerve terminals in the bone can inhibit nore-
pinephrine release that is capable to elicit bone formation (Tam et al., 2008). A similar
mechanism for pre-synaptic CB1-mediated inhibition of norepinephrine release has also
been shown in the hippocampus (Schlicker et al., 1997) and other parts of the sympathetic
nervous system (Pakdeechote et al., 2007).

Moreover, CB1 and CB2 inverse agonists AM521 and AM630 have been reported to mod-
ulate the cardiostimulatory effects of BAR agonist isoprenaline that was either increased
or reduced depending on the concentration of the inverse cannabinoid receptor agonists
(Weresa et al., 2019).

Interestingly, the authors postulate that a possible interaction of CB1 and CB2 with ;AR
might be responsible for these effects (Weresa et al., 2019). In 2010, Hudson et al. (2010)
showed that CB1 and B,AR are physically interacting in transfected HEK293 cells and
report the positive influence of B, AR presence on CB1 surface expression (Hudson et al.,
2010). They additionally show a reduction of CB1 constitutive activity with S, AR expres-
sion, an increase in CB1-mediated ERK1/2 activation in co-expressing cells as well as the
cross-antagonism of CB1 inverse agonist AM251 on , AR-mediated phosphorylation of
ERK1/2 (Hudson et al., 2010).

In addition to the role of BAR in cardiac health and disease, their involvement in other
physiological processes, such as smooth muscle relaxation (Tanaka et al., 2005), bone
homeostasis (Bonnet et al., 2008), and brain-immune system crosstalk (Gyoneva and
Traynelis, 2013) shows the universality of (nor)epinephrine mediated signalling. The
functional crosstalk of the endocannabinoid and B-adrenergic signalling systems has al-
ready proven relevant and further investigation in tissues that express receptors from

both systems should provide a better mechanistic understanding.
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3.3 Cannabinoid Receptor 2 in the Central Nervous System

The role of CB2 in the brain has become increasingly important in the context of neuronal
injury and neuroinflammatory processes, such as neurodegeneration (Cabral et al., 2008;
Cassano et al., 2017; Ashton and Glass, 2007). It has been known since the discovery of
cannabinoid receptors that they can mediate neuroprotection via neuronal CB1 and CB2
on microglia, the tissue-resident macrophages of the brain (Cabral et al., 2008).

In addition to that, cannabinoids have been linked to the regulation of adult neurogenesis
in the brain, a process in the hippocampus, the subventricular zone and possibly other
regions of the post-developmental brain, where new neurons are generated throughout
life.

In recent years, it has also been shown that not only CB1 is expressed on neurons but that
also CB2 has a functional relevance in at least a subpopulation of cortical neurons (Stumpf
et al., 2018), the hippocampus (Stempel et al., 2016), the midbrain (Zhang et al., 2014)
and brainstem (Van Sickle et al., 2005). The cannabinoid influence on tumour growth,
cell invasion, and glioma stem-like cells of glioblastoma has been reported and reflects
another area of possible CB2 action in the brain (Dumitru et al., 2018).

For this work, the role of CB2 in adult neurogenesis and neuroinflammation are most

important and are discussed in more detail in the following subchapters.

3.3.1 Adult Hippocampal Neurogenesis

Adult neurogenesis (AN) is a process in the mammalian brain that takes place in stem cell
niches in the adult brain and is responsible for the continued generation of new neurons
(Altman and Das, 1965). AN is best described in rodents, mainly mice, and in two areas
of the brain that show the largest rate of neurogenesis, the subgranular zone (SGZ) of the

dentate gyrus (DG) in the hippocampus and the subventricular zone (SVZ).

In the DG, AN contributes to learning and memory (Gongalves et al., 2016) and in the
SVZ new-born neurons migrate to the olfactory bulb (Doze and Perez, 2012). In the hip-
pocampus, new granule neurons are generated from stem cells called radial glia-like type
1 cells (RGC) that are located in the SGZ between hilus and granular cell layer (GCL) and
have a bipolar/unipolar shape (Garcia et al., 2004). These cells express the marker pro-
teins Sox2 (sex determining region Y-box 2), GFAP (glial fibrillary acidic protein), and
nestin, and show a low rate of proliferation detectable with markers, such as the endoge-
nous antigen KI-67 (Ki67) or via BrdU (5-bromo-2’-deoxyuridine) incorporation (Nicola
et al., 2015; Aimone et al., 2014) and have the capability to differentiate into neurons, as-
trocytes, and oligodendrocytes (Noctor et al., 2001) (see Figure 3.3).

Type 2a non-radial intermediate progenitor cells are characterised by their round shape,
loss of GFAP and gain of Tbr2 (T-box brain protein 2) expression and a high proliferation
rate. They further develop into type 2b intermediate proliferating progenitors that are

committed to the neuronal fate and, in addition to nestin, Sox2 and Tbr2, express dou-
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Figure 3.3. Marker expression of neuronal progenitor cells in the subgranular zone of the dentate gyrus.
Adapted from Nicola et al. (2015).

blecortin (DCX), NeuroD1 (neurogenic differentiation 1) and Prox1 (prospero homeobox
protein 1) (Nicola et al., 2015) (Fig. 3.3).

Type 3 neuroblast-like cells lose nestin and Sox2 expression, proliferate less than type 2
progenitors and migrate into the granule cell layer where they receive glutamatergic in-
puts (Nicola et al., 2015; Gongalves et al., 2016). They stop proliferating, form axons and
dendrites, and express neuronal markers such as NeuN and calretinin (CR) (Nicola et al.,
2015; Kempermann et al., 2004). They then further maturate into calbindin-positive gran-
ule neurons that are integrated into the hippocampal network (Gongalves et al., 2016)
(Fig. 3.3).

AN is hierarchically regulated by a variety of extrinsic and intrinsic factors that range

from environmental stimuli and perception to glia cell function, cytokines, neurotrans-
mitters and intracellular signalling pathways (Kempermann, 2011). These factors are
integrated leading to the regulation of gene transcription that can be further altered by
epigenetics or post-translational modifications (Kempermann, 2011).
Physical activity, enriched environment and caloric restriction have all been shown to in-
crease the proliferation of neural progenitor cells (NPC), whereas stress or neuroinflam-
mation have been reported to attenuate neurogenesis (Aimone et al., 2014). A decline in
neurogenesis with age has also been reported, although this decrease is most significant
in the early postnatal period (until four months of age in mice) and relatively stable low
levels of AN are seen for the remaining lifetime (Kempermann, 2011; Knoth et al., 2010;
Nada et al., 2010).

Even in mice where AN has been extensively investigated on a molecular and cellular
level, linking these observations to brain function and behaviour has been challenging
(Kempermann, 2011; Aimone et al., 2014). The most significant function of AN is still a
highly debated topic (Kempermann, 2011; Becker, 2016). There is considerable evidence
that AN might play a role in the reduction of interference between similar memories
(Becker, 2016). In mice with low levels of neurogenesis the discrimination between mem-

ory events is impaired, which may lead to a generalisation of fear and associated stress
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responses via a yet unclear mechanism (Besnard and Sahay, 2015; Becker, 2016).

How AN is manifested in humans has been causing controversy in the research field
(Lee and Thuret, 2018; Dey et al., 2019) with a report by Sorrells et al. (2018) showing no
evidence for AN in the adult human brain contradicting previous and following research
(Eriksson et al., 1998; Boldrini et al., 2018; Moreno-Jiménez et al., 2019). Further research
must aim to find reliable methods to investigate AN in post-mortem human brain tis-
sues to answer open questions about the existence and function of human hippocampal
neurogenesis (Lee and Thuret, 2018; Dey et al., 2019).

The involvement of the endocannabinoid system in AN processes such as prolifera-

tion, differentiation, survival, and migration of NPCs has been reported (Prenderville
et al., 2015; Downer, 2014). In 2006, Palazuelos et al. (2006) showed that CB2 is expressed
on nestin-positive NPCs in vitro and in vivo and that stimulation with HU308 leads to
an increased NPC proliferation and neurosphere formation which is abrogated in CB2-
deficiency (Palazuelos et al., 2006).
The proliferative effect of CB2 agonists on NPCs was also found for CB1 agonists (Molina-
Holgado et al., 2007a) and is mediated by the engagement of PI3K/Akt/mTORC1 and
ERK1/2 signalling, which was shown in NPC cell lines, primary embryonic NPCs and
cortical slice cultures, as well as in hippocampi of eight week old adult mice after CB2
activation (Molina-Holgado et al., 2007a; Palazuelos et al., 2006, 2012; Prenderville et al.,
2015). The treatment of wildtype and CB2-deficient mice with CB2 agonist HU308 shows
an increase in cell proliferation measured with BrdU in the SGZ of the DG that is ab-
sent in knockout animals. The excitotoxicity-induced increase in neurogenesis via kainic
acid treatment is also reduced in CB2-deficient animals (Palazuelos et al., 2006, 2012). In
Palazuelos et al. (2006) the authors report reduced basal levels of cell proliferation in the
SGZ in CB2 knockout mice at ages embryonic day 17.5 and eight weeks postnatal. How-
ever, in a subsequent study by the same group using only eight week old animals, the
observation of reduced basal levels of AN in CB2-deficiency was not made (Palazuelos
etal., 2012).

The interaction between CB1 and CB2 in the modulation of AN has been investigated
in a study by Rodrigues et al. (2017) using hippocampal slice cultures from early post-
natal rats. Here, they showed that only the co-stimulation of CB1 and CB2 leads to an
increase in cell proliferation in the SGZ, but that neuronal differentiation and matura-
tion are increased by single- or co-stimulation of both cannabinoid receptors (Rodrigues
et al., 2017). The observation of cross-antagonism additionally suggests the involvement
of CB1-CB2 heteromers (Rodrigues et al., 2017). In two different disease models, CB2 has
also been shown to impact neurogenesis positively (Downer, 2014). In a mouse model
for human immunodeficiency virus 1 (HIV-1) infection where mice express the HIV-1
glycoprotein gp120 and exhibit decreased AN in the hippocampus, treatment with a CB2
agonist rescued the phenotype (Avraham et al., 2013). After cortical stroke the activation
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of CB2 promotes neuroblast migration to and differentiation at the infarct site (Bravo-
Ferrer et al., 2016).

Cannabinoids as regulators for AN are an emerging topic in neurogenesis research.
The role of CB2 in NPC proliferation could act in synergy with other neuroprotective
effects associated with CB2 in the context of neurodegeneration, where impairment of
AN is a common hallmark (Prenderville et al., 2015; Downer, 2014; Rom and Persidsky,
2013; Horgusluoglu et al., 2016).

3.3.2 Neuroinflammation

Neuroinflammatory processes in the central nervous system (CNS) are detrimental to
neuronal health and physiological brain function. A main player in the regulation of
neuroinflammation are the brain-resident immune cells of myeloid origin, microglia, that
were first discovered by Rio Hortega (1918) and represent 5 to 12 % of all brain cells (Law-
son et al., 1990). Over the last two decades the function of microglia in the brain has been
intensively studied and revealed their importance for brain homeostasis, defence against
pathogens, ageing and during neurodegenerative diseases (Hickman et al., 2018; Joseph
and Venero, 2013; Izquierdo et al., 2019; Neher and Cunningham, 2019).

Ribonucleic acid (RNA) sequencing studies have further advanced the field by identi-
fying microglial heterogeneity in the healthy and diseased brain (Li et al., 2019a). To
perform their tasks, microglia are particularly dependent on the sensing of external stim-
uli and possess a large repertoire of ion channels, GPCRs and other cell surface receptors
(Izquierdo et al., 2019).

In the normal brain, homeostatic microglia with ramified processes form a network
that constantly surveils the CNS environment (Lawson et al., 1990; Nimmerjahn et al.,
2005). They interact with neurons and astrocytes to support synaptic remodelling and
neuronal health mainly via the complement system, transforming growth factor g (TGFp)
and the C-X3-C chemokine receptor 1 (CX3CR1) (Butovsky et al., 2013; Vasek et al.,
2016; Harrison et al., 1998). TREM2 (triggering receptor expressed on myeloid cells 2)-
dependent phagocytosis of apoptotic neurons and an intact progranulin pathway that
supports neuronal survival are other crucial microglial functions that maintain brain
homeostasis (Krasemann et al., 2017; Minami et al., 2014). Microglia keep their surveilling
and ramified phenotype through the regulation of potassium currents that lead to a neg-
ative membrane potential and through low cAMP levels mediated by Ga;-coupled recep-
tors, such as CX3CR1 or purinergic P2Y receptors (Izquierdo et al., 2019). The activation
of P2Y receptor 12 (P2YR;2) by ATP also mediates the chemotactic process extension to-
wards an injury site possibly via the ERK1/2 pathway (Haynes et al., 2006; Lee et al.,
2012; Gyoneva and Traynelis, 2013).

In response to pathological stimuli, such as pathogens, protein aggregates, oxidative

stress, injury or CNS tumours, microglia change their state and adapt a less ramified
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morphology (Hickman et al., 2018; Izquierdo et al., 2019). Through the engagement of
Toll-like receptors via, e.g. bacterial lipopolysaccharides or purinergic receptors via free
ATP and ADP the NLP3 inflammasome and NF-«B are activated leading to the produc-
tion of pro-inflammatory cytokines, such as interleukin 18 (IL-18) and tumour necrosis
factor « (TNFa) (Katsnelson et al., 2015; Izquierdo et al., 2019; Hickman et al., 2018).
Low levels of intracellular cAMP levels facilitate the activation of NF-xB and may be
promoted through a IL-13- and TNFa-mediated increase in PDE4B activity (Ghosh et al.,
2012, 2015). A rise of intracellular cAMP levels, however, has been associated with pro-
cess retraction and diminished surveillance function (Kalla et al., 2003). The upregula-
tion of adenosine activated Gas-coupled adenosine A4 receptors and downregulation
of homeostatic P2YR;, during microglia activation is proposed to lead to a cAMP /PKA-
mediated process retraction (Orr et al., 2009). A similar mechanism that leads to reduced
microglia motility has been reported for norepinephrine signalling. f2 AR on homeostatic
microglia is downregulated after cell activation which is accompanied by the upregula-
tion of the predominantly Ga;-coupled a;4-adrenergic receptor (xp4 AR) promoting pro-
cess retraction (Gyoneva and Traynelis, 2013). Interestingly, for both GPCRs, coupling
to Ga; and Ga; has been reported (see Introduction section 3.2.4 and Eason et al. (1992))
and it remains to be investigated how the adrenergic influence on microglia motility in
associated with cAMP levels.

Protein aggregates such as amyloid B plaques, a hallmark of Alzheimer’s disease (AD),
can be cleared through their detection by microglial scavenger receptors and the produc-
tion of reactive oxygen species (El Khoury et al., 1996). Further release of proteases, glu-
tamate and induced nitric oxide synthase (iNOS) and the reduced production of neuron
survival promoting factors by activated microglia give them the means to cause neuronal
death (Brown and Vilalta, 2015).

The most important immunological checkpoints to prevent a microglial overreaction to
pathological stimuli are CX3CR1 and TREM2 signalling, in addition to progranulin and
scavenger receptor pathways (Hickman et al., 2018). A dysfunction of these pathways
in microglia leads to the continued death of neurons in neurodegenerative diseases like
AD and Parkinson’s or during CNS infection by, e.g. HIV-1 (Hickman et al., 2018; Duan
et al., 2014). Finding targets that restore homeostatic microglia function in conditions of
chronic CNS inflammation could ameliorate disease progression. A possible candidate

that acts neuroprotectively is CB2.

Carlisle et al. (2002) first reported the expression of CB2 on rat microglia stimulated
with the pro-inflammatory cytokine IFNvy. Weak expression of CB2 in homeostatic mi-
croglia was proposed by Schmole et al. (2015) using a CB2 reporter mouse. On the other
hand, Lopez et al. (2018), using a different reporter mouse, only reported CB2 expression
in microglia associated with amyloid B plaques and not during homeostasis. This up-

regulated expression of CB2 in neuroinflammatory conditions, such as AD, Parkinson’s
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disease, multiple sclerosis or activated microglial cell models has been shown repeatedly
by different groups (Cassano et al., 2017; Benito et al., 2008; Navarro et al., 2018a).

The main functions associated with CB2 activation in microglia are the inhibition of cell
activation and the reduction of pro-inflammatory factor release, such as IL-15, TNFa, and
iNOS from activated cells (Ehrhart et al., 2005; Klegeris et al., 2003; Ramirez et al., 2005).
For this, Eljaschewitsch et al. (2006) propose a mechanism via the MAPK phosphatase-1

that silences MAPK signalling activated by microglial scavenger receptors.

In different disease models, activation of CB2 has been shown to directly affect func-
tional outcome. CB2 activation via JWH133 or non-selective cannabinoid agonist WIN55,
212-2 leads to improved cognitive and memory function and less amyloid B plaques in
an AD mouse model (Martin-Moreno et al., 2012; Fakhfouri et al., 2012). Treatment of
mice with induced Parkinson’s using the CB2 agonist HU308 shows a reduction of mi-
croglia activation and cytokine production with improved levels and activity of surviving

dopaminergic neurons (Garcia-Arencibia et al., 2007; Gomez-Galvez et al., 2016).

As a majority of studies show that both cannabinoid receptors are beneficial in the con-
text of neuroinflammation (Cassano et al., 2017; Ashton and Glass, 2007) and CB1-CB2
heteromers might be relevant to microglia function (Navarro et al., 2018a), it highlights
the role of the complete endocannabinoid system as a neuroprotective factor. However,
because of the non-psychoactive effects, CB2 is a more suitable target for drug develop-
ment. Research on CB2 as a positive modulator of neuroinflammatory pathologies must
focus on cellular and molecular mechanisms behind CB2 function in microglia and their

translation from animal models to humans.
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4 Aim of this Work

The endocannabinoid system with its two GPCRs cannabinoid receptor 1 and 2 is known
to have important functions in the central nervous system. This work aims to further
characterise CB2 function and CB2-mediated signal transduction in a neurobiological

context.

In the first part of this thesis, the role of CB2 in the regulation of adult hippocam-
pal neurogenesis is investigated. Activation of CB2 shows proliferative effects on NPCs
and has been implicated in increasing cell proliferation in the subgranular zone of adult
mice (Palazuelos et al., 2006, 2012; Molina-Holgado et al., 2007a). However, there is some
inconsistency in previous reports about the reduction of SGZ cell proliferation of CB2-
deficient mice (Palazuelos et al., 2006, 2012) and therefore the question about the contri-
bution of CB2 function towards basal neurogenesis in adult mice remains open.
Accordingly, the aim is to decipher the influence of CB2 on the size of the DCX+ NPC
population, the abundance of postmitotic immature neurons (DCX+/CR+) and the over-
all cell proliferation (Ki67+) in the SGZ of the DG at a basal state. For this purpose,
hippocampal brain sections of adult, untreated, CB2-deficient and wildtype mice were
stained for Ki67 and co-stained for DCX and CR and positive cells per sample volume

were quantified and compared between the genotypes.

The second, more extensive part of this thesis, targets CB2-mediated signal transduc-
tion with a focus on cAMP dynamics and receptor crosstalk with the p-adrenergic sys-
tem in a cell model and in primary mouse microglia. The involvement of microglial
CB2 in regulating neuroinflammatory processes by reducing cell activation and pro-
inflammatory cytokine release is well established (Ehrhart et al., 2005; Klegeris et al.,
2003; Ramirez et al., 2005) and cAMP/PKA and MAPK pathways have been associated
with this function (Tao et al., 2016; Eljaschewitsch et al., 2006).

Reports about crosstalk between endocannabinoid and B-adrenergic signalling (Hudson
et al., 2010) and the presence of both systems in microglia (Gyoneva and Traynelis, 2013;
Cassano et al., 2017) suggest the possibility of an involvement of CB2 receptor interac-
tions in microglia signalling.

To investigate CB2-mediated cAMP dynamics, a heterologous HEK293 cell model with
CB2 expression was generated that allows for the live imaging of intracellular cAMP lev-
els using the FRET-based cAMP biosensor Epacl-camps (Nikolaev et al., 2004a). BAR-
CB2 cAMP and ERK1/2 signalling crosstalk was investigated in this cell model and

B2AR-CB2 heterodimerisation was analysed using immunoprecipitation and co-localisation
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studies. In addition, CB2- and BAR-mediated cAMP signalling was investigated in pri-
mary microglia from wildtype and CB2-deficient mice expressing Epacl-camps ubiqui-
tously in order to identify receptor-specific and crosstalk effects on microglial cAMP lev-

els.

The frequent involvement of cannabinoid receptor 2 in disease-associated conditions
and its reported protective role in these pathologies (Pacher and Mechoulam, 2011) puts
CB2 in the focus of biomedical research and drug development (Dhopeshwarkar and
Mackie, 2014). The aim of this work is to further characterise CB2 focussing on the above-

mentioned aspects of receptor function.
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5 Results - Part I: Influence of Cannabinoid
Receptor 2 Presence on Adult

Hippocampal Neurogenesis

5.1 Quantification of Adult Hippocampal Neurogenesis in
Wildtype and CB2-deficient mice

No alteration of neuronal progenitor populations and cell proliferation in
dentate gyrus of adult CB2-deficient mice

The involvement of CB2 in neuronal progenitor cell proliferation and adult hippocampal
neurogenesis in mice has been reported previously (Palazuelos et al., 2006, 2012; Pren-
derville et al., 2015). However, an estimation of the baseline size of neuronal progenitor
populations, immature neurons as well as the quantification of cell proliferation without
animal treatment in CB2-deficient mice is needed to determine the contribution of CB2

towards basal levels of neurogenesis in the SGZ of the DG.

For the quantification of type 2b and 3 neuronal progenitors (DCX+/CR-) and post-
mitotic immature neurons (DCX+/CR+) 40 um brain sections were co-stained for the
neuronal progenitor marker doublecortin (DCX) and calretinin (CR), which is expressed
by immature neurons together with DCX as well as inhibitory neurons (Nicola et al.,
2015) (Fig.5.1C). Immunostaining of brain sections with the proliferation marker Ki67
was used to quantify the number of dividing cells without prior animal treatment, that is

necessary when using, e.g. BrdU (Fig.5.1B).

Positive cells were counted in the SGZ of the DG and normalised to the sample vol-
umes in mm? of the infra- (ventral) and suprapyramidal (dorsal) blades of the GCL
and SGZ (Fig.5.1A). Figure 5.1B and C show representative stainings for Ki67 (Fig.5.1B)
and DCX/CR (Fig.5.1C) from brain sections of CB2-deficient mice and wildtype litter-
mates. In both genotypes the cellular distribution of the fluorescent signals was identical.
Ki67 was detected in the nucleus (Fig.5.1B), whereas DCX signal was seen in the cytosol
(Fig.5.1C). Positive cells were distributed along the full length of the SGZ and in both DG
blades. In DCX and CR double positive cells (Fig.5.1C, white arrows), CR staining was
predominantly seen in the nucleus. CR positive inhibitory neurons were significantly

larger than neuronal progenitors and located mainly in the deep hilus (Fig.5.1C).
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Figure 5.1. Representative confocal microscopy images of immunohistochemistry detection of Ki67, DCX
and CR in CB2 wildtype and knockout brain sections. See next page for figure description.
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Figure 5.1. Representative confocal microscopy images of immunohistochemistry detection of Ki67, DCX
and calretinin in CB2 wildtype and knockout brain sections. (A) Overview of the mouse dentate gyrus
(magenta in black rectangle) in the hippocampus and identification of relevant structures in an representative
microscopy image of a brain section with DAPI-staining. (B) First column of images shows sections from
WT mice and the second column shows fluorescent images from CB2-deficient mice. DAPI-staining (blue)
is seen in the first row, Ki67-staining in the second (green) and a merge of the two channels in the third row.
The dotted line represents the SGZ. (C) Fluorescent images of SGZ from both genotypes in lower (left) and
higher (right) magnification with staining for DCX (first row, green) and CR (second row, magenta). Merged
images are seen in the third row of images with white arrowheads indicating the location of DCX+/CR+
cells. The dotted line represents the SGZ. Scale bar = 100 pm. Scheme in (A) modified from (Bakker et al.,
2015; Badhwar et al., 2013).

Morphological investigation of the brain sections showed no difference in the distri-
bution or location of DCX, CR or Ki67 positive cells in the DG between the genotypes.
These observations corroborate the results of the cell population quantification (Fig.5.2A).
Overall cell proliferation per GCL and SGZ volume (Fig.5.2A) did not differ between the
blades of the DG or between genotypes. Neither did the amount of DCX+ type 2b and
3 NPC (Fig.5.2B), that was four times larger than the number of Ki67+ proliferating cells
per GCL-SGZ volume (see Table 5.1).

Around three quarters of all DCX positive cells were postmitotic immature neurons
(DCX+CR+) (Fig.5.2C, DCX+CR+/DCX+). In the infrapyramidal blade (M = 72.70, 95%
CI = 67.81, 77.59, n = 8) there was an overall lower percentage of double positive cells
compared to the suprapyramidal blade (M = 78.84, 95% CI = 75.63, 82.05, n = 8) of the DG
(F (1, 6) = 16.44, p = 0.0067). However, no difference in the ratio of DCX+CR+ to DCX+
cells was seen between genotypes. This result of a higher density in CR-expressing im-
mature granule cells in the dorsal DG is in agreement with previously published research
(Pliimpe et al., 2006; Jinno, 2011).

However, in contrast to the previously reported involvement of CB2 in adult neuroge-
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Figure 5.2. Quantification of neural progenitor cell populations and proliferation in the dentate gyrus of
wildtype and CB2-deficient mice. Amount of cells positive for Ki67 (A) and DCX (B) per sample volume
(GCL and SGZ) in the infra- and suprapyramidal blade of the dentate gyrus in CB2 WT (grey) and KO
(blue). (C) Percentage of post-mitotic DCX+/CR+ immature neurons from total amount of DCX+ cells in
the infra- and suprapyramidal blade of the dentate gyrus in both genotypes. Each n represents one animal.
Values from infra- and suprapyramidal blades are paired and were analysed using Two-Way ANOVA with
repeated measures and Sidak-adjusted p-values. CB2 WT n = 4, CB2 KO n = 4. Mean+95%CI.
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nesis (Palazuelos et al., 2006, 2012), the quantification of type 2b and 3 neuronal progeni-
tor cells as well as cell proliferation in this study did not show a difference between adult
CB2-deficient and wildtype mice. In 16 to 17 week-old mice that show low rates of neu-
ronal progenitor cell proliferation in the hippocampus (Nicola et al., 2015; Kempermann,
2011) either CB2 may not play a significant role in the regulation of basal levels of adult
neurogenesis or its function is compensated by a different mechanism in CB2-deficient
mice.

Table 5.1. Mean [95% CI] values of Ki67+ and DCX+ cells per mm? of the granular cell layer and percentage

of immature neurons (CR+DCX+) from all DCX+ positive cells in wildtype and CB2-deficient mice and in
both blades of the dentate gyrus. inf. - infrapyramidal, sup. - suprapyramidal.

Ki67+ DCX+ CR+DCX+/DCX+

inf. sup. both inf. sup. both inf. sup.  both

CB2*/+ 10060 8604 9174 41188 46220 42739 7149 77.68 75.25
[7004, [5467, [6410, [23830, [32928, [25563, [65.34, [70.68, [69.37,
13116] 11741] 11939] 58545] 59512] 59914] 77.63] 84.67] 81.12]
CB2~/~ 10504 10388 10443 43837 48191 47390 7392 80.00 77.63
[4834, [5659, [5364, [26465, [32915, [33025, [61.50, [74.63, [69.68,
16175] 15118] 15523] 61209] 63467] 61755] 86.33] 85.37] 85.58]
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6 Results - Part II: Cannabinoid Receptor
2-mediated Cyclic AMP Dynamics and
Receptor Crosstalk

6.1 Generation of a Cell Model to Investigate CB2-mediated
Cyclic AMP dynamics with Live Cell FRET Imaging

6.1.1 Stable expression of FLAG-hCB2 in Epacl-HEK cells

To generate a HEK293 cell model that allows for the live recording of CB2-mediated
changes in intracellular cAMP levels, cells were transfected with a plasmid encoding for
a FLAG-tagged human CB2 (Q-H variant) protein. Epacl-camps-HEK293 (short Epacl-
HEK) that were transfected for this purpose were kindly donated by Prof. Viacheslav
Nikolaev (Experimental Cardiology, University Medical Center Hamburg-Eppendorf).
These cells stably express the FRET-based cAMP-biosensor Epacl-camps (see Introduc-

tion section 3.1.4) with a selection resistance to hygromycin-B.

After the 14-day-treatment of FLAG-hCB2- and pcDNA 3.1(+)- transfected Epac1-HEK

cells with the selection antibiotic G-418, surviving clones were propagated and cell lysates
were analysed for CB2 expression via immunoblotting (Fig.6.1A). In Figure 6.1A the de-
tection of CB2 at around 38 kDa using a polyclonal rabbit antibody against CB2 is seen in
lysates from different G-418-surviving colonies.
Seven out of twelve Epacl-HEK colonies transfected with FLAG-hCB2 show CB2 expres-
sion after the selection period, whereas colonies from pcDNA 3.1(+)-transfected Epacl-
HEK cells were negative for CB2. CB2 expressing colonies 2 and 8 were propagated fur-
ther and compared to Epacl-HEK cells for CB2 expression via immunoblotting, which
showed no CB2 expression (Fig.6.1B). As the strongest expression for CB2 was seen in
colony 8, these stable clones were used for further studies and are from here on called
Epacl-camps FLAG-hCB2 HEK293, or short Epac1-CB2-HEK cells.

Figure 6.1C shows CB2 protein levels of Epacl-HEK and Epac1-CB2-HEK cells under
culturing conditions that confirmed the stable expression of CB2 in Epac1-CB2-HEK cells.
Immunocytochemistry of Epac1-CB2-HEK cells revealed the cytosolic expression of Epac1-
camps and the membrane localisation of FLAG-hCB2 (Fig. 6.1D) using an antibody
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Figure 6.1. Expression of FLAG-CB2 and Epacl-camps in Epacl- and Epac1-CB2-HEK cells. (A) Western
Blot of FLAG-CB2- and mock-transfected Epacl-HEK cells after selection process, (B) propagated selected
Epacl-CB2-HEK colonies 8 and 2 and Epacl-HEK cells, as well as (C) Epacl-HEK and Epac1-CB2-HEK cells
used in all further experiments with detection for CB2 and actin as loading control. (D) Representative
confocal microscopy images of immunofluorescent detection of Epacl-camps and FLAG-CB2. First column
of images shows Epacl-HEK and the second column shows Epacl-CB2-HEK cells. CFP (cyan) and YFP
(yellow) fluorescent signals are seen in the first two rows respectively. FLAG-staining for FLAG-CB2 is seen
in the third row of images (magenta). Scale bar = 50 pm. Complete blots are found in the Appendix 10.4.
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against the FLAG-tag. In Epacl-HEK cells, no fluorescence for FLAG-hCB2 was de-
tected and homogenous cytosolic expression of Epacl-camps comparable to Epac1-CB2-
HEK cells was seen. However, in Epac1-CB2-HEK cells not all cells show membranous
FLAG-hCB2 expression or equal levels of fluorescent signals from FLAG. For cAMP-
FRET imaging in Epac1-CB2-HEK, this could result in variation regarding the magnitude
and response rates after CB2 stimulation. With the stable and homogenous expression of
Epacl-camps, on the other hand, FRET imaging was expected to be feasible in Epacl-
CB2-HEK cells.

6.1.2 Evaluation of live cell FRET imaging and cAMP measurement in
Epacl-HEK cells

To evaluate CB2-mediated cAMP signalling in Epacl-CB2-HEK cells a reliable FRET
imaging and stimulation protocol had to be established. For the detection of Ga;-mediated
inhibition of AC activity and cAMP production in model systems, it is often necessary to
pre-activate the AC before applying a potentially inhibitory stimulus to elevate low cel-
lular cAMP levels (Insel and Ostrom, 2003; Storch et al., 2017). In a majority of cCAMP
studies the direct AC activator FSK is used for this purpose (Insel and Ostrom, 2003) and
a comparable stimulation protocol has been applied in this work.

A suitable FSK concentration was determined using Epacl-HEK cells aiming at a suffi-
cient signal amplitude while rapidly reaching the post-FSK baseline to minimise record-
ing time. Epacl-HEK cells were also used to exclude any off-target effects on cAMP
signalling from CB2 ligands. An overview of the FRET imaging method and analysis

pipeline with analysed response parameters is seen in Fig. 6.2.

Figure 6.3 shows time-dependent FRET ratio (R) images from a representative record-
ing of Epacl-HEK cells stimulated with 1 uM FSK, then 1 uM CB2 agonist JWH133 and
tinally 1 uM CB2 inverse agonist AM630. The corresponding AR; line plots from selected
ROIs (1, 2, and 5) show stimulation time points and the increase of AR after FSK stim-
ulation in all ROIs (Fig. 6.3B). No FRET change was observed after application of CB2
ligands in Epacl-HEK cells. The average AR; time traces of Epacl-HEK cells stimulated
with 1uM, 3uM and 10 pM FSK show the step-wise concentration-dependent increase
in cAMP production within the first 480 s after FSK stimulation (Fig. 6.3C).

Maximal AR amplitudes, time to half maximum t1/2 and the maximal slope of the FSK

responses (in positive direction) corroborate this observation.

Comparing the data from 1uM, 3uM and 10uM FSK recordings, larger AR ampli-
tudes, shorter half-times as well as steeper max. slopes of the signals were seen with in-
creasing FSK concentration (Fig. 6.3D, E, F). This was most evident regarding the 10-fold
concentration increase from 1uM to 10 uM FSK. The max. slope of the FRET response
showed significant differences between all concentration steps (Fig. 6.3F), leading to the

possible conclusion that this parameter most accurately represents the changes in cAMP
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Figure 6.2. cAMP-FRET imaging of Epacl-HEK cells and FRET data analysis. (A) Representative fluo-
rescent CFP image of Epacl-HEK cells excited with 440 nm light, measured ROIs and background ROL (B)
Individual bleedthrough-corrected time-dependent fluorescence intensity traces (blue - CFP, yellow - YFP)
from ROI 4 in (A) after stimulation with 1 uM FSK. (C) Time-dependent FRET ratio R; (grey) calculated from
fluorescence intensities in (B). (D) Normalised, time-dependent FRET ratio changes ARy calculated from (C)
and analysed FRET response parameters (red). Scale bar = 20 um.

accumulation caused by FSK (1 pM FSK vs. 3 uM FSK max. slope: M = -0.0465, 95% CI =
-0.0813, -0.0117, p = 0.0073; 1 uM FSK vs. 10 pM FSK max. slope: M = -0.0708, 95% CI =
-0.1048, -0.0369, p <0.0001).

FRET recordings from FSK-stimulated Epacl-HEK cells showed the feasibility of de-
tecting live cell FRET signals with the image acquisition and analysis pipeline imple-
mented within the scope of this work. For investigation of CB2 signalling in Epacl-
CB2-HEK cells, a concentration of 1puM FSK was chosen as the initial pre-stimulation
of adenylyl cyclases. Stimulation of Epacl-HEK cells with 1uM FSK showed that re-
sponse parameters are suitable for a subsequent stimulation with CB2 agonists (ARjy:
M =22.49, 95% CI = 20.00, 24.99; t1/2: M =352.1, 95% CI = 247.5, 456.8; slope: M = 0.0615,
95% CI = 0.0469, 0.0761; n = 13) and the response was not significantly slower than the
FRET response to 3uM FSK. Although FRET responses to 10 pM FSK were on average
faster and larger (AR 4x: M= 29.72, 95% CI = 25.37, 34.06; t1/2: M = 174.3, 95% CI = 137.8,
210.9; slope: M = 0.1324, 95% CI = 0.1097, 0.1552; n = 9), choosing 1 uM FSK minimises
the risk of masking the anticipated Ga;-mediated inhibition of cAMP production after

CB2 activation.
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Figure 6.3. cAMP-FRET imaging of Epacl-HEK cells after stimulation with different concentrations of
FSK. (A) Representative FRET ratio (R) images at different time points (t in seconds) and corresponding
single cell FRET ratio (AR;) (B) traces from indicated Epacl-HEK cells stimulated with 1 uM FSK (1), 1uM
CB2 agonist HU308 (2) and 1 pM AM630 (3). (C) Mean+95%CI AR; FRET ratio traces showing the first 480 s
after stimulation of Epacl-HEK cells with 1 uM, 3 uM and 10 uM FSK. (D) Maximum peak AR, (E) t1/2 and
(F) max. slope values (arrow represents slope direction) of FRET responses to varying concentrations of FSK
in Epacl-HEK cells. Data were analysed using Nested One-Way ANOVA with Tukey-adjusted p-values.
Each independent data point n represents the average of all cells in one recording/coverslip. 1 uM FSK n =
13, 3uM FSK n = 8, 10 pM FSK n = 9. Mean+95%CI. Scale bar = 20 um.
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6.2 Live Measurement of CB2-mediated cAMP Dynamics in
Epac1-CB2-HEK Cells

6.2.1 Different CB2-mediated cAMP response patterns in Epac1-CB2-HEK
cells

To investigate CB2-mediated cAMP signalling in living cells, a stimulation protocol in
the generated stably transfected Epac1-CB2-HEK cells was established. First, cells were
stimulated with 1M FSK to sub-maximally activate ACs and elicit cAMP production.
After a baseline was reached, cells were stimulated with different CB2 agonists in supra-
maximal concentrations to activate CB2 and inhibit cAMP production via Ga; subunits.
Epacl-CB2-HEK cells were then stimulated with 1uM AM630, a CB2-selective inverse

agonist, to block recorded responses to CB2 agonists and show their CB2 specificity.

The data acquired from this stimulation scheme revealed the heterogeneity of the gen-
erated Epacl-CB2-HEK cell model in the response to CB2 stimulation. Three response
types were distinguished, that all showed a clear relative increase of AR and therefore in-
tracellular cAMP levels after stimulation with FSK: (1) Type R (responder), a “classical”
cellular response with a detectable inhibition of FSK-mediated cAMP production after
CB2 agonist stimulation, that was blocked by AM630; (2) Type CA (constitutive activity),
no response of the cell to a CB2 agonist but a detectable increase in cAMP following stim-
ulation with AM630 comparable to reported effects when a GPCR shows a high degree
of constitutive activity (Bolognini et al., 2012); (3) Type N (non-responder), no response
to either CB2 ligand.

In Fig. 6.4A processed FRET ratio (R) images from a representative recording of a group
of Epac1-CB2-HEK cells are seen. These cells showed differences in their cAMP response
to the stimulation protocol. Stimulation time points and individual cellular responses are
seen in the corresponding AR line plots of three chosen cells (ROI 1, 5 and 7) (Fig. 6.4B).
These cells representatively show the three different response types of Epac1-CB2-HEK
cells to CB2 stimulation with ROI 1 as type R, ROl 7 as type CA and ROI 5 as type N.
To further investigate the observed response patterns and to characterise them, first, the

FRET responses to FSK were analysed.

Taking together FSK-response parameters from all recordings of Epac1-CB2-HEK cells
with the different CB2 agonists and analysing them according to response type, small
differences in the FRET response were seen (Fig. 6.4C,D,E,F). Within the first 480 s after
FSK application, cells with response type N show the largest FRET change, which is
depicted in Fig. 6.4C in averaged AR line plots. Maximal AR (M = 26.58, 95% CI = 24,
29.15) as well as max. slope values (M = 0.1106, 95% CI = 0.0855, 0.1356) (n = 6) were also
increased in type N responders compared to R or CA types.

On average, type R responses were only marginally larger (M = 20.94, 95%CI = 19.21,
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Figure 6.4. FSK response of different CB2 response types in Epac1-CB2-HEK cells. See next page for figure
description.
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Figure 6.4. FSK response of different CB2 response types in Epac1-CB2-HEK cells. (A) Representative
FRET ratio (R) images at different time points (t in seconds) and corresponding single cell FRET ratio (ARy)
(B) traces from indicated cells stimulated with 1 pM FSK (1), 1 uM CB2 agonist HU308 (2) and 1 uM AM630
(3) showing the three response types R (ROI 1), CA (ROI 7), and N (ROI 5). (C) Mean+95%CI AR; FRET
ratio traces showing the first 480 sec after FSK stimulation of the different Epac1-CB2-HEK response types.
(D) Maximum peak AR, (E) t1/2 and (F) max. slope values of FRET responses to FSK (arrow represents
slope direction) of the different Epac1-CB2-HEK response types. (G) Relative frequencies of Epac1-CB2-HEK
response types in recordings with different CB2 agonists. Numbers on top of bars represent the number of
single cells/ROIs in total number of recordings. (H) Overall mean+95%CI percentage of each response
type in Epacl-CB2-HEK cells. Each data point 7 in D, E, and, F represents the average of all cells in one
recording/coverslip with at least three cells of a response type. Type Rn =17, Type CAn =16, Type Nn =
6. Mean+95%CI. Scale bar = 20 um.

22.68) and steeper (M = 0.0898, 95% CI = 0.074, 0.1056) (n = 17) than responses from type
CA cells (Fig. 6.4C,D,F). As sometimes three or more ROISs of two different response types
were seen in one recording, the data are partially paired and further statistical test were
not applied. Average half time values from the different response types that were around
150s did not differ (Fig. 6.4E).

In Figure 6.4G the relative frequency of a cell’s response type from Epacl-CB2-HEK cell
recordings with different CB2-agonist stimulation protocols is seen. In these recordings
the most abundant response type was R (M = 42.77, 95%CI = 20.54, 64.99) followed by
CA (M =34.71,95%CI = 21.11, 48.31) and N (M = 22.52, 95%CI = -0.87, 45.91) (n = 4) (Fig.
6.4H).

In Figure 6.5A the mean+95%CI AR; FRET ratio traces of type R, CA, and N Epacl-
CB2-HEK cells are depicted together with Epacl-HEK cells after 1 puM FSK stimulation.
Figure 6.5B, C, and D shows the mean+95%CI differences betwenn response parame-
ters from type R, CA, and N cells to the results of the Epacl-HEK cell stimulation with
1pM FSK (see Results subsection 6.1.2). Max. AR values of type R cells stimulated with
1uM FSK differed the least compared to control cells (M = -1.55, 95%CI = -5.04, 1.94)
but showed lower max. AR on average. Type CA showed max. AR responses smaller
than control cells with a larger difference than type R (M = -3.72, 95%CI = -7.25, -0.19). A
higher FSK-elicited max. AR compared to Epacl-HEK cells was seen for Epac-CB2 type
N cells (M = 4.08, 95%CI = -0.59, 8.75) (Fig. 6.5B). FRET responses from Epac1-CB2-HEK
cells to FSK had faster half-time values compared to control cells in all response types
(R: M =-190, 95%ClI = -276, -104; CA: M = -175, 95%CI = -263, -88; N: M = -198, 95%CI =
-314, -83) (Fig. 6.5C). Max. slopes of FRET responses from type CA showed the smallest
difference to control cells (M = 0.0089, 95%CI = -0.0159, 0.034), whereas type R and N
max. slopes were steeper by a higher margin (R: M = 0.0283, 95%CI = 0.0039, 0.0528; N:
M = 0.0491, 95%CI = 0.0164, 0.0819) (Fig. 6.5D).

The analysis of FSK-elicited FRET responses in Epac1-CB2-HEK cells showed that through
functional CB2 receptors, either possibly constitutively active (type CA) or not (type R),
the cAMP production upon direct AC activation via FSK might already be affected in

magnitude and speed. The presence of different GPCR conformations and their abun-
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Figure 6.5. Differences in FRET response parameters after FSK stimulation between Epac1-CB2-HEK
response types and Epacl-HEK cells. (A) Mean+95%CI AR; FRET ratio traces showing the first 480s after
FSK stimulation of the different Epac1-CB2-HEK response types compared to Epacl-HEK cells (taken from
6.3C and 6.4C). (B) AR, (O) t1/2, and (D) max. slope mean+95%CI differences between Epac1-CB2-HEK
type R, CA, and N responders to Epacl-HEK cells stimulated with 1 1M FSK. Mean+95%CI.

dance at the membrane has been shown to influence availability of Ga; and G-y subunits

as well as AC activation via FSK or Ga; subunits specifically in heterologous expression
systems (Mancini et al., 2009; Bolognini et al., 2012).
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6.2.2 Reduction of cAMP levels after CB2 activation with different agonists in
Epac1-CB2-HEK cells

To evaluate the generated cell model regarding its functionality and reliability of char-
acterising CB2-mediated cAMP signalling and CB2 ligands, the stimulation protocol ex-
plained in Results subsection 6.2.1 was applied. A variety of CB2 agonists was used to
investigate the universality of observed cellular responses to CB2 activation. Agonists
used in these experiments are the synthetic selective CB2 agonists JWH133 and HU308,
the phytocannabinoid B-caryophyllene as well as the endocannabinoid and CB1/CB2
agonist 2-AG. All CB2-agonists were applied in supra-maximal concentrations to elicit
maximal CB2 activation.

Following agonist stimulation, cells were stimulated with 1 uM of the selective CB2 in-
verse agonist/antagonist AM630 to specifically block the agonist response. FRET data
summarised in Figure 6.6 originates from all Epac1-CB2-HEK cell recordings with at least
three individual type R cells/ROls.

Figure 6.6A shows AR; line plots from different representative ROIs stimulated with
FSK (1), JWH133, HU308, BCP or 2-AG (2) and AM630 (3). The cells showed a AR in-
crease by about 20% after stimulation with 1puM FSK and following stimulation with
CB2 agonist a AR decrease between 5 and 10% was seen. This AR decrease represents
the direct inhibition of FSK-elicited cAMP production via CB2 activation in living Epacl-
CB2-HEK cells. Subsequent stimulation with 1 uM AM630 resulted in a AR increase of
about 15%. The blockage of CB2-mediated cAMP inhibition via AM630 shows the speci-

ficity of the agonist response and the reversibility of receptor activation.

Summarised AR extreme values after each stimulation time point (within one record-
ing) show the similarity between type R recordings from different CB2-agonist stimula-
tion protocols (Fig. 6.6B). Corresponding analysis of AR differences between each base-
line after substance stimulation revealed similar mean values between recordings from
different CB2-agonists that ranged between a decrease of 5 to 7% (JWH133: M = -5.77,
95%CI = -8.3, -3.24; HU308: M = -6.92, 95%CI = -9.17, -4.66; BCP: M = -5.98, 95%CI =
-8.49, -3.47; 2-AG: M = -5.78, 95%CI = -9.53, -2.03) (Fig. 6.6E). This was also reflected
by the small variation of overall cAMP inhibition caused by the different CB2 agonists
(JWH133: M = 31.85, 95%CI = 21.70, 41.99; HU308: M = 33.95, 95%CI = 26.41, 41.49; BCP:
M = 25.50, 95%CI = 19.85, 31.15; 2-AG: M = 25.20, 95%CI = 7.02, 43.38) (Fig. 6.6C). On
average, agonist-elicited response parameters max. slope and time to half-maximum did

not show significant differences between recordings (Fig. 6.6D, G).

FRET responses of Epac1-CB2-HEK cells to 1 pM of CB2 inverse agonist AM630 showed
more variability depending on precedent CB2 agonist stimulation (Fig. 6.6D, G, F). Mean
differences in AR between CB2 agonist and AM630 baseline ranged between 10 and 17%
(JWH133: M = 13.00, 95%CI = 10.10, 15.91; HU308: M = 16.42, 95%CI = 13.80, 19.04;
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BCP: M = 11.94, 95%CI = 4.81, 19.07; 2-AG: M = 12.27, 95%CI = 9.63, 14.90) (Fig. 6.6F).
AMB630 responses in JWH133 stimulated cells showed on average a larger half-time (M
= 379, 95%CI = 297, 461) and lower max. slope values (M = 0.0261, 95%CI = 0.0198,
0.0323) compared to the other agonist stimulation protocols (Fig. 6.6D, G). The differ-
ence in AM630 response half-time between JWH133 and BCP stimulated cells was most
prominent (JWH133 vs. BCP: M = 133, 95%CI = 28, 239, p = 0.0125) (Fig. 6.6D).

The comparison of the maximal FRET response AR,y in Epacl-HEK cells after stimu-
lation with 1 uM FSK and the end-point AR values of Epac1-CB2-HEK cells after comple-
tion of the stimulation protocol revealed that after stimulation with AM630, Epac1-CB2-
HEK cells had higher cAMP levels than control cells stimulated with FSK (Fig. 6.6H).
This difference in AR was most evident in Epac1-CB2-HEK cells from the HU308 (Epacl-
HEK FSK vs. HU308: M = -5.96, 95%CI = -10.96, -0.96, p = 0.0153) and 2-AG (Epacl-HEK
FSK vs. 2-AG: M = -6.02, 95%CI = -11.64, -0.41, p = 0.0323) stimulation protocol (Fig.
6.6H). This observation was also made when comparing AR values after FSK stimulation
to AR values after AM630 stimulation within the same recording from Epac1-CB2-HEK
cells (Fig. 6.6B) and additionally hints towards the presence of constitutive CB2 activity
in Epac1-CB2-HEK cells that show a type R response.

Acquired FRET data from Epacl-CB2-HEK cells stimulated with different CB2 ago-
nists showed that detecting the inhibition of cAMP production in live cells via activation
of the Ga;-coupled receptor CB2 was possible with the implemented imaging pipeline.
The cellular cAMP-FRET response to all supra-maximally applied CB2 agonist showed
high similarity in all analysed response parameters and overall cAMP inhibition.
Remarkably, none of the CB2 agonists completely inhibited all FSK-elicited cAMP pro-
duction in live cells in these assays. Although there was some variation and a higher
variety in cellular responses towards the CB2 inverse agonist AM630, that was applied
after CB2 agonists, a clear blockage of CB2-mediated cAMP inhibition was seen in all
analysed recordings.

Part of the AM630 response variation may be explained by its competition with an ago-
nist for CB2 binding as well as the single-cell-dependent composition of different receptor
conformations. The ligands have different affinities towards CB2 (see Introduction sec-
tion 3.2.2) and its varying conformational states that could account for stronger or weaker
blocking of the agonist effects. It was evident from the AM630 elicited cAMP response
that Epacl-CB2-HEK type R responders may also exhibit some degree of constitutive

activity.

This Epac1-CB2-HEK cell model may therefore be used to detect intracellular cAMP
changes in living cells upon CB2 activation or blockage. However, in terms of precisely
characterising the efficacy of CB2 agonists to engage cAMP pathways in living cells, the
obtained maximal FRET changes and accuracy in the detection of FRET responses might

not be sufficient.
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Figure 6.6. FRET responses to CB2 agonists and AM630 in Epac1-CB2-HEK type R cells. (A) Represen-
tative single cell FRET ratio (AR;) traces of Epacl-CB2-HEK cells stimulated with 1 puM FSK (1), 1 uM then
JWH133 (n=4), HU308 (n=5), BCP (n=4) or 2-AG (n=4) (2) and 1uM AM630 (3). (B) Baseline FRET (AR)
values after FSK (full icon), CB2 agonists (hollow icon; JWH133: red circles; HU308: blue squares; BCP:
green triangles; 2-AG: violet diamonds) and AM630 (half-full icon). Data were analysed using Two-Way
ANOVA with repeated measures and Sidak-adjusted p-values. (C) Inhibition of FSK-elicited cAMP produc-
tion by different CB2 agonists. (D) t1/2 and (G) max. slope values (arrows indicate direction of slope) of
FRET responses until CB2 agonist (left) and AM630 (right) baselines from stimulations with different CB2
agonists. (E) AR differences from FSK to CB2 agonist and CB2 agonist to AM630 (F) baselines from stim-
ulations with different CB2 agonists. (H) Comparison between max. AR responses from Epacl-HEK cells
stimulated with 1 uM FSK (n=13) and Epac1-CB2-HEK cells after the AM630 response. Data were analysed
using Nested One-Way ANOVA with Tukey- (C, D, E, E, G) or Dunnett- (H) adjusted p-values. Each data
point n represents the average of all cells in one recording with at least three responding cells. Mean=+95%CI.
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6.3 CB2 Effects on S-adrenergic Receptor Signalling in
Epac1-CB2-HEK Cells

6.3.1 Stimulation of B-adrenergic receptors in Epac1-CB2-HEK cells leads to a
negative cAMP feedback

In order to further characterise CB2-mediated cAMP signalling and to investigate re-
ceptor crosstalk with the B-adrenergic system, a CB2/BAR stimulation protocol was ap-
plied. As previously reviewed (see Introduction section 3.2.4), BAR are predominantly
Gas-coupled receptors that activate ACs causing an increase in intracellular cAMP levels.
Specifically B1 AR and B> AR are highly expressed in mammals and in HEK293 cells 2 AR
is the most abundant BAR (Atwood et al., 2011). Signalling from BAR is well investigated
because of their important physiological role in various tissues.

To characterise the cAMP response of Epac1-CB2-HEK cells to the activation of BAR and
to investigate a possible modulation by CB2, cells were stimulated with 100nM of the
BAR-agonist isoprenaline (ISO) either solely or together with 1 pM JWH133. Last, 1M
AMG630 were applied to block CB2 effects and obtained results were compared to FRET

responses of Epacl-HEK cells treated with the same stimulation protocol.

In Figure 6.7A, AR; line plots from three representative Epac1-HEK or Epac1-CB2-HEK
ROIs stimulated with ISO or ISO and JWH133 followed by AM630 are seen. Epacl-HEK
cells (grey) responded to BAR activation via ISO with a strong, persistent increase in
AR (ISOyx) representing the production of cAMP via Ga subunits (M = 27.57, 95%CI =
20.89, 34.24, n = 4) (Fig. 6.7B). With a mean half time of 76 s (M = 76, 95%ClI = -3, 156) and
max. slope of 0.2454 AR per second (M = 0.2454, 95%CI = 0.1394, 0.3515) the ISO,;,5x base-
line was reached rapidly (Fig. 6.7C,D). Epacl-HEK cells were non-responsive towards
AMBG630 in this stimulation protocol confirming the results from 6.1.2 (Fig. 6.7A).

In Epac1-CB2-HEK cells the cAMP response to ISO stimulation showed differences com-
pared to Epacl-HEK cells as a negative cAMP feedback response was observed (6.7A,
blue). After reaching a transient ISO,,4y, the AR signal decreased to a lower baseline
(ISO¢p). This BAR response to ISO was seen in Epac1-CB2-HEK cells with (6.7A, red) and
without CB2 co-activation (6.7A, blue). Comparing mean response parameters of ISO,,x
between cell types and conditions, Epac1-CB2-HEK cells showed a slightly smaller mean
AR amplitude (M = 17.46, 95%CI = 10.02, 24.89) without than with CB2 co-activation (M
=20.23, 95%CI = 14.51, 25.94).

However, both Epacl-CB2-HEK conditions showed a mean reduction of ISO,;x AR com-
pared to Epacl-HEK cells (6.7B). Mean t1/2 and max. slope values of the ISO,,, re-
sponses showed a higher similarity between cell types and conditions. CB2 activation
modulated the ISO,,,, response towards shorter t1/2 and larger max. slope values com-
pared to no CB2 activation (Epacl-CB2 vs. Epacl-CB2 + JWH133; t1/2: M = 29, 95%CI =
-32, 90; slope: M = -0.0474, 95%CI = -0.1318, 0.037) (Fig. 6.7C,D).
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Figure 6.7. FRET responses to BAR activation and co-stimulation of CB2 in Epacl- and Epac1-CB2-HEK
cells. (A) Representative single cell FRET ratio (AR;) traces of Epacl-HEK (left, grey) and Epac1-CB2-HEK
(middle, blue) cells stimulated with 100nM BAR-agonist ISO (1) and 1 pM AM630 (2) as well as Epac1-CB2-
HEK cells co-stimulated with 100nM ISO and 1M JWH133 (1, right, red) and AM630 (2). (B) Maximum
peak AR, (C) t1/2 and (D) max. slope values (arrow indicates direction of slope) of the FRET response
until the max. ISO peak (ISO;;4x) are shown for all cell types and conditions. Data were analysed by using
Nested One-Way ANOVA with Tukey-adjusted p-values. (E) Baseline FRET (AR) values after negative ISO
feedback (ISOy;) and AM630 response. The dotted black line represents the mean and the grey area shows
the 95%CI of ISOyqx AR from Epacl-HEK cells. Data were analysed using Two-Way ANOVA with repeated
measures and Sidak-adjusted p-values. (F) Negative cAMP feedback in percent in Epac1-CB2-HEK cells (=
JWH133). Analysed with Nested unpaired t-test. (G) t1/2 and (H) max. slope (arrows indicate direction of
slope) of the indicated responses in Epac1-CB2-HEK cells (&= JWH133). Data were analysed using Two-Way
ANOVA with Sidak-adjusted p-values. Each independent data point n represents the average of all cells
in one recording/coverslip with at least three responding cells. Epacl-HEK n = 4, Epac1-CB2-HEK n = 5,
Epacl-CB2-HEK + JWH133 n = 4. Mean+95%CI.
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Investigation of the negative cAMP feedback response to ISO (+ JWH133), ISOg,, in
Epac1-CB2-HEK cells in relation to ISO,,,x showed that it was larger with CB2 activation
than without (Epacl-CB2 vs. Epacl-CB2 + JWH133: M = -15.29, 95%CI = -29.35, -1.23,
p = 0.0369) (Fig. 6.7F). Application of AM630 in Epac1-CB2-HEK cells further revealed
that the feedback was partially blocked by AM630 as it did not reach Epacl-HEK ISO;;
AR values (mean, dotted black line) (& 95%CI, grey area), but still led to an increase
in AR of about 10% in both conditions (Fig. 6.7E). FRET response parameters t1/2 and
max. slope of ISOy;, supported the similarity of the cAMP feedback dynamics between
Epac1-CB2-HEK cells with and without additional CB2 activation (Fig. 6.7G, H). Cellular
responses towards AM630, however, were slower (Epacl-CB2 vs. Epacl-CB2 + JWH133;
M =-87,95%CI = -178, 3, p = 0.0591) and had flatter slopes (M = 0.0295, 95%CI = -0.0062,
0.0651, p = 0.1114) in Epacl-CB2-HEK cells co-stimulated with ISO and JWH133 than
cells stimulated with ISO alone (Fig. 6.7G, H).

The results showed that Gas-mediated cAMP signalling via BAR is potentially affected
by the presence of CB2 in Epacl-CB2-HEK cells. The negative cAMP feedback upon
BAR-activation in these cells, that is absent in Epac1-HEK cells, seems to be independent
of direct CB2 activation. However, the significant difference seen in the feedback relative
to ISO,4x between BAR and BAR-CB2 stimulated cells may be attributed to the increased
ISOax AR in co-stimulated Epacl-CB2-HEK cells.

Small differences in mean t1/2 and max. slope values of ISO,,,y in co-stimulated cells
support the interpretation that CB2 activation may modulate BAR mediated cAMP sig-
nalling in addition to affecting cells by its presence. Addition of JWH133 also led to the
deceleration of the cAMP increase after stimulation with AM630 in Epac1-CB2-HEK cells,
but not to its general reduction.

Overall, intracellular cAMP levels after AR activation in Epacl-CB2-HEK cells were
lower compared to Epacl-HEK cells irrespective of CB2 activation, which may hint to-
wards a potential cross-activation of CB2 upon SAR activation and/or the possible influ-

ence of constitutively active CB2 receptors and their effect on ACs.
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6.3.2 B>AR and CB2 form a complex and co-localise at the membrane of
co-transfected HEK293 cells

The data from FRET studies with single- and co-stimulation of BAR and CB2 receptors
in Epac1-CB2-HEK cells offered different interpretations of the obtained results, among
those the co-activation of CB2 upon stimulation with fAR-agonist isoprenaline. Cross-
or co-activation of GPCRs may happen if the two receptors in question form a heteromer
(see Introduction section 3.1) and because B>AR is the most abundant AR in HEK293

cells, the possibility of heterodimerisation between B2AR and CB2 was investigated.

To test whether CB2 and B>AR form a complex when co-expressed, constructs cod-

ing for FLAG-hCB2 and HA-hB,AR were transfected into HEK293 cells. Each receptor
was immunoprecipitated and imunoprecipitation (IP) samples were analysed using SDS-
PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis).
Figure 6.8A shows the detection of HA-B, AR at 55kDa in FLAG-CB2 IP probes (Fig. 6.8A,
FLAG-IP, second row, first lane from the left) and FLAG-CB2 at 35kDa in the HA-B,AR-
IP (Fig. 6.8B, HA-IP, first row, first lane from the left) from co-transfected HEK293 cell
lysates. The detection of each bait receptor for each IP in co-transfected HEK293 was de-
tected for both receptors (Fig. 6.8A, FLAG-IP, first row, first lane; Fig. 6.8B, HA-IP, second
row, first lane). Control IPs from single-transfections did not show the co-precipitation
of either HA-B>AR in FLAG-IP (Fig. 6.8A, FLAG-IP, both rows, second lane) or FLAG-
CB2 in HA-IP (Fig. 6.8B, HA-IP, both rows, third lane). In input samples, HA-$,AR
and FLAG-CB2 were detected in all lysates from cells that were transfected with the con-
structs (Fig. 6.8A,B, Input, all rows, lanes 1-3). Mock-transfected cells were negative for
HA and FLAG expression in input and IP samples (Fig. 6.8A,B, all rows, fourth lane).

To further investigate the localisation of potential HA-B, AR-FLAG-CB2 complexes in
co-transfected HEK293 cells, receptor expression was detected using ICC. Mouse anti-HA
and rabbit anti-CB2 antibodies (and rabbit anti-f2 AR and mouse anti-FLAG) were used
to specifically bind the receptors. Representative confocal microscopy images (Fig. 6.9) of
stained transfected HEK cells revealed abundant receptor expression and specific fluores-
cent signals for HA (green), CB2 (magenta) and DAPI (nuclei, blue). Strong fluorescent
signals from both HA and CB2 were seen at the plasma membrane of co-transfected HEK
cells (Fig. 6.9, first column).

Object-based co-localisation analysis of confocal z-stacks further showed that 24.23 % of
all detected pixels (HA and CB2 signal) were co-localised in the presented samples (rep-
etitions see Table 6.1) and mainly localised at the membrane (Fig. 6.9, first column: coloc
(red) and merge (white arrows)). Single-transfected control cells showed robust fluores-
cent signal for each transfected construct and none to weak unspecific signals (Fig. 6.9,
second and third column: HA, CB2, DAPI).

Co-localisation analysis showed 3.61 % co-localised pixels in HA-f, AR single transfected
and 1.29 % in FLAG-CB2 transfected cells (Fig. 6.9, second and third column, coloc).
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Figure 6.8. Co-immunoprecipitation of HA-$, AR and FLAG-CB2 in transfected HEK293. Representative
Western Blots of (A) FLAG-CB2 and (B) HA-B, AR Co-IP experiments from single-, co- and mock-transfected
HEK293. Bands are cropped and complete blots are found in Appendix 10.4.

The combination of co-immunoprecipitation and ICC showed that HA-S, AR and FLAG-
CB2 may form protein-complexes that localise at the cell membrane of co-transfected
HEK293 cells. Judging from present results, a possible formation of functional B, AR-
CB2 heterodimers at the plasma membrane may be possible and may play a role in the
observed receptor cAMP crosstalk (see Results subsection 6.3.1).

Table 6.1. Object-based co-localisation analysis of confocal image z-stacks from HA-,AR and FLAG-CB2
co-transfected HEK293

Coverslip HA-B,AR stain FLAG-CB2 stain % co-localised pixel from total pixel

1 anti-HA anti-CB2 24.23
2 anti-HA anti-CB2 19.23
15.60
17.50
22.00
3 anti-B,AR anti-FLAG 19.12

27.38
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HA-hB,-AR+
FLAG-hCB2 HA-hB,-AR FLAG-hCB2

coloc 24.23%

Figure 6.9. Representative confocal microscopy images of ICC detection of HA and CB2 and co-
localisation analysis in single- and co-transfected HEK293. First column of images shows co-transfected
HEK with human HA-B,AR and FLAG-CB2. Second and third column show single-transfections with HA-
B2AR and FLAG-CB2, respectively. HA-staining of cells is seen in the first row of images (green), CB2-
staining in the second (magenta) and DAPI-staining in the third row (blue). Red objects in the coloc images
(fourth row) depict regions of fluorescence signal co-localisation and in the right corner of the images the
percentage of co-localised pixels for the complete image stack is given. White arrowheads in the merged im-
ages (fifth row) also show areas of co-localisation from HA and CB2 fluorescent signals. Scale bar = 10 um.
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6.3.3 Co-stimulation of AR and CB2 receptors enhances ERK1/2 activation in
Epac1-CB2-HEK cells

CB2 as well as BAR receptors activate the ERK1/2 signalling pathway upon activation
with an agonist. To investigate effects of a possible fo AR-CB2-heterodimer and/or re-
ceptor crosstalk on ERK1/2 signalling, Epacl- and Epacl-CB2-HEK cells were stimulated
with combinations of JWH133, ISO and AM630 and protein levels of activated (phospho-
rylated) ERK1/2 were analysed using SDS-PAGE and immunoblotting.

Figure 6.10A shows representative immunoblots of phosphorylated ERK (pERK) and
total ERK (ERK) protein expression from four hours serum-starved Epacl- and Epacl-
CB2-HEK cells stimulated with the indicated substances for 5 minutes. These blots showed
stronger pERK band intensities in both cell types for conditions with ISO (Fig. 6.10A,
lanes 2, 3, 4, 6 from the left) compared to vehicle control (Fig. 6.10A, DMSO). Epac1-CB2-
HEK cells additionally showed a stronger pERK signal in JWH133 stimulated cells (Fig.
6.10A, lane 1 from the left) and the absence of this observation in the JWH133 + AM630
condition (Fig. 6.10A, lane 5 from the left).

Quantification of all blots and analysis of the mean /og> fold change of the pERK to
ERK ratio normalised to DMSO (vehicle control) corroborated this by showing that ISO
stimulated cells have a 2 to 4-fold increase in pERK/ERK compared to control cells in
both cell types (Fig. 6.10B). In single CB2-stimulated conditions, Epacl-CB2-HEK cells
showed a two-fold increase in relative pERK levels upon JWH133 stimulation (M = 0.90,
95%CI = 0.58, 1.23, n = 9) compared to JWH133-stimulated Epac1-HEK cells (Epacl vs.
Epacl-CB2: M = -1.15, 95%CI = -1.94, -0.35, p = 0.001) (Fig. 6.10B). This increase in
ERK1/2 phosphorylation was blocked by using AM630 in Epac1-CB2-HEK cells (M =
-0.05, 95%CI = -0.46, 0.37, n = 9) (Fig. 6.10B). Stimulation with AM630 alone did not elicit
a change in pERK/ERK compared to control cells from both cell types (Epacl: M = -0.08,
95%CI =-0.32, 0.15, n = 8; Epac1-CB2: M = -0.35, 95%CI = -0.81, 0.1, n = 9) (Fig. 6.10B).

BAR/CB2 co-stimulated Epac1-CB2-HEK cells (JWH133 + ISO) showed pERK levels
twice as high as Epacl-HEK cells (Epacl vs. Epacl-CB2: M = -1.04, 95%CI = -1.84, -0.25,
p = 0.0034) reflecting a stronger activation of ERK1/2 upon stimulation of both BAR and
CB2 (Fig. 6.10B). The enhanced ERK1/2 response to BAR-CB2 co-stimulation in Epacl-
CB2-HEK cells was again reduced to Epacl-HEK levels with AM630 present to block CB2
activation (ISO + JWH133 + AM630; Epacl vs. Epac1-CB2: M = 0.34, 95%CI = -0.45, 1.13,
p = 0.86) (Fig. 6.10B). Stimulation with ISO + AM630 did not elicit different responses in
Epacl- and Epacl-CB2-HEK cells (Epacl vs. Epacl-CB2: M = 0.47, 95%CI = -0.34, 1.29,
p = 0.57) and showed a two-fold increase in pERK/ERK for both cell types compared to
DMSO control (Epacl: M = 1.41, 95%CI = 0.87, 1.95, n = 9; Epac1-CB2: M = 0.94, 95%CI =
0.38,1.49, n = 9) (Fig. 6.10B).
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Figure 6.10. Analysis of MAPK ERK1/2 signalling pathway activation after AR and CB2 activation
Epacl- and Epacl-CB2-HEK cells. (A) Representative Western Blots of pERK and ERK detection in 4-hrs-
serum-starved Epacl- and Epacl-CB2-HEK cells stimulated for 5 min with JWH133, ISO, AM630 and solvent
control (DMSO) as indicated. (B) Quantification of ERK1/2 activation is represented by the log, fold change
(FC) of the pERK/ERK band intensity ratio of each condition relative to the solvent control on the same blot.
Each independent data point n represents the quantification of one blot (Epacl-HEK: grey circle; Epacl-
CB2-HEK: blue triangle). Data were analysed by using Two-Way ANOVA with Sidak-adjusted p-values.
Mean=+95%CI. Complete blots are found in the Appendix 10.4.

The results from the analysis of ERK1/2 activation in Epacl- and Epacl-CB2-HEK
cells showed that 5-minute ISO-stimulation robustly phosphorylated ERK1/2 in both
cell types and that differences in Epac1-CB2-HEK cells were seen in conditions where CB2
was (co-)activated. In Epac1-CB2-HEK cells, JWH133 increased ERK1/2 activation which
was blocked by AM630 and, in addition to ISO, JWH133 enhanced pERK/ERK levels.
AM630 blocked this enhancement in Epac1-CB2-HEK cells. Although stimulation with
ISO alone and together with AM630 shows small mean pERK/ERK differences between
Epacl-CB2-HEK and Epacl-HEK cells, these changes were not statistically significant
or large enough to conclude that CB2 is co-activated by BAR-stimulation or that BAR-
mediated ERK1/2 activation may be blocked by an CB2 antagonist (cross-antagonism).
However, the observed enhancement of ERK1/2 activation after co-stimulation of AR
and CB2 in Epacl-CB2-HEK cells may hint towards synergistic effects and/or positive

crosstalk between the receptors.
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6.4 cAMP Measurement in Adult Mouse Microglia Primary Cell
Cultures and Effects of CB2 and SAR activation

6.4.1 Meta-analysis of GPCR-related RNAseq expression data from mouse

microglia

RNA sequencing (RNAseq) studies have provided valuable insights in the expression
profiles of tissues and cell types and helped to understand their plasticity and function.
As a majority of microglia RNAseq studies did not focus on GPCR biology, coherent data
on the GPCR composition of these cells is not easily accessible although the data is pub-
licly available. To gather knowledge on microglial GPCR expression, especially CB2 and
BAR, and proteins relevant in cAMP signalling, such as adenylyl cyclases and phospho-
diesterases, publicly available RNAseq data repositories were searched for expression

data from adult mouse microglia and summarised with the same analysis pipeline.

Studies were chosen that provide microglia RNAseq data from untreated wildtype or
Cx3cr1CTP/+ mice that had different genetic backgrounds, ages, sexes and cell isolation
methods. The aim was to identify genes from relevant proteins that are robustly and
highly expressed in mouse microglia and may serve as a summary of previously pub-
lished messenger RNA (mRNA) expression data and may facilitate the interpretation of
cAMP-FRET experiments in the scope of this work. Data from selected studies were anal-
ysed with the same pipeline for RNAseq raw data (GREIN) and gene counts (R packages:

EdgeR) and were ranked according to their median log,-transformed counts per million

(cpm).

Among the top 20 expressed class A GPCRs in mouse microglia common to all anal-
ysed studies were Cx3crl and P2yr12, two well established markers for microglia (Fig.
6.11A). Several studies used Cx3cr1¢FP/+ or Cx3cr1FP/+ /Ccr2RFP/+ transgenic mice and
sorted the cells for GFP+ or RFP+ GFP+, therefore Cx3cr1 and Ccr2 (rank 22) expression
may be overestimated in this summary.

Common to all studies was also the high expression of mRNA from purinergic recep-
tors P2yr13 and P2yr6 as well as chemokine receptor Ccrb5 and complement C3a receptor
1 (C3ar1). Sphingolipid receptor S1prl, platelet receptor Ptafr, cysteinyl leukotriene re-
ceptor Cysltrl, and the adenosine receptor Adora3 were also common robustly expressed

genes in the analysed studies (Fig. 6.11A).

Different GPCRs with just recently found endogenous ligands, such as Gpr34, Gpr35,
Gpr183, Cmklrl, Gpr84 and Ccri2 were also present in the most robustly expressed GPCRs
(Fig. 6.11A). The importance of purinergic and chemokine signalling for microglia phys-
iology has been intensively studied in vitro and in vivo (see section 3.3.2). However, a
variety of these just recently de-orphaned GPCRs that were found to be expressed by

mouse microglia have not been characterised very well and their function remains elu-
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sive in most parts. Messenger RNA from orphan GPCRs Gpr146 and Gpr160 (Fig. 6.11A)
was also detected in all analysed studies but these receptors have not been the target of

any published scientific study to this date.

Finally, the expression of Cnr2 (CB2) in mouse microglia was found in all studies ad-
ditional to Adrb2 (B2AR), the two receptors of most interest for this work (Fig. 6.11C).
Considering the median (MED) log,(cpm) and interquartile range (IQR) of cannabinoid
receptor 1 (Cnrl) (MED = 1.764, IQR = 5.694) and Gpr55 (MED = 0.3033, IQR = 4.963)
(Fig. 6.11C), the other cannabinoid-stimulated GPCRs, these receptors were not as ho-
mogenously expressed as Cnr2 (MED = 4.343, IQR = 1.281) (Fig. 6.11C) in the analysed
studies. Although Adrbl (B1AR) was abundant in all studies (MED = 3.95, IQR = 2.116),
Adrb2 was among the most highly and robustly expressed GPCRs in all selected microglia
studies (MED = 7.882, IQR = 1,781). Interestingly, a majority of highly-ranked GPCRs are
known to be predominantly Ga;/, coupled which could hint towards a tight restriction of
microglial cAAMP concentration regulated by a variety of extracellular stimuli (Izquierdo
etal.,, 2019) (Fig. 6.11A).

Some Cannabinoid receptor ligands have been found to bind TRP cation channels in
high concentrations (Soethoudt et al., 2017). Trpv2 was robustly found in all studies and
Trpv4 was expressed in some of the selected microglia studies (Fig. 6.11E). For exper-
iments using CB2 ligands, the potential presence and activation of TRP channels may
have effects on cAMP signalling that need to be considered.

The most prominent Ga subunits found in samples from all microglia studies were the
AC-stimulatory Gnas. Gnai2 was the only inhibitory isoform consistently expressed and
robust expression was also seen for Gnal2 and Gnal3 of the Gaq,/13-family, as well as
Gnalb and Gnagq of the Ga,-family (Fig. 6.11B). GB-isoforms Gnb1, Gnb2, and Gnb4 were
common to all selected microglia studies and the composition of G-y-isoforms consisted
of Gng10, Gng2, Gngt2, Gng12, Gngb, and Gng7 in this sample group (Fig. 6.11B).

Isoform 7 of the adenylyl cyclase Adcy7 was most robustly expressed in microglia (Fig.
6.11D), which corroborates previous reports of important functions of ACy in the closely
related macrophages (Jiang et al., 2008, 2012). Adcy9 and the abundantly expressed Adcy6
isoform were also consistently found in the selected studies (Fig. 6.11D). Top commonly
expressed phosphodiesterases were Pde3b,Pdelb, Pde4b and Pdel2 (Fig. 6.11F). Specifi-
cally PDE4B has been previously implicated in the regulation of microglia cell activation
(Pearse and Hughes, 2016).

This summary of RNAseq data from mouse microglia studies is in agreement with a
large body of functional GPCR data already published on the matter (Hickman et al.,
2018; Izquierdo et al., 2019). High expression ranking of GPCRs that are commonly used

as microglia marker (Cx3cr1, P2yr12, Gpr34) was expected and seen in this meta-analysis
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Figure 6.11. Meta-analysis of GPCR-related expression data from adult mouse microglia. (A) Top 20
ranked class A GPCRs and coupled Ga subunit. (B) Isoforms of the three G-protein subunits Ga, GS, and
Gry. Summarised expression data from (C) cannabinoid and BAR receptors, (E) TRP channels, (D) ACs and
(F) PDEs. n =132 from 18 different studies (see Appendix 10.5). Information on G-protein coupling retrieved
from Harding et al. (2017).
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across the selected studies. As GPCR signalling proteins are too abundant to be used as
markers of any form, their cell specific composition is often not well investigated and
reference literature is sparse.

With this meta-analysis, a framework was built that may stress previous findings from
unrelated functional microglia studies and that may also serve as a theoretical reference

point in the scope of this thesis.

6.4.2 Cell culture of primary adult mouse microglia

To investigate CB2-mediated cAMP signalling in an endogenous system, where CB2 has
been reported to play an important role, microglia were isolated from adult mice and cul-
tured in order to record CB2-mediated live cell cCAMP dynamics with the cAMP-FRET-
biosensor Epacl-camps. To ensure the microglial identity of isolated cells from adult
mouse brains according to the described protocol, cultures were prepared from brain tis-
sue of transgenic Cx3cr1¥F"/* mice (kindly donated by Dr. Laura Laprell, Institute for
Synaptic Physiology, ZMNH, University Medical Center Hamburg-Eppendorf).

As CX3CR1 is highly expressed in microglia, cultured cells from these animals were ex-
pected to show a positive YFP-signal (immunostaining with mouse anti-GFP antibody,
that also recognises YFP (see Methods section 9.2.11)). Ionized calcium-binding adapter
molecule 1 (Iba-1), another widely used microglia and activation marker, served as a sec-

ond control for microglia identity.

Figure 6.12 shows four representative cultured microglia at 14 days in vitro. Although
different in shape, all cells were positive for CX3CR1-YFP in the nucleus and in the cy-
tosol. Minor variations in the CX3CR1-YFP signal were seen (Fig. 6.12, first column,
green, row two and three vs. row 4), which might reflect the heterogeneity of isolated
and cultured cells as expression of CX3CR1 can be regulated dynamically.

Fluorescent signal for Iba-1 was strong in all cells and localised throughout the whole
cytosol (Fig. 6.12, second column). This might indicate that microglia cells were strongly
activated because Iba-1 is upregulated in activated microglia (Mori et al., 2000; Ito et al.,
2001; Imai and Kohsaka, 2002). Overall, with this isolation method, cell yields were very
low. For FRET imaging experiments this may be negligible, however, for cell survival and
function this could be a potential source of variation. This was also reflected by the low
grade of ramification seen in these cultures, which corroborates the strong Iba-1 staining

and may hint towards a high activation status.

Immunostaining of cultured adult mouse microglia revealed that the cells showed
characteristic expression of two widely used microglia markers, CX3CR1 and Iba-1. Us-
ing the same isolation and culture method for the conduction of cAMP-FRET imaging
from CB2 WT and KO mice with Epacl-camps expression should yield similar results
and cells with microglia identity. However, as the cultured cells were morphologically

prominent and possibly highly activated, they may not resemble homeostatic microglia.
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Cx3cr1*YrP

Figure 6.12. Immunocytochemistry of isolated adult microglia from Cx3cr1'7"/* mice. Representative
confocal images of single adult microglial cells that were positive for YFP (green) and microglia marker
Iba-1 (magenta). Scale bar = 20 pm.
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6.4.3 CB2-BAR-mediated cAMP signalling in primary mouse microglia

To analyse the effects of CB2 activation and CB2-BAR crosstalk on cAMP levels in pri-
mary adult microglia, mice that express the Epacl-camps FRET-biosensor ubiquitinously
CAG-Epacl-camps™/* transgenic ((Calebiro et al., 2009); kindly donated by Prof. Dr. Vi-
acheslav Nikolaev, Experimental Cardiac Research, University Medical Center Hamburg-
Eppendorf) were crossed with Cnr2!™Dge to generate CB2 WT and KO mice with Epacl-

camps expression in all cells.

Adult microglia were isolated from 8-10 week-old mice and cultivated for 14 days.
Cells were directly stimulated with 1 uM CB2 agonist JWH133 to investigate the effect of
CB2 activation on intracellular cAMP levels because it was not possible to detect reliable
FRET responses using the stimulation protocol applied in Results subsection 6.2.2.

For the investigation of CB2-BAR crosstalk that was observed in Epac1-CB2-HEK cells,
single isolated CB2 WT and KO adult microglia were stimulated with 100nM BAR ag-
onist isoprenaline with or without CB2 agonist JWH133 or CB2 inverse agonist AM630
(both at 1uM). As FRET experiments in Epacl- and Epacl-CB2-HEK cells showed dif-
ferences in the BAR-mediated cAMP response depending on the presence of CB2, it was
investigated if CB2 KO microglia show altered cAMP responses to AR stimulation com-
pared to CB2 WT cells.

FRET imaging of primary microglia cells from CB2 WT and KO animals showed a lower
fluorescence intensity of the Epacl-camps biosensor compared to the generated HEK293
cell model Epacl-CB2-HEK (Fig. 6.13A), therefore extended excitation times had to be
used to reach an acceptable signal-to-noise ratio for the detection of FRET changes. For
this reason, the recording time was kept to a minimum by stimulating the cells simulta-

neously with CB2 ligand and/or BAR agonist.

Mean (£95%CI) AR; line plots from CB2 WT and KO microglia stimulated with 1 M
CB2 agonist JWH133 showed that there were no short-term effects of direct CB2 activa-
tion on cAMP signalling in wildtype cells (Fig. 6.13B). Also CB2 KO microglia did not
show changes in intracellular cAMP levels after stimulation with JWH133, which showed
that there were no off-target effects of this CB2 agonist in the applied concentration.
Figure 6.13C shows representative AR; line plots from three different CB2 WT and KO
microglia stimulated with 100 nM ISO. For both genotypes three different response types
to ISO alone (Fig. 6.13C) and co-stimulated with JWH133 or AM630 (individual plots not
shown) were observed. Feedback responders, showing a transient maximum (ISO4x)
and then a negative cAMP feedback after stimulation (ISO;), similar to Epac1-CB2-HEK
cells, were the most common response type for all conditions and genotypes (6.13D)
(feedback, M = 63.27, 95%CI = 56.1, 70.43, n=6) .

Primary microglia that showed persistent cAMP production (up, M = 20.19, 95%CI =
11.46, 28.91, n= 6) or reduction (down, M = 13.43, 95%CI = 5.61, 21.24, n= 6) to stimula-

tion were overall less frequent. Non-responders were very rare (Fig. 6.13C, D). As the
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feedback responders showed similarity to Epac1-CB2-HEK cells after CB2-BAR stimula-

tion, a possible modulation of this response by CB2 was further explored.

FRET ratio changes (AR) after ISO stimulation with and without CB2 ligands in CB2
WT and KO microglia are seen in Figure 6.14A, B, and C. For both genotypes and all
conditions AR values for SOy, and ISOy, were within a range 5 to 8% and 2 to 5%, re-
spectively and no statistically significant differences were found between the genotypes
or ISOpay and ISOy, values of the different stimulation conditions. The negative feed-
back percentage relative to the transient maximum was around 50% for all conditions in
CB2 WT cells. In CB2 KO microglia stimulated with ISO alone, mean feedback relative
to ISOax Was larger compared to all other conditions but also more variable (M = 75.27,
95%CI = 31.06, 119.5, n = 16) (Fig. 6.14A and D (black circle)).

For both genotypes and independent of CB2 stimulation, overall cAMP levels after stim-
ulation remained above initial baseline cAMP on average (Fig. 6.14D). Maximum slope
values of ISOyax (Fig. 6.14E) and ISOyy, (Fig. 6.14F) responses also did not reflect large

differences between conditions and genotypes.

In the present set of experiments on cAMP signalling in primary mouse microglia, no
evidence for a potential involvement of CB2 in the short-term regulation of the intracellu-
lar cAMP concentration was seen. In the majority of recorded microglia, BAR activation
led to a transient increase in cCAMP, that was restricted by a negative feedback response.
Net cAMP levels, however, remained above the initial cAMP baseline level. CB2 activa-
tion or blockage had no modulating effect on the FRET response seen after AR activation
in wildtype microglia.

Although the direct stimulation of CB2 showed no detectable effect on cAMP signalling
in adult primary microglia, BAR-elicited FRET responses were variable but robustly de-
tectable, showing the feasibility of FRET imaging on these cells. With optimised cultur-
ing conditions and phenotype monitoring, the variability of FRET responses might be

reduced and/or identification of suitable, healthy cells might be improved.
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Figure 6.13. FRET imaging of CB2-BAR-mediated cAMP signalling in microglia from CAG-Epacl-camps
wildtype and CB2-deficient transgenic mice. (A) Representative epi-fluorescent images (YFP emission
channel) of single adult microglial cells expressing cAMP-FRET sensor Epacl-camps. Scale bar = 20 um.
(B) Representative single cell FRET ratio (AR;) traces of different cellular responses (feedback (grey), up
(black), and down (light grey)) to 100nM BAR-agonist ISO (1) in CB2 WT and KO primary microglia. (C)
Relative frequencies of response schemes of CB2 WT and KO microglia stimulated with ISO, ISO and 1 uM
JWH133, or ISO and 1 uM AM630. Numbers on top of bars represent the number of single cells measured.
ISO: WT n =10, KO n =16. ISO + JWH133: WT n =11, KOn = 12. ISO + AM630: WT'n =13, KOn =8.
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Figure 6.14. FRET imaging of CB2-fAR-mediated cAMP signalling in microglia feedback responders.
Max. ISO peak (ISOpax) and negative cAMP feedback (ISOy,) of feedback responders in CB2 WT and KO
microglia stimulated with (A) ISO, (B) ISO+JWH133 and (C) ISO+AM630. (D) Negative cAMP feedback
from microglia of both genotypes and all conditions in percent. Max. slope values of (E) ISOyqx and (F) ISO¢,
FRET responses from microglia of both genotypes and all conditions (arrows represent slope direction). Data
were analysed using Two-Way ANOVA with Sidak-adjusted p-values. Mean+95%ClI, each n represents one
ROI/ cell.
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6 Results - Part II: CB2-mediated cAMP Dynamics
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7 Discussion

7.1 Adult Hippocampal Neurogenesis in Wildtype and
CB2-deficient Mice

The quantification of adult hippocampal neurogenesis in the SGZ of CB2-deficient and
wildtype mice in this work revealed that CB2-deficiency did not seem to influence the
size of the DCX+ neural progenitor cell population, the relative frequency of postmitotic
immature neurons (DCX+/CR+) or overall cell proliferation. This observation contra-
dicts previously published research to some degree. Palazuelos et al. (2006) investigated
8-week-old CB2 wildtype and knockout mice from the Cnr2!"™2i" gtrain (Buckley et al.,
2000) and found a reduction in cell proliferation after treatment of animals with a CB2
agonist, which was abolished in the knockout animals. They also showed that already
basal levels of cell proliferation in the SGZ are reduced in prenatal and 8-week-old CB2
deficient mice. In a later study, however, they observed that SGZ proliferation rates of 8-
week-old animals do not differ between wildtype and CB2 knockout animals (Palazuelos
etal., 2012).

As highlighted by Nada et al. (2010), between two and three months of age the decline
in cell proliferation in the mouse SGZ is still highly dynamic, and only from an age of
four months onwards, stable proliferation rates are reached. That is why, in this work,
the animals were investigated after they reached the four-month-timepoint at 16 or 17
weeks of age. The use of BrdU was also avoided in this study, which stands in contrast to
previous research on DG neurogenesis in CB2-deficient mice and reduces the compara-
bility to this work because mice might have been subject to additional stress due to daily

BrdU injections over the defined treatment period (Palazuelos et al., 2006, 2012).

Labelling cell proliferation with Ki67 in mice that reached a stable low rate of cell pro-
liferation in the SGZ and avoiding handling stress for the animals that might influence
neurogenesis (Lipp and Bonfanti, 2016) should reduce variability to a minimum. How-
ever, using Ki67 or BrdU as proliferation markers does not provide the information about
the cell type that proliferates. This can only be determined by an additional staining for
one or more of NPC markers. In this and previous studies, marker positive cells were
only counted in the SGZ of the DG and it was assumed that a large proportion of the
cells were NPCs.
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BrdU is incorporated into the cell’s DNA during the S-phase of the cell cycle, whereas
Ki67 is expressed during the complete interphase and mitosis. Depending on the BrdU-
treatment length, positive cells can be very scarse, which can potentially lead to higher
variation during quantification. Using Ki67 instead of BrdU should yield a higher amount
of positive cells and a reduction of variation in the quantification results. After quanti-
tying cell proliferation with Ki67 in wildtype and CB2-deficient mice at the mentioned
age, no differences in the amount of proliferating cells in the SGZ were detected between
genotypes. This reflects that the presence and basal signalling of CB2 in vivo might not

influence cell proliferation rates in the SGZ.

The DCX+ neural progenitor cell population (type 2b and 3 NPC) is a representative
measure for the structural plasticity in the SGZ (Bonfanti and Nacher, 2012). In combina-
tion with calretinin it allows for the determination of the amount of postmitotic immature
neurons that undergo further maturation within the hippocampus (Brandt et al., 2003).
Pliimpe et al. (2006) quantified the relative frequency of immature neurons from DCX+
with 75-80% which is in good agreement with the data obtained from the present quan-
tification. In both genotypes there was a minor increase in the proportion of CR+ positive
cells in the total DCX+ population in the suprapyramidal compared to the infrapyrami-
dal blade of the DG. It has been reported previously that the suprapyramidal blade of the
DG shows higher experience-dependent activity than the infrapyramidal blade (Snyder
et al., 2011) and that this could increase the survival of immature neurons (Snyder et al.,
2012). Present results indicate that CB2 basal activity is most likely not integral to this

mechanism.

In this work, the quantification of positive cells was done blinded to avoid counting
bias. Because sections were not obtained from standardised positions, a relative mea-
sure of positive cells per cubic metre examined SGZ and GCL volume was calculated.
The GCL volume was included here because the SGZ alone was too narrow to reliably
measure, however, only positive cells within the SGZ were counted. Overall the quantifi-
cation method seems reliable reflected by the agreement with previously published data
stating that in the mouse SGZ there are around four times more DCX+ than Ki67+ cells
(Nada et al., 2010) and by the quantified proportion of immature neurons (~ 70 % to 80 %
of DCX+ cells) (Pliimpe et al., 2006).

As recommended by Sisay et al. (2013) and Lipp and Bonfanti (2016) and in contrast to
previous research, in this study, 16- to 17-week-old animals from the Cnr2/"1Ps¢" (Delta-
genlnc, 2005) strain were investigated instead of 8-week-old animals from the Cnr2fm1Zim
strain (Buckley et al., 2000; Palazuelos et al., 2006, 2012). Cnr2tmiDgen have a deletion in
the N-terminal region of the gene coding for CB2, whereas Cnr2!™17i" have an insertion
of a neomycin cassette into the C-terminal region of the gene, that most likely leads to
the presence of truncated CB2 protein and differences in the pharmacological response

compared to Cnr2!"Pg that might interfere with signalling of other receptors (Sisay
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et al., 2013). Given that the interaction of CB1 and CB2 is relevant for the proliferative
effect of endocannabinoids in the SGZ (Rodrigues et al., 2017), it is a concern that the
use of Cnr2!™Z2im knockout animals might have led to unspecific effects possibly render-

ing adult neurogenesis and therefore caused the observed differences (Palazuelos et al.,
2006).

Although no effect of basal CB2-mediated signalling on adult neurogenesis was seen
in this study, it cannot be concluded that CB2 is irrelevant for the regulation of AN. The
afore-mentioned interaction of CB1 and CB2 in promoting neurogenesis (Rodrigues et al.,
2017) might be of high importance here. To a certain degree, CB1 signalling might com-
pensate for the lack of CB2, so basal levels of neurogenesis might not be affected. CB1-
deficiency alone has been implicated in reduced baseline neurogenesis (Wolf et al., 2010;
Aguado et al., 2006) and could be a more relevant factor in basal adult neurogenesis than
CB2. However, simultaneous stimulation of CB2 by endocannabinoids might still be
of importance during the negative modulation of adult neurogenesis (Palazuelos et al.,
2012).

Additionally, CB2 activation has been shown to promote NPC proliferation in the DG in
an inflammatory model of viral infection (Avraham et al., 2013) and blocking CB2 de-
creases the migration and differentiation of NPCs at the injury site in a murine stroke
model (Bravo-Ferrer et al., 2016). These results suggest that the role of CB2 in neuro-
genesis might be more important in neuroinflammatory conditions and in response to
pathophysiological stimuli than during the maintenance of basal AN levels.

It remains to be determined if and how CB2 expression on neural progenitors is regulated
to influence neurogenesis and if CB2-mediated effects on other cells, such as microglia,
might play a role in the observed effects of CB2 stimulation in in vivo studies (Sellner
et al., 2016; Morrens et al., 2012; Bravo-Ferrer et al., 2016).
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7.2 Measurement of CB2-mediated cAMP Dynamics with
Epac1-CB2-HEK cells

7.2.1 Live Cell FRET imaging

The method used in this work to analyse the relative changes of intracellular cAMP con-
centration upon GPCR stimulation is the imaging of living cells that express the FRET-
based cAMP biosensor Epacl-camps. In this work, a FRET imaging and analysis pipeline
for live cell cAMP measurement in the generated cell model Epac-CB2-HEK and control
Epacl-HEK cells as well as in adult primary microglia from mice ubiquitinously express-
ing Epacl-camps was implemented.

Through the simultaneous epi-fluorescent detection of CFP and YFP emission after exci-
tation of CFP and their signal quantification using image analysis tools with corrections
for spectral bleedthrough, background fluorescence and noise, a FRET ratio was calcu-
lated that reflects the relative changes of the intracellular cAMP concentration (Bérner
et al., 2011; Kraft and Nikolaev, 2017).

The advantage of this method is the possibility to track live cAMP changes after cellular
stimulation with different reagents (Nikolaev et al., 2004b) using a cost-effective set-up
(Sprenger et al., 2012) and the analysis of the response on a single cell level (Nikolaev and
Lohse, 2006).

In this work, the baseline of the maximal FRET change after stimulation, the time to
the half-maximum and the maximum slope of the FRET ratio increase or decrease were
determined using computational scripts that analyse the FRET ratio traces over time. All
three measures give a good description of the response and can reflect specific differences
between stimulation conditions (e.g. max. slope differences in responses to different FSK-
concentrations from Epacl-HEK cells).

This parameter analysis was done in a semi-automated way that facilitated the baseline
detection but also allowed the fast retrieval of the other signal response parameters. It
was still required to manually oversee the parameter analysis and bias could be reduced

by implementing an unsupervised analysis of time-dependent FRET traces.

Storch et al. (2017) showed that Epac-based cAMP sensors are not only dynamic enough
to detect Gas-mediated effects (Nikolaev et al., 2004a) but that they also allow for the
detection of Ga;-mediated decreases in cAMP, which was confirmed in this work. The
detection of CB1-mediated reduction of cAMP levels was shown by Ladarre et al. (2014)
in primary neurons using the FRET-sensor 'Epac"" (Klarenbeek et al., 2011). However,
most cAMP FRET-sensors including Epacl-camps are not sensitive enough to reliably
detect cCAMP decreases without FSK pre-stimulation, especially in cells with low basal
cAMP (Storch et al., 2017; Klarenbeek et al., 2015). Present data adds to this, as no reliable
signal after direct CB2 activation in Epacl-CB2-HEK cells was detected (see Appendix
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Fig. 10.1). On the other hand, there is the possibility that the variability of CB2 expres-

sion also plays a role in this (see Discussion section 7.2.2).

Live cell FRET imaging approaches naturally display limitations associated with flu-
orescence live cell imaging such as photobleaching, phototoxicity, poor signal-to-noise
and cell movement (Ettinger and Wittmann, 2014; Woehler et al., 2010). For Epacl-camps
the spectral bleedthrough of the two fluorophores CFP and YFP has to be considered and
determined for each imaging setup (Borner et al., 2011). The most significant influence
on FRET imaging with CFP and YFP has the bleedthrough from CFP emission light into
the YFP emission channel, that can vary between 50 and 90% (Borner et al., 2011) and was
measured to be around 50% in this setup. Because the imaging system used in this work
is only equipped with an excitation source for CFP, bleedthrough correction for YFP emis-
sion into the CFP emission channel, that is estimated at 5 to 10%, or cross-excitation were
not determined. This is also the reason for the lack of YFP photobleaching correction that
also requires the direct excitation of YFP. The image acquisition with this setup can be
significantly improved with an excitation source for YFP to correct for bleedthrough and
bleaching and to specifically improve the reliability of FRET imaging from primary cells

that also display signal-to-noise issues.

Noise propagation during ratiometric analysis of images with poor signal-to-noise ra-

tios can further diminish FRET data quality (Woehler et al., 2010). During imaging, dif-
ferent excitation times were tested to determine the best possible signal-to-noise ratio
without significant bleaching. Countermeasures like background subtraction and the
image correction using a Kalman filter were applied post-imaging to address this limita-
tion (Spiering et al., 2013). Further image registration of the CFP and YFP channel and
the analysis of the image time-stacks to determine regions of the cell with minimal move-
ment throughout the imaging period were used avoid cell movement artefacts.
The usage of an incubator that keeps the cells at a constant temperature during live cell
imaging would further minimise unspecific effects on cellular signalling. The cell-specific
sensitivity towards factors like temperature or pH needs to be considered. In this ap-
proach, the FRET imaging buffer was supplied with 10 mM HEPES to control the pH,
however, without bicarbonate in the imaging medium bicarbonate transporters on the
cell surface cannot control the intracellular pH (Ettinger and Wittmann, 2014), which
might have unspecific effects on cAMP signalling or the fluorescent signals itself (Betol-
ngar et al., 2015).

With the present image acquisition setup reliable live measurements of CFP and YFP
fluorescence intensity were possible and could be analysed with the implemented FRET
analysis routine. However, especially the imaging of cells with low Epacl-camps ex-
pression resulting in poor signal-to-noise ratios would benefit from additionally FRET

corrections and a controlled environment to improve data quality and replicability.
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7.2.2 Epacl-CB2-HEK Cell Model

In the scope of this work, a HEK293 cell model with expression of human CB2 and the
FRET-based cAMP biosensor Epacl-camps was generated to dynamically monitor CB2-
mediated cCAMP signalling via live cell FRET imaging on a single cell level. With this cell
model, it was possible to detect the inhibitory effect of CB2-mediated Gu; activation on
FSK-elicited cAMP production using different CB2 agonists (JWH133, HU308, BCP, and
2-AG). With the inverse agonist AM630, the CB2-specificity of the agonist response was
confirmed and the inhibitory effect on cAMP was blocked.

The measurement of cAMP levels on a single cell level revealed the heterogeneity of
the generated cell model. Three different types of cellular responses to the CB2 stimula-
tion protocol were observed that possibly reflect different receptor expression levels and
conformations. From the observation of an inhibitory effect of cAMP production elicited
by CB2 agonists, it can be deduced that type R responder cells have CB2 receptors in an
equilibrium state that allows the agonists to shift it towards more receptor activity visible
in the Ga;-mediated inhibition of ACs.

Cells that only responded to the CB2 inverse agonist AM630 (type CA) supposedly have
a different composition of receptor conformations with a high degree of constitutively
active receptors. AM630 as a CB2 protean ligand binds and stabilises inactive receptor
conformations with high affinity (Bolognini et al., 2012) and therefore shifts the activity
equilibrium towards inactivity. In a system with high basal activity, corroborated by the
inability of CB2 agonists to elicit additional activity, this will lead to pronounced inverse
agonism as seen in type CA cells (Sato et al., 2016).

In type R cells, it was also detected that AM630 stimulation after application of FSK and
CB2 agonist led to higher intracellular cAMP levels compared to control cells without
CB2 after stimulation with 11uM FSK. This also suggests the presence of constitutively
active receptor forms in type R responders. In CB2 cell models with heterologous ex-
pression, a high degree of constitutive activity has been observed before (Bolognini et al.,
2012; Bouaboula et al., 1999; Mancini et al., 2009) and therefore might be a characteristic
of the receptor.

The faster response to 1 uM FSK in all Epac1-CB2-HEK cell response types compared
to Epacl-HEK cells might indicate that heterologous CB2 expression alters the available
G-protein pool. It has been reported that free Ga; subunits can cause effects at ACs that
are independent of receptor activation (Melsom et al., 2014). Through the presence of, e.g.
spontaneously inactive CB2 that couple Ga; subunits (Tubio et al., 2010) but do not elicit
a signalling response, the pool of free Gx; might be reduced leading to a faster cAMP
production after direct AC activation with FSK in Epacl-CB2-HEK cells. This, however,
would also mean that type N responders, that do not show a response to either CB2
agonist or AM630, express CB2 because the faster cAMP production after FSK compared

to Epacl-HEK cells was also seen in these response types. A possible explanation for
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this observation could be the sensitivity of Epacl-camps that might be too low to detect
small changes in cAMP produced by a small amount of active CB2 receptors. A more
sensitive Epac-based FRET-sensor like, e.g. mTq2-Epac-"mV?mV (H187) (Storch et al.,
2017; Klarenbeek et al., 2015), could elucidate if there is in fact a very small CB2-agonist
induced inhibition of cCAMP or not. Other than that, the FSK responses did not seem to
differ significantly between Epac1-CB2-HEK cell response types and Epacl-HEK cells.

Although CB2 protein expression levels in Epacl1-CB2-HEK cells were overall moder-
ate when analysed in bulk, judging from the functional FRET data it is likely that CB2
expression varies on a single cell level. Epigenetic silencing of integrated DNA, or the
disintegration of DNA during the selection process or culturing of cells might have led
to the growth of cells with low or no functional receptor expression (type N). Using vi-
ral delivery of CB2 or site-directed integration of the target gene via, e.g CRISPR/Cas9
a more stable and homogenous expression of CB2 could be achieved. Another possi-
bility to avoid the FRET imaging of clones with low or without CB2 expression is the
simultaneous expression of cAMP biosensor Epacl-camps and CB2 using an IRES- (in-
ternal ribosome entry site) containing bicistronic vector. With this, fluorescence intensity
of Epacl-camps can be correlated to receptor expression and therefore appropriate single
cells can be chosen during live cell imaging. This can additionally be combined with a flu-
orescent tag on CB2 that does not interfere with the detection of the FRET fluorophores or
receptor signalling itself which would allow live detection of CB2 receptors at the plasma

membrane.

The ambiguity concerning CB2 expression at a single cell level is the main limitation of
this cell model. The determination of CB2 presence relies strongly on the inverse agonism
of AM630 and using a post-hoc two-point identification (CB2 agonist and AM630 re-
sponse) to distinguish response types is prone to bias. An unsupervised analysis method
of single cell FRET traces could reduce bias in the determination of response differences
and show different clusters within one cell population. However, this cell model would
greatly benefit from the possibility to detect CB2 expression during live cell imaging in

order to more efficiently record relevant FRET responses to CB2 stimulation.
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7.2.3 cAMP Dynamics upon CB2 Stimulation with Different CB2 Agonists

The analysis of FRET data from type R Epacl-CB2-HEK cells stimulated with FSK, dif-
ferent CB2 agonists and AM630 showed similar functional effects of CB2 activation on
intracellular cAMP levels. All CB2 agonists applied at supra-maximal concentration that
should elicit maximal possible efficacy for cAMP signalling (Dhopeshwarkar and Mackie,
2016; Soethoudt et al., 2017; Gertsch et al., 2008) caused an inhibition of around 30% of
cAMP produced by 1M FSK. This response was further blocked by CB2 inverse ago-
nist/antagonist AM630 indicating the CB2 specificity of the observed cAMP inhibition.
The similar maximum effect of all agonists, including the synthetic cannabinoids JWH133
and HU308 that are recommended to use as CB2 selective reference agonists (Soethoudt
et al., 2017), suggests that the observed response is the maximum of CB2-mediated Gu;
inhibition of ACs in Epac1-CB2-HEK cells. In this study, BCP was confirmed as a func-
tional CB2 agonist (Gertsch et al., 2008; Alberti et al., 2017) that elicited the same effect on
intracellular cAMP levels in live Epac1-CB2-HEK cells like the endogenous CB2 ligand
2-AG.

Previous studies of CB2-mediated cAMP signalling have exclusively used multi-cell

approaches that allow for the precise endpoint measurements of cAMP concentration to
determine the inhibition of cAMP production after CB2 activation (Soethoudt et al., 2017;
Borner et al., 2009; Dhopeshwarkar and Mackie, 2016). Similar to this study, FSK and
often also the PDE inhibitor IBMX (3-isobutyl-1-methylxanthine) are added to the stim-
ulation with the receptor ligands to increase basal cAMP levels. A study that also uses
1pM FSK as pre-stimulant and additionally IBMX was published by Dhopeshwarkar
and Mackie (2016). They showed around 60% inhibition of FSK-elicited cAMP produc-
tion after five minutes stimulation time by JWH133 (61+1.1 %, mean+SEM) and HU308
(60+3.4 %) as well as 39£0.7 % and 5£1.1 % for 2-AG and BCP, respectively.
Different CB2 agonists might have varying dynamics and signalling bias dependent on
CB2 phosphorylation that could originate from PKA activation downstream of cAMP
production by FSK (Storch et al., 2017; Insel and Ostrom, 2003; Shen et al., 2018). Because
the highly potent and cAMP biased CB1/CB2 agonist CP55940 is regularly used as a ref-
erence ligand to establish experimental protocols (Soethoudt et al., 2017; Dhopeshwarkar
and Mackie, 2016), with regard to this, previously reported agonist differences have to be
interpreted accordingly.

With endpoint measurements, it is unclear if the cAMP concentration at a given time-
point has already reached a stable baseline or a transient extreme. Through the live imag-
ing of cCAMP levels in this present work it was possible to stimulate the cells once they
reached a new baseline after FSK or CB2 agonist application and therefore detect effects
on net intracellular cAMP concentration that are attributable to the stimulants.
Dhopeshwarkar and Mackie (2016) conducted their analysis with the murine CB2 stably

transfected into cells of human origin (HEK293) which could also result in the observed
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discrepancy of overall cAMP inhibition by BCP and the other CB2 agonists in this work,
through the, e.g. different binding of intracellular signal transducers or general receptor

surface expression.

Although monitoring the live dynamics of cAMP allows for the improved dissection of
CB2 responses to stimulants, effects of the FSK stimulation can still overlap and influence
the interpretation of FRET responses to CB2 agonists. The reported low levels of intra-
cellular cAMP in HEK293 cells (Borner et al., 2011; Mukherjee et al., 2016) and sensitiv-
ity of the Epacl-camps FRET sensor (Nikolaev et al., 2004a; Storch et al., 2017) required
the use of FSK to elevate basal cAMP levels in order to detect its inhibition. Through
this, the imaging time period had to be increased for measurements on Epac1-CB2-HEK
cells which possibly led to further variability due to the above-mentioned pitfalls of live
cell imaging (see Discusion section 7.2.1). In an almost identical stimulation setup to
investigate the inhibitory effect on cAMP by Ga;-coupled receptors, Storch et al. (2017)
report that pre-stimulation with 1 uM FSK reduces the potency of the y-receptor agonist
DAMGO and that using a FRET-sensor with high cAMP affinity and omitting FSK pre-
stimulation a more accurate determination of the ECsy value for DAMGO was possible.
Interestingly, the detectable Ga;-mediated inhibition of FSK-elicited cAMP accumula-
tion by activation of x;4AR and p-opioid receptors did not show a complete reversal
to pre-stimulation basal cAMP levels (Storch et al., 2017). For CB2, Dhopeshwarkar and
Mackie (2016) report a maximum inhibition of 1 pM FSK-mediated cAMP accumulation
for JWH133 with 6141.1 % corroborating the observations by others (Storch et al., 2017)
and in this study.

The observed incomplete inhibition of FSK-stimulated cAMP production by CB2 ag-
onists might also have a physiological basis. As the activation or inhibition of AC iso-
forms can also be regulated by G~ subunits, their effect on cAMP signalling after CB2
activation might overlay the anticipated Ga;-mediated inhibition of cAMP production.
HEK?293 cells, that have been used in this study, have been shown to express AC iso-
forms 1, 3,5, 6,7 and 9 (Atwood et al., 2011).

All of them except ACy are activated by FSK but only AC;, ACs, and ACg can be in-
hibited by Ga;. Taking GB~ subunits into consideration, that have stimulatory effects
on ACs, ACs, and AC; and are known to act inhibitory on AC; and AC; (Sadana and
Dessauer, 2009), it illustrates that the integration of these and other factors that regulate
AC activity shape the observed net cAMP response to CB2 activation in live Epac1-CB2-
HEK cells in this study.

The unknown quantitative expression of AC isoforms and bias of signalling from either
Gu; or GBy subunits hampers the interpretation of the observed CB2-mediated effect on
cAMP levels. However, to rule out sensitivity issues of Epacl-camps an AC inhibitor like
5Q22,536 (Emery et al., 2012) could be applied after a CB2 agonist response to detect the

minimum of the dynamic range of Epacl-camps in relation to the decrease of cAMP after
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CB2 stimulation.

With the present setup, it was feasible to detect CB2-mediated cAMP dynamics in a
time period of 30 to 45 minutes. Long-term effects over days of CB2 activation, however,
might have a more significant contribution to physiological CB2 signalling and relevance
for CB2 as a potential therapeutic target (Martin-Moreno et al., 2012; Atwood et al., 2012).
Borner et al. (2009) showed that prolonged activation of CB1 and CB2 led to an increase
in cAMP in a T cell line, an observation that might be linked to the heterologous sensi-
tisation of ACs by the continued inhibition with Ga; and/or to additionally signalling
from GBvy (Rhee et al., 2000; Brust et al., 2015; Duan et al., 2010). To monitor long-term
CB2 agonist and inverse agonist effects on cAMP signalling with this cell model, an in-
cubation setup with focus correction as well as an appropriate cell medium to ensure cell
viability over time would be required. This could show how CB2 stimulation with differ-
ent ligands impacts intracellular cAMP levels in the long-term and would allow to detect

short-term signalling effects.

Overall, type R responders of Epac1-CB2-HEK cells showed the short-term CB2-mediated
inhibition of FSK-elicited cAMP production and all tested CB2 agonists had similar ef-
fects on the intracellular cAMP concentration. The effect of CB2 agonists was robustly
blocked by the selective CB2 inverse agonist AM630 and confirmed the CB2 specificity.
With this model, it is possible to determine whether a potential CB2 ligand mediates a
functional CB2 effect on cAMP signalling or not. However, the precise evaluation of CB2
ligands cannot be addressed reliably because this would require a more sensitive cAMP
detection that would also allow the omittance of FSK pre-stimulation and its unspecific

effects.

7.3 Crosstalk between Endocannabinoid and S-adrenergic
Signalling and CB2-,AR Heterodimerisation in HEK cell

models

In this work, evidence for a cAMP and ERK1/2 signalling crosstalk between CB2 and the
predominantly Gas-coupled BAR has been gathered and physical interaction between
CB2 and ;AR was detected.

The response to BAR agonist isoprenaline in Epac1-CB2-HEK cells showed a transient in-
crease in cAMP mediated by endogenous BAR that was followed by a negative feedback
which was absent in Epacl-HEK control cells, where isoprenaline caused a persistent in-
crease in CAMP. In Epac1-CB2-HEK cells, the application of AM630 was able to counteract
the cAMP feedback decrease, net cCAMP levels, however, remained below Epacl-HEK cell
levels. Co-activation of CB2 via JWH133 modulated the feedback response by causing a
slightly stronger initial increase in cAMP that led to a larger relative negative feedback.
The blockage of the feedback by AM630 resulted in similar increased cAMP levels, but
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with CB2 agonist JWH133 present, the FRET response to AM630 tended to be slower
and with a smaller maximal increase per second. Both CB2 and BAR activate MAPK
pathways by causing the phosphorylation of ERK1/2. In Epacl-CB2-HEK cells, the co-
stimulation of CB2 and BAR led to a two-fold stronger activation of ERK1/2 compared
to cells without CB2.

Rapid negative cAMP feedback responses after BAR stimulation have been described
previously for, e.g. cardiomyocytes, neurons, or embryonic fibroblasts (Nikolaev et al.,
2006; Calebiro et al., 2009). In cardiomyocytes, these are linked to a PKA and Epac/CaM
kinase dependent activation of PDE4D (Mika et al., 2015). The PDE control of BAR sig-
nalling is subtype-specific and stronger for f1 AR and PDE4 than for S, AR and PDE3 and
4 (Nikolaev et al., 2006). Possibly depending on BAR subtype or PDE expression in a
given cell type, the observation of the cAMP feedback could differ (Calebiro et al., 2009).
In this study and in Borner et al. (2011), HEK293 cells have not shown a pronounced neg-
ative cAMP feedback to isoprenaline stimulation. According to Atwood etal. (2011), BAR
expression is very low in HEK293 cells with ;AR as the most abundant BAR. This might
hint at a f2AR dominant cAMP response to BAR agonist isoprenaline in the analysed cell
models Epacl- and Epacl-CB2-HEK.

The observed cAMP feedback in Epacl-CB2-HEK cells can be caused by a variety of
factors. The heterologous expression of CB2 could change the gene expression of compo-
nents of the cAMP signalling machinery including PDEs or diminish the pool of available
G proteins that might cause the attenuation of signalling from other GPCRs (Tubio et al.,
2010). The possible high degree of constitutive CB2 activity could additionally contribute
to the silencing of Ga; signalling by BAR through constitutive Gg; activation although it
is not clear if the observed cAMP feedback is more pronounced in Epac1-CB2-HEK type
R or CA response types.

PDE activity, specifically PDE3, is also stimulated by the PKB/Akt pathway (Han et al.,
2006) that is targeted by CB2 activation (Sanchez et al., 2001; Palazuelos et al., 2012). In
a system with high basal CB2 activity, constant activation of PKB/Akt could lead to an
increased basal PDE3 activity that might control S, AR cAMP signalling (Nikolaev et al.,
2006). As PDE4 activity is high and PDE3 activity comparably lower in HEK293 (Xin
et al., 2015), an increase in PDE3 activity could potentially alter Sy AR-mediated cAMP

levels.

An alteration of the proposed Gas to Ga; switch at foAR that might have led to a
stronger ERK1/2 activation (Daaka et al., 1997) in ISO-stimulated Epac1-CB2-HEK com-
pared to Epacl-HEK cells was not observed in this study. Only co-stimulation of CB2 led
to a two-fold higher activation of ERK1/2 in Epac1-CB2-HEK compared to control cells.
The assessment of ERK1/2 activation was conducted in starved cells which aimed to re-
duce constitutive receptor activity and facilitating the detection of CB2-mediated ERK1/2

activation via insensitive Western Blot quantification (Degasperi et al., 2014). Using fixed
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point normalisation (here to DMSO control) is more prone to false-negative than false-
positive results therefore possible CB2-BAR effects on ERK1/2 might have been too small
to detect (Degasperi et al., 2014) with this method. Stimulation with JWH133 and AM630
that showed an increase in ERK1/2 activation and no further reduction of basal activa-
tion in Epac1-CB2-HEK cells, respectively, hints towards the successful reduction of basal
receptor activity, which on the other hand might have altered the functional crosstalk be-
tween CB2 and BAR.

There is also the possibility that CB2 directly interacts with a BAR and that the ob-

served functional crosstalk originates from and/or is supported by the heterodimerisa-
tion of CB2 with a BAR and following co-activation of CB2 upon BAR stimulation. CB1
has been shown to physically interact with AR (Hudson et al., 2010), the most abun-
dant BAR in HEK293 cells, and in this work the interaction between CB2 and AR has
been shown via membrane co-localisation and co-immunoprecipitation in co-transfected
HEK?293, that represents one requirement for functional heterodimerisation (Gomes et al.,
2016).
Previous studies have shown that the biochemical footprint of CB2 heteromers can show
cross-antagonism as well as the attenuation of receptor signalling in PKB/Akt, ERK1/2,
RhoA and cAMP pathways (see Introduction section 3.2.3). However, synergistic sig-
nalling effects have been reported for the CB2-CB1 heteromer in neurogenesis and for the
CB2-GPR55 heteromer in ERK1/2 activation (Rodrigues et al., 2017; Balenga et al., 2011).
Additionally, an increased CB1-mediated ERK1/2 activation is seen in the CB1-$, AR het-
eromer (Hudson et al., 2010) and also in this work an increase in ERK1/2 activation was
detected after co-stimulation of CB2 and BAR in Epac1-CB2-HEK cells. The observed re-
duction in BAR cAMP signalling in Epac1-CB2-HEK cells could be a potential feature of
a CB2-BAR heteromer.

However, as the model uses the overexpression of both receptors it does not reflect
the situation in Epac1-CB2-HEK cells, let alone in a physiological setting. B2 AR had to be
transfected with higher plasmid amounts compared to CB2 for IP-experiments to achieve
detectable protein expression reflecting possible plasmid competition (Stepanenko and
Heng, 2017). Interaction studies based on FRET where a lower amount of heterologous
receptor expression can be used, could specify the detection of a possible interaction,
which should also be investigated for 51 AR. The use of receptor mutation/deletion con-
structs could provide knowledge of interaction-involved receptor domains and if the in-
teraction is direct or indirect. Additionally, mutant receptors could serve as negative

controls disrupting the putative heteromer.

To elucidate which factors are relevant for the observed functional crosstalk and if they
constitute the biochemical footprint of a putative CB2-8,AR heteromer, Epac1-CB2-HEK
cells could be stimulated with selective PDE3, PDE4 and PKB/ Akt inhibitors while ob-
serving the negative cAMP feedback during the CB2-BAR stimulation protocol. This
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would allow to determine if PDE activity and the PKB/ Akt pathway are involved in the
negative cAMP feedback. Selective antagonists for f1AR and B2AR could further show
the involvement of either receptor which is also of interest for the ERK1/2 activation as-
say and to investigate possible cross-antagonism. The disruption of the heteromer using

mutated receptors should also abolish the observed functional crosstalk.

In conclusion, evidence for functional signalling crosstalk between CB2 and BAR is
seen that might originate from a putative CB2-B,AR heteromer or from the constitutive
activity of CB2 in the used HEK cell models. Specifically in cAMP signalling where
Epacl-CB2-HEK cells showed an attenuation of BAR signalling, the crosstalk was pro-
nounced. Further research should aim to clarify the origin of the negative cAMP feedback
after BAR stimulation and distinguish if the physical interaction between CB2 and 5,AR
is also detectable in an endogenous system that shows CB2-BAR functional crosstalk.
This could show the involvement of CB2 in the functional crosstalk between cannabinoid
and B-adrenergic signalling that has been reported for the sympathetic and central ner-
vous system (Schlicker et al., 1997; Pakdeechote et al., 2007) as well as for bone formation
(Tam et al., 2008) and cardiac function (Ho and Kelly, 2017).

7.4 CB2 and BAR Effects on cAMP Signalling in Microglia

The investigation of CB2 and AR mediated effects on cAMP signalling in primary mouse
microglia via live cell FRET imaging in this work showed the detection of BAR signalling
but indicated that there is no short-term influence of CB2 activation or blockage on the
observed alteration of cAMP levels by BAR. The direct activation of CB2 in wildtype and
CB2-deficient microglia did not reveal detectable changes in intracellular cAMP concen-
trations. A meta-analysis of expression data from previously published mouse microglia
studies showed the robust detection of fAR and CB2 mRNA as well as ;AR assuming
that stimulation with the BAR agonist isoprenaline and CB2 agonist and inverse ago-
nist JWH133 and AM630 should target the relevant receptors. Using wildtype and CB2-
deficient animals, it was the aim to detect CB2-specific effects on microglial cAMP and
functional crosstalk between CB2 and BAR as seen in Epac1-CB2-HEK cells.

From the detection of CX3CR1 and Iba-1 and the cAMP response to ISO in isolated
primary microglia, it was seen that the obtained cells were heterogenous in their mor-
phology and possibly also activation state. This can be explained with the microglia
isolation and culturing method that was used in this work and that did not include the
pre-sorting of brain cells or the addition of cytokines to the cell culture medium. A sort-
ing of brain cells based on the surface markers CD11b and CD45 is often used to isolate
microglia from other cells in the tissue and could result in a higher cell yield and correct
identity of the obtained cells (Garcia et al., 2014).

Microglia rely on extracellular cues to regulate their status (Izquierdo et al., 2019) so the
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addition of cytokines and factors that regulate microglia homeostasis would most likely
result in a more homogenous cell population possibly also improving cell health (Ryan
et al., 2017). The weak YFP signal of control cells isolated from Cx3cr1YFP/+ transgenic
animals and the de-ramified morphology of isolated cells suggests that isolated microglia

were not homeostatic and possibly activated (Hickman et al., 2018).

During live cell FRET imaging, it was evident that isolated microglia cells were sen-

sitive towards prolonged imaging periods and that the signal-to-noise ratio was below
that of Epacl- or Epacl-CB2-HEK cells. The established CB2 activation protocol (FSK -
CB2 agonist - AM630) was not applied in order to reduce imaging time and cells were
simultaneously stimulated with ISO or ISO and JWH133/AM630. Due to the poor signal-
to-noise, observed FRET changes were small compared to Epac1-CB2-HEK cells seen by
the initial ISO,,,x peak and longer excitation times that had to be used. The lack of a de-
tectable effect on cAMP signalling by CB2 agonist JWH133 in wildtype primary microglia
could be linked to these issues during live cell FRET imaging.
Microglia have been reported to have low basal cAMP levels (Izquierdo et al., 2019),
which is corroborated by the results from the RNA expression meta-analysis showing
that among all analysed studies Gu;/,-coupled GPCRs were the predominantly expressed
GPCRs. Similar to Epacl-CB2-HEK cells, it might be that CB2-mediated decreases in
cAMP are below the sensitivity minimum of the Epacl-camps FRET biosensor and there-
fore undetectable when directly stimulating CB2 with JWH133.

CB2 robustly triggers AC inhibition via Ga; subunits in recombinant systems such as
Epac1-CB2-HEK cells, in endogenously expressing cells however, this has been shown
difficult to detect (Beltramo, 2009). The expression of different regulators of cAMP sig-
nalling such as ACs, PDEs and G proteins can shape the cellular response to the activation
of GPCRs. According to the meta-analysed mouse microglia RNAseq studies, AC; was
robustly expressed in microglia. In microglia-related macrophages, B and T cells AC7 is
an important regulator of intracellular cAMP (Duan et al., 2010) and in addition to being
stimulated by G~ (Sadana and Dessauer, 2009), it has been reported that this AC iso-
form can also be stimulated by Gay3 in a synergistic mechanism with Ga; (Jiang et al.,
2008, 2012). Gayz was found among the most robustly expressed G proteins in mouse
microglia, next to the ubiquitous Gas, Gajp, Gay and Gayo (Flock et al., 2017), so it might
play a functional role in microglial cAMP signalling. In addition to the CB2-mediated
inhibition of ACs (e.g. isoform 5 and 6), signalling via G~ subunits in microglia could
stimulate AC; and other expressed AC isoforms potentially leading to a net increase in
cAMP rather than a decrease most likely depending on the activation state of the cell
(Ghosh et al., 2015).

For a T cell line, it has already been shown that CB1 and CB2 activation causes a short-

term decrease in cCAMP but a long-term increase in intracellular cAMP (Borner et al.,
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2009). High intracellular cAMP levels reduce pro-inflammatory processes by inhibit-
ing the activation of NF-xB in immune cells (Serezani et al., 2008; Ghosh et al., 2015),
a function that has previously been associated with CB2 activation (Ramirez et al., 2005;
Ehrhart et al., 2005; Klegeris et al., 2003). For microglia, it has been shown that pro-
inflammatory cytokines like TNFa can increase the activity of PDE4B to decrease cAMP
levels (Pearse and Hughes, 2016; Ghosh et al., 2012), highlighting that the dynamic reg-
ulation of cAMP is crucial to microglia function (Serezani et al., 2008; Ghosh et al., 2015;
Pearse and Hughes, 2016) and CB2-mediated cAMP signalling could be of importance
for this mechanism (Lin et al., 2017).

The limitation of this study is that CB2 expression levels in wildtype animals were
not directly detected. The failure to measure a CB2 effect on cAMP levels could there-
fore originate from no or low CB2 expression as well as from the possibility that the
CB2-mediated short-term effect might be too small to detect in microglia using the FRET
biosensor Epacl-camps. Expression levels of CB2 should be reliably determined and
preferably detected during live imaging by attaching a fluorescent tag to CB2 or pre-
stimulating microglia with cytokines, such as IFN+y to induce a phenotype change that
is associated with CB2 expression (Carlisle et al., 2002; Schméle et al., 2015; Lépez et al.,
2018). Controlling for CB2 expression using mRNA analysis would also be a suitable
approach to clarify expression levels in microglia from wildtype animals in this setup.
Additionally, it could be tested if microglial cAMP levels are within the dynamic range
of the Epacl-camps FRET sensor.

The stimulation of primary mouse microglia from wildtype and CB2-deficient animals
with the BAR agonist ISO revealed that microglia from both genotypes showed heteroge-
nous cAMP responses on a single cell level. Previous studies and the meta-analysis done
in the scope of this work found that > AR is not only the most abundant g-adrenergic re-
ceptor, Gyoneva and Traynelis (2013) also report that its expression is dynamically down-
regulated in activated microglia and involved in mediating microglia motility. In this
study, the majority of wildtype and CB2-deficient microglia showed a transient cAMP
increase after BAR stimulation with a negative feedback response similar to that of Epacl-
CB2-HEK cells. A small proportion of measured cells showed either a persistent increase
or a small decrease in cAMP, the latter suggesting that a decrease in cAMP was possi-
ble to detect in the analysed microglia cell culture or that live cell imaging issues were

present.

The observed heterogeneity in microglial cAMP responses to ISO could be explained
via the regulation of PDE3 and PDE4, that are known to control signalling from ;AR
(Nikolaev et al., 2006). PDE3 can be activated by the PI3K/ Akt pathway and PKA (Schmidt
et al., 2013; Han et al., 2006) and PDE4 activity can be increased by PKA, CaM kinase
IT as well as pro-inflammatory cytokines (Mika et al., 2015; Ghosh et al., 2012). Both
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PDEs could potentially restrict B AR-mediated cAMP increases in the microglia. CB2-

deficiency, however, had no detectable effect on the heterogeneity of BAR responses.

Epacl-CB2-HEK cells showed a marked difference in the cAMP response to ISO com-
pared to Epacl-HEK cells and CB2 activation modulated the observed negative cAMP
feedback to a small degree. For analysed microglia that showed a negative cAMP feed-
back in this study, neither genotype nor co-stimulation with CB2 agonist or inverse ago-
nist JWH133 and AM630 altered the observed BAR cAMP responses or their frequency.
This suggests that CB2 was either not expressed in the measured cells or not involved
in BAR-mediated short-term cAMP signalling in microglia. Followingly, there was also
no evidence of signalling crosstalk between CB2 and BAR in this system where CB2 and
B2AR should be endogenously expressed.

Although it was not possible to detect changes in intracellular cAMP levels upon CB2
activation or blockage in this study, potential future studies could investigate the role
of CB2 in the dynamic regulation of cAMP levels in microglia, specifically the possibil-
ity of a CB2-mediated long-term increase in cAMP that could trigger anti-inflammatory

processes.
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8 Conclusion and Outlook

In this work, selected functions and signalling properties of the cannabinoid receptor 2
have been investigated with a focus on the role of CB2 during adult hippocampal neu-
rogenesis in mice and CB2-mediated cAMP signalling and signalling crosstalk with the

B-adrenergic system in a HEK293 cell model and in primary mouse microglia.

The investigated regulation of adult neurogenesis by CB2 revealed that although pre-
vious research found proliferative effects of CB2 activation on neural progenitor cells and
neurogenesis in the dentate gyrus, animals without basal CB2 signalling did not show an
impairment in cell proliferation or reduction in plasticity-relevant populations of neural
progenitors in the hippocampus. This suggests that the role of CB2 in neural progenitors
and specifically its overlap or distinction to CB1 signalling requires further research that
shows in which physiological but also pathophysiological situation CB2 function acts on
adult neurogenesis in the hippocampus. The involvement of microglial CB2 function,
that may be regulated during ageing or depending on pathological cues, might also be of

relevance for CB2 effects on adult neurogenesis.

In the scope of this work, a cell model was generated that allows for the live cell FRET
imaging of CB2-mediated cAMP dynamics using the cAMP biosensor Epacl-camps. This
model proved valuable in the detection of CB2 agonist-elicited inhibition of cAMP pro-
duction via Gg; subunits and their blockage with a CB2 inverse agonist. The cell’s dy-
namic response to the stimuli was analysed on a single cell level providing insights on
the nature of heterologous CB2 expression systems that most likely show constitutive ac-
tivity, and contributes to the understanding of Ga;-mediated GPCR signalling in living
cells. With Epacl-CB2-HEK cells, it was also possible to investigate the modulation of
BAR cAMP signalling through CB2 presence and activity, that attenuated BAR-mediated
cAMP production. BAR and CB2 co-activity enhanced ERK1/2 activation and CB2 was
shown to interact directly or indirectly with the B,-adrenergic receptor. The attenuation
of BAR cAMP signalling and the increased ERK1/2 activation could be features of a pu-
tative CB2-B, AR, that have also been described previously for other CB2 heteromers.

The continued investigation of CB2 function and interactions in a live cell model sys-
tem with intact feedback mechanisms and the possibility to analyse cellular responses on
a single cell level with high temporal resolution provides many opportunities to clarify,

discover, and manipulate molecular mechanisms that are targeted by CB2. However, fu-
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ture studies should also aim to optimise technical aspects, such as the monitoring of CB2

expression during live cell imaging.

With the investigation of adult mouse microglia, a primary cell model was investigated
where CB2 and also 8, AR signalling are relevant. The meta-analysis of publicly available
RNAseq data sets from adult mouse microglia, that was done in this work, provided as-
sistance in discussing the observed results from the live cell FRET imaging of microglia
from wildtype and CB2-deficient animals with ubiquitous Epacl-camps expression. Di-
rect effects of CB2 activation or CB2-mediated modulations of BAR signalling were not
detected, however, the live imaging of cAMP dynamics in adult microglia was feasible
and also showed that BAR responses differed on a single cell level. Similar to Epacl-
CB2-HEK cells, BAR activation predominantly showed a negative cAMP feedback. The
presence of this feedback in microglia could be an important mechanism in the response
to the endogenous BAR ligand norepinephrine. Furthermore, this work illustrates that
to detect CB2-mediated inhibition of cAMP production, it has to be ensured that CB2 is
expressed in a given analysed cell and that the expected changes in intracellular cAMP

are within the dynamic range of the FRET-sensor.

In conclusion, the investigation of CB2 function in this work provides new insights into
the role of CB2 in adult neurogenesis and, while using live imaging techniques to detect
CB2-mediated cAMP signalling, it shows a putative functional crosstalk and interaction
between CB2 and BAR in the generated cell model Epacl-CB2-HEK as well as the detec-
tion of BAR-mediated cAMP signalling in adult mouse microglia. Further, the results of
this study also highlight the challenges of the single live cell analysis of cAMP levels us-
ing FRET-based biosensors to detect signalling of Ga;-coupled GPCRs. Future research
should try to implement optimised FRET imaging for primary cells that endogenously
express CB2 and are potentially important for CB2 function in vivo in the CNS, such as
microglia and neural progenitor cells, in order to study CB2-mediated cAMP signalling
in a more physiological setting. Using a cell model like Epac1-CB2-HEK cells, new CB2
ligands could be evaluated in living cells and subsequently used on primary cells with
endogenous CB2. The use of CB2-reporter mice could also ensure the association of ob-
served effects to CB2 function.

The investigation of CB2 function and its interactions with other GPCRs and signal trans-
ducers in a neurobiological context harbours great potential to understand molecular
mechanism behind physiological and pathophysiological conditions of the central ner-

vous system.
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9 Materials and Methods

9.1 Materials

9.1.1 Chemicals and Reagents

Chemicals
Table 9.1. Chemicals and reagents used in this work.

Reagent Source Identifier

2-arachidonoyl glycerol (2-AG) Cayman Cat# 62160,
PubChem ID:
5282280

2-Propanol Th. Geyer Cat# 1157.5000,
PubChem ID: 3776

Acrylamide solution (40 %, 37.5:1) AppliChem Cat# A1577,
PubChem ID: 6579

AM630 Tocris Cat# 1120, PubChem
ID: 4302963

Anti-FLAG® M2 Affinity Gel Sigma-Aldrich Cat# A2220

B-caryophyllene (BCP) Sigma-Aldrich Cat# C9653,
PubChem ID:
5281515

B-glycerophosphate disodium salt Sigma-Aldrich Cat# G9422,

hydrate PubChem ID:
22251426

Bromophenole blue AppliChem Cat# A3640,
PubChem ID: 8272

Calcium chloride 2-hydrate CaCl, X AppliChem Cat#A1873,

2H,O PubChem ID: 24844

n-dodecyl B-D-maltoside (DDM) Sigma-Aldrich Cat# D4641,
PubChem ID: 114880

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat# D2650,
PubChem ID: 679

DL-dithiothreitol Sigma-Aldrich Cat# D0632,

PubChem ID: 446094
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Table 9.1. Chemicals and reagents used in this work.

Reagent Source Identifier
Ethylenediaminetetraacetic acid Th. Geyer Cat# 2281, PubChem
(EDTA) disodium salt 2-hydrate ID: 44120005
Ethanol (EtOH) Th. Geyer Cat# 2209.5000,
PubChem ID: 702
Ethylene glycol Sigma-Aldrich Cat# 324558,
PubChem ID: 174
Forskolin (FSK) Sigma-Aldrich Cat# F6886,
PubChem ID: 47936
Glycerol Sigma-Aldrich Cat# 15523,
PubChem ID: 753
Glycine Sigma-Aldrich Cat# G8898,
PubChem ID: 750
HEPES, pH 7.5 Sigma-Aldrich Cat# HO0887,
PubChem ID: 23831
HU308 Tocris Cat# 3088, PubChem
ID: 11553430
Isoprenaline hydrochloride Sigma-Aldrich Cat# 15627,
PubChem ID: 3779
JWH133 Tocris Cat# 1343, PubChem
ID: 6918505
Ketanest ® S (esketamine) Pfizer PubChem ID: 182137
Leupeptin Sigma-Aldrich Cat# 1.2884,
PubChem ID: 72429
Magnesium chloride 6-hydrate AppliChem Cat# 141396,
(MgCl, X 6H0) PubChem ID: 24644
Methanol (MeOH) Th. Geyer Cat# 1462.2511,
PubChem ID: 887
Normal goat serum Cell Signaling Cat# 5425
Technology
PageRuler™ Prestained Protein Thermo Fisher Cat# 26617
Ladder Scientific
Roti®-Histofix 4% (4% Carl Roth Cat#P087, PubChem
phosphate-buffered formaldehyde ID: 712
(PEA))
Phenylmethylsulfonyl fluoride Roche Cat# 10837091001,

(PMSF)

PubChem ID: 4784
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Table 9.1. Chemicals and reagents used in this work.

Reagent Source Identifier

cOmplete™ (protease inhibitor Roche Cat# 4693116001

cocktail)

Poly-L-lysine hydrobromide (PLL)  Sigma-Aldrich Cat# P6282,
PubChem ID: 72363

Potassium chloride (KCI) Sigma-Aldrich Cat# P9541,
PubChem ID: 4873

ProLong™ Gold Antifade Sigma-Aldrich Cat# P36934

Mountant

ProLong™ Gold Antifade Sigma-Aldrich Cat# P36935

Mountant with DAPI
Protein G-Sepharose Fast Flow
Polyvinylpyrrolidone (PVP)

Rompun ® (xylazine)

Skim Milk Powder (MP)

Sodium azide

Sodium chloride (NaCl)

NaCl solution (0.9%)

Tri-sodium citrate dihydrate
Sodium dihydrogen phosphate
(NaHzPO4)

Sodium dodecylsulfate (SDS)
Sodium flouride (NaF)

Sodium hydrogen phosphate
(NazHPO4)

Sodium hydroxide (NaOH)

Sucrose

TEMED

GE Healthcare
Sigma-Aldrich

Bayer
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Braun
Merck

AppliChem

AppliChem

Sigma-Aldrich

Merck

J.T.Baker

Sigma-Aldrich

AppliChem

Cat# 17-0618-01
Cat# PVP40,
PubChem ID: 6917
PubChem ID: 5707
Cat# 70166

Cat# 52002,
PubChem ID: 33557
Cat# 31434,
PubChem ID: 5234
Cat# 235 0748

Cat# 1064480500,
PubChem ID: 71474
Cat# A3902,
PubChem ID: 24204
Cat# A2263,
PubChem ID:
3423265

Cat# 57920,
PubChem ID: 5235
Cat# 1.06580.0500,
PubChem ID: 24203
Cat#10528240,
PubChem ID: 14798
Cat# 50389,
PubChem ID: 5988
Cat# A1148,
PubChem ID: 8037
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Table 9.1. Chemicals and reagents used in this work.

Reagent Source Identifier
Trizma®) base (Tris) Sigma-Aldrich Cat# T1503,
PubChem ID: 6503
Triton® X-100 AppliChem Cat# A4975,
PubChem ID: 5590
Tween®) 20 AppliChem Cat# A4974,

PubChem ID: 443314

Cell Culture Reagents

Table 9.2. Cell culture reagents used in this work.

Reagent Source Identifier

Dulbecco’s Modified Eagle Medium  Gibco Cat# 41966-029

(DMEM)

Hank’s Balanced Salt Solution Sigma-Aldrich Cat# H6648

(HBSS) (without MgCl and CaCl)

Dulbecco’s Phosphate-Buffered Sigma-Aldrich Cat# D8537

Saline (DPBS)

0.25 % Trypsin/EDTA Sigma-Aldrich Cat# T4049

Opti-MEM™ Gibco Cat# 31985-062

Lipofectamine®2000 Life Technologies ~ Cat# 11668-019

Penicillin-Streptomycin (P/S) Sigma-Aldrich Cat# P4333

Hygromycin B Roth Cat# CP12.2,
PubChem ID:
56928061

G-418 Roche Cat#4727878001,
PubChem ID: 123865

Fetal Bovine Serum (FBS) Pan Biotech Cat#P30-3312

Trypsin Sigma-Aldrich Cat#T7409 PubChem

ID: 5311489
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Antibodies

Table 9.3. Antibodies used in this work. IP - immunoprecipitation, IHC - immunohistochemistry, WB -
Western Blot.

Antibody Source Identifier Working
Concentration
Rabbit anti-CB2 Santa Cruz Cat# sc-25494, IHC: 1:300 in
Biotech. RRID:AB_2082784 DPBS, WB: 1:500
in TBST
Rabbit anti-DCX Synaptic Cat# 326 003, IHC: 1:700 in
Systems RRID:AB_2620067 DPBS
Guinea pig Synaptic Cat# 214 104, IHC: 1:500 in
anti-calretinin Systems RRID:AB_10635160 DPBS
Rabbit anti-FLAG Sigma-Aldrich Cat# F7425, WB: 1:1000 in
RRID:AB_439687 TBST
Mouse anti-FLAG® Sigma-Aldrich Cat# F1804, IHC: 1:300 in
M2 RRID:AB_262044 DPBS
Goat anti-mouse IgG, Thermo Fisher Cat# R37120, IHC: 1:500 in
Alexa Fluor(®) 488 Scientific RRID:AB_2556548 DPBS
Goat anti-mouse IgG, Thermo Fisher Cat# R37121, IHC: 1:500 in
Alexa Fluor®) 594 Scientific RRID:AB_2556549 DPBS
Goat anti-rabbit IgG, Thermo Fisher Cat# R37116, IHC: 1:500 in
Alexa Fluor(®) 488 Scientific RRID:AB_2556544 DPBS
Goat anti-rabbit IgG, Thermo Fisher Cat# R37117, IHC: 1:500 in
Alexa Fluor®) 594 Scientific RRID:AB_2556545 DPBS
Goat anti-guinea pig Thermo Fisher Cat# A-11076, IHC: 1:500 in
IgG, Alexa Fluor®) 594  Scientific RRID:AB_2534120 DPBS
Rabbit anti-HA Sigma-Aldrich Cat# H6908, WB: 1:1000 in
RRID:AB_260070 TBST
Mouse anti-HA Sigma-Aldrich Cat# H3663, IHC: 1:300 in
RRID:AB_262051 DPBS, IP: 1:200
Rabbit Cell Signaling ~ Cat# 4370, WB: 1:2000 in
anti-phospho-ERK1/2  Tech. RRID:AB_2315112 TBST /1% MP
Mouse anti-ERK1/2 Cell Signaling ~ Cat# 9107, WB: 1:2000 in
Tech. RRID:AB_10695739  TBST/1% MP
Donkey anti-mouse LI-COR Cat# 926-68022, WB: 1:10000 in
IgG-IRDye®) 680LT Biosciences RRID:AB_10715072  TBST
Donkey anti-mouse LI-COR Cat# 926-32212, WB: 1:10000 in
IgG-IRDye® 800CW Biosciences RRID:AB_621847 TBST
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Table 9.3. Antibodies used in this work. IP - immunoprecipitation, IHC - immunohistochemistry, WB -

Western Blot.
Antibody Source Identifier Working
Concentration
Donkey anti-rabbit LI-COR Cat# 926-68023, WB: 1:10000 in
IgG-IRDye®) 680LT Biosciences RRID:AB_10706167  TBST
Donkey anti-rabbit LI-COR Cat# 926-32213, WB: 1:10000 in
IgG-IRDye® 800CW Biosciences RRID:AB_621848 TBST
Rabbit polyclonal Thermo Fisher Cat# PA5-19462, IHC: 1:500 in
anti-Ki67 Scientific RRID:AB_10981523  DPBS
Rabbit anti-actin Sigma-Aldrich Cat# A2066, WB: 1:1000 in
RRID:AB_476693 TBST
Rabbit polyclonal Wako Cat# 019-19741, IHC: 1:300 in
anti-Ibal RRID:AB_839504 DPBS
Mouse monoclonal Millipore Cat# MAB3580, IHC: 1:300 in
anti-GFP RRID: AB_94936 DPBS
Rabbit polyclonal Santa Cruz Cat# sc-569, IHC: 1:300 in
anti-$,AR Biotech. RRID:AB_630926 DPBS
9.1.2 Animals, Cell Lines, and Plasmids
Mouse Strains
Table 9.4. Mouse strains used in this work.
Strain Source Identifier

CAG-Epacl-camps
(FVB/N)
B6.129P2-Cnr2!m1Dgen /7

B6.129P2(Cg)-
Cx3cr]tm21(cre/ ERT2)Litt

/Wgan]

Kindly donated by Prof. V.

Nikolaev

Jackson Laboratory

Kindly donated by Dr. L.

Laprell

Calebiro et al. (2009)

Cat# JAX:005786,

RRID:IMSR_JAX:005786

Cat# JAX:021160,

RRID:IMSR _JAX:021160
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Human Cell Lines

Table 9.5. Human cell lines used in this work.

Cell Line Source Identifier
HEK293 CLS Cat#
300192 /p777_HEK293,
RRID:CVCL_0045
Epacl-camps HEK293 Kindly donated by Prof. V.
Nikolaev

Epacl-camps FLAG-hCB2  This work

HEK293

Recombinant DNA Plasmids

Table 9.6. Recombinant DNA plasmids used in this work.

Plasmid Source Identifier
pcDNAS3.1(+)-FLAG-hCB2(Q-H) Karsak lab
pcDNA3.1(+)-HA-hADRB2 Karsak lab

pcDNA3.1(+)

Thermo Fisher Scientific Cat# V79020

9.1.3 Devices and Software

FRET Imaging Setup
Table 9.7. FRET imaging setup.
Device Source Identifier
DM IRB inverted microscope Leica
Attofluor™ Cell Chamber Thermo Fisher Scientific Cat# A7816
Plan-NEOFLUAR 63X/1.25 oil Zeiss Cati# 440460
objective
pE-100 440 nm LED CoolLED Cat# AB4631
Coo0lSNAP MYO CCD camera Photometrics
DV2 beam splitter Photometrics
Duemilanove microcontroller Arduino
05-EM filter set (505 dcxr dichroic Photometrics

mirror, D480/30, D535/40)
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Other Devices

Table 9.8. Other devices used in this work.
Device Source Identifier
Axio Imager M1 epi-fluorescent Zeiss
microscope
FV1000 confocal microscope Olympus
Odyssey® CLx Western blot LI-COR Biosciences
imaging system

Software Tools

Table 9.9. Software tools used in this work.
Software Source Identifier
FluoView FV-1000 Olympus ver. 4.2a
GREIN Mabhi et al. (2019)
Illustrator Adobe CC 2015
Image] Schneider et al. (2012) ver. 1.43
Image] Plugin: FRET analysis Sprenger et al. (2012)
Image] Plugin: MicroManager ver. 1.4.5
Image] Plugin: MultiStackReg ver. 1.45
Image Studio Lite LI-COR Biosciences ver. 5.2
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9.1.4 Buffers, Solutions

and Gels

0.2 % DDM cell lysis buffer

Substance Concentration
HEPES, pH 7.5 5mM
NaCl 150 mM
Glycerol 10 %
EDTA (in ddH,0), pH8.0 1mM
DDM 02% w/v
Leupeptin 1uM
PMSF (in EtOH) 1mM
NaF 20mM
B-glycerophosphate 20mM
Protease inhibitor cocktail 2 tablets

in ddH,O

6X SDS loading buffer (adapted from Laemmli (1970))

Substance Concentration
Tris (in ddH,O), pH 6.8 100 mM

SDS 4% w/v
Glycerol 60 %
Bromophenole blue 1 knife point
DL-dithiothreitol 100 mM

in ddH,O

10X SDS-PAGE running buffer

Substance

Concentration

0.25M
2M
1% w/v

Tris
Glycine
SDS

in ddeO

10X SDS-PAGE transfer buffer without MeOH

Substance Concentration
Tris 0.25M
Glycine 2M

in ddH,O
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1X SDS-PAGE transfer buffer

Substance

Concentration

10X SDS-PAGE transfer buffer without MeOH 1X

MeOH 20 %
in ddH,O

FRET imaging buffer
Substance Concentration
NaCl 144 mM
KCl 54mM
MgClz X 6H20 1mM
CaClz X 2H20 1mM
HEPES (in ddH,0, pH 7.4 with NaOH) 10mM
adjust to pH 7.4
in ddH,O

25X Tris-buffered saline (TBS)

Substance Concentration

Tris 250 mM
NaCl 3.75M
in ddeO

1X Tris-buffered saline with Tween-20 (TBST)

Substance Concentration

25X TBS 1X
Tween® 20 0.025% v/v
in ddH,O

Western Blot blocking buffer

Substance Concentration

Skim Milk Powder 5% w/v
in TBST

Polyacrylamid Resolving Gel 10%

Substance Concentration

Tris, pH 8.8 380mM
Acrylamide 10%

SDS 0.2%

APS 0.25mg/mL
TEMED 02%v/v

in ddH,O
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Polyacrylamid Stacking Gel

Substance Concentration

Tris, pH 6.8 130mM
Acrylamide 4.5%

SDS 0.1%

APS 0.25mg/mL
TEMED 04%v/v

in ddH,O

Cell freezing medium

Substance Concentration

FBS 20% v/v
DMSO 10% v/v
in DMEM

Cell culture medium

Substance Concentration

FBS 10%v/v
P/S 1%v/v
in DMEM

Phosphate buffer
Substance Concentration
NaH,>PO, 26.5mM
Na,HPO, 77 mM
NaCl 300 mM
adjust topH 7.2
in ddH,O

Cryoprotectant solution for vibratome sections

Substance Concentration
Phosphate buffer, pH7.2 50% v/v
Sucrose 30% w/v
PVP 1% w/v
Ethylene glycol 30% v/v

in dngO

Immunohistochemistry (IHC) blocking solution

Substance Concentration

Normal goat serum 5%

Triton®) X-100 0.2%

Sodium azide 0.02 %

in DPBS
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9.2 Methods

9.2.1 Animals

All animals used in this study were housed in a 12 h:12 h light-dark cycle with water and
food pellets ad libitum at a temperature of 21 °C. Housing facilities and animal handling
were in accordance with the German and European Community laws on protection of
experimental animals and approved by the local authorities of the City of Hamburg.

Mouse strains used are listed in Table 9.4 and indicated for each experimental procedure.

9.2.2 Preparation of Mouse Brain Sections

Eight female 16 to 17 week-old Cny2tmlDgen (DeltagenInc, 2005) CB2-deficient and wild-
type mice were deeply anesthetised with 120 ng/g body weight esketamine and 16 ng/g
body weight xylazine intra-peritoneally in sterile physiological 0.9 % NaCl solution and
then transcardially perfused with 25 ml 4 % PFA. Whole brains were harvested and stored
in 4% PFA at 4°C until use, but at least 24 h. Fixed brains were cut on a vibratome at
40 pm section thickness from the rostral beginning of the hippocampus until the caudal
end in series of ten. Sections were collected in 24-well plates filled with cryoprotectant

solution at 4 °C until immunohistochemistry.

9.2.3 Immunohistochemistry of Mouse Brain Sections

One series of 10 brain sections (distance between sections: 400 pm) per animal were trans-
ferred from cryoprotectant to cold Dulbecco’s phosphate-buffered saline (DPBS) in 24-
well plates and washed three times. Antigen retrieval was performed in 10 mM sodium
citrate (in ddH,O, pH 9) at 80 °C in an incubator for 30 min. Tissue sections were then
cooled at room temperature, washed with DPBS and blocked with IHC blocking solution
for 45 min at room temperature on a shaker and then incubated with primary antibody
against DCX and CR or against Ki67 (working concentration see Table 9.3) in DPBS over
night at 4 °C on a shaker.

After incubation with the primary antibody, brain sections were washed three times with
DPBS for each 5min on a shaker at room temperature. Fluorescent-dye conjugated sec-
ondary antibodies (anti-rabbit IgG Alexa Fluor(®) 488, anti-guinea pig IgG Alexa Fluor®)
594) were prepared in DPBS according to used primary antibodies and sections were
incubated with the secondary antibody (Ab)-solution for 2 h in the dark at room temper-
ature on a shaker. Sections were again washed three time with DPBS for each 15min on a
shaker and then carefully transferred to objectives. ProLong™ Gold Antifade Mountant
with DAPI was applied and cover slips were carefully placed on the sections avoiding
air bubbles. The mounted sections were left to dry at room temperature in the dark for

about 24 h and then transferred to boxes and stored at 4 °C until imaging.
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9.2.4 Quantification of Neuronal Progenitor Cell Populations

Blinded quantification of DCX+, DCX+/CR+ and Ki67+ neuronal progenitor cells in the
subgranular zone of the dentate gyrus in 40 pm-thick brain sections was carried out on
an epi-fluorescence microscope using the software tool Stereo Investigator. For each sec-
tion and brain hemisphere an overview image of the complete DG with clearly distin-
guishable infra- and suprapyramidal blades was acquired using the DAPI staining to
determine if the hemisphere is quantifiable. Exclusion criteria were the overlapping or
damage of tissue. In each hemisphere and blade all positive cells (DCX+, Ki67+) and
double-positive (DCX+/CR+) in the SGZ were counted in a focal plane of 20 um. Using
Image], the area of the complete GCL and SGZ of the DG was calculated for each hemi-
sphere and blade seperately. The total sample volume was then determined by multiply-
ing the GCL area with the thickness of the focal plane (20 pm). All hippocampal sample
volumes and cell counts were summed for each animal and positive counts per volume
(in mm?) for DCX+ and Ki67+ were determined. From DCX+/CR+ counts, the percent-

age of double-positives from all DCX+ cells was calculated for each animal.

9.2.5 Preparation of Poly-L-Lysine-Coated Glass Coverslips

22 mm glass cover slips were placed in 6-well-plates (12 mm coverslips for 24-well-plates)
and 0.1 mg/mL poly-L-lysin (PLL) solution in ddH,O was pipetted onto the coverslip
covering the majority of the surface. Glass coverslips were incubated for at least 30 min or
up to 1h at room temperature under the cell culture hood. Coverslips were then washed

three times with ddH,O and kept at room temperature until use.

9.2.6 Isolation and Culture of Primary Mouse Microglial Cells

Isolation and culture of primary mouse microglia was adapted from Witting and Moller
(2011). Four- to eight-week-old male and female mice (n = 14) from matings of Cnr2!m1Dgen
and CAG-Epacl-camps transgenic mice (Calebiro et al., 2009) (CB2+/* or CB2~/~ and

cre/ ERT2)Litt/+ mouse were used. Two mice (CB2~/~

Epacl-camps*/~) and one Cx3cr1!"21(
and wildtype littermate) per isolation were killed using CO, and then transcardially per-
fused with HBSS (here without MgCl or CaCl). Each brain was carefully removed and
placed into separate petri dishes filled with cold HBSS. Olfactory bulb and cerebellum
were cut off and brains were divided along the sagittal suture. The midbrain was re-
moved and the cortex and hippocampus were transferred into separate chilled falcon
tubes with 5 ml HBSS.

Under the cell culture hood, the brain tissue was washed three times with 5ml HBSS sav-
ing 1ml to 2ml from the last wash. In the tube, the tissue was manually crushed using
the blunt end of a pair of scissors. 1ml 0.25 % trypsin in HBSS (without MgCl or CaCl)
was pipetted into each tube and incubated for 10 min at 37 °C in a water bath. 10ml

cell culture medium was added to stop the reaction and the tissue was homogenised by
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pipetting up and down with the same serological pipette. A 5ml serological pipette and
a glass pasteur pipette were coated with fetal bovine serum (FBS) and the tissue was
homogenised further with the 5ml pipette and then with the pasteur pipette. The ho-
mogenate was then titrated through a 70 pm cell strainer and centrifuged for 10 min at
200g. The supernatant was removed and the cell pellet was resuspended in 24 ml cell cul-
ture medium. Cells were plated on two 6-well-plates with PLL-coated glass cover slips
and incubated at 37 °C and 5% CO,. After 24 h the medium was changed by aspirating
the old medium, washing the cells three times with warm DPBS and supplying them
with new cell culture medium. Primary microglia cells were cultured for 14d and the

medium was changed every fourth day.

9.2.7 HEK293 cell culture and preparation for downstream assays

All cells were maintained at 37 °C and 5 % CO,. HEK293 were kept in DMEM supple-
mented with 10 % FBS and 1 % penicillin/streptomycin (P/S) and split 1:10 using 0.25 %
trypsin/EDTA every second to third day. HEK293 cells stably expressing FRET-cAMP-
biosensor Epacl-camps were kept in the described HEK293-medium with additional
400 pg/pl hygromycin B. For double stably transfected HEK293 with Epacl-camps and
FLAG-hCB2, DMEM plus 10 % FBS and 1% P/S was additionally supplemented with
400 pg/pl hygromycin B and 600 ng/ul G418. Both stably transfected cell lines were split
using 0.05 % trypsin/EDTA in a dilution of 1:6 to 1:8 every third to fourth day. Volumes
of cell media were varied according to dish/plate size (see Table 9.26).

Table 9.26. Used media volumes in cell culture experiments

Dish/Plate Size Volume [ml]

10 cm 10
6-well 2
24-well 0.5
96-well 0.1

Cryo-preserved 1 ml-tubes with cells in freezing medium were carefully thawed in a
37 °C water bath under gentle agitation for about 30 s. Cells were then immediately resus-
pended in 4ml warm medium and centrifuged at 1000 rpm for 5min. The supernatant
was aspirated and the pellet was resuspended in 10 ml warm medium and plated on a
10 cm-dish.

For freezing, confluent cells on 10 cm-dishes were trypsinised and centrifuged at 1000
rpm for 5min. The pellet was then carefully resuspended in 1 ml freezing medium per
confluent 10 cm-dish and each 1 ml of the cell suspension was pipetted into a cryo-tube.
The tubes were transferred into a freezing container filled with isopropanol and placed
in a —80 °C freezer to cool down at a rate of 1°C/min. On the next day, cryo-preserved
cells were transferred to a liquid nitrogen tank for long-term storage.

The preparation of cell lysates for downstream assays such as Western Blot was done
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by removing the medium and applying ice-cold DDM lysis buffer directly onto the cells.
The lysates were then transferred into reaction tubes, homogenised with a 27G syringe,
incubated for 30 min at 4 °C on a rotor and centrifuged for 15min at 13000 rpm and 4 °C.

The supernatant was used immediately for further assays or stored at —20 °C.

9.2.8 Transfection of HEK293 Cells with HA-h,AR and FLAG-hCB2

HEK?293 were plated on 6-well plates at a density of 0.1 x 10° cells per well without the
use of P/S and 24h. When cells were about 50 % to 60 % confluent, they were trans-
fected using 500 ng pcDNA 3.1(+)-FLAG-hCB2(Q-H) and 3 ng pcDNA 3.1(+)-HA-hB2AR
(500 ng for immunocytochemistry stainings) (single transfections filled up with empty
vector pcDNA3.1(+)) per well in a 1:2 DNA to Lipofectamine®?2000 ratio with OptiMEM
according to the manufacturer’s protocol. After another 24 h-incubation the medium was
aspirated and cells were lysed with DDM lysis buffer for co-IP or fixed with 4 %PFA for
20min at room temperature on a shaker and stored in DPBS at 4 °C for immunocyto-

chemistry.

9.2.9 Immunoprecipitaion of FLAG- and HA-tagged Receptor Constructs

For immunoprecipitation (IP) of FLAG- and HA-tagged receptor constructs 20l pro-
tein lysate (input) was mixed with 4 ul 6X Laemmli buffer. 200ul protein lysate were
used for HA- and FLAG-IP. For the HA-IP, each sample was mixed with mouse anti-
HA antibody in n-dodecyl B-D-maltoside (DDM) lysis buffer at an end concentration of
1:200 and incubated over night on a rotor at 4 °C. For each HA-IP-sample 10 pl Protein-G
sepharose beads and for each FLAG-IP-sample 8 ul mouse anti-FLAG® M2 Affinity Gel
beads were pipetted into 500 ul DDM lysis buffer and washed three times. During the
last washing step, all remaining liquid was aspirated with a 27G syringe and 100 ul DDM
lysis buffer for each HA-IP- or FLAG-IP-sample were carefully added to the beads and
pipette-mixed. 100 ul of each IP-bead mixture were then added to the assigned samples
and incubated at 4 °C for 1h on a rotor. After incubation, the beads of all samples were
washed three times with DDM lysis buffer and in the last washing step all remaining lig-
uid was aspirated and the beads were mixed with 18 ul 6X Laemmli buffer and incubated
for 10 min at 70 °C. IP-samples were spun down and the supernatant as well as the input

samples were used Western blot.

9.2.10 SDS-Polyacrylamide Gel Electrophoresis and Immunoblotting

10 % polyacrylamid resolving gels were prepared in 50 ml-tubes and ca. 8 ml per gel were
carefully poured into a casting frame of 1.5 mm gel thickness. Per gel, 500 ul isopropanol
were added and the gel was left to polymerise for about 30 min at room temperature
while the stacking gel was prepared. After polymerisation of the resolving gel, the iso-

propanol was poured off and the stacking gel was carefully pipetted into the casting
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frame up until the top of the casting frame. 10- or 15-well combs were added while
avoiding air bubbles and the gel was left to polymerise for about 20 min at room temper-
ature. Polymerised gels were then either used immediately or stored in a sealed plastic
bag wrapped in wet tissue at 4 °C for about 5 to 7 days.

For SDS-PAGE, up to 4 gels were assembled in the running chamber supplied with SDS-
PAGE running buffer. The combs were removed and each well was rinsed with buffer
before the prepared protein samples and 4l of the protein ladder were loaded into each
gel. Gels were run at 80V for the first 10 min and then set to 110V until the running
front reached the end of the gel. With sponges, filter paper, the gel and a nitrocellulose
membrane, the transfer sandwich was assembled in a transfer chamber filled with cold
transfer buffer. The proteins were then transferred onto the nitrocellulose membrane at
95V for2h at4°C.

After the successful transfer of proteins, indicated by a visible protein ladder, the mem-
brane was blocked in Western blot blocking solution for 1h at room temperature on a
shaker. Following blocking, membranes were incubated over night at 4 °C on a shaker
in primary antibody solution. Depending on the primary antibody the composition of
the antibody solution varied (see Table 9.1.1). Then membranes were washed three times
with TBST for 5min at room temperature on a shaker and then incubated with either
IRDye® 680LT- or IRDye® 800CW-coupled secondary antibodies in TBST (see Table
9.1.1) for 1 h at room temperature on a shaker. Membranes were then washed two times
with TBST and one time with TBS for 15 min at room temperature on a shaker. The de-
tection of target protein bands from the wet membrane was done using the Odyssey®

CLx imaging system and band intensities were quantified using Image Studio Lite.

9.2.11 Immunocytochemistry and Object-Based Co-Localisation Analysis

Cells on coverslips were washed with DPBS and then fixed with 4 % PFA for 20 min at
room temperature on a shaker. HEK293 transfected with FLAG-hCB2 and HA-hB2AR,
Epacl- and Epacl-CB2-HEK cells were then blocked with 5 % normal goat serum in DPBS
for 1h at room temperature on a shaker. For primary microglia, the blocking and primary
antibody solutions were supplied with 0.3 % Triton®) X-100.

Primary antibodies used for all HEK293 cell model systems were rabbit anti-CB2, rabbit
anti-B> AR, mouse anti-HA and rabbit anti-FLAG in the indicated concentrations, and pri-
mary microglia were stained with rabbit anti-Iba-1 and mouse anti-GFP (also recognises
YFP (Assinck et al., 2017)) (see Table 9.1.1). Fixed cells were incubated with primary anti-
body for 24 h at 4 °C on a shaker and then washed three times for 5 min with cold DPBS.
Secondary antibody solutions were prepared with anti-mouse IgG, Alexa Fluor® 488
and 594 and anti-rabbit IgG, Alexa Fluor®) 488 and 594 in DPBS and cells were incubated
for 2h at room temperature on a shaker in the dark.

Coverslips were then washed three times for 15 min with DPBS and mounted onto glass
slides with ProLong™ Gold Antifade Mountant medium (without DAPI for Epacl- and
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Epacl-CB2-HEK cells) and dried at room temperature over night in the dark. Slides were
then stored at 4 °C until imaging on a confocal microscope. Acquired image z-stacks of
FLAG-hCB2 and HA-hB,AR co-transfected HEK293 were analysed for object-based co-
localisation of CB2 and HA, as well as FLAG and B,AR with MatCol on default settings

and the percentage of co-localising pixels from the total pixel amount was calculated.

9.2.12 Generation of HEK293 Cells Stably Expressing Epacl-camps and
FLAG-hCB2

Epacl-HEK cells were plated on 6-well-plates at a density of 1 x 10° cells per well without
the use of P/S or hygromycin B and 24 h after seeding when cells were about 50 % to 60 %
confluent, they were transfected with either 1 pg pcDNA 3.1(+)-FLAG-hCB2(Q-H) or 1 ng
pcDNA3.1(+) per well in a 1:2 desoxyribonucleic acid (DNA) to Lipofectamine®?2000 ra-
tio with OptiMEM according to the manufacturer’s protocol. After another 24 h-incubation
the medium was changed to DMEM supplemented with 10 % FBS, 1% P/S, 400 ng/ul
hygromycin B and 800 ng/ul G418 (as determined in previous kill-curve experiment) for
the selection of clones stably expressing both Epacl-camps and FLAG-hCB2 or the con-
trol plasmid. Clones were selected for 14d and the medium was changed every third
day. Surviving clones were collected, counted in a Neubauer-chamber, diluted down to
10 cells/ml and plated on a 96-well plate in selection medium. The medium was changed
every third day and as soon as the cells in a well reached 100 % confluency, they were
transferred to a 24-well and subsequently to a 6-well plate. Colonies in confluent 6-well
plate wells were split 1:2 and the remaining cells were analysed via SDS-PAGE for FLAG-
hCB2 expression (see Methods section 9.2.10). Positive colonies were further propagated
to 10 cm-dishes and frozen.

9.2.13 ERK1/2 Activation Assay

Epacl-CB2-HEK cells were plated on 24-well-plates at a density of 6 x 10° cells in cell
culture medium. After 48 h incubation, the medium was changed to DMEM without any
supplements for 4h. BAR- and CB2-ligands (isoprenaline, JWH133 and AM630) were
prepared in dimethyl sulfoxide (DMSO) and diluted if necessary. 50 pl of medium from
each well were saved and mixed with the different ligands keeping DMSO at an end con-
centration of 0.1 %. The stimulation aliqouts were quickly pipetted back into the wells
and the plate was incubated for 5min. After stimulation, the medium was quickly aspi-
rated and the cells were lysed with 80 pul ice-cold DDM lysis buffer per well. 30 ul protein
lysate were then mixed with 6 ul 6X Laemmli buffer, boiled at 95°C for 5min, loaded
into a 10 % SDS-gel with 10 wells in series and analysed on the Odyssey® CLx imaging
system (see Methods section 9.2.10). The membranes were blocked with Western blot
blocking solution and incubated with mouse anti-ERK1/2 and rabbit anti-pERK1/2 pri-

mary antibodies (see Table 9.1.1). After detection and quantification of protein bands the
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ratio between phosphorylated ERK1/2- and total ERK1/2-band intensity (%) for each

sample was formed and log,-transformed. For each blot, the log,-transformed DMSO

value was subtracted from each sample value on that individual blot for normalisation.

9.2.14 Live Cell FRET imaging

Live cell FRET imaging was carried out as previously described (Kraft and Nikolaev,
2017; Sprenger et al., 2012; Borner et al., 2011). Epacl- and Epacl-CB2-HEK cells were
plated on PLL-coated 22mm glass cover slips in 6-well-plates at a density of 0.1 x 10°
cells per well and incubated for 48 h.

On the imaging day, coverslips with Epacl-, Epac1-CB2-HEK cells or primary mouse
microglia were transferred into a cell imaging chamber, washed one time using FRET
imaging buffer and then kept in a minimum of 400 ul FRET imaging buffer at room
temperature during imaging. The imaging chamber was secured on the stage of an in-
verted microscope equipped with a 63X oil objective. Cells were excited using a 440 nm
LED connected to an Arduino board and fluorescent emission was detected with a dual-
emission photometry system using a CCD camera and a beam splitter with a filter set for
CFP and YFP. Excitation time and image acquisition were controlled and synchronised
using the Micro-Manager plugin for Image].

Images were acquired every 20s with 10 % to 15 %LED power, 50 ms to 100 ms excita-
tion time depending on the expression of Epacl-camps and binning was set to 4. Live
fluorescence intensities and the raw FRET ratio were monitored during the recording
and stimulants were applied after a baseline was reached. Cell stimulants (dissolved in
DMSO and further diluted in FRET imaging buffer) were then carefully added to the cell
imaging chamber in appropriate concentrations in a volume of each 400 pl without ex-
ceeding the maximum chamber capacity of 1.6 ml (maximum concentration of DMSO on
cells: 0.05%).

9.2.15 Experimental Data Analysis
FRET Data Analysis

Acquired time lapse emission channel images were processed using Image] and follow-
ing calculations and FRET response analyses were done using self-made scripts in R. For
image noise reduction a Kalman stack filter was applied and using the MultiStackReg
plugin (rigid body transformation) the two channels were aligned. ROIs on cells were
drawn where Epacl-camps expression was homogenous and movement was minimal
throughout the recording. Integrated density, area and average grey value of each ROI
for each frame were measured and the total corrected cellular fluorescence (TCCF) was
calculated according to McCloy et al. (2014):

TCCF = ROIjptpen — ROIareq X BGAveGrey
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After the individual channels were inspected for excessive photobleaching and correct

opposing fluorescence intensity changes, the FRET ratio R was calculated as follows:

_ TCCFypp

R— _—_——YiP
TCCFcrp

B

Where B is the bleedthrough correction factor of CFP emission into the YFP channel de-
termined for the imaging setup. For statistical analysis and data visualisation, the FRET
ratio for each ROI over time was normalised to its pre-stimulation baseline Ry, subtracted
from 1 and multiplied by 100 in order to depict the decrease in FRET upon increased
intracellular cAMP levels as a percentage increase or vice versa. It was calculated as
follows:

R
AR;[%] = (1 —=1) x 100
Ro

For each FRET response after application of a specific stimulant local maxima and min-
ima were detected and for each of these response curves the maximum slope as well as
the time to 50 % of the signal’s amplitude were determined. The max. slope values are
always depicted without a sign. Plots featuring max. slope values are supplied with an
information on the direction of the response.

For CB2 activation experiments (see Results section 6.2.1) in Epac1-CB2-HEK cells, ROIs/-
cells showing at least 10 % cAMP inhibition after CB2 agonist application and a blockage
of the inhibition via AM630 (max. slope of response: > 0.01) are considered respon-
ders (R). Cells with less than 10 % cAMP inhibition after agonist stimulation but a clear
response to AM630 show a response pattern of high constitutive activity (CA) of CB2 re-
ceptors. If a cell showed no response to either CB2 agonist or inverse agonist/antagonist
with a linear increase of AR; after reaching the FSK baseline comparable to Epacl-HEK
cells, the cell is categorised as a non-responder (N). To avoid the pitfalls of pseudorepli-
cation in recordings with multiple cells from Epacl-HEK and Epacl-CB2-HEK cells, the
FRET response parameters of a minimum of three cells with the same response pattern
in one recording were averaged.

The inhibition of FSK-mediated cyclic AMP production by CB2 agonists was calculated

as follows:
ARA g0

CAMP;pip[%] = (ARFSK

—1) x 100

Accordingly, the negative cAMP feedback after isoprenaline stimulation in Results sec-

tion 6.3.1 and 6.4.3 was calculated as follows:

ARrso,,
ARjso

max

feedback[%] = ( —1) x 100

Statistical Analysis

All statistical analysis was carried out using GraphPad Prism and applied statistical test

to estimate differences between sample groups are given with the result figures in the
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Results chapters 5 and 6. The Shapiro-Wilk test was used to determine the normality of a
given sample population. Epacl-HEK and Epac1-CB2-HEK cell FRET data was analysed

using Nested-models with ROIs/ cells nested within recordings.

9.2.16 Meta-Analysis of RNAseq Data from adult mouse microglia

Meta-analysis of published RNAseq data from adult mouse microglia at different ages
was carried out using the GREP2 pipeline with the web-platform GREIN and the R pack-
ages edgeR and org.Mm.eg.db. For the selection of RNAseq data the web-platform GREIN
was used, that offers processed RNAseq data from the genomics data repository GEO.
The database was searched for experiments performed in Mus musculus and the key-
word "microglia". Each GSE search result was screened for the availability of untreated
microglia control samples. A detailed list of included studies (GSE, n = 18) and individ-
ual samples (GSM, n= 132) and their source animals is given in the Appendix 10.5.

Raw gene counts for the relevant samples were downloaded and analysed using custom-
made R scripts. Genes with low or no expression (cpm > 2 in at least three different sam-
ples) were filtered and gene counts were normalised using the TMM method from edgeR.
Normalised cpm were added with a pseudocount of 0.25 and then log,-transformed
(logz(cpm)) and summarised over all samples. Gene lists were then grouped for GPCR
class A and cAMP pathway-related signalling proteins according to Atwood and Mackie
(2010) and median-ranked.
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10 Appendix

10.1 List of Hazardous Substances

List of hazardous substances according to GHS that were used in this work.

Table 10.1. List of hazardous substances according to GHS used in this work.

Substance Pictogram H statement P statement
2-Propanol @@ H225, H319, P210, P241, P280,
H336 P303+P361+P353,
P305+P351+P338, P405,
P501
Acrylamide H301 P201, P280, P302+P352,
H312+H332, P305+P351+P338
H315, H317,
H319, H340,
H350, H361f,
H372

DL-dithiothreitol H302, H421 P264, P270, P273, P280,

P301+P312+P330, P501

s &°

Ethanol H225, H319 P210, P240, P241, P260,
P280, P303+P361+P353,
P501
Roti®-Histofix H302, H317, P261, P280, P302+P352,
4% (phosphate- H341, H350 P308+P313
buffered
formaldehyde
4%)
Methanol @ @ H225, H301, P210, P280, P301+P310,
H311, H331, P303+P361+P353,
H370 P304+1340, P405, P501
Phenylmethyl- @ H301, H314 P260, P280,
sulfonyl P301+P310+P330,
fluoride P303+P361+P353,
P304+P340+P310,

P305+P351+P338+P310
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Table 10.1. List of hazardous substances according to GHS used in this work.

Substance Pictogram H statement P statement
Xylazine H301 P264, P270, P301+P310,
P321, P330, P405, and
P501
Sodium azide @ @ H300+H310, P273, P280,
H373, H410 P301+P310+P330,
P302+P352+P310, P391,
P501
Sodium H228, P210, P280, P302+P352,
dodecylsulfate H302+H332, P304+P341,
H315, H318, P305+P351+P338
H335, H412
Sodium flouride H301, H315, P264, P270, P280,
H319 P301+P310+P330,
P337+P313, P501
Sodium H290, H314 P234, P280,
hydroxide P301+P330+P331,
P303+P361+P353,
P305+P351+P338, P310
TEMED @ @ 0 H225, P210, P233, P280,
H302+H332, P301+P330+P331,
H314 P305+P351+P338
Triton® X-100 H302, H318, P273, P280,
H411 P305+P351+P338, P310
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10.2 Direct CB2 stimulation and Vehicle Control in
Epac1-CB2-HEK cells
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Figure 10.1. FRET responses to direct CB2 stimulation and vehicle control in Epac1-CB2-HEK cells. Time-
dependent FRET ratio (ARy) traces of Epacl-CB2-HEK cells stimulated with 1uM JWH133, 1uM AM630,
and 0.1 % DMSO as indicated. Line plots represent the mean of all ROIs/cells in one recording.
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10.3 Single Channels from Representative FRET Recordings

@ 1uM JWH133 @ 1uM HU308 DFSK T
40+ 40 (® CB2 agonist
Sl el ©@ @ @ JWH133 1uM
304 30 + W HU308 1uM
< Y ff"""”" A BCP 6uM
= 204 = 20 |, ®2-AG 2uM
o 20 2 /fﬁ"%%, / @ AM630 1M
< 10 104
0 1 T T T 1 0 f T T T 1
0 10 20 30 40 0 10 20 30 40
15x105 [ 98 — CFP
I\,\’_/V. L oe10s /'\'\/_\. YER
S ox105+ X ';' - 9x10 %
“'i - 8x10° U .ﬂ, U
o o o - 8x10t '
S £ S E
S tlgh L 7x10s 1x10° L 7x104
I I I I T T T T
0 10 20 30 40 0 10 20 30 40
t [min] t [min]
® 6uM BCP @ 2uM 2-AG
V1 @ © 10 @ 0
30 - _ 30 4
E. 20 - 20 4
< <
10 4 10 4
0 T T T 1 0 I T T T 1
0O 10 20 30 40 0O 10 20 30 40
1x108 — 8x105 1x106—/—~\/‘ ~ 8x10°
';‘ gxms_/\/\ L 7x105 é ';' 9x1054 - 7x105 -|-<-|
© T S g
o - 6x105 "o - 6x105 g
B gero5- o0 2 0 ex0- c
O — O s
L. 5x105 - 5x10%
7x105 -4 I . . 710 T T T
0 10 20 30 40 0 10 20 30 40
t [min] t [min]

Figure 10.2. Single channels CFP and YFP from CB2 agonist stimulation protocol in Epac1-CB2-HEK cells.
Plots from representative FRET measurements in Figure 6.6A in Results section 6.2.2 and corresponding
single emission channels CFP (blue) and YFP(yellow).
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Figure 10.3. Single channels CFP and YFP from CB2 and BAR stimulation in Epac1-CB2-HEK cells. Plots
from representative FRET measurements in Figure 6.7A in Results section 6.3.1 and corresponding single

emission channels CFP (blue) and YFP(yellow).
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Figure 10.4. Single channels CFP and YFP from BAR stimulation in adult microglia from wildtype and
CB2-deficient mice. Plots from representative FRET measurements in Figure 6.13C in Results section 6.4.3
and corresponding single emission channels CFP (blue) and YFP(yellow).
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10.4 Original Western Blot images
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Figure 10.5. Original Western Blot images from Figure 6.1A in Results section 6.1.1. PL - protein ladder,
IB - immunoblotting.
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Figure 10.6. Original Western Blot images from Figure 6.1B in Results section 6.1.1. PL - protein ladder, IB
- immunoblotting.




10.4 Original Western Blot images 135

IB: rabbit anti-CB2; IR 800

YV
C)Q)
N
NN
& & les from oth iment
&S samples from other experiments

kDa
17%'..'1‘ k. >
130
100 “a-
70 g
55 4

10

o Dt s
% th
= = ST
P w mmrgl

IB: rabbit anti-actin, IR800

(1/
C)Q’
N
o O .
ks {(/QQ’ ((/be samples from other experiments o
PL . .
170
130= -
100 — =
7

15—

10

Figure 10.7. Original Western Blot images from Figure 6.1C in Results section 6.1.1. PL - protein ladder, IB
- immunoblotting.




136 10 Appendix

Input for FLAG-IP, IB: anti-HA, IR 680
FLAG-hCB2 + + + + + + + + - -

HA-hBZ-AR + o+ o+ + + + - - + + pcDNA3.1
cPHMEAERRARTTHEETY
1700
130-gw g B8 B 5 B B8 =
100.

70—, |

s LU L L L L =
.

35

25

. _

Input for FLAG-IP, IB: anti-FLAG, IR 680
FLAGhCB2 + + + + + + + + - -

HA-hB-AR + + + + + + - -+ + PpcDNA3A1
kDa PL S
1702 § : :
EA_ 21 1° 1 1.1 =311 D=
1004y ~ -
e R R R f F
sémrumees >

40 4 .

~} A SR SR -
35.
-

-

Figure 10.8. Original Western Blot images from Figure 6.8A Input in Results section 6.3.2. Input samples
for FLAG-IP. PL - protein ladder, IB - immunoblotting, IP - immunoprecipitation.
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Figure 10.9. Original Western Blot images from Figure 6.8A FLAG-IP in Results section 6.3.2. PL - protein
ladder, IB - immunoblotting, IP - immunoprecipitation.
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Figure 10.10. Original Western Blot images from Figure 6.8B Input in Results section 6.3.2. Input samples
for HA-IP. PL - protein ladder, IB - immunoblotting, IP - immunoprecipitation.




10.4 Original Western Blot images 139

Epac1-HEK, IB: mouse anti-ERK1/2, IR 800

1uM JWH133 + - + + + - -
100nM ISO - + + + . + - ©
1M AMB30 - - - + + + Q

kDa PL
170 _

130 —— .
100 g

70 —

55 S

40— | c— — TE— S—

35 S

25—“

-

/
15 -

Epac1-HEK, IB: rabbit anti-pERK1/2, IR 680

1uM JWH133  + - + + + - -
100nM ISO - + + + ~ + PR
1uM AM630 - - . + + + + 9

kDa PL
170 _
13?

100

Figure 10.11. Original Western Blot images from Figure 6.10A in Results section 6.3.3. Epac1-HEK cells.
PL - protein ladder, IB - immunoblotting, IP - immunoprecipitation.
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Figure 10.12. Original Western Blot images from Figure 6.10A in Results section 6.3.3. Epacl-CB2-HEK
cells. PL - protein ladder, IB - immunoblotting, IP - immunoprecipitation.




141

10.5 Meta-Analysis of RNAseq Expression Data

010950C
-£00950¢
‘0009502
(9102) ‘Te 32 INOY,0 18924  +411dD suou U, 706D 9/714£8D  pIoo Teurds €L'€l  -866550C
G8ILY61
9L1L¥61
Mmo[ TLILY6L
dV4ID 991161
(9102) Te 39 ueseAnLIg 9%ceZ  +q11dD OPIYaA It IM 9/7144SD ureiq 01-8 “G91L¥6L
GG0L191
MO] -¢904191
arao LV0LT91
(S102) Te 32 quo1) 11299 ‘+4q11dD uou U IM  [9/7448D urerq TI-0T  “9%0L191
MO
SYad
(#102) Te 32 u1PssoD 92879 +A11dd auou su IM  [9/7448D ureiq 6-8  LC6Leal
811901
9/7144SD “€LT1901
(€102) Te ® N1y 99¢ey  +ql1dd suou su IM  ‘[/1d1[s99 prooqeurds  [Z°81 %16 -F9T190L
CRIIEIEIEN | SO Suniog  juawjedly X9g ad£youan) ureng anssiy, [ym] 98y NSO

"SS[OM - XM ‘payads jou - ‘s'u ‘adLyp[Im - I M TH9 U0IDIIS SJNSIY UI SIS[EUe-LIdW UT PIpN[dUL saTpnys basy N ‘2°0T 21qeL

“1'$°'9 UOTIOS S)INSAY Ul LI[30I0TUI dSNOW
jnpe woij eyep uorssardxa basy Ny jo sisAeue-elowr a3 ur pasn (JNSD) sapdures enprarpur pue (gSo) SITPNIS PIPNOUL JO IS PI[IeIdp vV

eje(q uorssaidxg basyNY jo sisA[euy-edA S0L




10 Appendix

142

G/TE89C

(£107) 'Te 12 Suemy ¥90¥6  +411dD Sdd SU 24D [AIEXD 9/1448D urerq sU -€4Te89¢

+d4d 3unsay +/449CP20 Ly ¥10€9%C

(£102) Te 32 zopueuroy ¥78¢6 +ddD [emolaeysq  Yoq ‘6 40EXD 9/7144SD urelq  -¢y‘0€°1C’8  -£00€9%¢C

86€£TCTC

-96€TTYT

pajodfur ‘06€TTVT

oulfes "88¢TTIC

(8107) 'Te 3 Apre DN £8€16  +411dD ‘Pjem  orewt IM 9/7144SD X9}J02 8-9 -08¢cTeie
MO

avao LY62¥9¢C

(£102) 'Te 32 u1essoD 09668 ‘+q11dD uou U IM 9/7144SD urerq sU-€¥6C¥9¢C

€L9€LET

-1£9€4€C

au '69G€LET

ddV<esd ‘q96€/£T

(8107) 'Te 3 uewpati] 8768 +ddD suou SU g0 [A€XD 9/7144SD X930 €909 ‘T9seLeT

0T69%1¢

jut ‘6169%1C

S¥ado 916971¢

(9102) T 30 ueAreyeg 0218 “+q11dd suou U IM 9/1448D urerq Q9°CL’0L  -TI69¥1C

+ddO 9¢0%01¢

“Jur sndureood -€€0¥0TT

(9102) qrIadut -dny “xe3100 ‘0e0%01¢

Te 39 UejeN-2HA0eN C186L S¥ado uou U o l06XD  [9/71446D  ‘pIod [eurds 8 '620701C

CRIIENEIEN | 4SO Suniog  juawjealy, X9g adAyouan) ureng anssiy, [m] 98y NSO

"SS[9OM - MM ‘payads jou - ‘s'u ‘adLypIm - I M L9 U0IDIIS S}NSIY UI SIS[EUe-LIOW UT PIpN[dUL sarpnys basy NI “2°0T d1qeL




143

10.5 Meta-Analysis of RNAseq Expression Data

+qIIAD
‘qur 995666€
rinueowwy  6z8Hl Srad sauou  y30q IM  [9/719£8D ureiq 8 -195686¢
winjerns
‘sndureood
+6 T TINAINLL -dry ‘wng
‘+q11aDMO[ -[99a190 9¥806%¢
(96107) TE®TT  TT0CTL Srad auou su IM  N9/714/8D X310 8 -GE806¥E
LT88YIT
-€788Y9¢
(£102) pa3oafur ‘86/8%9T
Te 3 Iedesweuep] 0966  +q11AdD sureg  yjoq IM  N9/74/8D snduredoddry 8 -76/8%9T
-H947
-D947
+08/%4 G16885T
+qr1ad -€16885¢C
‘Jur /14901 p10d [eurds ‘609885
(£107) ‘Te 39 [0TRA H186 ShaD uou  Yoq  ‘24D-[4IEXD 9/714L8D ‘ureiq 8-9  ‘70S88ST
$9082ST
(£102) Te 39 TUe)SLION G096 +J49 suou  Jdrew ..o T4EXD 9/14d48D  pod [eurds Tl -79087S¢
CRIICIEIEN| SO  Suniog  juaunjearf, xog  adAjousn ureng anssiy, [ym] o8y NSO

"S)oaM - M ‘pay1dads jou - s'u ‘adAIpTIm - T A “T'F'9 UOIIIIS SINSIY UT SIS[eUe-2)aW UT papnut satpnis basy Ny "2°0T 21qEL




10 Appendix

144

MO
08/%d ocrasre
+TADEXD pI0o -81¥9S¥¢
“+¥9aD [eurds ‘snd ‘0TPSSTe
“+qI1ad -wresoddny ‘607SSTE
‘Jur ‘umyEgered "6€9GTE
[N uwedwwy  80TTTT SYad uou su IM  [9/7448D X93100 qC’8 -IEeasre
CRIIENEIEN | 4SO Suniog  juawjealy, X9g adAyouan) ureng anssiy, [m] 98y NSO

"SS[9OM - MM ‘payads jou - ‘s'u ‘adLypIm - I M L9 U0IDIIS S}NSIY UI SIS[EUe-LIOW UT PIpN[dUL sarpnys basy NI “2°0T d1qeL




145

11 Acknowledgements

First of all, I would like to thank Prof. Dr. Meliha Karsak for offering me this project and
the PhD position in her lab introducing me to the world of cannabinoid receptors. Thank
you for all the help, feedback and support over the years. I learned a lot during my PhD
time and I am grateful for that.

I'would also like to thank Prof. Dr. Zoya Ignatova for kindly agreeing on being my co-
supervisor and thesis committee member and for all the valuable feedback on my work.

I like to thank Prof. Dr. Viacheslav Nikolaev for being a member of my thesis com-
mittee and for the valuable feedback on my work as well as for all the help to set up the
cAMP FRET imaging in the lab, that made this work possible. Thank you for giving me
the plasmid, cell line and the animals and allowing me to do the first experiments in your
lab. I'learned a lot about the method from you and everyone in your lab and appreciated
this opportunity very much.

A special thank you goes to all my colleagues in the lab for all the support and for
having a nice work atmosphere. Christina, Nevena, and Ahmed, thank you for being
great colleagues inside and outside of the lab. Thank you, Sebastian, for keeping the lab
organised and all your help. I wish you all the very best for your future!

I like to thank everyone at the ZMNH for all their help and support in scientific and
administrative questions. I value all the interesting discussions during talks, retreats and
in between. Thank you to the organisers of the ASMB to offer this programme to stu-
dents, I enjoyed being a part of it.

Thank you Laura, Silvia, and Christina for our daily lunch routine that helped me
through the day, and all the Stammtisch action outside of work! I also appreciated all the
other lunches, first floor kitchen rounds, dinners, barbecues, beer evenings, summer and
Christmas parties that were always a lot of fun to be at!

Meiner Familie mochte ich im ganz Speziellen danken! Mama, Papa, Berni, vielen
Dank, dass ihr immer ein offenes Ohr fiir mich hattet und mit mir tiber wissenschaftliche
und andere Dinge diskutiert habt. Mama und Papa, ohne euer Interesse an Wissenschaft
hétte ich vermutlich nie damit angefangen und auch noch meine kleine Schwester dazu
motiviert. Ich danke euch fiir Alles!

Ein grofies Dankeschon geht auch an meine Freunde in Hamburg, Hannover oder an-
derswo. Vielen Dank fiir all eure Unterstiitzung und die schone Zeit, in der man die
Arbeit mal beiseite legen konnte!

Last, but not least, I want to thank my husband James. Without you I would not have
made it. Thank you for being by my side!




146 11 Acknowledgements




Eidesstattliche Versicherung

Hiermit versichere ich an Eides statt, die vorliegende Dissertation selbst verfasst und
keine anderen als die angegebenen Hilfsmittel benutzt zu haben. Die eingereichte schriftliche
Fassung entspricht der elektronischen Version. Ich versichere, dass diese Dissertation
nicht in einem fritheren Promotionsverfahren eingereicht wurde.

Hamburg, den Unterschrift:




	Acronyms
	Zusammenfassung
	Abstract
	Introduction
	G-protein Coupled Receptors

	Introduction
	G-protein Coupled Receptors
	Heterotrimeric G-Protein Subunits and GPCR Signal Transduction


	Introduction
	G-protein Coupled Receptors
	Activation of GPCRs


	Introduction
	G-protein Coupled Receptors
	Cyclic-AMP Signalling Pathways and Methods of cAMP Measurement


	Introduction
	G-protein Coupled Receptors
	Live cAMP Measurement with FRET-based Biosensors


	Introduction
	Endocannabinoid System and Cannabinoid Receptor 2

	Introduction
	Endocannabinoid System and Cannabinoid Receptor 2
	Cannabinoid Receptor 2 Signalling Pathways


	Introduction
	Endocannabinoid System and Cannabinoid Receptor 2
	Endogenous and Synthetic Cannabinoid Receptor Ligands


	Introduction
	Endocannabinoid System and Cannabinoid Receptor 2
	Cannabinoid Receptor 2 Heterodimerisation


	Introduction
	Endocannabinoid System and Cannabinoid Receptor 2
	Crosstalk Between Endocannabinoid and -adrenergic Signalling


	Introduction
	Cannabinoid Receptor 2 in the Central Nervous System
	Adult Hippocampal Neurogenesis


	Introduction
	Cannabinoid Receptor 2 in the Central Nervous System
	Neuroinflammation


	Aim of this Work
	Results - Part I: Role of CB2 in Adult Neurogenesis
	Quantification of Adult Neurogenesis in CB2-deficiency

	Results - Part II: CB2-mediated cAMP Dynamics
	Generation of a CB2-expressing Cell Model for Live Cell cAMP Measurement
	Stable expression of FLAG-hCB2 in Epac1-HEK cells


	Results - Part II: CB2-mediated cAMP Dynamics
	Generation of a CB2-expressing Cell Model for Live Cell cAMP Measurement
	Evaluation of live cell FRET imaging and cAMP measurement in Epac1-HEK cells


	Results - Part II: CB2-mediated cAMP Dynamics
	Live Cell FRET Imaging of Epac1-CB2-HEK Cells
	Different CB2-mediated cAMP response patterns in Epac1-CB2-HEK cells


	Results - Part II: CB2-mediated cAMP Dynamics
	Live Cell FRET Imaging of Epac1-CB2-HEK Cells
	Reduction of cAMP levels after CB2 activation with different agonists in Epac1-CB2-HEK cells


	Results - Part II: CB2-mediated cAMP Dynamics
	CB2 Effects on -adrenergic Receptor Signalling in Epac1-CB2-HEK Cells
	Stimulation of -adrenergic receptors in Epac1-CB2-HEK cells leads to a negative cAMP feedback


	Results - Part II: CB2-mediated cAMP Dynamics
	CB2 Effects on -adrenergic Receptor Signalling in Epac1-CB2-HEK Cells
	2AR and CB2 form a complex and co-localise at the membrane of co-transfected HEK293 cells


	Results - Part II: CB2-mediated cAMP Dynamics
	CB2 Effects on -adrenergic Receptor Signalling in Epac1-CB2-HEK Cells
	Co-stimulation of AR and CB2 receptors enhances ERK1/2 activation in Epac1-CB2-HEK cells


	Results - Part II: CB2-mediated cAMP Dynamics
	CB2 and AR Effects on cAMP Signalling in Microglia
	Meta-analysis of GPCR-related RNAseq expression data from mouse microglia


	Results - Part II: CB2-mediated cAMP Dynamics
	CB2 and AR Effects on cAMP Signalling in Microglia
	Cell culture of primary adult mouse microglia


	Results - Part II: CB2-mediated cAMP Dynamics
	CB2 and AR Effects on cAMP Signalling in Microglia
	CB2-AR-mediated cAMP signalling in primary mouse microglia


	Discussion
	Adult Hippocampal Neurogenesis in Wildtype and CB2-deficient Mice

	Discussion
	Measurement of CB2-mediated cAMP Dynamics with Epac1-CB2-HEK cells
	Live Cell FRET imaging


	Discussion
	Measurement of CB2-mediated cAMP Dynamics with Epac1-CB2-HEK cells
	Epac1-CB2-HEK Cell Model


	Discussion
	Measurement of CB2-mediated cAMP Dynamics with Epac1-CB2-HEK cells
	cAMP Dynamics upon CB2 Stimulation with Different CB2 Agonists


	Discussion
	Crosstalk between CB2 and BAR Signalling

	Discussion
	CB2 and AR Effects on cAMP Signalling in Microglia

	Conclusion and Outlook
	Materials and Methods
	Materials
	Chemicals and Reagents


	Materials and Methods
	Materials
	Animals, Cell Lines, and Plasmids


	Materials and Methods
	Materials
	Devices and Software


	Materials and Methods
	Materials
	Buffers, Solutions and Gels


	Materials and Methods
	Methods
	Animals
	Preparation of Mouse Brain Sections
	Immunohistochemistry of Mouse Brain Sections


	Materials and Methods
	Methods
	Quantification of Neuronal Progenitor Cell Populations
	Preparation of Poly-L-Lysine-Coated Glass Coverslips
	Isolation and Culture of Primary Mouse Microglial Cells


	Materials and Methods
	Methods
	HEK293 cell culture and preparation for downstream assays


	Materials and Methods
	Methods
	Transfection of HEK293 Cells with HA-hB2AR and FLAG-hCB2
	Immunoprecipitaion of FLAG- and HA-tagged Receptor Constructs
	SDS-Polyacrylamide Gel Electrophoresis and Immunoblotting


	Materials and Methods
	Methods
	Immunocytochemistry and Object-Based Co-Localisation Analysis


	Materials and Methods
	Methods
	Generation of HEK293 Cells Stably Expressing Epac1-camps and FLAG-hCB2
	ERK1/2 Activation Assay


	Materials and Methods
	Methods
	Live Cell FRET imaging
	Experimental Data Analysis


	Materials and Methods
	Methods
	Meta-Analysis of RNAseq Data from adult mouse microglia


	Bibliography
	Appendix
	List of Hazardous Substances

	Appendix
	Direct CB2 stimulation and Vehicle Control in Epac1-CB2-HEK cells

	Appendix
	Single Channels from Representative FRET Recordings

	Appendix
	Original Western Blot images

	Appendix
	Meta-Analysis of RNAseq Expression Data

	Acknowledgements
	Eidesstattliche Versicherung

