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Summary/Zusammenfassung

Summary

The corticotropin-releasing hormone receptor type 1 (CRHR1) plays an important role in
orchestrating neuroendocrine, behavioral and autonomic responses to stress. Recently, our
group demonstrated a bidirectional control of anxiety-related behavior by CRHR1 in
anxiogenic glutamatergic and in anxiolytic dopaminergic circuits suggesting circuit-specific
CRHR1 signaling mechanisms. To understand CRHR1 function and signaling on the
molecular level this study focused on the characterization of the intracellular C-terminal PDZ
(PSD-95, discs large, zona occludens 1) binding motif of CRHR1. This motif represents a
potential site for the interaction with PDZ domains. Previous yeast two-hybrid screens using
the C-terminal tail of CRHR1 identified several PDZ domain containing proteins including the
membrane-associated guanylate kinases (MAGUKS) postsynaptic density protein 95
(PSD95), synapse-associated protein 102 (SAP102), membrane-associated guanylate
kinase, WW and PDZ domain containing 2 (MAGI2), SAP97 as well as the syndecan binding
protein 1 (Syntenin-1) and transmembrane protein 106B (TMEMZ106B) which is devoid of
PDZ domains.

Western blot analysis of CRHR1 revealed two distinct bands which were identified as
glycosylated monomers and oligomers. The MAGUKSs - including the additionally investigated
PSD93 - were validated as CRHRL1 interaction partners by co-immunoprecipitation studies
which also unraveled the PDZ domains relevant for the CRHR1-MAGUK interaction. The
PDZz binding motif of CRHR1 is essential for the physical interaction with MAGUKs as
revealed by the CRHR1-STAVA mutant which harbors a functionally impaired PDZ binding
motif. In contrast, CRHR1 did not interact with Syntenin-1, while the interaction with
TMEM106B appeared to be unspecific. A CRHR1 mutant lacking its C-terminal portion
including the last two transmembrane domains still interacted with TMEM106B.

The co-expression of CRHR1 and respective interacting MAGUK in HEK293 cells resulted in
a clustered co-localization, which depended on an intact PDZ binding motif. The clustering,
which occurred intracellulary and partially also at the plasma membrane, provided first
evidence for a functional relevance of the identified interaction.

Moreover, CRHR1 was co-expressed with identified MAGUKSs in neurons of the adult mouse
brain and in cultured primary hippocampal neurons supporting the probability of a
physiological interaction in vivo.

Primary neurons were verified as a cell culture model suitable for investigating the
CRHR1/CRH system and its interactions with identified MAGUKs by different techniques.
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CRH was found to be expressed exclusively in GABAergic neurons in primary cultures of
cortex and hippocampus. CRHR1 expressing neurons were identified as glutamatergic, of
which a small proportion was also calbindin D28-K positive. The rather low endogenous
MRNA expression of CRHR1 was in line with the failure to detect endogenous CRHR1 by
immunostaining. Consequently, the CRHR1 had to be overexpressed for further functional
studies. To exclude intrinsic toxic properties the wild-type receptor and different CRHR1
variants were overexpressed in vitro and in vivo indicating that overexpression is in general
possible. These CRHRL1 variants revealed also neither the PDZ binding maotif itself nor the
entire intracellular C-terminus was necessary for cAMP production or localization to the
plasma membrane in HEK293 cells.

Expression of CRHR1 in primary neurons was established via adeno-associated viruses
which demonstrated that the receptor is localized throughout the neuronal plasma membrane
in the soma, axon and dendrites including the excitatory post synapse where the receptor co-
localized with PSD95 and SAP97 albeit independent of the intact PDZ binding motif.

Taken together, this study validated the previously predicted C-terminal PDZ binding motif of
CRHR1 as the mediator of protein-protein interactions with multiple MAGUKs. This
interaction directly impacts on receptor function as demonstrated by the PDZ binding motif-
dependent clustering of CRHR1 with different MAGUKS.
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Zusammenfassung

Der Corticotropin-releasing Hormon Receptor Typ 1 (CRHR1) ist unentbehrlich fur die
Koordination der neuroendokrinen, verhaltensbiologischen und autonomen Stressantwort.
Vor kurzem konnte unsere Gruppe nachweisen, dass CRHR1 in anxiogenen glutamatergen
und anxiolytischen dopaminergen Schaltkreisen fir eine bidirektionale Kontrolle des
Angstverhaltens verantwortlich ist, was schaltkreisspezifische CRHR1 Signalwege nahelegt.
Um die CRHR1 Mechanismen der Signaltransduktion auf molekularer Ebene zu verstehen,
wurden das intrazellulare C-terminale PDZ (PSD-95, discs large, zona occludens 1)-
Bindemotiv. des CRHR1 naher untersucht. Dieses Motiv stellt eine potentielle
Interaktionsstelle fur PDZ Doménen enthaltende Proteine dar. Mit Hilfe eines Hefe-Zwei-
Hybrid-System, bei dem die C-terminale intrazellulare Sequenz des CRHR1 benutzt wurde,
konnten einige PDZ Domanen enthaltende Membran-assoziierte Guanylat-Kinasen
(MAGUKS) identifiziert werden: PSD95 (postsynaptic density protein 95), SAP102 (synapse-
associated protein 102), MAGI2 (membrane-associated guanylate kinase, WW and PDZ
domain containing 2), SAP97 und auch Syntenin-1 (syndecan binding protein 1) und das
TMEM106B (transmembrane protein 106B), das keine PDZ Domanen enthalt.

Der CRHR1 zeigte in der Western Blot-Analyse zwei verschiedene Banden, die als
glykosilierte Monomere und Oligomere identifiziert werden konnten. Alle MAGUKSs — inklusive
dem zusatzlich untersuchten PSD93 — konnten mit Hilfe von Ko-immunoprazipitationsstudien
als CRHR1-Interaktionspartner verifiziert werden. Verschiedene PDZ Doméanen innerhalb der
MAGUKSs sind in den Interaktionen involviert. Das PDZ-Bindemotiv des CRHRL1 ist essentiell
fur die physische Interaktion mit den MAGUKSs, was durch die CRHR1-STAVA Mutante
deutlich gemacht werden konnte, die ein funktionell inaktives PDZ-Bindemotiv tragt. Ko-
immunoprazipitationsstudien konnten weiterhin offenlegen, dass der CRHR1 nicht mit
Syntenin-1 interagierte, wahrend sich die Interaktion mit TMEM106B als unspezifisch
herausstellte. Denn eine Mutante des CRHR1, welcher der C-terminale Anteil inklusive der
letzten beiden Transmembran-doménen fehlte, interagierte immer noch mit TMEM106B.

Die Ko-Expression des CRHR1 mit den jeweiligen MAGUKs in HEK293 Zellen flihrte zu
einer aggregatférmigen Ko-Lokalisation, welche ein intaktes PDZ-Bindemotiv bengétigte. Die
Aggregatbildung, die intrazellular in Vesikeln und teilweise an der Membran auftrat, deutet
zum ersten Mal auf eine funktionelle Relevanz der identifizierten Interaktion hin.

Des Weiteren war der CRHR1 mit den identifizierten MAGUKSs in Neuronen des adulten
murinen Gehirns und in primdren hippokampalen Neuronen ko-exprimiert, was die

Maoglichkeit einer physiologischen Interaktion in vivo unterstitzt.
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Die primaren Neuronen wurden mit verschiedenen Techniken als nitzliches Zellkultur-Modell
etabliert, um das CRHR1/CRH System inklusive der Interaktionen mit den identifizierten
MAGUKSs zu untersuchen. Im Zuge dieser Untersuchungen wurde gezeigt, dass CRH in
GABAergen priméren Neuronen des Hippokampus und Cortex exprimiert wurde. CRHR1
positive Neurone waren glutamaterg und gleichzeitig auch zu einem kleinen Anteil Calbindin
D28-K positiv. Das geringe endogene mRNA Expressionsniveau des CRHR1 stimmt mit der
Tatsache Uberein, dass es nicht mdglich war, den endogenen CRHR1 mit Antikdrpern zu
detektieren. Daher wurde der Rezeptor in den weiteren Studien tberexprimiert. Um eine
intrinsische Toxizitdt auszuschlieBen, wurden der Wildtyp und verschiedene CRHR1
Varianten in vitro und in vivo Uberexprimiert, was die Mdglichkeit der Uber-Exprimierung im
Allgemeinen beweist. Diese CRHR1 Varianten offenbarten auch, dass weder das PDZ-
Bindemotiv noch der gesamte C-Terminus fir die cAMP Produktion oder fur die
Membranverteilung in HEK293 Zellen wichtig war.

Die Expression des CRHRL1 in primaren Neurone mit Hilfe von adeno-assoziierten Viren
zeigte eine Verteilung des Rezeptors in der neuronalen Plasmamembran des Soma, Axons
und der Dendriten und insbesondere in der exzitatorischen Post-synapse, wo der Rezeptor
mit PSD95 und SAP97 unabhangig vom intakten PDZ-Bindemotiv ko-lokalisierte.
Zusammenfassend validiert diese Studie das zuvor vorhergesagte C-terminale PDZ-
Bindemotiv des CRHR1 als Mediator fir eine Protein-Protein-Interaktion mit verschiedenen
MAGUKSs. Diese Interaktion wirkt sich direkt auf die Rezeptorfunktion aus, wie die PDZ-
Bindemotiv-vermittelte Aggregatbildung des CRHR1 mit verschiedenen MAGUKs gezeigt
hat.



Introduction

1 Introduction

Already the Egyptian in 1550 BC tried to understand the human brain and to date it is still an
immediate requirement to decipher the molecular correlations of the healthy and diseased
brain processes (Lopez-Munoz and Alamo 2009, Vargas et al. 2012). Proteins are essential
for all mechanisms in the human body because e.g. they pump ions, catalyze chemical
reactions and recognize signals (Alberts 2007). The signal transduction is mediated to a
large extent by proteins residing within the cell membrane, so-called membrane proteins.
They can consist of multiple transmembrane domains, whereat G protein-coupled receptors
(GPCRs) always harbor seven transmembrane domains.

1.1 G protein-coupled receptors (GPCR)

GPCRs constitute the largest family of cell surface receptors in mammals with approximately
800 GPCR genes identified in the human genome (Venter et al. 2001, Luttrell 2008). The
number of GPCR genes represents more than 1 % of the human genome and including
alternative splicing, 1000-2000 discrete proteins may be expressed. The evolutionary
diversity is responsible for the wide spectrum of detected extracellular signals, from photons
of light and odorants to ions, small organic molecules and entire proteins (Venkatakrishnan
et al. 2013). GPCRs function in regulation of important physiological processes such as
neurotransmission and reproduction that is why many pathophysiological processes are
affected from GPCR malfunction (Magalhaes et al. 2011). Therefore, approximately 30-40 %
of currently marketed drugs target GPCRs, acting either to modify ligand production, to mimic
endogenous ligands or to block ligand binding to the GPCR. Structurally GPCRs consist
always of seven transmembrane domains and respectively four connecting extra- and
intracellular domains. Based on sequence similarity and pharmacological properties, GPCRs
are classified into class A (rhodopsin), class B (secretin), class C (metabotropic) and frizzled
receptors (Venkatakrishnan et al. 2013).

In the classical signaling paradigm, ligand binding results in conformational changes of
GPCRs including their intracellular domains, causing coupling to heterotrimeric guanosine
triphosphate (GTP)-binding proteins (G proteins) (Magalhaes et al. 2011). Then GPCRs
function as GTP exchange factors (GEFs) facilitating the replacement of guanosine
diphosphate (GDP) to GTP at the G protein’s a subunit. This leads to dissociation of the
functional activated Ga-subunit and GBy-subunit, which can regulate a variety of downstream

effectors such as ion channels, phospholipases and adenylyl cyclases (Tang and Gilman
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1991, Neer 1995) resulting in activation of diverse signaling pathways e.g. adenylyl
cyclase/protein kinase A (AC-PKA), phospholipase C-protein kinase C (PLC-PKC) and
extracellular signal-regulated kinase/mitogen-activated protein kinase (ERK-MAPK) (Peralta
et al. 1988). The activated state of G protein subunits is terminated by the intrinsic GTPase
activity of the Ga-subunit hydrolyzing GTP to GDP. Afterwards the subunits re-associate,
become inactive and can return to the ligand-activated receptor. The original signal can be
largely amplified due to activation of many G proteins via one GPCR. To terminate the
signaling despite continuous agonist stimulation, the receptor responsiveness can be
adapted by desensitization (Rockman et al. 2002). The receptor can be downregulated due
to reduction of receptor synthesis, destabilization of receptor messenger RNA or increase in
receptor degradation (Lefkowitz 1998). More rapidly — seconds to minutes instead of hours —
the receptor can be uncoupled from its Ga-subunit by phosphorylation (Rockman et al.
2002). The conformational changes after ligand binding result in phosphorylation of a specific
pattern of serines and threonines in the GPCR’s third intracellular loop (IC3) and/or
C terminus via protein kinases e.g. PKA or PKC (Moore et al. 2007). This process is called
heterologous desensitization because also non-activated GPCRs are phosphorylated
(Rockman et al. 2002). In contrast, homologous desensitization is mediated via G protein-
coupled kinases (GRKs), which phosphorylate only agonist-stimulated GPCRs. GRK-
catalyzed phosphorylation of the receptor enhances the affinity for B-arrestins, which binds to
the GPCR and facilitates the uncoupling of the receptor from its Ga-subunit by a steric
barricade. There are also phosphorylation-independent sequences, which can be bound by
B-arrestin in a high-affinity manner leading to a sterically uncoupling of the receptor from its
Ga-subunit (Hanson and Gurevich 2006). This terminates signal transduction by steric
hindrance without GRK phosphorylation. In addition to this termination, B-arrestin 1 and
B-arrestin 2 binding promotes receptor endocytosis since B-arrestins function as endocytic
adaptor proteins for clathrin-mediated endocytosis (Goodman et al. 1996). B-arrestin 1 and
B-arrestin 2 specifically bind to both, the clathrin heavy chain and the 2-adaptin subunit,
mediating endocytosis. 3-arrestins also recruit proteins, which regulate the clathrin-mediated
endocytic machinery, like E3 ubiquitin ligases e.g. MDM2 (Shenoy et al. 2001). Thus,
B-arrestins are essential for the internalization of GPCRs as well as for the regulation of their
endocytosis. There are two different pattern of temporal stability of the arrestin-GPCR
complexes. Class A GPCRs preferentially bind to B-arrestin 2 than to B-arrestin 1 and
dissociate from the arrestins before internalization. Class B GPCRs bind both B-arrestins with
similar affinities and form stable complexes with B-arrestins internalizing to endocytic vesicles
as a unit (Oakley et al. 2000). GPCRs that do not internalize with B-arrestins in a complex

are dephosphorylated by specific phosphatases and recycled to the membrane. In contrast,
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GPCRs that internalize with B-arrestins in a complex are either inefficiently transported back
to the plasma membrane or are not recycled at all (Magalhaes et al. 2011).

Beside the stimulation via ligands, GPCRs can be constitutively active in the absence of any
stimulus (Tao 2008). In pathological context receptor splice variants and single nucleotide
polymorphisms can affect GPCRs” coding regions, which can result in diverse levels of
constitutive activity (Bond and ljzerman 2006).

G protein independent signaling can be mediated via an antagonist (selective agonist), which
induce a change in receptor conformation that favors (-arrestin binding and inhibits G protein
binding. A variety of signaling pathways are scaffolded by B-arrestins to the receptor like the
Src kinases and ERK-MAPK components (Magalhaes et al. 2011). In contrast to the classical
signaling paradigm, GPCR can be activated selectively by ligands that favor a conformation
either for the binding with G proteins or B-arrestins resulting in activation of different signaling
pathways. G protein independent signaling can be consequence from -arrestin signaling but

can also depend on other GPCR interacting proteins (GIP).

1.2 GPCR interacting proteins (GIP)

GPCR traditionally signal via G proteins but recently emerging data indicate that the G
protein independent signaling is not only a marginal phenomenon (Sun et al. 2007). GIPs
have various important functions since they are essential for the targeting of GPCRs to
specific cellular compartments as intracellular vesicles or the plasma membrane and they
modulate their ligand specificity and signaling properties. Furthermore, GIPs scaffold GPCR
into large functional complexes, which are called receptosomes or signalosomes (Bockaert
et al. 2004, Magalhaes et al. 2011). There are different types of GIPs: transmembrane
proteins with one or more transmembrane domains, ionic channels, ionotropic receptors and
soluble proteins, which often interact with the extreme C-terminal tail of GPCRs. According to
their function GIPs are classified into receptor activity-modifying proteins (RAMPS),
regulators of G protein signaling (RGS), GPCR-associated sorting proteins (GASPs), small G
proteins and PSD95/discs large/zona occludens 1 (PDZ) proteins.

RAMPs are single transmembrane proteins, which interact with class B GPCRs including the
receptors for calcitonin (CT), glucagon and vasoactive intestinal peptide (VIP), the calcitonin
receptor-like receptor (CRLR) (Sexton et al. 2006) and also with the class C calcium sensing
receptor (CaSR) (Bouschet et al. 2005). The first RAMP was detected in Xenopus oocytes
during pharmacology studies for the calcitonin peptide. There the heterologous expression of

either CT or CRLR in cell lines did not recapitulate the pharmacology observed in vivo
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(McLatchie et al. 1998). It is speculated that RAMPs influence the pharmacology of calcitonin
family peptides by e.g. contributing to the calcitonin family receptors ligand binding site or by
influencing allosterically the structure of calcitonin family receptors (Magalhaes et al. 2011).
The study of McLatchie and colleagues also showed that RAMPs allow the receptors’
terminal glycosylation in the endoplasmatic reticulum (ER) necessary for the transport to the
cell surface by allosterically influencing the structure of calcitonin family receptors (McLatchie
et al. 1998). Thus, without an appropriate RAMP CT and also CaSR are retained in the ER
(Bouschet et al. 2005).

RGS proteins modulate GPCR signaling by accelerating the intrinsic GTPase activity of the
Ga-subunit of Ggq and Gi/o proteins hydrolyzing GTP to GDP (Magalhaes et al. 2011).
Therefore, they act as GTPase activating proteins (GAPs) terminating the G protein
signaling. All RGS proteins contain a RGS box consisting of 130 amino acids, which is critical
for the GAP activity. The amino acid sequence flanking the RGS box differs for every RGS
protein and can contain other domains as e.g. for protein-protein interactions (Sjogren and
Neubig 2010). These different domains can be important for the regulation of protein
localization and intracellular trafficking as well as receptor selectivity (Sethakorn et al. 2010).
The subgroup R4 of RGS proteins contain a membrane targeting signal at their N-terminus,
an amphipathic a-helix, which enables them to localize next to their targets (Sethakorn et al.
2010). Besides, RGS2 protein which is a member of subgroup R4 has been shown to
interact directly with tubulin via its N-terminus enhancing microtubule polymerization and
thereby neurite outgrowth (Heo et al. 2006). The R12 subgroup of RGS proteins contains in
addition a functional GoLoco motif and a Rap binding domain at the very C-terminus. The
GoLoco motif blocks the dissociation of the guanine nucleotide inhibiting the exchange of
GDP to GTP when bound to Gai. With this motif R12 proteins have an additional domain
beyond the RGS box, which terminates or inhibits G protein signaling. Moreover, the extra
N-terminal domains harboring interaction sites with GPCRs and other signal transduction
proteins suggest that RGS proteins can be important to scaffold diverse proteins into
signalosomes.

The members of the GASP family share a conserved 250 amino acids domain and seem to
be important for the post-endocytic sorting of GPCRs (Magalhaes et al. 2011). GASP-1 was
detected to be responsible for the rapid degradation of & opioid, but not p opioid receptors
after agonist stimulation (Whistler et al. 2002). In the course of the agonist-dependent
desensitization of dopamine D2 receptors, GASP-1 inhibits the resensitization of the receptor
back to the membrane (Bartlett et al. 2005).

The small GTP-binding protein superfamily consists of over 100 members that are classified

by structural similarity in Ras, Rho, Rab, Sarl/Arf, and Ran families with an intrinsic GTPase
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activity (Takai et al. 2001). They are also called biological timers since they initiate and
terminate specific cell functions. The Ras family function as a regulator for gene expression,
the Rho family for cytoskeletal reorganization and gene expression, the Rab and Sarl/Arf
families for the formation, fusion and movement of vesicle traffic between different
membrane compartments, and the Ran family for nucleocytoplasmic transport and
microtubule organization. Multiple Rab GTPases were shown to regulate GPCRs transport
between ER and Golgi as well as the GPCRs endocytosis and trafficking between early, late
and recycling endosomes and lysosomes. Many Rab GTPases interact directly with the
C-terminal tail of GPCRs (Seachrist et al. 2002, Esseltine et al. 2011). For example Rab5
was found in a yeast two-hybrid screen using the C-terminus of angiotensin Il type 1 receptor
(AT1R). Furthermore, Rab5 can be co-immunoprecipitated with the AT1R and agonist
activation results in the exchange of GDP for GTP on Rab5 what suggests that the receptor
itself function as a GEF. The interaction of Rab5 and AT1R leads to a retention of the
receptor in endosomes. However, binding studies of Rab GTPases with different GPCRs did
not reveal any clearly defined consensus sequence until now.

Many GPCRs contain at their extreme C-terminal tail a PDZ binding motif, which enables
PDZ proteins to scaffold them into signalosomes. Thus, receptor properties as trafficking,
signaling and localization are modulated. PDZ domain-containing proteins have been shown
to directly relay signals from GPCRs independent of G proteins, whereat PDZ containing
proteins also gain more functional features beyond their scaffolding function e.g.
postsynaptic density protein 95 (PSD95) can suppress the activity of the inward rectifier K+
channel (Nehring et al. 2000b). PSD95 belongs to the family of membrane-associated
guanylate kinases (MAGUKSs) which are discussed below including their interactions with
GPCRs (see paragraph 1.6).

In the following other GIPs are described which are not listed above. For the recycling of
GPCRs, specific protein phosphatases have to dephosphorylate the receptors in endosomes
before they can be transported back to the plasma membrane. This process is as highly
regulated as the phosphorylation process. The B2-adrenergic receptor (B2AR) e.g. is
dephosphorylated by protein phosphatase 2A (PP2A) (Krueger et al. 1997). Although G
proteins bind to the IC3 of GPCRs, there are only few other GIPs detected until now, which
also bind to the IC3. The calcium-binding protein calmodulin was detected to interact with the
IC3 of dopamine D2 receptors blocking G protein signaling (Bofill-Cardona et al. 2000).
Additionally, cytoskeletal-associated proteins interact with the IC3 of GPCRs like filamin A
and spinophilin. They interact with dopamine receptors and regulate their trafficking to the
plasma membrane (Smith et al. 1999, Li et al. 2000, Lin et al. 2001). An electron microscopy

study showed that the microtubule-associated protein 1A (MAP1A), which interacts with
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5-hydroxytryptamine receptor 2A (5-HT2A) co-localized in the same cortical dendrites with
5-HT2A (Cornea-Hebert et al. 2002). Homer proteins encompass a 120 amino acid
N-terminal domain containing an enabled/VASP homology (EVH) domain, which binds to a
PP-X-X-F motif. Metabotropic glutamate receptors (MGIuRs) 1 and 5 as well as the a;p
adrenergic receptor contain in their C-terminal tails such a PP-X-X-F motif (Tu et al. 1998)
enabling them to be scaffolded by Homer proteins. Long Homer isoforms contain additionally
a C-terminal coiled-coiled domain, which facilitates selfmultimerization and
heteromultimerization. Moreover, the EVH domain interacts also with a variety of mGIuR
effector proteins including inositol 1,4,5 triphosphate receptors, ryanodine receptors, store-
operated transient receptor channels 1 and 4, P/Q type Ca®" channels, Shank, dynamin I
and phosphoinositide 3-kinase enhancer long (Rong et al. 2003, Fagni et al. 2004). The
complex built by mGIuR, Homer, store-operated transient receptor channels 1 and 4, IP3
(inositol-triphosphate) or ryanodine receptors, and P/Q type Ca?* channels represents an
ideal signalosome for intracellular Ca?* release (Bockaert et al. 2004). The long isoforms of
Homer were shown to scaffold their substrates in the post-synaptic density (PSD) via
dimerization of the Homer coiled-coiled domain (Hayashi et al. 2006). In contrast, the shorter
Homer 1a does not possess a coiled-coiled domain and behaves as a negative competitor of
this scaffolding during its upregulation in response to synaptic activity (Kammermeier and
Worley 2007).

In contrast to the classical signaling paradigm, in which GPCRs signal via G proteins and
generate second messengers influencing downstream effectors, GPCRs also interact with a
large variety of GIPs. The interactions with GIPs not only modulate G protein signaling,
desensitization and the subcellular localizations of GPCRs, but the interactions also facilitate

diverse novel signaling pathways.

1.3 The Corticotropin-releasing hormone receptor type 1 (CRHR1) in

health and disease

The corticotropin-releasing hormone receptor type 1 (CRHR1) is an important regulator of
the neuroendocrine, behavioral and autonomic response to stress. It is the main activator of
the hypothalamic-pituitary-adrenal (HPA) axis, which is central for the stress response in
vertebrates (Tonon et al. 1986, Reul and Holsboer 2002). In the course of the stress
response and circadian rhythm of the HPA axis the ligand corticotropin-releasing hormone
(CRH) is released from the paraventricular nucleus of the hypothalamus to the portal

capillary zone of the median eminence. Afterwards, CRH is transported to the anterior
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pituitary, where it binds to CRHR1 expressed on endocrine cells. CRHRL1 activation triggers
secretion of adrenocorticotropic hormone (ACTH), which is transported to the adrenal cortex
and activates ACTH receptors provoking the synthesis and release of glucocorticoids (GC,
cortisol in humans and corticosterone in rodents). Finally, GCs mediate the stress response
by modulating gluconeogenesis, lipolysis, proteolysis and blood pressure (Wallerath et al.
1999). The HPA axis is regulated by a negative feedback loop, in which GCs bind to GC
receptors in the pituitary, paraventricular nucleus and in the hippocampus (Herman and
Cullinan 1997) and suppress further CRH and ACTH production.

Besides, a dysregulation of CRHR1 and its ligand CRH have been causally linked to stress-
related pathologies including mood and anxiety disorders (Arborelius et al. 1999, Holsboer
2000, de Kloet et al. 2005). The HPA axis in depressed patients was observed to be
dysregulated because the magnitude of ACTH and cortisol secretory episodes is elevated,
which is also manifested in increased urinary cortisol production rates (Rubin et al. 1987).
Furthermore, increased levels of CRH in the cerebrospinal fluid have also been reported in
depressed subjects (Nemeroff et al. 1984) illustrating the HPA hyperactivity in major
depression. The CRH-expressing neurons in depressed patients were demonstrated to be
hyperactivated in the paraventricular nucleus (Raadsheer et al. 1994). Moreover, in suicide
victims CRH binding sites in the frontal cortex were reduced probably secondary to elevated
CRH levels (Nemeroff et al. 1988).

To study the physiological HPA axis regulation and pathological HPA axis dysregulation in
major depression, genetically engineered mice are widely used to model alterations of the
CRH system and the HPA axis. Two different constitutive CRHR1 knockout mice showed
increased exploratory activity and reduced anxiety-related behaviour (Smith et al. 1998,
Timpl et al. 1998). The HPA axis is also disrupted in these models due to the complete loss
of CRHR1, which is also reflected in a chronic decrease of plasma corticosterone. For this
reason tissue-specific conditional approaches were consulted to disrupt the CRHR1 only in a
spatially restricted manner. The conditional inactivation of CRHR1 within the murine anterior
forebrain, using floxed CRHR1 mice bred to CaMKIllaCre (calcium/calmodulin-dependent
protein kinase Il) mice, revealing that limbic CRHR1 signaling modulates anxiety-related
behavior independent of its role in the neuroendocrine stress response via the HPA axis
(Muller et al. 2003). Recently, our group demonstrated the bidirectional control of anxiety-
related behavior by CRHR1 in anxiogenic glutamatergic and in anxiolytic dopaminergic
circuits (Refojo et al. 2011) suggesting distinct CRHR1-dependent signaling pathways. CRH
overexpression was studied in gain-of-function approaches in genetic mouse lines e.g. with

restriction of CRH overexpression to the central nervous system (CNS). These CNS-specific
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CRH overexpressing mice showed increased active stress-coping behavior and stress-
induced hypersecretion of corticosterone (Lu et al. 2008).

Since the CRHR1/CRH system appears to be dysregulated in depressed patients, CRHR1
antagonists have been developed to treat depression. Clinical studies with CRHR1
antagonists were partially successful dependent on the genetic background of the patients
and subtype of the depression (Holsboer 2014). Until now many small molecule CRHR1
antagonists have been developed, nevertheless, only few of them entered clinical
development and none of them is available on the drug market yet (Valdez 2006). For
example the antagonist NBI-30775/R121919 reduced cognitive symptoms of depression,
sleep disturbances and suicidality in a study of limited sample size (Holsboer and Ising
2008). In contrast, a different CRHR1 antagonist, CP-316211, failed to show any
antidepressant effect (Binneman et al. 2008). Difficulties of CRHR1 antagonists impeded
further progress like suboptimal pharmacokinetics, bioavailability as well as toxicity of highly
lipophilic small molecules (Hauger et al. 2009).

CRHR1 is highly expressed throughout the mammalian brain and pituitary (Chen et al.
2000b, Van Pett et al. 2000, Refojo et al. 2011, Kuhne et al. 2012). Regions with the highest
expression are the cerebral cortex, cerebellum, amygdala, hippocampus, olfactory bulb, and
anterior pituitary. In the periphery CRHR1 is mainly expressed in the testis, ovary and
adrenal gland (Muller et al. 2001, Xu et al. 2006, McDowell et al. 2012). At molecular level
hippocampal long-term potentiation (LTP) of synaptic efficacy can be facilitated by a
preincubation with CRH, which was also elicited when animals had been subjected to
restraint stress. This effect was blocked by CRHR1 antagonist treatment (Blank et al. 2002).
To measure induced LTP at slices, CA1 (cornu ammonis area 1) population spikes (PS) can
be assessed. Studies showed that CRH increases PS and raises the spontaneous firing
frequency of rat hippocampal neurons (Aldenhoff et al. 1983, Sillaber et al. 2002). Using
transgenic mice a CRH-mediated increase in PS was exclusively initiated by CRHR1
expressed on glutamatergic neurons (Kratzer et al. 2013). It was observed that activation of
CRHR1 changed voltage-gated ion currents, which are important for the generation of action
potentials. CRH rather shows neuroregulatory and neuromodulatory actions than
neurotransmitter features because it does not induce any membrane potential change or
change in electrical excitability of the neuronal membrane by itself (Gallagher et al. 2008).
Additionally, CRHRL1 is responsible for spine dynamics because following CRH treatment or
stress, spine loss was induced, an effect which could be abolished by blocking CRHR1
(Chen et al. 2008, Chen et al. 2012b). But until now the accountable molecular mechanisms

how CRHRL1 influences synaptic transmission are not unraveled. This knowledge would
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provide new starting points to develop specific drugs for the treatment of anxiety and mood
disorders.

1.4 CRHR1-mediated signaling

CRHR1 is a G protein-coupled receptor (GPCR) of the B1 family and can be activated via
CRH and Urocortin 1 (Figure 1). The members of the class B family of GPCRs in general
have diverse splicing variants, which may account for different ligand or tissue specificities in
signaling (Bonfiglio et al. 2011). CRHR1a is the dominantly expressed and functional form
among several alternative splice variants like B, c-g and h, which have been identified in
rodents and humans (Zmijewski and Slominski 2010). Only in humans, the complete gene
product consisting of its 14 exons exists. This CRHR1p splicing variant has impaired agonist-
binding and signaling properties (Chen et al. 1993). The excision of exon 6 results in the
expression of CRHR1a containing 415 instead of 444 amino acids (Hillhouse and

Grammatopoulos 2006). In rodents CRHR1p is absent; here CRHRL1 contains only 13 exons.
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Figure 1: CorticotroPin—reIeasing hormone receptor type 1 (CRHR1) with its ligands and the
PDZ binding motif S*2-T3.A%4.v42,
CRH, corticotropin-releasing hormone; Ucnl, urocortin I.

Commonly the other CRHR1 variants also lack exon 6 and entire or various parts of exons,
some of which result in a frame-shift in the open reading frame what can alter e.g. the

C terminal sequence. In human keratinocytes splicing variants of CRHR1 showed diverse
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cellular localizations, as CRHR1a and c localized at the cell membrane, whereat only
CRHR1a was functionally active (Zmijewski and Slominski 2009). CRHR1d, f and g were
intracellularly localized, but the soluble variants e and h showed a diffuse cytosolic
localization or localized to the ER and additionally were found secreted to the culture
medium. It is speculated that alternatively spliced CRHR1 variants can dimerize with
CRHR1a and thereby change its intracellular localization and activity.

CRHR1 preferentially signals via coupling of Gsa to its IC3 resulting in the activation of the
AC-PKA pathway but it can also signal via coupling of Gq to its IC3 resulting in ERK-MAPK
pathway activation (Figure 2) (Grammatopoulos et al. 1996, Grammatopoulos et al. 2000,
Hauger et al. 2009). Specific amino acids within the highly conserved hydrophobic N- and C
terminal microdomains of IC3 are important for the selectivity in coupling of Ga or Ggq and
subsequent signaling via AC-PKA or ERK-MAPK (Punn et al. 2012). The Serin301 within the
IC3 is critical for efficient G protein coupling; its mutation ends e.g. in reduced cAMP
production (Papadopoulou et al. 2004). The AC-PKA signaling is stringently regulated by
GRKs and [-arrestin mediated homologous desensitization. GRK3 and GRK6 were
demonstrated to phosphorylate CRHR1 after activation with high concentrations of CRH
(Dautzenberg et al. 2002, Teli et al. 2005). GRK-catalyzed phosphorylation of the receptor
immediately increases the affinity for p-arrestins (~30 fold) causing its internalization. CRHR1
preferentially recruits B-arrestin 2 rather than -arrestin 1 to the membrane as disclosed in
transfected HEK293 and primary cortical neurons (Rasmussen et al. 2004, Holmes et al.
2006, Oakley et al. 2007). Like class A GPCRs CRHR1 dissociates from B-arrestin before
internalization (Hauger et al. 2009). Studies using truncated and mutated versions of the
receptor revealed that the recruitment and binding of B-arrestin 2 by the agonist-activated
CRHR1 is conveyed by distinct motifs like a phosphorylation-dependent motif in the
C terminus and a phosphorylation-independent motif in one or more of the ICs. Besides their
role in desensitization, GRKs and [(-arrestins can also mediate G protein independent
signaling selectively via the ERK-MAPK or AKT pathways. However, depending on its
cellular localization and context, CRHR1 can also activate multiple G proteins, which can
trigger alternative second messengers (Grammatopoulos and Chrousos 2002). For example
the coupling to Gsa can result in the activation of the ERK1/2 signaling pathway, which can
also be activated by Gqa (Kovalovsky et al. 2002, Papadopoulou et al. 2004, Refojo et al.
2005). Coupling to Gsa can also end into intracellular calcium mobilization via the activation
of AC, which activates the £ isoform of phospholipase C (PLCe ) (Gutknecht et al. 2009).
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Figure 2: Corticotropin-releasing hormone receptor type 1 (CRHR1) signaling pathways.

AC, adenylyl cyclase; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; CREB,
cAMP response element-binding protein; CRH, corticotropin-releasing hormone; ERK1/2, extracellular
signal-regulated kinase 1/2; GDP, guanosine diphosphate; GRK, G protein-coupled kinases; GTP,
guanosine triphosphate; MEK, mitogen-activated protein kinase kinase; PKA, protein kinase A; UCN1,
urocortin 1.

In general, there are selective agonist (antagonists) also called biased agonists that induce
receptor conformations resulting in specific signal transduction pathways like B-arrestin
signaling (Violin and Lefkowitz 2007). Up to now CRHRL1 interactions with G proteins, GRKs
and B-arrestins have extensively been studied (Oakley et al. 2007, Punn et al. 2012),
whereas interactions with other proteins that would provide further specificity to CRHR1

signaling or determine the activation of particular downstream pathways are largely
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unknown. Interestingly, the amino acid sequence S*2T*3.AM%.v*° at the C-terminus of
murine and human CRHR1 (Figure 1) resembles a C-terminal class | PDZ-binding motif,
which was for the first time suggested by comparison with other C-terminal sequences
(Kornau et al. 1995).

1.5 Oligomerization of G protein-coupled receptors

Besides the monomeric form, GPCRs build homo- and hetero-dimers as well as oligomeric
complexes (Angers et al. 2001, Lee et al. 2003, Szidonya et al. 2008, Ferre et al. 2014). The
used methods for detection of oligomers are diverse but have also different drawbacks. Co-
immunoprecipitation (Co-IP) is the most frequently used method to reveal oligomerization of
GPCRs based on differentially epitope-tagged molecules expressed in heterologous systems
(Szidonya et al. 2008, Skieterska et al. 2013). But the lysis and solubilization of the proteins
out of the membrane needs high concentrations of detergents, which potentially can disrupt
existing interactions between receptors. Here, a crosslinking step can stabilize the oligomers
(Hebert et al. 1996, Cvejic and Devi 1997). Furthermore, the production of free sulfydryl
groups e.g. with B-mercaptoethanol during the lysis can lead to artificial associations in terms
of oligomerized complexes, what can be prevented by the use of capping agents like
iodoacetamide. Additionally, incomplete solubilization can result in small remaining
membrane patches that also result in artificial oligomerizations. This artifact can be avoided
by centrifugation after detergent extraction for at least 60 min over 100000 g (Gines et al.
2000). Glycosylated GPCRs can also lead to artificial aggregates during boiling what can be
solved by using lower temperatures (Gines et al. 2000).

Another obvious problem of the Co-IP detection is that the dynamics and fluctuations of
interactions cannot be monitored. This issue is investigated with resonance energy transfer
(RET) in living cells in real time, which is based on fluorescent molecules (FRET) or involves
an enzyme as energy trigger (bioluminescence RET, BRET) (Maurel et al. 2008, Szidonya et
al. 2008, Vidi and Watts 2009, Cottet et al. 2011, Ferre et al. 2014). There are different
models proposed for the functions of the oligomerization of GPCRs like the dimer-
cooperativity model, in which one unit can allosteric communicate with the other unit of the
oligomer allowing negative cooperativity meaning that the binding of a ligand to the first unit
decreases the affinity of the ligand for the second unit (Ferre et al. 2014). This effect has
been detected for adenosine receptors (May et al. 2011, Orru et al. 2011) and is thought to
be important to protect the system against acute increases of the endogenous ligand (Agnati
et al. 2005). Similarly, inhibition of B2AR in a hetero-dimer inhibits also the signaling of AT1R
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(Barki-Harrington et al. 2003). Tetrameric oligomers of 2AR were changed in number of
oligomeric complexes after agonist treatment showing the importance for physiological
receptor signaling (Angers et al. 2001, Fung et al. 2009), although others detected that
monomeric B2AR in a lipid bilayer is sufficient to activate the G protein (Whorton et al. 2007).
The early dimerization of GPCRs is also essential for the efficient folding and maturation
including cell surface delivery (Milligan 2010). This was also observed for hetero-dimers as
the mouse 71 olfactory receptor (M710R) needs the association with B2AR for surface
expression (Hague et al. 2004). Interestingly, for the adenosine receptor the fifth
transmembrane domain was found to be able to self-associate and build stable oligomers
(Thevenin et al. 2005). The CRHR1 can also oligomerize and was found to cluster forming
dimers and high molecular weight complexes (Young et al. 2007, Zmijewski and Slominski
2009). In contrast to f2AR, dimerization of CRHR1 was revealed to be independent of ligand
binding (Kraetke et al. 2005).

Recent data describe that heterodimerization of GPCRs is essential for neuropsychiatric
diseases (Szafran et al. 2013). The heteromers of serotonin receptor 5-hydroxytryptamine
receptor 2A (5-HT2A) and mGIuR2 were shown to be probably involved in altered cortical
processes of schizophrenia (Gonzalez-Maeso et al. 2008), since drugs that activated
mMGIuR2 abolished 5-HT2A signaling and behavioral responses evoked by hallucinogenic
drugs. Additionally, the receptor densities in schizophrenic subjects were changed showing
downregulated mGIuR2 and upregulated 5-HT2A in post-mortem human brain, a receptor
expression pattern that might predispose to psychosis. Heteromers of CRHR1 and
vasopressin V1b receptor (V1bR) have been associated with depression and anxiety
disorders because both are co-expressed as functional heteromers in corticotropes in the
pituitary where they act as key regulators of the HPA axis (Young et al. 2007). The
heterodimerization is not ligand dependent and does not alter the binding properties of these
receptors, but because both receptor ligands act synergistically on the release of ACTH, the
interaction may play an important role in stress-related diseases like depression and anxiety
disorders.

The functional crosstalk between GPCR hetero-complexes imply different pharmacological
properties including the opportunity to design new therapeutic drugs (Gonzalez-Maeso
2011).
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1.6 Membrane-associated guanylate kinases (MAGUKSs) of the post-

synaptic density

Cells of multicellular eukaryotes communicate with their environment through junctional
complexes that consist of adhesion proteins and receptors connected via scaffolds to actin
bundles (Good et al. 2011, Zheng et al. 2011). Therefore, cells can integrate external signals
and react with a developmental or functional change. Junctional complexes are essential for
the apical-basal polarity of epithelial cells developed as tight junctions, adherens junctions
and desmosomes and of sensory cells e.g. the photoreceptor cells in retinas (Kaplan et al.
2009, Kevany and Palczewski 2010). Moreover, the neuronal PSD and pre-synaptic active
zone display also classical examples of junctional complexes (Mushynski et al. 1978). Within
the PSD the membrane-associated guanylate kinases (MAGUKSs) are synaptic scaffolds
proteins that are important to assemble receptors, adhesion proteins and intracellular
signaling proteins (Kim and Sheng 2004). MAGUKs consist of PDZ domains and an
enzymatically inactive guanylate kinase (GuK) like domain, they can contain also a L27
(MAGUK Lin-2 + Lin-7) and a SRC homology 3 (SH3) domain (Figure 3).
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Figure 3: Structure of a typical MAGUK (Membrane-associated guanylate kinase).

PSD95, SAP97, SAP102 and PSD93 share the same domain structure with three PDZ (PSD95/discs
large/zona occludens 1) domains, a SRC homology 3 (SH3) domain and an enzymatically inactive
guanylate kinase (GuK) like domain, but they are different in their total amino acid sequence
composition.

The MAGI (membrane-associated guanylate kinase inverted) subgroup of MAGUKSs does not
contain SH3 domains but contains two tryptophan residues (WW) reflecting the diversity of
the structure of MAGUK family proteins (Shoji et al. 2000). The structure of MAGIs is inverted
with the GuK domain at the N-terminus followed by two WW domains and five PDZ domains
(Montgomery et al. 2004). There are three MAGI isoforms called MAGI1, MAGI2 and MAGIS3,
which are expressed broadly in neural and non-neural cells (Laura et al. 2002, Montgomery
et al. 2004). MAGI?2 - also called synaptic scaffolding molecule (S-SCAM) or activin receptor-
interacting protein 1 (ARIP1) - is dominantly expressed in neurons where it localizes to the
PSD of excitatory synapses (Yao et al. 2003). Nevertheless, MAGI2 was detected to be
essential for the integrity of the kidney barrier, presumably because it interacts with the slit

diaphragm protein nephrin in podocytes (Lehtonen et al. 2005, Balbas et al. 2014). The
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isoforms MAGI1 and MAGI3 are located next to tight junctions between epithelial cells in
mostly non-neural tissue (Ide et al. 1999, Laura et al. 2002).

The MAGUK Discs-large (DLG) in Drosophila melanogaster is one of the first proteins
detected to possess PDZ domains (Woods and Bryant 1991, Bilder 2001). DLG is essential
for the regulation of apical-basal polarity and has tumor suppressor properties since a loss of
DLG results in over-proliferation and neoplastic transformation of epithelial cells (Woods and
Bryant 1989, Woods et al. 1996, Roberts et al. 2012).

MAGUKs in the PSD are essential for synaptic development and plasticity, since they
influence the clustering of e.g. glutamate receptors (Kornau et al. 1995, Kim and Sheng
2004, Zheng et al. 2011). They perform their diverse actions by scaffolding proteins together
via their different protein interaction domains like the PDZ domains. PDZ domains are the
best characterized protein interaction modules and one of the most common protein-protein
interaction domains in mammals (Chi et al. 2012): they are approximately 90 amino acids
long, consist of 5 or 6 B-stranded and 2 or 3 a- helical structures and often recognize short
amino acid motifs at the C-termini of interacting proteins (Fanning and Anderson 1996, Lee
and Zheng 2010, Ye and Zhang 2013). MAGUKSs can bind to many surface receptors via
their PDZ domains, which directly interact with the receptors” C-terminal PDZ binding motif
(Kim and Sheng 2004). PDZ domains are classified according to the observed binding motif.
Class | PDZ domains recognize the motif S/T-X-®, class || PDZ domains recognize the motif
®-X-® and class Il PDZ domains recognize the motif D/E-X-®, where ® represents a bulky
hydrophobic residue (Skelton et al. 2003, Lee and Zheng 2010). This original classification
has been challenged because of observations that more amino acids upstream of the very
C-terminus are also important for the interaction (Kurakin et al. 2007, Tonikian et al. 2008).
The members of the PSD95 subfamily of MAGUKs (PSD95, SAP97, SAP102 and PSD93)
contain only class | PDZ domains (Oliva et al. 2011) and they are alternatively spliced
changing for example the N-terminal amino acid composition (Funke et al. 2005, Zheng et al.
2011). At this position cysteines constitute a potential palmitoylation site, which can have
dramatically functional consequences as palmitoylated members are less mobile in dendritic
spines than non-palmitoylated members and palmitoylated members are targeted to the PSD
instead of peri-synaptic regions (Craven and Bredt 1998, Waites et al. 2009). Palmitoylation
is a highly dynamic, reversible protein modification of palmitic acid-attachment, which
increases the membrane association of proteins and can modulate protein interactions
(Smotrys and Linder 2004, Salaun et al. 2010). Alternatively, the N-terminus can also contain
a L27 domain, which is important for homo- and heteromultimerization, what can enhance

the clustering of interaction proteins (Feng et al. 2004, Zheng et al. 2011).
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The PSD95 subfamily of MAGUKSs is developmentally differentially regulated. SAP102 is
highly expressed early in postnatal development, whereas PSD95, PSD93 and SAP97
expression dramatically increases at later time points (Sans et al. 2000). They are all found
in the PSD but are also located at non-synaptic sites, e.g. SAP102 and PSD95 are
associated with extra-synaptic NMDA (N-methyl-d-aspartate) receptors (Valtschanoff et al.
2000, Petralia et al. 2010).

1.6.1 Therole of MAGUKS in the post-synaptic density (PSD)

MAGUKs in the PSD are essential for synaptic development and plasticity, because they
scaffold proteins together via their different protein interaction domains and consequently
increase the efficiency of interactions between signhaling molecules as e.g. membrane
receptors (Good et al. 2011). Besides, MAGUKSs themselves are target of regulation and can
influence the signaling processes as for example phosphorylation of a MAGUK can result in
a reduced or abolished interaction (Lee and Zheng 2010). In the PSD synaptic plasticity is
changed amongst others via spine dynamics, for which MAGUKs are important (Tada and
Sheng 2006). Herein, MAGUKs regulate spine morphogenesis by scaffolding actin-
coordinating proteins. Spines are actin-rich protrusions; therefore, spine dynamics in volume
and shape depend on organization of actin filaments. LTP and long-term depression (LTD)
are two major effects in signal transmission underlying synaptic plasticity (Cooke and Bliss
2006). LTP results from stimulation of a synapse over an extended period and can terminate
in a synapse strengthening over weeks in vivo (Bliss and Gardner-Medwin 1973, Abraham et
al. 2002), whereas LTD ends in a long-lasting diminishment of synaptic efficacy (Nishiyama
et al. 2000, Malenka and Bear 2004). It is known that LTP is connected to an increase in
actin-based spine volume depending on PSD95 signaling via PDZ and GuK domains
(Steiner et al. 2008, Meyer et al. 2014). Meanwhile the reduction of endogenous PSD95
expression during LTP results in a shrinkage of spine volume, but over-expression of PSD95
after knockdown rescues this effect (Zheng et al. 2011). Furthermore, the over-expression of
PSD95 leads to a synaptic potentiation mimicking LTP because silent synapses are
converted into functional synapses and GIuAl glutamate receptors are delivered to
synapses. Concurrently LTP is occluded while PSD95 overexpression and LTD is enhanced,
possibly because of a secondary overload of the synaptic membrane with AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid) receptors due to PSD95 expression (Stein et
al. 2003, Ehrlich and Malinow 2004). In detail the AMPAR-mediated excitatory post-synaptic
currents (EPSCs) of synaptic transmission are also regulated by PSD95, because after acute

over-expression of PSD95 they were potentiated what depends on two palmitoylated
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N-terminal cysteines in PSD95 (El-Husseini et al. 2000a, Beique and Andrade 2003, Ehrlich
and Malinow 2004). Here, EPSCs mediated by NMDARs, which are glutamate receptors
mediating long-term synaptic plasticity, were not enhanced during PSD95 over-expression.
Controversial to above PSD95 effects, mice lacking the protein showed no altered basal
synaptic transmission (Migaud et al. 1998), but studies excluding the possibility of
compensation by other MAGUKSs revealed a PSD95-dependent basal synaptic transmission
(Xu et al. 2008, Yudowski et al. 2013). The redundancy and high homology of PSD95
subfamily members could explain why many interaction partners can bind to more than one
member of the PSD95 subfamily and double or triple knockouts are necessary to investigate
phenotypes (Dakoji et al. 2003, Perez-Perez et al. 2009). The increased or decreased levels
of synaptic AMPARs after increasing or decreasing PSD95 were also observed for the
MAGUK PSD93 (Elias et al. 2006). Whereas similar effects for the MAGUKs SAP102 and
SAP97 are less dramatic and more variable (Huganir and Nicoll 2013). The deficits in
synaptic AMPARs of PSD93/PSD95 double-knockout mice were rescued by SAP97 (Howard
et al. 2010), underlining the importance of partly overlapping functions of PSD95 subfamily
members. On the other hand functions are also very specialized since the SAP102 knockout
mice showed an enhancement of LTP depending on the ERK signaling pathway, but in
PSD95 knockout mice the enhancement of LTP is ERK-pathway independent (Opazo et al.
2003, Cuthbert et al. 2007, Xu 2011). These findings demonstrate comparable effects on
LTP regulation but with distinct mechanisms suggesting a complex relationship between
MAGUK proteins and synaptic plasticity.

Because of overlapping but not identical sets of interacting proteins, two members of the
PSD95 subfamily, PSD95 and PSD93, are thought to be more specifically associated with
synaptic functions, whereas the two other members, SAP97 and SAP102, could be more

important in trafficking (Kim and Sheng 2004).

1.6.2 MAGUKs modulate the neuronal synapse via PDZ domain interactions

MAGUKSs execute their diverse effects by scaffolding interaction partners and tethering them
to the right place at the right time (Good et al. 2011). The protein-protein interaction take
place via their protein domains as for example the PDZ, SH3, GuK and WW domains. Many
surface receptors and adhesion proteins interact with the PDZ domains of MAGUKSs via their
C-terminal PDZ binding motif as classified in paragraph 1.6. But some proteins interact also
via an internal sequence with PDZ domains like neuronal nitric oxide synthase (nNOS),
which interacts with the PDZ domains of PSD95 and PSD93 (Brenman et al. 1996).
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For the majority of protein interactions the SH3 domain is not responsible, nevertheless the
ionotropic glutamate kainate receptor 5 (GIuK5) can interact via its C-terminus with the SH3
and GuK domain of PSD95 (Garcia et al. 1998, Maximov et al. 1999). Conversely, the GuK
domain of MAGUKSs is necessary for interaction with numerous ligands including the
guanylate kinase-associated protein (GKAP), which connects the GuK domain of PSD95 with
the PDZ domain of Shank (Kim et al. 1997, Takeuchi et al. 1997, Gerrow et al. 2006).
Moreover, PSD93 interacts with the microtubule-associated protein 1A (MAP1A) via its GuK
domain (Brenman et al. 1998). The WW domains bind as SH3 domains to proline-rich
domains (Zheng et al. 2011). MAGI2 has been shown to interact via WW domains with
B-dystroglycan at inhibitory synapses in rat hippocampal neurons (Sumita et al. 2007).
MAGUKSs contain often more than one PDZ domain and two or more PDZ domains arranged
in tandem were shown to display binding properties distinct from those of each isolated
domain. This discrepancy arises from interactions between these PDZ domains and resulting
folding changes e.g. between the N-terminal tandem PDZ domains of PSD-95 that is why the
structural and functional units are termed PDZ supramodules (Long et al. 2003, Feng and
Zhang 2009). A supramodule can act synergistically with oligomeric proteins enhancing the
binding affinity and supplying higher specificity than a single PDZ domain-dependent
interaction. Every MAGUK except the MAGIs shares a common heterotypic supramodule
composed sequentially into a PDZ-SH3-GuK tandem (Ye and Zhang 2013). Previously this
supramodular organization was functionally validated for zona occludens 1 (ZO-1) revealing
that the PDZ domain directly interacts with the SH3 and GuK module changing the binding
properties (Pan et al. 2011). This suggests that other MAGUKSs also form PDZ-SH3-GuK
supramodules.

MAGUKSs interact via their PDZ domains with various surface receptors and adhesion
proteins, thus clustering them for example at distinct membrane locations. But they also
scaffold surface receptors to distinct downstream pathways such as the actin and
microtubule cytoskeleton, thereby modulating synapse morphology: PSD95 interacts with
Kalirin-7, a guanine nucleotide exchange factor for Racl, which regulates spine
morphogenesis through the actin cytoskeleton (Penzes et al. 2001). Furthermore, cypin
(cytosolic PSD-95 interactor) interacts with PSD95 and regulates dendrite branching by
promoting microtubule polymerization (Firestein et al. 1999, Akum et al. 2004). PSD95 can
also bind to the cysteine-rich PDZ-binding protein (CRIPT), which is a microtubule-binding
protein (Passafaro et al. 1999).

Besides, MAGUKSs interact also with various membrane receptors, especially GPCRs
(Magalhaes et al. 2011). There are many class | PDZ domain-dependent interactions

between members of the PSD95 subfamily or MAGI2 and membrane receptors (Table 1)
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coordinating neuronal synapse-related events including synaptic transmission. MAGUKs
influence the pre-synaptic excitability through calcium dynamics, since PSD95, SAP97,
SAP102 and PSD93 interact with plasma membrane calcium ATPase isoform 4b (PMCA4b),
whereas SAP97 also binds to PMCA2b (Kim et al. 1998, DeMarco and Strehler 2001, Oliva
et al. 2011). PMCAs are responsible for the calcium expulsion and intracellular maintenance
of calcium levels influencing the pre-synaptic vesicle fusion with the membrane (Rizzoli and
Betz 2005).

PSD95 and MAGI2 interact with neuroligin, a postsynaptic membrane protein, which
interacts trans-synaptically with B-neurexins (Irie et al. 1997, Sumita et al. 2007, Rosenberg
et al. 2010). This neuroligin-B-neurexin interaction mediates cell adhesion, but also seems to
induce presynaptic differentiation (Dean et al. 2003, Li and Sheng 2003), probably with the
influence of PSD95 and/or MAGI2 (Kim and Sheng 2004). Additionally, MAGI2 induces
synaptic accumulation of neuroligin and subsequently recruits PSD95 to the ternary complex
(lida et al. 2004).

The post-synaptic excitability is influenced by many PDZ domain-mediated interactions of
membrane receptors with MAGUKs. For example the isoform 2 of the NMDAR subunit
GIuN1 and many of the GIUN2 subunits interact with each member of the PSD95 subfamily
resulting in a synaptic clustering (Kornau et al. 1995, Kim et al. 1996, Muller et al. 1996,
Niethammer et al. 1996, Standley et al. 2000, Lim et al. 2002, Chung et al. 2004, Chen et al.
2006, Zheng et al. 2011, Fiorentini et al. 2013). The C-terminal truncation of GIUN2A
inhibited the synaptic but not extra synaptic localization of NMDA receptors indicating the
importance of a MAGUK interaction (Steigerwald et al. 2000). Besides, the NMDAR
C-terminal tail is sufficient to induce robust dendritic branching in mature hippocampal
neurons, suggesting that the GIuN2B tail is important in recruiting calcium-dependent
signaling proteins and scaffolding proteins like PSD95 necessary for dendritogenesis (Bustos
et al. 2014). Only SAP97 is able to interact directly with AMPARs (Leonard et al. 1998, von
Ossowski et al. 2006a, von Ossowski et al. 2006b, Zhou et al. 2008). Surprisingly, the direct
link is important for SAP97 targeting to the plasma membrane where both proteins together
promote dendrite branching upon receptor activation. But PSD95 and SAP97 recruit the
tetraspanning membrane protein stargazin, which connects AMPARs with PSD95 (Chen et
al. 2000a). This interaction between PSD95, stargazin and AMPARs is important for synaptic
AMPAR targeting due to surface expression and synaptic targeting. The overexpression of
PSD93 or SAP102 leads to a selectively enhancement of AMPAR synaptic currents showing
the importance of additional MAGUKS for synaptic modulation (Zheng et al. 2011).

The 5-HT2Rs, which are GPCRs, interact with PSD95, SAP97, SAP102 and MAGI2 and

thereby influence the dendritic targeting and signal transduction of these receptors (Xia et al.
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2003a, Xia et al. 2003b, Becamel et al. 2004, Dunn et al. 2014). PSD95 stabilizes also the
receptor turnover in vivo (Abbas et al. 2009) suggesting that PDZ proteins may regulate the
life span of GPCRs (Magalhaes et al. 2011). This interaction is also of particular interest,
since CRHRL1 activation leads to a significant potentiation of 5-HT2R signaling (Magalhaes et
al. 2010). Moreover, this GPCR sensitization depends on intact PDZ binding motifs of both
receptors, indicating an example of PDZ protein-mediated crosstalk of GPCRs.

MAGI2 and PSD95 are known to bind to the B1-adrenergic receptor 1 (B1AR) (Hu et al.
2000, He et al. 2006). The agonist-induced internalization of B1AR is increased by MAGI2
overexpression, but PSD95 overexpression has the opposite effect (Xu et al. 2001).
Whereas, the interaction of B1AR with MAGI3 abolished the B1AR-mediated ERK1/2
activation with no effect on agonist dependent receptor internalization or agonist stimulated
cAMP formation (He et al. 2006). This is one example for the diverging regulation of GPCR
signaling through distinct MAGUKS.

Another GPCR, the somatostatin receptor (SSTR), interacts with PSD95, PSD93 and SAP97
and is involved in the regulation of growth cone dynamics (Christenn et al. 2007, Cai et al.
2008, Moller et al. 2013). Our laboratory recently showed that SSTR1 clearly co-localized
with PSD95 in primary murine hippocampal neurons suggesting a possible PDZ domain-
dependent clustering (Moller et al. 2013).

PSD95 interacts and clusters also with the G protein-coupled estrogen receptor 1 (GPR30)
via the N-terminal tandem PDZ domains (Akama et al. 2013). The estrogen receptor is found
in dendritic spines of the hippocampus and thought to mediate the estrogen-modulating
effects to the synaptic plasticity in the hippocampus.

Although SAP102 contains only class | PDZ domains (Oliva et al. 2011), SAP102 connects
to the receptor tyrosine kinase EphrinB2, which contains with the C-terminal amino acids V-
E-V a class Il PDZ binding motif and regulates cortical synapse development (Murata and
Constantine-Paton 2013). Simultaneously, the actin binding afadin interacts with the
EphrinB2 receptor (Hock et al. 1998) through PDZ domain interactions and SAP102 also co-
immunoprecipitates like PSD95 with Kalirin-7 modulating the actin cytoskeleton (Penzes et
al. 2001). This can explain the inhibited reorganization of actin filaments, synapse formation
and synaptic AMPAR trafficking after EphrinB2 activation due to knockdown of SAP102.
These example shows that MAGUKs can induce membrane clustering, synaptic targeting,
stabilization of protein turnover and influence signaling of interacting partners via PDZ
domains. Furthermore, MAGUKSs can also induce dendritic branching and control synapse
formation and morphology. In conclusion, these multiple PDZ domain-dependent interactions

of MAGUKSs with membrane receptors indicate that MAGUKSs are more than just scaffolding
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proteins and modulate the synaptic plasticity in various and complex manners that are far

from being fully understood.
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PSD93

PDZ1+2

NMDA receptor subunits
(GluN1/GIuN2A/GIuN2B/GIuN2C)

Interacting
PDZ
) PDZz Membrane receptor Reference
Protein )
domains
n.d. 5-hydroxytryptamine receptor (5-HT2A/5-HT2C) (Xia et al. 2003a, Becamel et al. 2004)
PDZ1+2 Brain-specific angiogenesis inhibitor 1 (Bail) (Lim et al. 2002)
n.d. C-X-C chemokine receptor type 2 (CXCR2) (Moller et al. 2013)
Inward rectifier potassium channel .
n.d. . . . (Cohen et al. 1996, Nehring et al. 2000a)
(Kir2.1/Kir2.3/Kir5.1)
PDZ3 Neuroligin (Irie et al. 1997)
PSD95

(Kornau et al. 1995, Niethammer et al.
1996, Standley et al. 2000, Lim et al. 2002,
Chen et al. 2006)

PDZ1+2

PDZ1+2

PDZ1+2

Receptor tyrosine-protein kinase erbB-4

Somatostatin receptor (SSTR1/SSTR4)

Glutamate receptor ionotropic, delta
(GluR31/GluRd2)

(Garcia et al. 2000)

(Christenn et al. 2007, Moller et al. 2013)

(Roche et al. 1999)

PDZ1+2+3

=
=8

Plasma membrane calcium
ATPase isoform 4b (PMCA4b)

Shaker-type K+ channel (Kv1.4)

(Kim et al. 1998)

(Kim et al. 1996)

N
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Interacting
PDZ PDZ Membrane receptor Reference
Protein domains

n.d. 5-hydroxytryptamine receptor (5-HT2A) (Dunn et al. 2014)

ATP-sensitive inward rectifier potassium channel )
n.d. . (Leonoudakis et al. 2001)
12 (Kir2.2)

Corticotropin-releasing hormone receptor type 1
SAP97 | pDZ1+2 : g prortyp (Dunn et al. 2013)
(CRHR1)

(Niethammer et al. 1996, Standley et al.

PDZ1+2 NMDA receptor subunits (GIuN1/GIuN2A/GIuN2B) 2000)

Somatostatin receptor (SSTR1) (Cai et al. 2008)

(Muller et al. 1996, Standley et al. 2000,
PDZ1+2 NMDA receptor subunit (GIuN1/GIuN2B/GIuN2C) Lim et al. 2002, Chung et al. 2004, Chen et
al. 2006)

Plasma membrane calcium

. (DeMarco and Strehler 2001)
ATPase isoform 4b (PMCA4b)

Activin type Il A receptor (Shaoiji et al. 2000)

Dendrite arborization and synapse maturation 1

(Shi et al. 2004)
(Dasm1l)

(lida et al. 2004, Sumita et al. 2007,

Neuroligin 1 and 2
Rosenberg et al. 2010)

Vasoactive intestinal polypeptide type-1 receptor

(Gee et al. 2009)
(VPAC1)

Table 1: Class | PDZ domain-dependent interactions of MAGUKs with membrane receptors.
n.d. not determined.
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2 Aim of the thesis

The aim of the thesis was to unravel molecular mechanisms of corticotropin-releasing
hormone receptor type 1 (CRHR1) signaling, particularly the interactions with other proteins
via its putative C-terminal PDZ binding motif.

Starting point were candidate interaction partners identified in two yeast two-hybrid screens
using the cytoplasmic C-terminal tail of CRHR1 as a bait (Figure 4): Postsynaptic density
protein 95 (PSD95), synapse-associated protein 97 (SAP97), SAP102, membrane-
associated guanylate kinase, WW and PDZ domain containing 2 (MAGIZ2; also called ARIP1,
activin  receptor-interacting protein 1 or S-SCAM, synaptic scaffolding molecule),
transmembrane protein 106B (TMEM106B) and syndecan binding protein 1 (abbreviated as
SDCBP or Syntenin-1).

PSD95 N‘\V poz2 —{_PDZ3 c
V. ™, P———— f

PSDO3 N poz1 93— poz2 —{ Poz3 Jc

SAP97 Nf/ poz2 —{ pDz3 \c
DO

SAP102 N Poz1 J— poz2 —{ Poz3 ) C

, O M

waz  NGERZPH o Hi-vi-GERZD)- G- G- ) D) - <
A4 -

Syntenin-1 N -~ PDZ1 PDZ2 G

YT |
TMEM106B N 1. IMD C

Figure 4: Candidate interaction partners of CRHRL1.

PSD95, PSD93, SAP97, SAP102 and MAGI2 belong to the membrane-associated guanylate kinases
(MAGUK) family. PSD93 was included into further studies because of its high homology to the other
members of the PSD95 subfamily of MAGUKSs identified in the Y2H screen. PDZ, PSD95/discs
large/zona occludens 1; SH3, SRC homology 3; GuK; guanylate kinase; W, tryptophan; TMD,
transmembrane.

The following specific questions were addressed in the course of this thesis.

1) Can the putative CRHR1 interaction partners be verified and what are the

important protein domains mediating the interaction?

To verify the putative interaction partners of CRHR1, co-immunoprecipitations were

established and performed in human embryonic kidney 293 (HEK293) cells. Moreover,
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mutants of CRHR1 and of the interaction partners were constructed and used to determine

the interacting domains.

I)  What is the functional relevance of the PDZ binding motif-dependent interaction

in vitro?

To elucidate the functional relevance of the interaction of CRHR1 with the candidate
interaction partners in vitro, the subcellular localization of CRHR1 and interaction partner was

assessed in dependence of their interaction.

Ill) Are the putative interaction partners co-expressed with CRHR1 in vivo in order

that a physiologically interaction is possible?

The co-expression of CRHR1 and interaction partners represents a prerequisite for their
physical interaction. For this purpose single and double in situ hybridization methods were

established and conducted throughout the mouse brain.

IV) Is primary neuronal culture a suitable cellular model to investigate the
CRHR1/CRH system?

Primary hippocampal neurons were examined in terms of their utility as a cell culture model
to investigate the CRHR1/CRH system. Consequently, the expression of CRHRL, its ligand
CRH and the candidate interaction partners were explored on mRNA level. Additionally,
CRHR1 and CRH expression was elucidated using primary neurons derived from transgenic

reporter mouse lines.
V) Does the CRHR1 PDZ binding motif have a physiological role in mature neurons?

The role of the CRHR1 PDZ binding motif in localization of the receptor was studied in
primary neurons. Different transfection and transduction methods were established and used

for over-expression of wild-type and mutants variants of CRHRL1.

The in-depth characterization of CRHR1 interactions with other proteins via its C-terminal
PDZ binding motif will help to understand on the molecular level how CRHR1 modulates
synaptic plasticity. Thereby this study will provide additional insight how CRHRL1 is involved

in the pathoethiology of stress-related neuropsychiatric disorders.
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3 Materials and Methods

3.1 Material

3.1.1 Plasmids

Name Backbone Purpose Source
HA-hCRHR1- STAVA pcDNA3 HA-hCRHR1- STAVA expression plasmid Cloned

flag-hCRHR1-STAVA
flag-hCRHR1-STAVA pcDNA3 . . Cloned
expression plasmid

myc-GFP-mCRHR1-
STAVA

myc-GFP-CRHR1-

pcDNA3 Expression plasmid for mMCRHR1-STAVA J. Breu

pcDNA3 CRHR1 mutant expression plasmid Cloned
S301V
pAAV-EF1a-DIO - . )
myc-GFP-mCRHR1 myc-GFP-mCRHR1 expression plasmid Cloned
WPRE-IRES
myc-GFP-mCRHR1 Lentiviralbackbone mCRHR1 WT expression plasmid Cloned
myc-GFP-mCRHR1 pCRII Transfer vector for cloning Cloned
pCRII-TOPO pCRII TOPO cloning vector Invitrogen
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Name Backbone Purpose Source
EGFP PcDNA3 Cloning of GFP-fusion proteins R. Sprengel
pmaxGFP unknown Control expression vector Lonza
myc- MAGI2- .

pClneomycS myc- MAGI2-PDZ0+GuK expression vector N. Brose
PDZ0+GuK

myc- MAGI2-PDZ2-
PDZ5

PSD95 PDZ1flag pcDNA3 PSD95 PDZ1flag expression vector M. Engeholm

PSD95 PDZ3flag pPcDNA3 PSD95 PDZ3flag expression vector M. Engeholm

PSD95flag pcDNA3 PSD95flag expression vector D. Refojo

HA-SAP97-NT-PDZ1- pcDNA3 HA-SAP97-NT-PDZ1-2 expression vector D. Gardiol

n

HA-SAP97-3PDZ pcDNA3 HA-SAP97-3PDZ expression vector D. Gardiol

SAP102APDZ1-2-flag pCMV3TAG1A SAP102APDZ1-2-flag expression vector Cloned

Cloned from plasmid

pClneomycS myc- MAGI2-PDZ2-PDZ5 expression vector N. Brose

HA-hTMEM106B pcDNAS.1/Hygro HA-hTMEM106B expression vector
from A. Capell

Table 2: Plasmids used in this work.
List of plasmids including their backbone, purpose and source.
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3.1.2 Antibodies

Appli-
Name Source, cat # Species i Dilution
cation
a-calbindin D28-K Swant, #CB38 rabbit 1:2000
a-CRHR1 Santa Cruz, #sc1757 goat 1:500
a-Gad67 Millipore, #MAB5406 mouse 1:2000
a-GFP Abcam, #ab13970 chicken 1:3000
a-gephyrin Synaptic Systems, #147111 mouse 1:1000
a-MAP2 Abcam, # ab5622 rabbit 1:1000
a-myc Abcam, #ab 9106 rabbit IF/WB 1:2000/1:5000
a-PSD95 UCDavis/ NIH NeuroMab Facility, #75-028 mouse 1:500
a-SMI-312 Abcam, #ab24574 mouse 1:2000
a-V-Glut UCDavis/ NIH NeuroMab Facility, #75-066 mouse 1:500
Table 3: List of primary antibodies used in this work.
cat #, catalog number; IF, immunofluorescence; WB, Western blot.
Appli- I
N Source, cat # ) Dilution
ame cation
Alexa Fluor 488 goat a- mouse 1gG Invitrogen, #A11029 1:1000
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Appli- I
Name Source, cat # ) Dilution
cation

Alexa Fluor 594 goat a-mouse IgG Invitrogen, #A11032 1:1000

a-mouse-IgG horseradish-peroxidase Cell Signaling, #7076 1:3000- 1:5000

Table 4: List of secondary antibodies used in this work.
cat #, catalog number; IF, immunofluorescence; WB, Western blot.

3.1.3 Buffers and Solutions

All chemicals and solutions were purchased from Sigma, Roth and Merck unless indicated
otherwise.

Appli-

) Name Composition
cation

20 % w/v Paraformaldehyde
20 % Paraformaldehyde i, 1 x PBS-DEPC

(PFA) adjust pH to 7.4

DEPC- H,0 2 ml DEPC ad 2 | H,Opigest., Shake the solution, incubate for 4 h at

room temperature and autoclave twice
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Appli-
cation

Name Composition

1 % (w/v) Bacto-tryptone
LB agar medium 0.5 % (w/v) Bacto-yeast extract
1.5 % (w/v) NaCl
1.5 % (w/v) Bacto-agar

adjust pH to 7.4

4.84 g tris(hydroxylmethyl)-aminomethan (Tris)

agarose gel 1x Tris acetate EDTA

1.142 ml acetic acid

20 ml 0.5 M ethylenediaminetetraacetic acid (EDTA), pH 8.0

800 ml HyOpigest-

adjust pH to 8.3 with acetic acid and volume to 1 liter with H,Opjgest-

electrophoresis (TAE) buffer

1M TEA, pH 8.0
in situ hybridization 10x triethanolamine adjust H,Opigest., add 1 ml DEPC/liter

(ISH) (TEA) incubate overnight, 2x autoclave

250 ml formamide
Hybridization chamber 50 ml 20x SSC

fluid 200 ml HyOpjigest-
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Appli-
cation

Name Composition

in situ hybridization
(ISH)

500 ml 1 M Tris-HCI, pH 7.5
100 ml 0.5 M EDTA, pH 8.0
adjust volume to 1 liter with DEPC-H,0, autoclave

10x proteinase K
buffer/DEPC

250 ml Formamide
50 ml 20 x SSC
200 ml Hzobidest.

Hybridization chamber
fluid

0.15 M NacCl
double in situ TNT buffer 0.1 M Tris-HCI

hybridization (DISH) 0.05 % Tween 20

solved in H;Opigest-
adjust pH to 7.6

DIG blocking buffer Roche

50 mM Tris HCI pH 8
150 mM NaCl

0.1 % SDS

1 % Triton X100

1 mM EDTA pH 8

Western blot Protein lysis buffer
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Appli- -
_ Name Composition
cation
25 mM Tris-HCI
Western blot Running buffer 190 mM Glycine

0.1 % Sodium dodecyl sulfate (SDS)
adjust volume to 1 | with HzOuigest-

100 ml 10 x TBS
1 ml Tween20 (BioRad)
adjust volume to 1 | with HzOuigest-

TBS-T 0.01 %
(TBS-Tween20)

50 mM Tris HCl pH 7.4
0.1 % SDS

0.5 % Triton X100

1 mM EDTA pH 8

Washing buffer Il

Table 5: Buffers and solutions used in this study.

3.1.4 Oligonucleotides

The DNA oligos nucleotides were purchased from Metabion (Planegg/Steinkirchen,
Germany).

3.1.4.1 Oligonucleotides used for cloning procedures

Name Oligonucleotides sequence Comment
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Name Oligonucleotides sequence Comment

MAGI2 fwd. 5-CGT-AAG-TCA-GAA-TTT-TGC-AGG-3"

For ISH probe
rev. 5-GAA-TAT-CTG-AAG-AGT-TGA-AGC-3’

5°-CCT-CAT-GAC-CAA-ACT-CCG-AGC-AGT-CAC-CAC-ATC-TGA- For cloning of CRHR1
CRHR1-S301V fwd. )
GAC-3° mutant harboring a
5-GTC-TCA-GAT-GTG-GTG-ACT-GCT-CGG-AGT-TTG-GTC-ATG- point mutation at aa
rev.
AGG-3 301

5-GCT-AGC-GGC-CGC-CTG-GGC-CCT-CGA-GCC-ACC-ATG-TTC- For cloning of CRHR1
AAG-3° in lentiviral and AAV
5-GGC-GCG-CCG-TTT-AAA-CGA-ATA-GGG-CCC-TCT-AGA-TCA-3" backbone

CRHR1-virus fwd.

rev.

Table 6: List of oligonucleotides used in this study for cloning procedures.
ISH, in situ hybridization; AAV, adeno-associated virus.

3.1.4.2 Primers used for quantitative real time PCR

Name Primer sequence GenBank acc. no.

CRH fwd. 5"-GAG-GCA-TCC-TGA-GAG-AAG-TCC-3"

NM_205769
rev. 5-TGT-TAG-GGG-CGC-TCT-CTT-C-3°
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Name

MAGI2

PSD93

PSD95

SAP97

SAP102

fwd.

rev.

fwd.

rev.

fwd.

rev.

fwd.

rev.

fwd.

rev.

Primer sequence
5"-CAG-GTC-CCG-GAG-TAT-GGA-3’
5-TGC-TTG-TCA-CTT-TTC-ATG-CAC-3’

5"-CAA-TCA-GAA-ACG-CTC-CCT-GT-3’
5’-CCC-ACT-GTC-CCT-GCT-CTT-GT-3"

5"-TCT-GTG-CGA-GAG-GTA-GCA-GA-3’
5-CGG-ATG-AAG-ATG-GCG-ATA-G-3°

5°-TTT-CCC-GAA-AAT-TTC-CCT-TC-3"
5-TGG-CAT-TAG-AAG-TTA-CGT-GCT-G-3"

5-GGG-CCA-GTT-CAA-TGA-TAA-TCT-C-3"
5-CGT-TGC-CGG-AGA-CAT-CTA-AG-3"

Table 7: Primers used for quantitative real time PCR.
PCR, polymerase chain reaction; acc. no., accession number. fwd. forward; rev. reverse.

GenBank acc. no.

NM_001170746

NM_011807

NM_007864

NM_007862

NM_001177779

3.1.4.3 Oligonucleotides used for single and double in situ hybridization (ISH)

Name

CRHR1
PSD93
PSD95
SAP97
SAP102
MAGI2

GFP

Antisense

T7
Sp6
Sp6
T3
T3
Sp6

T7

insert size
Vector

[bp]
pBluescript Il SK (+) 702
pCRII-TOPO 512
pCRII-TOPO 731
PT7T3D 1098
PT7T3D 906
pCRII-TOPO 623
pCRII-TOPO 632

complem.
region [bp]
1728-2428
243-754
572-1302
27-1124
3883-4788
5336-5958

1757-2388

GenBank acc. no.

NM_007762
NM_011807
NM_007864
NM_001252436
NM_016747
NM_001170746

JX679622

Table 8: List of oligonucleotides used in this study for single and double in situ hybridization.
bp, base pairs; complem., complementary; acc. no., accession number.
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3.2 Methods

3.2.1 Animal experiments

3.2.1.1 Animals and Housing

Mice were housed under standard laboratory conditions (22 £ 1 °C, 55 £ 5 % humidity, 12 h
light :12 h dark cycle) with food and water ad libitum. For staging of embryos the day of the
appearance of a vaginal plug was treated as embryonic day 0 (EO). Animal experiments were
conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the
Government of Upper Bavaria (Germany) as well as by the Animal Care and Use Committee
of the Max Planck Institute of Psychiatry (Munich, Germany).

3.2.1.2 Transgenic animals used in this study

In this study wild-type and transgenic mice were used, which are described in more detail at
the particular experiment. Briefly, for single in situ hybridization (ISH) and primary
hippocampal cell culture wild-type CD1 mice were used. For double ISH and primary
hippocampal cell culture brains of CRHR1-GFP reporter mice (Justice et al. 2008) were
utilized. To investigate the CRH expression in primary neurons, CRH-Cre mice (Taniguchi et
al. 2011) breeded with the Ai9 reporter mouse line (Madisen et al. 2010) were used. Timed
CD1 breedings for standard in utero electroporation experiments were conducted. For
adeno-associated virus (AAV)-mediated expression of CRHR1-WT (wild-type) or CRHR1-
STAVA, primary neurons from homozygous Nex-Cre mice (Goebbels et al. 2006) were

prepared.

3.2.2 Microbiological methods

3.2.2.1 Preparation of chemically competent bacteria

For chemically competent bacteria 5 ml of DH5a E. coli culture was grown overnight in LB
medium. On the next day, 100 ml LB medium was inoculated with 1 ml of the overnight
culture and grown on a shaker at 37°C until bacteria were grown to an optical density (OD) of
ODgoonm= 0.3 — 0.4. Bacteria were then centrifuged for 10 min at 3000 rpm at 4°C. The

supernatant was discarded and the pellet was gently resuspended on ice in 10 ml cold TSS.
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50 pl aliquots were prepared and snap-frozen on dry ice. Competent bacteria were stored
at - 80°C.

3.2.2.2 Transformation

Chemically competent DH5a or XL1-Blue E. coli bacteria, stored at -80°C, were thawn on
ice. 50-200 ng of DNA was added and mixed with the bacteria by gently tapping the tube.
Bacteria were incubated for 30 min on ice. For uptake of plasmid DNA, competent cells were
heat-shocked at 42°C for 90 sec and subsequently put on ice. 1 ml LB medium was added
and cells were incubated on a shaker at 37°C for 1 h. Cells were plated on LB plates
containing the appropriate antibiotic for selection (100 pg/ml ampicillin or 50 pg/ml
kanamycin) and incubated overnight at 37°C. Single colonies were picked and inoculated in
5 ml LB medium containing the appropriate selection marker (100 yg/ml ampicillin or 50
pg/ml kanamycin) and grown overnight at 37°C on a shaker at 250 rpm for subsequent DNA

preparation.

3.2.2.3 Glycerol stocks
For long-term storage, 500 ul of an overnight bacteria culture was mixed with 500 pl 80 %
glycerol and frozen at -80°C.

3.2.3 Preparation and analysis of nucleic acids

3.2.3.1 Preparation of plasmid DNA

E. coli bacteria containing plasmid DNA were usually grown in autoclaved, sterile LB medium
with a selective antibiotic, ampicillin (100 pg/ml) or kanamycin (50 pg/ml), overnight at 37°C.
Small (5 ml culture), medium (25 ml culture) and large (100 ml culture) scale preparations of
plasmid DNA were carried out by means of the respectively Plasmid Mini-, Midi and Plasmid

Maxi-Kit from Qiagen, according to the manufacturer’s protocol.

3.2.3.2 RNA isolation

RNA was isolated from mammalian cells using the TRIzol protocol (Invitrogen). Harvested

cells were homogenized in 1 ml/mg TRIzol reagent per 10 cm? using a 1 ml pipette and
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mixed vigorously. Solutions were incubated at room temperature for 5 min. After addition of
200 pl chloroform, tubes were shaken vigorously and incubated for 3 min at room
temperature (RT). By centrifugation for 15 min at 13000 rpm (12000g) at 4°C the phenol and
water phases were separated. The aqueous upper phase containing the RNA was
transferred into a fresh 1.5 ml Eppendorf tube and RNA was precipitated with 500 pl
isopropanol/ml TRIzol for 10 min at RT. Precipitated RNA was centrifuged for 10 min at
13000 rpm at 4°C. The pellet was washed with 1 ml of 70 % ethanol, mixed and centrifuged
at 9000 rpm (7500 g) at 4°C for 5 min. RNA pellet was dried at 37°C and dissolved in 20-50
Ml HoOpigest at 37°C for 10 min.

3.2.3.3 Agarose gel electrophoresis

For separation of DNA by gel electrophoresis, agarose (Invitrogen) was boiled in 1x TAE
buffer with agarose concentration depending on the DNA fragment size. For fragments
between 100 and 1000 bp 2 % agarose gels were chosen. For bigger fragments 0.8-1 %
agarose gels were applied. 0.1 pg/ml ethidiumbromide was added to boiled and liquid
agarose in 1x TAE, which was distributed in a gel electrophoresis chamber (PegLab). DNA
samples mixed with 1/6 of 6x sample loading buffer were loaded. As size marker smart
ladder (Eurogentec, Brussels, Belgium) was used. Electrophoresis was carried out with 80-
140 V for 1-2 h. The DNA fragments were detected with an UV light camera (QUANTUM
ST5, Vilber Eberhardzell, Germany).

3.2.3.4 Photometric determination of DNA concentrations

Optical density (OD) values were measured with the Nanophotometer P330 (Implen,
Minchen, Germany) at 260 nm. Samples were diluted in distilled water and DNA
concentrations were calculated automatically using the following equation:

DNA concentration [ug/ml] = ODgg X f X n

ODy =  Optical density of a strongly diluted DNA solution determined with a
spectrophotometer at a wavelength of 260 nm

f= Dilution factor

n= Set by default 50 pg/ml for DNA

The ratio of the absorbance readings at 260 nm and 280 nm was used to estimate the purity
of nucleic acid preparations. The expected 260/280 ratio of a very pure DNA preparation is
~1.8.
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3.2.3.5 Analysis of RNA quality

The quality and concentration of RNA was determined with the Agilent 2100 bioanalyzer
(Agilent Technologies) using the Agilent RNA 6000 Nano Kit (Agilent Technologies)
according to the manufacturer’s protocol. The method is based on electrophoresis through

microchannels measuring the integrity of the RNA.

3.2.3.6 Restriction digestions of DNA samples for analytical purposes

Restriction enzymes from Fermentas or New England Biolabs (NEB) were used. Enzyme
units added to a reaction were empirically determined and working buffers were chosen in
accordance to the information provided by the suppliers. 1-2 pyl of DNA samples were
incubated for 1-2 h at 37°C (unless a different temperature was recommended for the used

enzyme) and fragment sizes subsequently analyzed on an agarose gel.

3.2.3.7 Sequencing

Sequencing reactions were performed at GATC Biotech (Konstanz, Germany) or Sequiserve
(Vaterstetten, Germany). The sequencing results were analyzed using Vector NTI software

(Invitrogen).

3.2.4 Polymerase chain reaction (PCR)

To amplify DNA standard polymerase chain reactions were performed using the

Thermoprime Plus DNA polymerase (ABgene, Hamburg, Germany) as follows:

1-2 pl DNA

5l 10 x reaction buffer IV (Thermo Scientific)

3l 25 mM MgClI, (Thermo Scientific)

1ul dNTPs (dATP, dTTP, dCTP and dGTP, 10 mM each, Roche Applied Science)
2 ul 10 uM primer fwd.

2 ul 10 uM primer rev.

0.5 Thermoprime Plus DNA polymerase (5 U/ul, Thermo Scientific)

ad 50ul H2Opidest.

42



Materials and Methods

PCR was carried out in a PCR machine (Thermal Cycler T100 (Biorad)) with the temperature
settings displayed in Table 9.

Program name Cycles Temperature [°C] hold
preincubation 1 94 2 min
5 denaturation 94 30 sec
= 30-35
m .
£ annealing X 30 sec
=
5 elongation 72 y
elongation 1 72 12 min
cooling 1 8 =

Table 9: Program of a standard PCR (polymerase chain reaction).

Annealing temperature (x) and elongation time (y) were adjusted according to the melting

temperature of the primers and the amplicon size.

3.2.4.1 cDNA synthesis

First strand cDNA synthesis from RNA was performed using the SuperScript Il Reverse
Transcriptase Kit (Invitrogen, Karlsruhe, Germany) according to the provided protocol. To
test for genomic DNA contaminations, one control reaction lacking the reverse transcriptase
was carried out for each RNA sample. 500-1000 ng of total RNA was incubated together with
0.5 pg/ul oligo d(T) primers (Invitrogen) and 1 pl 10 mM dNTPs in a total volume of 12 ul
(H20) at 65°C for 5 min and subsequently chilled on ice. Per sample 4 uyl 5 x buffer
(Invitrogen) and 2 ul 0.1 M DTT (Invitrogen) were added, mixed and tubes were incubated at
42°C for 2 min. Afterwards, samples were incubated with 1 pl SuperScript Il at 42°C for

50 min followed by 70°C for 15 min to inactivate the enzyme. cDNA was stored at -20°C.

3.2.4.2 Quantitative real time PCR

For detection of mRNA levels quantitative real time PCR (qPCR) was conducted as
previously described (Graf et al. 2012). Aliquots of the reverse transcribed cDNA were
utilized as templates. gPCR was performed with a Light Cycler 2.0 System (Roche) using
QuantiFast SYBR Green PCR Kit (Qiagen, Hilden, Germany) according to manufacturer’s

protocol and relative expression was calculated via the 2A method and results were
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normalized to the housekeeping gene ribosomal protein L19 (RPL-19). Mastermix was

prepared as follows:

5.0 ul QuantiFast SYBR Green PCR Mix (Qiagen, Hilden, Germany)
1.0 ul primer forward (10 uM)

1.0 pl primer reverse (10 uM)

1.0 ul H2Obidest

8 ul mastermix were pipetted in each capillary, which was fixed in the LightCycler carousel,
2 ul DNA (1/10 diluted) were added and capillaries were closed immediately. A standard

gPCR program was applied (Table 10).

Temperat Slope Sec Step  Step Acquisi-
Program name Cycles hold i i
ure [°C] [°C/sec] target size delay tion mode

preincubation 1 95 5 min 20 0 0 0 none
- denaturation 95 10sec 20 0 0 0 none
K]
®
£ annealing + &Y .
= . 60 30sec 20 0 0 0 single
IS elongation
©

95 0 20 0 0 0 none
Melting curve 1

50 10sec 20 0 0 0 none

95 0 0.1 0 0 0 continuous
cooling 1 42 30 20 0 0 0 none

Table 10: Program of a quantitative real time PCR (polymerase chain reaction).

3.2.5 Cloning techniques

3.2.5.1 Restriction digestions of DNA samples for preparative purposes

For digestion of plasmid DNA or PCR products restriction enzymes from Fermentas or New
England Biolabs (NEB) were used. Enzyme units added to a reaction were empirically
determined and reaction conditions and working buffers were chosen in accordance to the
information provided by the suppliers. The restriction digest was incubated at 37 °C (unless a

different temperature was recommended for the used enzyme). In order to prevent unwanted
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religation of the opened plasmid, the terminal phosphates of the digested vector were
removed by adding simultaneously 0,5 U FastAP Thermosensitive alkaline phosphatase
(Thermo Scientific). The digestion was stopped in general by heating the sample to 65°C or
80°C for 10 min according to the manufacturer’'s recommendations.

Afterwards, if it was necessary, DNA fragments were separated by gel electrophoresis and

the desired fragment was purified by gel extraction, when necessary.

3.2.5.2 Gelextraction

For purification of DNA fragments out of an agarose gel the QIAquick Gel Extraction Kit
(Qiagen) was used according to manufacturer’s instructions. DNA was eluted using 30 ul of
H2Opigest: DNA concentration was photometrically determinated and DNA quality was

checked by agarose gel electrophoresis of a small aliquot of the eluted DNA.

3.2.5.3 Ligation

For ligation of linearized vector and insert, different molar ratios of 1:3, 1:5 or 1:6 of
vector:insert were used. In general, 50 ng of vector DNA and 3 x, 5 x or 6 x of insert, in molar
ratio, were mixed. T4 DNA ligase buffer, 50 % PEG4000 and 5 U of T4 DNA ligase
(Fermentas or Roche) were added in a total volume of 15 ul. Before mixing the DNA was
decoiled by heating to 55°C for 5 min and shortly cooled on ice. The reaction was incubated
o.n. at 16 °C. Afterwards, 5 pl of the ligation reaction were used for transformation into
chemocompetent bacteria. Usually 5- 10 colonies were inoculated for MiniPreps and the
recovered plasmid DNA was subjected to restriction digestion with appropriate restriction
enzymes. To verify the sequence of the cloned insert, positive clones were sent for

sequencing.

3.2.5.4 Direct cloning of PCR products

For direct cloning of PCR products, e.g. cloning of in situ hybridization probes, the TOPO TA
kit from Invitrogen was used. PCR products, amplified with Tag DNA polymerase (5 U/pl,
ABgene), therefore containing 3’-A overhangs, were mixed with TOPO pCRII vector, which
carries T-overhangs with covalently bound topoisomerase, and salt solution, following the
manufacturer’s protocol. The reaction was incubated 30 min at RT, and subsequently
transformed into chemocompetent bacteria. For blue-white selection (LacZ (B-galactosidase

gene) complementation assay) bacteria were plated on LB agar plates containing X-Gal (1
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mg/ml LB agar) and ampicillin or kanamycin as antibiotic selection. Usually 5-10 white or light
blue colonies were analyzed by MiniPrep and restriction digestion of the recovered plasmid
DNA with EcoRl, releasing the inserted PCR product. To determine the orientation of the
insert in the pcRIl vector, either a restriction digestion with an appropriate enzyme was
performed or a positive colony was sent for sequencing with T7 (5’-TAA-TAC-GAC-TCA-
CTA-TAG-G-3’) or Sp6 (5’-ATT-TAG-GTG-ACA-CTA-TAG-3’) primers.

3.2.5.5 Site directed mutagenesis

To introduce point mutations into plasmid DNA the QuikChange Lightning Site Directed
Mutagenesis-Kit from Stratagene was used accordingly to the manufacturer’s protocol. For
generation of CRHR1-S301V the appropriate primers were used (Table 6). Successful

mutagenesis was confirmed by sequencing (GATC Biotech or Sequiserve).

3.2.6 Single in situ hybridization

For in situ hybridization (ISH) brains were dissected from 2-3 months old male wild-type mice
sacrificed by an overdose of isoflurane (Forene®, Abbott). The single ISH was conducted as
previously described (Refojo et al.). Brains were carefully removed and immediately shock-
frozen on dry ice and stored at -80°C until further processing. Frozen brains were mounted
on polyfreeze tissue freezing medium (Polyscience Inc.) and cut coronally on a cryostat (HM
560 M, Microm) in 20-um thick sections and mounted on SuperFrost Plus slides (Menzel
GmbH). Specific riboprobes were generated by Standard PCR (paragraph 3.2.4) using T7
and T3 or SP6 primers using plasmids containing respective cDNAs fragments (Table 8) as
templates. Radiolabeled sense and antisense cRNA probes were generated from the
respective PCR products by in vitro transcription with **S-UTP (Perkin Elmer) using T7 and
T3 or SP6 RNA polymerases (Roche). To prevent RNA degradation all precautions were

taken to avoid RNase activity.
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The in vitro transcription was pipetted as follows:

2 ul PCR product (1.5 pg)

13 ul H,O-DEPC

3ul 10 x transcription buffer (Roche)

3yl NTP-mix (rATP/rfCTP/rGTP 10mM, Roche)

1l 0.5MDTT

1l RNasin (RNAse-inhibitor, 40 U/ul, Roche)

6 pl %5-thio-rUTP (12.5 mCi/mM, 1250 Ci/mmol, Amersham)
2 ul T7 or sp6 RNA polymerase (20 U/ul, Roche)

The reaction samples were gently mixed. Afterwards, samples were incubated at 37°C for 3
hours in total; after 1 h another 1.5 pl of RNA polymerase was added.
To destroy the DNA template, 2 yl RNase-free DNase | (10 U/ul, Roche) were added and

samples were incubated for 15 min at 37°C.

3.2.6.1 Purification of riboprobes

For purification of riboprobes the RNeasy Mini Kit (Qiagen) was used according to the
manufacturer’s protocol. RNA was diluted in 100 yl RNase-free water and 1 pl of the probe
was measured in 2 ml scintillation fluid (Zinsser Analytic, Frankfurt, Germany) in a beta-
counter (LS 6000 IC, Beckmann Coulter). For in situ hybridization 35000 to 70000 cpm/ul

and 90 pl/slide (7 million cpm/slide) were required.

3.2.6.2 Pre-treatment of cryo-slides

Slides were taken out of the -20°C freezer and warmed up for least 1 h while still in the box.
Then they were spread out on clean cotton tissue and dried for another 15 min. For

pretreatment the following protocol was applied.
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Step Description  Duration  Chemical Comment
1 fix 10 min 4 % PFA/PBS ice-cold (4°C)
2 rinse 3 x5 min PBS/DEPC

. . add 600 pl acetic anhydride
_ 0.1 M triethanolamine-HCI (TEA) (pH _ _ _ _
3 10 min (Sigma-Aldrich) to rapidly rotating

8.0) 200 ml o
stirring bar of TEA
4 rinse 2 x5 min 2 x SSC/DEPC
5 1 min 60 % EtOH/DEPC
dehydrate
6 1 min 75 % EtOH/DEPC
7 1 min 95 % EtOH/DEPC
8 1 min 100 % EtOH
9 1 min CHCI3
10 1 min 100 % EtOH
11 air dry (dust free)

Table 11: Protocol for pre-treatment of cryo-slides.

3.2.6.3 Hybridization

An appropriate amount of hybridization mix (hybmix) containing the riboprobe of interest was
prepared. 90 to 100 ul hybmix and 3.5 to 7 million counts per slide were required.

The hybridization mix containing the probe was heated to 90°C for 2 min and snap cooled on
ice. The solution was pipetted onto the slides and coverslips were carefully mounted,
avoiding air bubbles in between. The slides were carefully placed into a hybridization
chamber containing hybridization chamber fluid to prevent drying of the hybmix and the
chamber was sealed with adhesive tape. The slides were incubated in an oven (Memmert,
Schwabach, Germany) at 55-68°C o.n. (up to 20 h).

3.2.6.4 Washing

After hybridization the coverslips were carefully removed and the following protocol was

applied.
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) Temperature )

Step Duration Chemical Comment
[°C]

1 4x 5 min RT 4x SSC
2 20 min 37 NTE (20 pg/ml RNaseA) g‘gg ri(l)(())full\ﬁgasep\ (10 mg/ml) to
3 2x 5 min RT 2x SSC/1 mM DTT 50 ul of 5 M DTT/250 ml
4 10 min RT 1x SSC/1 mM DTT 50 ul of 5 M DTT/250 m
5 10 min RT 0.5x SSC/1 mM DTT 50 ul of 5 M DTT/250 ml
6 2x 30 min 64 0.1x SSC/1 mM DTT 50 ul of 5 M DTT/250 m
7 2x 10 min RT 0.1x SSC
8 1 min RT 30 % ethanol in 300 mM NH,OAC
9 1 min RT 50 % ethanol in 300 mM NH,Oac
10 1 min RT 70 % ethanol in 300 mM NH,Oac
1 1 min RT 95 % ethanol
12 2x 1 min RT 100 % ethanol

13 air dry (dust free)

Table 12: Washing procedure for hybridized sections on cryo-slides.
RT, room temperature; DTT, Dithiothreitol.

3.2.6.5 Autoradiography

Dried in situ sections were exposed to a special high performance X-ray film (BioMax MR
from Kodak) for one to seven days and developed.

Photomicrographs were captured with Zeiss AxioCam MRc5 digital cameras adapted to a
stereomicroscope Leica MZ Apo (Leica). Images were digitalized using Axio Vision 4.5., and
afterwards photomicrographs were integrated into figures using Adobe Photoshop CS2 9.0
and Adobe lllustrator CS2 12.0.0 image-editing software. Only sharpness, brightness and
contrast were adjusted. Brain slices were digitally cut out and set onto an artificial black

background.

3.2.7 Double in situ hybridization

For detection of co-localization on single cell level double ISH (DISH) was performed as
previously described (Refojo et al.). Therefore, two different probes were used, which were

individually labeled. One probe was radioactivly labeled as described above in paragraph
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3.2.6. Into the other probe Digoxigenin (DIG)-labeled dUTP was incorporated, which can be
detected by a DIG specific enzyme antibody coupled to phosphatase. The in vitro
transcription of DIG-labeled riboprobes was performed with the DIG RNA Labeling Kit
(Roche) and was pipetted as follows:

2 ul PCR product (1.5 pg)

13 pl H,O-DEPC

2 ul 10 x DIG RNA labeling mix, Roche)

2 ul 10 x transcription buffer (Roche)

1wl RNasin (RNAse-inhibitor, 40 U/ul, Roche)
1l T7 or sp6 RNA polymerase (20 U/ul, Roche)

The reaction samples were gently mixed. Afterwards, samples were incubated at 37°C for 3
hours in total; after 1 h another 0.5 pl of RNA polymerase was added.

To destroy the DNA template, 2 yl RNase-free DNase | (10 U/ul, Roche) were added and
samples were incubated for 15 min at 37°C.

For purification of riboprobes the RNeasy Mini Kit (Qiagen) was used according to the

manufacturer’s protocol identical to the protocol of ISH.

3.2.7.1 Measuring concentrations of DIG-riboprobes

To determine the efficacy of DIG-labeling the probe was spotted in several dilutions on a
nylon membrane (Amersham Hybond-N*-Membrane). The spotted probe was visualized by
immunoreaction and the intensity of staining was compared with a standard of defined
concentration. The detection resulted from enzymatic reaction of a phosphatase coupled
anti-DIG antibody, which transferred the substrate nitroblue tetrazolium /5-bromo-4-chloro-3-

indolyl-phosphate (NBT/BCIP) into a blue precipitate.

3.2.7.2 Pre-treatment of cryo-slides

Slides were taken out of the -20°C freezer and warmed up for least 1 h while still in the box.
Then they were spread out on clean cotton tissue and dried for another 15 min. For

pretreatment the following protocol was applied.
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Step

10
11
12

13

Description

fix
wash

guench endogenous

peroxidase

wash
reduce background

wash

acetylate

wash

dehydrate

air dry (dust free)

Duration

15 min

2 x5 min

15 min

2 x5 min
8 min

2 x5 min

10 min

5 min
1 min
1 min
1 min

1 min

Chemical

4 % PFA/PBS

PBS/DEPC

1 % H,0; in 100 % MeOH

PBS/DEPC
0.2 M HCI/DEPC

PBS/DEPC

0,1 M triethanolamine-HCI pH 8.0

PBS/DEPC

60 % EtOH/DEPC
70 % EtOH/DEPC
96 % EtOH/DEPC

100 % EtOH

Table 13: Pre-treatment of cryo-slides for DISH.

3.2.7.3 Hybridization

Comment

ice-cold (4°C)

Can be reused up to 3 times

add 600 pl acetic anhydride
(Sigma-Aldrich) to rapidly rotating
stirring bar of TEA

An appropriate amount of hybridization mix (hybmix) containing the both differently labeled

riboprobes was prepared. For hybridization 90 to 100 yl hybmix per slide was required

containing a radioactive labeled riboprobe concentration of 8.5 x 10° c.p.m. plI* and a DIG

labeled riboprobe concentration of 0,75 pg/ml.

The hybridization mix containing the probe was heated to 92°C for 2 min and snap cooled on

ice. The solution was pipetted onto the slides and coverslips were carefully mounted,

avoiding air bubbles in between. The slides were carefully placed into a hybridization

chamber containing hybridization chamber fluid to prevent drying out of the hybmix and the

chamber was sealed with adhesive tape. The slides were incubated in an oven (Memmert,
Schwabach, Germany) at 56°C o.n. (up to 20 h).
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3.2.7.4 Washing

After hybridization the coverslips were carefully removed and the following protocol was
applied.

) Tempera- )
Step Duration Chemical Comment
ture [°C]

2 x SSC/50 %/formamide/0.05 % Tween

25 min
20/1 mM DTT 50 pl of 5 M DTT/200 ml freshly

30 min 0.1 x SSC/0.05 % Tween 20/1 mM DTT 50 pl of 5 M DTT/200 ml freshly

15 mM iodoacetamide

4 9% BSA in TNT blocking step

NEN-TNB blocking step

Table 14: Washing procedure of hybridized sections on cryo-slides.
DTT, Dithiothreitol; o.n., overnight.

3.2.7.5 Development of the DIG signal

] Tempera- ]
Step Duration Chemical Comment
ture [°C]

TSA mix (=tyramide-biotin in 0.3 ml DMSO) dilute TSA mix 1:50 with
(TSA™-Biotin System) amplification diluent (keep dark)

Roche streptavidin-AP in 1 x Roche washing
buffer

15 min

1:400 diluted
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: Tempera- _
Step Duration Chemical Comment
ture [°C]
5 3 x 2-5min 30 1 x Roche washing buffer
6 5 min RT 100 mM Tris/HCI pH 8.2-.8.5
Vector Red: 5 ml 1 x Tris/HCI + 5 pl 1 M levamisole, add 2 drops of reagent 1,
7 10-30 min RT vortex, add 2 drops of reagent 2, vortex, add 2 drops of reagent 3, vortex and pipet
onto the slides, check red staining intensity under stereomicroscope
8 2 min RT H2Opidest.
9 10 min RT 1x PBS Stop reaction
10 20 min RT 2.5 % glutaraldehyd in 1 x PBS 20 ml in 200 ml, freshly prepared
11 3 x5 min RT 0.1 x SSC
12 15 sec RT 30 % EtOH
13 15 sec RT 50 % EtOH
14 15 sec RT 70 % EtOH
15 10 sec RT 96 % EtOH
16 air dry (dust free)

Table 15: Procedure for development of the DIG signal.
RT, room temperature.

3.2.7.6 Dipping

Dried in situ sections were exposed to a special high performance X-ray film (BioMax MR
from Kodak) for three days and developed.

The slides were dipped in a pre-warmed photographic emulsion (KODAK NTB2 emulsion,
Rochester, NY, USA) for about 4 sec and dried overnight at RT. Then they were packed into
light-tight black boxes with sufficient desiccant (silica gel capsules), labeled and sealed with
tape. The slides were exposed for one to four weeks at 4°C depending on the signal intensity

of the X-ray film.

3.2.7.7 Development

The boxes were equilibrated to room temperature for 2 h while still sealed. The slides were
developed in KODAK D 19 developer (Sigma P5670) for 3 min at RT, rinsed 30 sec in tap
water and fixed in KODAK fixer (cat # 197 1720) for 6 min. Then they were rinsed in running
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tap water for 15 min. Using a strong razor blade the emulsion was scratched from the back
side of the slides and the slides were air dried.

After 1-2 days drying at the air the slides were dehydrated again for 30 sec in 30 % Ethanol,
50 % Ethanol and 70 % Ethanol and for 20 sec in 96 % Ethanol. After 2 x 5 min incubation in
xylol the slides were covered with DPX (contains xylene, mixture of isomers,
dibutylphthalate, VWR international, England) and coverslips.

Dark-field photomicrographs were captured with Zeiss AxioCam MRm digital camera
adapted to a Zeiss axioplan 2 imaging microscope. Images were digitalized using Axio Vision
4.5. and afterwards photomicrographs were integrated into figures using Adobe Photoshop
CS2 9.0 and Adobe lllustrator CS2 12.0.0 image-editing software. Only sharpness,

brightness and contrast were adjusted.

3.2.8 Cell culture

All cell culture reagents were purchased from Invitrogen except as otherwise stated, and all
cell culture dishes were purchased from Nunc except otherwise stated.
To avoid bacteria, fungi or yeast contaminations cell culture experiments were carried out

under sterile conditions using a sterile hood (Heraeus Instruments, Hanau, Germany).

3.2.8.1 Maintaining of cell lines

Human embryonic kidney (HEK293) cells were maintained in DMEM (Dulbecco's Modified
Eagle's Medium) (Invitrogen) supplemented with 10 % fetal bovine serum and 1 % penicillin
(100 units/ml)/streptomycin (100 pg/ml) (growth medium) at 37°C with 5 % CO, in a sterile

incubator (Heraeus). Every third day cells were passaged or medium was refreshed.

3.2.8.2 Thawing of cells

A frozen vial of cells was thawed quickly at 37°C, diluted in growth medium and centrifuged
at 1200 rpm for 5 min. The cell pellet was resuspended gently in 5 ml growth medium and

cells were seeded onto 10 cm plates.

3.2.8.3 Splitting of cells

Medium was removed from the plates and the monolayer was washed with 5 ml DPBS

(Dulbecco's phosphate-buffered saline). 1 ml 0.5 % trypsin/EDTA (Ethylenediaminetetra-
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acetic acid) was added and plates were incubated for about 5 min at 37°C until the cells were
detached. To stop the reaction, 9 ml DMEM was added and cells were resuspended. An
appropriate amount of the cells was plated immediately on new dishes containing growth

medium.

3.2.8.4 Freezing of cells

For long-term storage of cell lines freshly thawed cells were passaged at least twice until
they were refrozen. Therefore, a confluent plate was trypsinized and cells harvested by
centrifugation. Cells were resuspended in 1 ml of freezing medium consisting of 10 % DMSO
and 90 % fetal calf serum (FCS) and aliquoted in three cryo tubes (Nalgene, Roskilde,
Denmark). The tubes were cooled down slowly overnight wrapped in wet tissue surrounded
by aluminum foil at - 80°C or freezing containers (Nalgene) were used. Afterwards cell tubes

were stored at — 80°C.

3.2.8.5 Counting of cells

For determination of the cell number a Neubauer chamber (Roth, Karlsruhe) was used. One
chamber of this hemocytometer consists of nine squares with the dimension of 1 x 1 mm and
a total volume over each square of 10 ml. After trypsinization cells were resuspended in
growth medium and 10 pl of the suspension were counted. The mean value (m) of two

counted quadrants was used to calculate the cell number: cells/ml = m x 10000.

3.2.8.6 Plasmid DNA transfection in cell lines

For transfections HEK293 cells were plated on Poly-D-Lysine (Sigma Aldrich)-coated (only
for 10 cm plates) cell culture plates in antibiotic-free DMEM and transfected with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’'s protocol. Cells were
transfected at high cell density of 80 % for high efficiency, high expression levels, and to
minimize cytotoxicity. For each transfection sample, complexes were prepared as follows:
DNA was diluted in Opti-MEM (Minimal Essential Medium), which is a reduced serum
medium without serum and mixed gently. Lipofectamine 2000 was mixed gently before use,
then the appropriate amount was diluted in Opti-MEM medium and incubated for 5 min at
RT. After the incubation, the diluted DNA was combined with diluted Lipofectamine 2000,
mixed gently and incubated for 20 min at RT. Complexes were added to each well containing

cells and medium and mixed gently by rocking the plate back and forth. After 5-6 h the
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medium was changed to normal growth medium. Cells were incubated at 37°C ina 5 % CO,

incubator for 24 h.

3.2.8.7 cAMP measurement

The cAMP production of transfected HEK293 in a 96 well plate was measured with the cyclic
AMP cell-based assay kit (Cisbioassays) according to the manufacturer’s instructions by
Serena Cuboni. This kit is based on a competitive immunoassay between native cAMP and
cAMP labeled with the acceptor dye d2. Both cAMP variants compete for a cryptate-labeled
anti-cAMP antibody, which is detected by fluorescence resonance energy transfer (FRET)
that is inversely proportional to the concentration of cCAMP in the sample. The fluorescence

was measured with Tecan Genios Pro (Tecan).

3.2.8.8 Preparation of hippocampal neuronal cultures

Primary hippocampal cultures were prepared from embryonic day 17-18 mouse brains as
recently described (Moller et al.). Hippocampi were digested with 0.25 % trypsin containing 1
mM EDTA for 20 min at 37°C with gentle shaking and grown in Neurobasal A medium
supplemented with 2 % B27 and 0,25 % GlutaMAXI (growth medium). Tissue pieces were
then washed 3x with DMEM supplemented with 10 % FCS and afterwards dissociated with a
fire-polished Pasteur-pipette. Cells were centrifuged at 90x g for 5 min, cell pellet was
carefully resuspended in Neurobasal-A medium supplemented with B27, cell number and
viability were assessed by counting the number of living cells of a trypan blue stained cell
dilution. Neurons were plated at 24 well plates on coverslips (Menzel) coated with 50 pg/ml
Poly-D-Lysine (Sigma) and 5 pg/ml Laminin (Invitrogen) at a density of 65000 cells per

coverslip.

3.2.8.9 Transfection of primary neurons

Once plated neurons were transfected with expression plasmids at the desired days in vitro
(DIV) via a modified calcium phosphate protocol (Jiang and Chen, 2006). 1 ml transfection
mixtures (5-8 pg plasmid DNA, adjusted with Ampuwa H,O to 50 pl, 12.5 yl 1 M CaCl,, 50 pl
2x BBS (50 mM BES, 280 mM NacCl, 1.5 mM Na,HPO,, pH 7.26) and 900 ul Neurobasal-A
medium supplemented with 2 % B27-supplement and 0.5 mM GlutaMAXI) were prepared in
sterile 1.5 ml eppendorf tubes. Ampuwa water was mixed with CaCl, by vortexing at full

speed, then plasmid DNA, isolated with MAXI-Preps (Qiagen) and dissolved in Ampuwa
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water at a minimal concentration of = 0.5 pg/ul, was added and mixed by pipetting up and
down for 10 times. 2x BBS buffer was added drop-wise into the H,O-CaCl,-DNA mixture
during slow vortexing. Neurobasal-A medium, preincubated in the cell culture incubator, was
added and the complete transfection mix was vortexed at full speed for 10 seconds and
incubated 15 min at RT. The conditioned medium from the neurons was collected and the
transfection mix was applied to the neurons for 1 to 4 h depending on the age and density of
the neuronal culture and based on the size and appearance of the precipitate formed by the
transfection. Neurons were then washed 8 to 12 times with warm HBSS (Hanks’s balanced
salt solution) buffer containing 0.01 M HEPES (4-(2-Hydroxyethyl)piperazine-1-
ethanesulfonic acid), and the conditioned medium, filled up with new Neurobasal-A medium,
was pipetted back onto the neurons. To avoid any damage of the neurons, the time outside
of the incubator was minimized during and after transfection. Expression efficiency, usually
between 0.5 and 1 % of neurons, was checked 24 h after transfection and was evaluated by
expression of fluorescent proteins.

Primary neurons were also transfected with an adapted Lipofectamine protocol. Therefore,
0.5 pl Lipofectamine was mixed with 50 pl growth medium per coverslip and incubated for
5min. 2 uyg DNA/well was mixed with 50 pl growth medium and incubated with the
Lipofectamine-growth medium mixture for 20 min. The medium of one well was stored and
exchanged with 400 pl of fresh Neurobasal A medium. The conditioned medium was filtrated
with a 0,2 um filter and 20 % fresh Neurobasal A medium was added. After the 20 min
incubation the transfection mix was added slowly at the edge and the plate was incubated for
1,5 h at the incubator. Then the transfection mix was exchanged against the prepared
conditioned medium.

Primary neurons were also transfected via electroporation according to the protocol provided

by the manufacturer (Nepa Gene, Chiba, Japan).

3.2.8.10 Production of lentiviruses

Primary neurons were also transduced by viruses. For transduction with lentiviruses myc-
GFP-CRHR1 and myc-GFP-CRHR1-STAVA the respective fragment was cloned with Pmel
and Sfil into pSKSP (+)-IRES-GFP (internal ribosome entry site). Annerose Kurz-Drexler
(Institute of Developmental Genetics, Helmholtz Center Munich, German Research Center
for Environmental Health, Neuherberg, Germany) produced lentiviruses using Lipofectamine
as described recently (Glasl et al. 2012). Therefore, HEK293 cells were seeded on 12 x 10
cm plates at 5 x 10° cell per plate. The other day cells were transfected with a mixture of
Opti-MEM, myc-GFP-CRHR1 or myc-GFP-CRHR1-STAVA and the packaging, expression
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regulating and envelope plasmids pMDL, RS.REV and CMV-vsvg (cytomegalovirus-vesicular
stomatitis virus). After 5 hours the supernatant was replace with fresh medium. After two
days the virus was collected in the supernatant centrifuged at 2000 rpm for 2-3 min and
filtered through a 0.22 um filter. Then the virus was ultracentrifuged for 2 hours at 19400 rpm
at 4°C. The resuspended virus was eluted in PBS overnight. The next day the virus was
resuspended, ultracentrifuged as the day before and resuspended in PBS-sucrose. After a
quick spin the supernatant was stored at — 80°C. For myc-GFP-CRHR1 1.3 x 10° gc/ ml
(genome copies/ml) and myc-GFP-CRHR1-STAVA 1 x 10° gc/ ml were achieved.

3.2.8.11 Production of rAAV (adeno-associated virus)

For production of AAV8 for myc-GFP-CRHR1 and myc-GFP-CRHR1-STAVA the respective
fragment was cloned with Nhel and Ascl into pAAV-EFla-DIO-EYFP-WPRE provided by Karl
Deisseroth and Charu Ramakrishnan (Stanford University). This approach allows for Cre
recombinase-mediated induction of CRHR1 expression. Stylianos Michalakis (Ludwig-
Maximilians-Universitat Minchen, Department Pharmazie, Munich, Germany) produced
AAV8Y733F-pseudotyped single-strand AAV2 vectors as described recently (Koch et al.
2012). In brief, 293T cells were transfected with the trans plasmids pAdDeltaF6,
pAAV2/8Y733F, and a cis plasmid (pAAV-myc-GFP-CRHR1 WT or STAVA) using the
calcium phosphate method. rAAV2/8Y7333F particles were harvested after 48 h followed by
iodixanol-gradient purification. The 40-60 % iodixanol interface was further purified and
concentrated by ion exchange chromatography on a 5 ml HiTrap Q Sepharose column using
an AKTA Basic FPLC system (GE Healthcare, Munich, Germany) according to previously
described procedures, followed by further concentration using Amicon Ultra-4 Centrifugal
Filter Units (Millipore, Schwalbach, Germany). Physical titers were determined by
quantitative PCR on a LightCycler 480 (Roche Applied Science, Mannheim, Germany) using
KAPPA SYBR FAST kit (Peglab, Erlangen, Germany) and the following primer set: WPREF:
5-AGT-TGT-GGC-CCG-TTG-TCA-GG-3' and WPRER: 5-AGT-TCC-GCC-GTG-GCA-ATA-
GG-3'. For myc-GFP-CRHR1 1.2 x 10* gc/ ml and myc-GFP-CRHR1-STAVA 3 x 10* gc/ ml

were achieved.

3.2.9 Immunocytochemistry

For detection of a protein of interest, immunocytochemistry was carried out as described

earlier (Refojo et al. 2011). Briefly, neurons after different days in culture or HEK293 cells
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24 h after transfection were fixed with 4 % PFA containing 4 % sucrose for 30 min, washed
three times with PBS and permeabilized with 0,1 % Triton X-100 in PBS for 3 x 5 min. After
the cells were washed with PBS for 5 min, they were blocked with 0,1 % Triton X-100 in PBS
containing 5 % BSA for 1 h and additionally washed two times. Cells were incubated
overnight at 4 °C with the respective antibody. Then cells were washed three times with PBS
and subsequently incubated with a secondary antibody conjugated with an Alexa-
Fluorophore. After secondary antibody treatment cells were washed for 5 min three times,
stained with DAPI (4°,6-diamidino-2-phenylindole) (Sigma Aldrich, #D8417, 20 mg/ml,
1:10000) for 5 min and mounted using VectaShield medium (Vector). Labeled cells were
imaged by Zeiss AxioCam MRm digital camera adapted to a Zeiss axioplan 2 imaging
microscope or laser-scanning confocal microscopy using a 40x and 60x objective with 4
times zoom. Images were subsequently analyzed using Axio Vision 4.5. or FLUOVIEW
(FV10-ASW, Version 2.0a), Image J and Adobe Photoshop CS2.

3.2.10 Co-immunoprecipitation

24-48 h post transfection cells seeded onto 6-well plates or 10 cm dishes were washed twice
with ice-cold PBS and lysed in lysis buffer supplemented with protease inhibitors (1 tablet
complete mini (ROCHE)/ 10 ml) for 1 h on a rocking platform at 4 °C. Lysates were scrape-
collected with a cell scraper M (TPP, Trasadingen, Switzerland) and transferred to a 2 ml
tube. The lysates were sheared to separate the proteins from the DNA by using syringe tip
with Gr. 18 G1/2 and Gr. 25G1 applying each three times per sample. Then, the lysates were
centrifuged for 20 min at 40,000 g (19700 rpm for SW55Ti Rotor). Clarified lysates were
precleared by incubation with 10 or 15 pul Dynabeads Protein G (#100-04D, Life
Technologies) for 30 min that were washed three times with 0.5 ml or 1 ml washing buffer I.
After removing the beads similar protein amounts (around 200 pl or 500 ul) assessed in a
test Western blot were used for overnight incubation at 4 °C with 0.5 pl of the relevant
antibody (0.5 pg - 2 pg antibody/ 1 ml lysate). Lysates with antibody were incubated with pre-
equilibrated Protein G Dynabeads for 4 h at 4 °C rotating. The beads were washed with
0.5 ml or 1 ml of washing buffer | for 3 x 10 min and 1 x 10 min with washing buffer Il. For
elution beads were incubated with 65 pl or 120 pl of 1x Roti-Load (Roth) at 37 °C for 30 min
or at 95 °C for 10 min. Preferentially the receptor was only heated to 37°C at this step and
directly before loading the gel. Samples were separated by 10 % SDS-PAGE gels and
transferred to Immobilon-P PVDF membranes (Millipore) and immunoblotted as indicated in

the figures.
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3.2.10.1 Western blot

For immunoblotting, protein samples were separated by 10 % SDS-PAGE and transferred to
0.45-ym Immobilon-P PVDF membranes (Millipore). Membranes were blocked in 5 % nonfat
milk (Roth) in TBS-Tween 20 0.01 % (Sigma Aldrich) for 1h at RT, followed by incubation
with primary antibodies overnight at 4°C. Membranes were washed 3x 8 min with TBS-T
0.01 % and then incubated with the appropriate secondary horseradish peroxidase-lgG-
conjugated antibody for 2 h at RT. After 3x 8 min washing of membranes, signals were
revealed by enhanced chemiluminescence (Millipore) and membranes were developed by

using ChemiDoc imaging system (Biorad, Miinchen).

3.2.10.2 Deglycosylation treatment

The proteins were deglycosylated according the protocol provided by the manufacturer for
PNGaseF (NEB, Frankfurt am Main). Therefore, 2 pg protein was heated with 10 x
glycoprotein denaturing buffer at 95°C for 10 min and after cooling down incubated with
PNGaseF, 10 x G7 reaction buffer, NP40 (10 %) and additionally proteinase inhibitors at
37°C for 1.5 h. The reaction was stopped by adding Rotiload (Roth) and heating again at
95°C for 10 min.

3.2.11 In utero intraventricular injection and electroporation

For in vivo expression of CRHR1 Annette Vogl and Anna Mo6bus (Max Planck Institute of
Psychiatry, Munich, Germany) injected expression plasmids for WT and mutant CRHR1 in
utero and electroporated the plasmid according to the following protocol: Timed pregnant
female CD1 mice were anesthetized via i.p. (intraperitoneal) injection with a mixture of
ketamine (100 mg/kg body weight) and xylazine (10 mg/kg body weight). The eyes of the
pregnant dam were protected from drying during the surgery by a drop of eye cream
(Bepanthen eye and nose cream). After shaving, the abdomen was cleaned with 70 %
ethanol and 3 cm long midline laparotomy was performed. The uterine horns were carefully
exposed, placed on sterile gauze and hydrated with saline (0.9 % NaCl solution), prewarmed
to 37°C. 1-2 pl of high concentrated expression plasmids (2-4 pg/ul), mixed with fast green
dye (for visualization of the injection), were microinjected into the lateral ventricle of E13.5-
E14.5 mouse embryos using a glass micropipet and plunger (Drummond PCR micropipets,
1-10 ul). After DNA injection, electroporations were performed using an Electro Square
Porator ECM830 and tweezertrodes (BTX Genetronics). Five pulses with 40V, 50 ms
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duration and with 950 ms intervals, were delivered to each embryo. The developing cortex or
hippocampus was targeted by electroporations with 7-mm diameter tweezertrodes (BTX
Genetronics) as described in (Nakahira and Yuasa 2005). After the embryos had been
injected and electroporated, the uterine horns were placed back in the abdominal cavity and
antibiotic/antimitotic solution (100x stock solution, Invitrogen), diluted 1:100 in saline, was
administered to reduce the chance of infection. The abdominal wall and skin were sewed up
with surgical sutures (Johnson & Johnson), and 7.5 % povidone-idonine solution (Braunol)
was applied to the abdominal skin around the sutures. For pain management, Metacam
(2 mg/kg body weight), diluted in saline, was injected subcutaneously in the neck after
surgery and again 18 to 24 h later. The pregnant mouse was allowed to recover from the
anesthesia on a heating plate at 30 °C. Then it was placed back into a new clean cage. The
embryos were allowed to develop up to two month after birth (Noctor et al. 2001, Saito and
Nakatsuji 2001, Tabata and Nakajima 2001).

3.2.12 Preparation of brain slices

Electroporated and stereotactically injected animals were sacrificed by an overdose of with
isoflurane (Forene®, Abbott) and transcardially perfused with a peristaltic pump for 1 min
with PBS, 5 min with 4 % PFA (w/v) in PBS, pH7.4, and 1 min with PBS at a flow of 10
ml/min. Brains were removed, post-fixed for 1 or 2 days in 4 % PFA at 4°C, washed three
times with PBS and cryoprotected in 15 % (w/v) Saccharose in PBS, pH7.6 o.n. at 4 °C.
Brains were embedded in warm 4 % (w/v) agarose (Invitrogen) in PBS for vibratome-sections
(MICROM HM 650V, ThermoScientific). 50 um thick vibratome-sections were stored at -20
°C in cryopreservation solution (25 % (v/v) glycerol, 25 % (v/v) Ethylenglycol, 50 % (v/v) PBS,

pH 7.4) until immunohistochemistry, DAPI staining and mounting.

3.2.13 Immunohistochemistry

Brain sections were washed 2 x 5 min with PBS and again incubated for 10 min in 4 % PFA.
After washing for 3 x 5 min with PBS and brain sections were blocked with 5 % BSA (w/v) in
PBS-TritonX-100 0.3 % for 1 h at room temperature. Then, sections were incubated with
primary antibodies diluted in an appropriate concentration in 5 % BSA (w/v) in PBS-TritonX-
100 0.01 % overnight at 4 °C. After washing 3 x 10 min with PBS sections were incubated
with secondary antibodies, Alexa dye conjugated antibodies (Invitrogen), diluted 1:1000 in
5 % BSA (w/v) in PBS-TritonX- 100 0.01 % for 1-2 h at RT. Brain sections were washed 3 x

61



Materials and Methods

10 min with PBS, stained with DAPI (1:120000 in H,0), washed again with PBS and mounted
on super frost plus slides (Menzel) with anti-fading fluorescence VectaShield medium
(Vector).
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4 Results

To unravel the molecular components of corticotropin-releasing hormone receptor 1
(CRHR1) signaling, candidate interaction partners were identified in a previous yeast two-
hybrid (Y2H) screen by using the C-terminal cytoplasmic tail of CRHR1 including the amino
acids 368-415 as a bait (Engeholm 2004). Interestingly, several positive clones were
identified, which belong to the family of membrane-associated guanylate kinases (MAGUKS)
including: postsynaptic density protein 95 (PSD95), synapse-associated protein 97 (SAP97),
SAP102 and membrane-associated guanylate kinase, WW and PDZ domain containing 2
(MAGI2). In collaboration with Tamas Rasko and Erich Wanker (Max Delbriick Center for
Molecular Medicine, Proteomics and Molecular Mechanisms of Neurodegenerative Diseases,
Berlin) a second high-throughput Y2H screen verified PSD95 and found the C-terminus
binding protein B-arrestin 1 as an anticipated interactor highlighting the specificity of the
method. Furthermore, this screen identified also transmembrane protein 106B (TMEM106B)
and syndecan binding protein 1 (Syntenin-1) as positive clones. In the further studies PSD93
was included because of its affiliation to the PSD95 subfamily of MAGUKSs. In the following,
the interaction of CRHR1 with candidate interaction partners was investigated by co-
expression analysis in human embryonic kidney 293 cells (HEK293), in the adult mouse

brain and in primary cultured neurons.

4.1 In vitro investigation of the interaction of CRHR1 with the candidate

proteins

In a first step to verify the candidate interaction partners, the proteins and their mutant
variants were co-transfected together with CRHR1 into HEK293 cells. The interaction was
examined by co-immunoprecipitation (Co-IP) studies to confirm the identified candidate
proteins of the Y2H screen in a mammalian cell line with an independent method. The
mutant variants additionally revealed the domains important for the interaction. Afterwards,
the PDZ binding motif-dependent interaction was elucidated by co-localization studies to

uncover the impact of this motif.

4.1.1 Biochemical analysis of CRHR1

To investigate the interaction by Co-IP, first, the method for detection of CRHR1 by Western

blot (WB) was established. For the IP, magnetic beads covered with Protein G, which detect
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the Fc region of IgG were used. The protein elution from magnetic beads after
immunoprecipitation (IP) had to be adjusted to improve CRHR1 detection.

The transmembrane CRHR1 appeared as two distinct bands when homogenates of
transiently transfected HEK293 cells were analyzed by WB. The band at ~75 kDa resembles
the calculated weight of the myc-GFP-CRHRL1 fusion protein of 75.8 kDa (Figure 5). In
comparison to this monomeric form there were always high molecular weight complexes
(HMWCs) detected at around 170 kDa (Figure 5). The CRHR1 monomer was best observed
when the lysate was treated at room temperature (RT) and not boiled at 95 °C.

myc-GFP-CRHR1 - + + +
RT RT 70°C 95°C

Da T
170

130w
100 = ) 2
.

Figure 5: Separation characteristics of CRHR1 are temperature-dependent.

myc-GFP-CRHR1 was transiently transfected in HEK293 cells as indicated and the lysates were
incubated for ten minutes with different temperatures in a reducing agents containing buffer. Samples
were run on SDS-PAGE and immunoblotted (IB) with anti-myc. The anti-myc antibody detected high
molecular weight complexes (*) and the monomer (>). RT, room temperature.

IB: anti-myc

Different to the direct detection in the lysate, the CRHR1 monomer was also visible after an
elution at 95 °C, when CRHR1 was previously immunoprecipitated. To validate the two
distinct CRHR1 bands, the receptor was deglycosylated with PNGase F. The deglycosylation
resulted in a shift of the bands of approximately 15 kDa but did not resolve the CRHR1
HMWCs (Figure 6).

The identity of the CRHR1 bands was confirmed, since it is known that CRHR1 dimerization
does not depend on ligand binding, and it can even oligomerize under denaturating
conditions using standard SDS-PAGE electrophoresis (Kraetke et al. 2005, Zmijewski and
Slominski 2009). Moreover, Alken et colleagues revealed that CRHR1 oligomers show a
similar shift in size after deglycosylation (Alken et al. 2005).
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Figure 6: CRHRL1 is highly glycosylated.

myc-GFP-CRHR1 was transiently transfected in HEK293 cells as indicated and treated for 1.5 h with
PNGase F following immunoprecipitation (IP) with anti-myc and elution at 95 °C. After heating for
10 min at 95°C samples were run on SDS-PAGE and immunoblotted (IB) with anti-myc. CRHR1 was
detected as high molecular weight complexes (*) and as a monomer (>).

4.1.2 Establishing the detection of CRHR1 monomers

Partly in opposition to Figure 6 it was later not possible to detect the CRHR1 monomer
following IP and elution from magnetic beads at 95°C. Therefore, different conditions were
tested for the elution of the proteins from the magnetic beads covered with Protein G while
still using the denaturing loading buffer. The proteins were eluted by acetic acid with pH 2.8
for 2 and 20 min at RT or by 0.1 M citrate with pH 3.1 for 2 min at RT without subsequent
heating. These low pH elutions did not result in detectable protein amounts (data not shown).
CRHR1 was also eluted by different temperature treatments. The elution at 37 °C for 30 min
resulted in similar protein amounts as the elution at RT following overnight incubation (Figure
7).

myc-GFP-CRHR1 2 A S
myc-GFP-CRHR1-STAVA - - - + + +
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170 4 N ™ n IP:anti-myc
130 - IB: anti-myc

100 = ’
*uN. Al

Figure 7: Evaluation of elution conditions for CRHR1 following immunoprecipitation (IP).
myc-GFP-CRHR1 was transiently transfected in HEK293 cells as indicated and immunoprecipitated
with anti-myc. For elution different conditions were tested. Samples were run on SDS-PAGE and
immunoblotted (IB) with anti-myc. CRHR1 was detected as high molecular weight complexes (*) and
as a monomer (>). RT, room temperature.
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This low temperature elution was more effective in comparison to elution at 70 °C for 10 min
especially with regards to the CRHR1 monomer. The antibody against myc detected for the
CRHR1-STAVA mutant similar separation characteristics. Consequently, the IP elution was
in the following performed at 37 °C for 30 min and the samples were handled for 10 min at
RT before the Western blot.

4.1.3 CRHRL1 interacts with PSD95 via the PDZ binding motif

In order to confirm the candidate interaction partners PSD95, SAP97, SAP102, MAGIZ2,
Syntenin-1 and TMEM106B identified in the yeast two-hybrid screen, the proteins were co-
transfected with CRHR1 transiently in HEK293, and co-immunoprecipitation studies were
executed to test the binding capabilities.

The analysis of the murine and human CRHR1 amino acid sequences S*2-T*B3- A4y g
the C-terminus revealed a C-terminal class | PDZ (PSD95/discs large 1/zona
occludens 1) -binding motif that in general has the consensus sequence S/T-X-®, where ®
represents a bulky hydrophobic residue. For the validation and detailed characterization of
the interplay with potential interactors, C-terminal CRHR1 mutants with a functionally
disrupted PDZ binding motif were generated. Interactions were probed by co-
immunoprecipitation (Co-IP) using lysates of HEK293 cells transiently co-transfected with
CRHR1 and MAGUK variants. First, the capacity of mutant CRHR1 variants to co-
immunoprecipitate PSD95 PDZ1-3 were tested (Figure 8A, lanes 2-5), which was originally
identified in the Y2H screen and comprises the three PDZ domains and the SH3 domain of
PSD95. PSD95 PDZ1-3 was readily co-immunoprecipitated with wild-type (WT) CRHR1
(Figure 8A, lane 1). Moreover, the CRHR1-STAVA mutant, which contains an additional
alanine at the C-terminus, most efficiently disrupted the interaction of CRHR1 with PSD95
PDZz1-3 (Figure 8A, lane 5). Another advantage of this particular mutant compared, for
example, to the deletion of the entire PDZ binding motif is the fact that it does not interfere
with S**2 and T*3, which are potential GRK or PKC phosphorylation sites (Hauger et al.
2009). Thus, the CRHR1-STAVA mutant was used in subsequent experiments in addition to
the wild-type receptor to further characterize the interaction of CRHR1 with MAGUKSs.
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Figure 8: CRHR1 interacts with PSD95 via the PDZ binding motif and PDZ1 and PDZ2.
Co-immunoprecipitations (Co-IPs) were performed using lysates of HEK293 cells transiently
transfected as indicated. (A) PSD95 PDZ1-3-flag was co-immunoprecipitated with wild-type myc-
CRHR1-STAV and to variable degrees with myc-CRHR1-STAA, myc-CRHR1-SAAV, and myc-
CRHR1-ATAV but not with the myc-CRHR1-STAVA mutant (This particular experiment was executed
by Maik Engeholm (Engeholm 2004)). (B) myc-GFP-CRHR1 was co-immunoprecipitated with PSD95-
flag but not myc-GFP-CRHR1-STAVA, which has a disrupted PDZ binding motif. Accordingly, PSD95-
flag was co-immunoprecipitated with myc-GFP-CRHR1 but not with myc-GFP-CRHR1-STAVA. (C)
myc-GFP-CRHR1 was co-immunoprecipitated with the PSD95 mutants PSD95 PDZ1-flag, PSD95
PDZz2-3-flag, but not with PSD95A PDZ1-3-flag or PSD95 PDZ3-flag. Complementary results were
obtained when the Co-IP was performed against myc-GFP-CRHR1. Samples were run on SDS-PAGE
and immunoblotted (IB) with anti-myc or anti-flag. The IP and IB with the same antibody respectively
showed similar expression levels of the proteins. Dashed lines indicate that the samples were run on
the same immunoblot (IB), however, not in adjacent lanes. Continuous lines separate different IBs
from the same experiment. The ~55 kDa band in the anti-flag IB represents the heavy chain of the
primary antibody. IP, immunoprecipitation.

For the candidate protein PSD95, Co-IPs were performed also with the full length version
indicating that CRHRL1 interacted also with native PSD95 (Figure 8B, lane 3). Co-IPs
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succeeded in both directions; i.e., PSD95 was detected in the Western blot (WB) following
immunoprecipitation (IP) against CRHR1, and CRHR1 was detected in the WB following an
IP against PSD95. However, the CRHR1-STAVA mutant carrying a functionally impaired
PDZ binding motif did not interact with PSD95 (Figure 8B, lane 5), verifying the importance of
the PDZ binding motif of CRHRL in the interaction with PSD95. The members of the PSD95
subfamily of MAGUKs comprise three PDZ domains and each of them interacts specifically
with the C-terminus of different membrane receptors and adhesion proteins (Zheng et al.
2011). Therefore, PSD95 mutants were investigated to further specify the PDZ domains
relevant for the interaction with the CRHR1 PDZ binding motif. Co-IPs against CRHR1 and
against PSD95 mutants revealed interactions of CRHR1 with PSD95 PDZz1-flag (Figure 8C,
lane 7) and PSD95 PDz2-3-flag (Figure 8C, lane 10). By contrast, no interaction of CRHR1
was detected with PSD95A PDZ1-3-flag (Figure 8C, lane 6) or PSD95 PDZ3-flag (Figure 8C,
lane 11). These results underline the importance of the PDZ1 and PDZ2 domains of PSD95
for the interaction with CRHR1.

4.1.4 CRHR1 interacts with SAP97 via the PDZ binding motif

For the second candidate MAGUK SAP97, Co-IPs were performed against HA or myc tag
using lysates of HEK293 cells transiently transfected. Co-IPs against CRHR1 and SAP97,
respectively, disclosed that the full-length HA-SAP97 directly interacted with CRHR1 (Figure
9A, lane 3) but not with myc-GFP-CRHR1-STAVA (Figure 9A, lane 5). Furthermore, SAP97
mutants were studied to specify the PDZ domains relevant for the interaction with the
CRHR1 PDZ binding motif. Co-IPs further revealed that the mutants HA-SAP97 PDZ1-3
(Figure 9B, lane 5) and HA-SAP97 PDZ1-2 (Figure 9B, lane 7) interacted with CRHRL1.
However, no interaction was detected with HA-SAP97 PDZ1 (Figure 9B, lane 9). This result
indicates that CRHRL1 interacts via its PDZ binding motif with PDZ2 and probably also with
PDZ3 of SAP97.

As shown in these IPs, CRHR1 was detected in the immunoblot (IB) as HMWCs (*) and as a

monomer (>). Consequently, the HMWCs are also displayed in the following IBs.
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Figure 9: CRHR1 interacts with SAP97 via the PDZ binding motif.

Co-immunoprecipitations (Co-IPs) were performed using lysates of HEK293 cells transiently
transfected as indicated. myc-GFP-CRHR1 was co-immunoprecipitated with HA-SAP97 (A) but not
myc-GFP-CRHR1-STAVA, which has a functionally inactive PDZ binding motif, and similarly, HA-
SAP97 was co-immunoprecipitated with myc-GFP-CRHR1 but not with myc-GFP-CRHR1-STAVA.
The ~100 kDa band in lanes 1, 4 and 6 of the anti-HA IB is an unspecific band. (B) The receptor
interacted with HA-SAP97 PDZ1-3, HA-SAP97 PDZ1-2, and accordingly, these SAP97 variants were
co-immunoprecipitated with myc-GFP-CRHR1 using an anti-myc antibody in the Co-IP. No interaction
was observed for HA-SAP97 PDZ1. The signal for the IP of HA-SAP97 PDZ1 after the IP with anti-
myc is not distinguishable from the signal of the heavy chain of the anti-myc antibody, which has the
same protein size of ~55 kDa (—). CRHR1 was detected as high molecular weight complexes (*) and
as a monomer (>). Samples were separated by SDS-PAGE and immunoblotted (IB) with anti-myc or
anti-HA antibodies. The IP and IB with the same antibody showed similar expression levels of the
proteins. Dashed lines indicate that the samples were run on the same IB, however, not in adjacent
lanes. Continuous lines separate different IBs from the same experiment. IP, immunoprecipitation.

4.1.5 CRHR1 interacts with SAP102 via the PDZ binding motif

Co-IPs against CRHR1 and SAP102 revealed an interaction in both directions proving
SAP102 as an interaction partner (Figure 10A, lane 3). The interaction was mediated by the
PDZ binding motif of CRHR1 (Figure 10A, lane 5). The mutant SAP102 PDZ3-flag did not
interact with CRHRL1 in any direction (Figure 10A, lane 7) confirming that at least one of the
first two PDZ domains of SAP102 or both are important for the interaction with CRHR1.
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Figure 10: CRHRL1 interacts with SAP102 and with PSD93 via the PDZ binding motif.
Co-immunoprecipitations (Co-IPs) were performed using lysates of HEK293 cells transiently
transfected as indicated. (A) myc-GFP-CRHR1 but not myc-GFP-CRHR1-STAVA, which has a
disrupted PDZ binding motif, co-immunoprecipitated with flag-SAP102 but not with flag-SAP102 PDZ3.
Complementary results were obtained when the Co-IP was executed against myc-GFP-CRHR1. (B)
flag-CRHR1 but not flag-CRHR1-STAVA was co-immunoprecipitated with GFP-PSD93 and
accordingly, GFP-PSD93 was co-immunoprecipitated with flag-CRHR1 but not with flag-CRHR1-
STAVA. CRHR1 was detected as high molecular weight complexes (*) and as a monomer (>).
Samples were separated by SDS-PAGE and immunoblotted (IB) with anti-myc, anti-GFP or anti-flag
antibodies. The IP and IB with the same antibody showed similar expression levels of the proteins.
Dashed lines indicate that the samples were run on the same IB, however, not in adjacent lanes.
Continuous lines separate different IBs from the same experiment. The ~55 kDa band in the IB of anti-
myc is the heavy chain of the antibody. IP, immunoprecipitation.

4.1.6 CRHRL1 interacts with PSD93 via the PDZ binding motif

PSD93 was included in further studies because of its high homology to the other members of
the PSD95 subfamily of MAGUKs identified in the Y2H screen. The candidate MAGUK
PSD93 was successfully verified as interaction partner of CRHR1. CRHR1 was co-
immunoprecipitated with PSD93 and similarly, PSD93 was co-immunoprecipitated with
CRHR1 (Figure 10B, lane 4). Furthermore, the interaction depended on the PDZ binding
motif because the mutant CRHR1-STAVA, which has a disrupted PDZ binding motif, did not
interact with PSD93 and correspondingly, PSD93 did not interact with the mutant (Figure
10B, lane 5).
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4.1.7 CRHRL1 interacts with MAGI2 via the PDZ binding motif

The candidate interaction partner MAGI2 belongs to the MAGUKSs but contains six PDZ
domains. The verification of the interaction via Co-IP revealed that CRHR1 indeed co-
immunoprecipitated with MAGI2 (Figure 11B, lane 4). Accordingly, MAGI2 was co-
immunoprecipitated with CRHR1. The interaction depended on the PDZ binding motif of
CRHR1 because CRHR1-STAVA did not interact with MAGI2 (Figure 11B, lane 5).
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Figure 11: CRHRL1 interacts with MAGI2 via the PDZ binding motif.

(A) flag-CRHR1 but not flag-CRHR1-STAVA interacted with myc-MAGI2, and myc-MAGI2 was co-
immunoprecipitated with flag-CRHR1 but not with flag-CRHR1-STAVA. (B) flag-CRHR1 was co-
immunoprecipitated with myc-MAGI2, myc-MAGI2 WW + PDZ1, and myc-MAGI2 PDZ2-5 but not with
myc-MAGI2 PDZ0 + GuK. Co-IPs were also successful in the other direction. The bands for the
mutants of MAGI2 in the control blot are highlighted when necessary (—). CRHR1 was detected as
high molecular weight complexes (*) and as a monomer (>). Samples were separated by SDS-PAGE
and immunoblotted (IB) with anti-myc or anti-flag antibodies. The IP and IB with the same antibody
showed similar expression levels of the proteins. Dashed lines indicate that the samples were run on
the same IB, however, not in adjacent lanes. Continuous lines separate different IBs from the same
experiment. The ~55 kDa band in the IB of anti-myc is the heavy chain of the antibody. IP,
immunoprecipitation.
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To determine the important interaction domains of MAGI2, Co-IPs with different mutants of
MAGI2 were conducted. The Co-IP of myc-MAGI2 WW + PDZ1 and myc-MAGI2 PDZ2-5 co-
immunoprecipitated CRHR1 (Figure 11C, lane 6, 7) but CRHR1 was not co-
immunoprecipitated with myc-MAGI2 PDZ0 + GuK (Figure 11C, lane 9). Complementary
results were obtained when the Co-IP was performed against flag-CRHR1. These findings
indicated that all or at least some of the PDZ 1-5 domains of MAGI2 are responsible for the
interaction with CRHR1.

4.1.8 CRHR1 does not interact with Syntenin-1

Syntenin-1 contains two PDZ domains but did not co-immunoprecipitate with CRHR1 and
similarly, CRHR1 did also not interact with Syntenin-1 (Figure 12). This result underscores
the specificity of the detected interactions of CRHR1 with the MAGUKSs. The interaction did
also not occur when the cells were treated with the ligand corticotropin-releasing hormone

(CRH) to stimulate CRHRL1. Hence, this candidate partner was not further investigated.
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Figure 12: CRHR1 does not interact with Syntenin-1.

Co-immunoprecipitations (Co-IPs) were performed using lysates of HEK293 cells transiently
transfected as indicated. flag-CRHR1 did not co-immunoprecipitate with Syntenin-1-myc and
accordingly, Syntenin-1-myc did not co-immunoprecipitate with flag-CRHR1. Corticotropin-releasing
hormone (CRH) treatment was conducted for 30 min. CRHR1 was detected as high molecular weight
complexes (*) and as a monomer (>). Samples were separated by SDS-PAGE and immunoblotted (IB)
with anti-myc or anti-flag antibodies. The IP and IB with the same antibody respectively showed similar
expression levels of the proteins. Dashed lines indicate that the samples were run on the same IB,
however, not in adjacent lanes. Continuous lines separate different IBs from the same experiment. IP,
immunoprecipitation.
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4.1.9 The interaction of CRHR1 with TMEM106B is unspecific

The candidate interaction partner TMEM106B was co-immunoprecipitated with CRHR1
(Figure 13A, lane 5). The CRHR1-STAVA mutant indicated an unspecific interaction because
the Co-IP was also successful without a functional PDZ binding motif (data not shown).
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Figure 13: CRHR1 unspecifically interacts with TMEM106B.

Co-immunoprecipitations (Co-IPs) were performed using lysates of HEK293 cells transiently
transfected as indicated. (A) myc-GFP-CRHR1, myc-GFP-CRHR1-STAVA and myc-GFP-CRHR1A C-
term were co-immunoprecipitated with HA-TMEM106B after corticotropin-releasing hormone (CRH)
treatment for 30 min. Co-IPs were also successful in the other direction. (B) HA-TMEM106B was co-
immunoprecipitated with myc-GFP-CRHR1A 2TM. CRHR1 was detected as high molecular weight
complexes (*) and as a monomer (>). Samples were separated by SDS-PAGE and immunoblotted (IB)
with anti-myc or anti-flag antibodies. The IP and IB with the same antibody respectively showed similar
expression levels of the proteins. Dashed lines indicate that the samples were run on the same IB,
however, not in adjacent lanes. Continuous lines separate different IBs from the same experiment.
The ~55 kDa band in the IB of anti-HA is the heavy chain of the antibody. IP, immunoprecipitation.

This experiment was repeated using CRH treatment but this did not change the fact that
CRHR1-STAVA was co-immunoprecipitated with TMEM106B (Figure 13A, lane 7). Neither
did the CRH activation affect the interaction of WT CRHR1 with TMEM106B (Figure 13A,
lane 6). Furthermore, also the Co-IP of TMEM106B with the mutants CRHR1A C-term
(Figure 13A, lane 8) and CRHR1A 2TM missing the C-terminal portion including the two last
transmembrane domains were effective (Figure 13B, lane 5). This indicates that neither the
PDZ binding motif nor the C-terminus of CRHRL1 is important for the unspecific interaction
with TMEM106B. This result suggests that TMEM106B does not interact specifically with
CRHR1 but rather via unknown interacting regions, i.e. hydrophobic transmembrane regions

of the proteins. Therefore, TMEM106B was not further investigated as a candidate protein.
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4.1.10 Summary of co-immunoprecipitation experiments

Altogether, the co-immunoprecipitation experiments show that the C-terminal PDZ binding

motif of CRHR1 is mediating the interaction with PDZ domain containing MAGUKSs. In

addition, different PDZ domains of the interacting MAGUKs are responsible for the

interaction (Table 16). Moreover, the PDZ binding motif of CRHR1 interacts specifically with
different PDZ domains of the examined MAGUKSs, e.g. with the first PDZ domain of PSD95

but not with the PDZ domains of Syntenin-1.
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Table 16: Overview of co-immunoprecipitation experiments.

4.1.11 Clustering of CRHR1 with MAGUKSs via the PDZ binding motif

MAGUKSs are synaptic scaffolds proteins that are important to assemble receptors, adhesion
proteins and intracellular signaling proteins (Kim and Sheng 2004). Along these lines,
members of the PSD95 subfamily of the MAGUKs are known for their role in clustering of
neuronal ion channels (Hsueh et al. 1997) what can be investigated in cell culture. After
validation and characterization of the interaction with identified MAGUKSs, the next step was
to study the functional relevance of this interaction in terms of clustering activity. To examine
the clustering activity of CRHR1 with the validated MAGUKs, HEK293 cells were co-
transfected with CRHR1 and the MAGUKSs. The localization of proteins was then determined
by immunofluorescence microscopy.

When expressed alone, CRHR1 and the mutant CRHR1-STAVA showed a distribution at the
cell membrane in HEK293 cells (Figure 14A, G). Transiently transfected PSD95, SAP97,
SAP102 PSD93, and MAGI2 appeared with a diffuse cytosolic localization (Figure 14, first
row). But when CRHR1 was co-expressed with respective MAGUKSs, the proteins were
redistributed and localized into clusters (Figure 14B-F). In contrast, when CRHR1-STAVA
was co-expressed with respective MAGUKSs, there was no altered distribution and the

proteins were located as expressed individually (Figure 14H-L). This effect on the localization
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of CRHR1 and interacting MGAUKSs clearly depended on an intact PDZ binding motif what

demonstrates the functional relevance of this motif.

- PSD95-flag || HA-SAP97 || flag-SAP102 || PSD93-GFP || myc-MAGI2

Jojoelalul ||

JOjoeuajul

Figure 14: Clustering of CRHR1 with MAGUKSs depends on the PDZ binding motif.

HEK?293 cells were transiently transfected with expression vectors for WT CRHR1, CRHR1-STAVA or
the interacting MAGUKSs, respectively (A, G, first row). Co-transfection of WT (B-F) or mutant of
CRHR1 (H-L) together with PSD95-flag (B, H), HA-SAP97 (C, 1), flag-SAP102 (D, J) PSD93-GFP
(E, K) or myc-MAGI2 (F, L) were performed. When CRHR1 was co-transfected with individual
MAGUKS, they co-localized in clusters (B-F). But when the CRHR1-STAVA mutant was co-transfected
with interacting MAGUKS, clustering was not observed (H-L), what underscores the importance of the
PDZ binding motif STAV. Immunostaining was executed against the HA tag for HA-CRHR1 or HA-
CRHR1-STAVA when co-transfected with PSD95-flag or flag-SAP102. Immunostaining against flag
was performed when using flag-CRHR1 or flag-CRHR1-STAVA co-transfected with PSD93-GFP, HA-
SAP97 or myc-MAGI2, respectively.
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At higher magnification a cell surface and cytosolic clustering of CRHR1 with PSD95, SAP97
and MAGI2 (Figure 15A, B, E) was observed by confocal imaging on the nucleus and the cell
surface level respectively (Figure 15F-K). For PSD93 and SAP102 there was only a cytosolic
distribution of clusters when co-expressed with CRHR1 (Figure 15C, D). The clusters of
CRHR1 co-expressed with the MAGUKSs within one cell showed also differences in cluster-
size of the related vesicles.

The clustering of CRHR1 with the MAGUKSs via the PDZ binding motif in vitro independently
confirmed the Co-IP experiments. The disruption of the PDZ binding motif of CRHR1
inhibited the interaction and clustering with the MAGUKSs.

In summary, the in vitro investigation verified some of the candidate CRHR1 interaction
partners, in particular the MAGUKs PSD95, SAP97, SAP102, PSD93 and MAGI2. For the
interaction different PDZ domains interacted with the PDZ binding motif of CRHR1 resulting

in an intracellular and partly membranous clustering.
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Figure 15: Cell surface and cytosolic clustering of CRHR1 with interacting partners in vitro.
CRHR1 was co-transfected with respective interacting partner in HEK293 cells and immunostained as
described in Figure 14. CRHRL1 clustered with PSD95-flag (A), HA-SAP97 (B), flag-SAP102 (C),
PSD93-GFP (D), myc-MAGI2 (E) within the cytosol. PSD95-flag (F, 1), HA-SAP97 (G, J), myc-MAGI2
(H, K) showed also a localization of clusters at the cell surface. The clusters for CRHR1 co-expressed
with PSD95-flag (A), PSD93-GFP (D) and myc-MAGI2 (E) consisted of small vesicles whereas the
clusters for CRHR1 co-expressed with HA-SAP97 (B) and flag-SAP102 (C) consisted of large
vesicular structures, which often showed a perinuclear localization. At the top and in the middle part
confocal images were taken at the level of the nucleus and at the bottom confocal images were taken
at the cell surface level of transfected HEK293 cells.
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4.2 Identification of a physiological relevance of the interaction of
CRHR1 with identified MAGUKSs

Since CRHRL1 interacts with MAGUKSs via the C-terminal PDZ binding motif, the next step
was to figure out whether the interaction has any physiological implications besides the effect
on receptor-MAGUK clustering. To investigate the possible physiological role of the
interaction of CRHR1 with the MAGUKS, their expression was assessed by single and
double in situ hybridization (ISH).

Primary neurons were analyzed with respect to the endogenous CRHR1/CRH system and
with respect to their suitability as a primary cell culture system to study its physiology. Due to
low endogenous expression of the receptor, it was necessary to overexpress the WT and
mutant of myc-GFP-CRHR1. Therefore, different transfection methods were tested with
respect to their suitability to overexpress CRHRL1 in primary neurons.

4.2.1 CRHRL1lis co-expressed with MAGUKSs in the adult mouse brain

A prerequisite for the interaction of CRHR1 with identified MAGUKS is their physical co-
localization within the same cell. Therefore, the expression of CRHR1 and the interaction
partners was analyzed via ISH in the adult mouse brain (Figure 16). Radioactively-labeled
riboprobes specifically detecting the murine CRHR1 mRNA and the interaction partners were
generated and hybridized to mouse brain sections. In the single ISH the analysis of the
MRNA expression of CRHR1 throughout the murine brain showed that CRHR1 was strongly
expressed in the olfactory bulb, the cortex, the globus pallidus and the reticular thalamic
nucleus (RTN) (Figure 16A). CRHR1 was also strongly expressed in the hippocampus, the
magnocellular part of the red nucleus, in the pontine nucleus and the cerebellum. The
candidate interaction partners showed also a strong expression in the olfactory bulb, cortex,
hippocampus, cerebellum and other brain regions (Figure 16B-F). The comparison based on
a false color display revealed a clear co-expression of CRHR1 and the candidate MAGUKSs
for instance in the olfactory bulb, cortex, hippocampus and the cerebellum (Figure 16B-F).

79



Results

Figure 16: CRHR1 and candidate MAGUKSs are co-expressed of the adult mouse brain.
Expression of CRHR1 and the candidate proteins was assessed by single in situ hybridization (A-F) in
the adult mouse brain. (A-F) For comparison, representative photomicrographs of autoradiographs are
shown in a false color display. CRHR1 expression is displayed in green and PSD95 (B), SAP97 (C),
SAP102 (D), PSD93 (E) and MAGI2 (F) expression are displayed in red. In the overlay the yellow
signal reveals overlapping expression of CRHR1 with the respective interaction partner. Depicted are
representative photomicrographs of coronal brain sections of wild-type mice. CX, cortex; CA, cornu
ammonis area; RTN, reticular thalamic nucleus.

To assess the co-expression also on the cellular level, the expression levels were analyzed
by double ISH. The CRHR1 signal in the double ISH was enhanced by using a transgenic
CRHR1-GFP mouse carrying a CRHR1-GFP BAC transgene. In this transgene the first exon
of CRHR1 was replaced with the GFP sequence followed by a translation stop signal. In
these mice GFP is transcribed from the CRHR1 promoter largely mimicking the endogenous
expression of CRHR1 as recently described (Justice et al. 2008). The specific radiolabeled
GFP riboprobe detected mRNA of GFP in cells endogenously expressing CRHR1 what
provided a distinct and enhanced expression pattern of CRHR1 (Figure 17G-K). For example
in the cortex the visualization of CRHR1 mRNA expression was strongest detectable in layer
IV. The mRNA of CRHR1 and interaction partners was co-localized in pyramidal neurons of
hippocampal CA1, in cells of the cortex and reticular thalamic nucleus (Figure 17G-K)
demonstrating that CRHRL1 is indeed co-expressed with the interacting partners on cellular
level. This co-expression is a prerequisite for a physical interaction and thus supports the

possible physiological relevance of the interaction between the receptor and the MAGUKSs.
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Figure 17: CRHR1 and candidate MAGUKs are co-expressed in neurons of the adult mouse
brain.

Expression of CRHR1 and the candidate proteins was assessed by double in situ hybridization (A-E)
in the adult mouse brain revealing co-expression of CRHR1 and the interacting partners on the cellular
level. Depicted are representative photomicrographs of coronal brain sections transgenic derived from
CRHR1-GFP reporter mice. Arrows indicate a single positive cell stained with silver grains for CRHR1
(—) and red arrowheads indicate cells expressing the candidate MAGUK only (B>). White arrowheads
indicate double-positive cells co-expressing CRHR1 and its respective interaction partner (5>). CX,
cortex; CA, cornu ammonis area; RTN, reticular thalamic nucleus.

4.2.2 Characterization of the CRHR1/CRH system in primary neurons

To address the role of the PDZ binding motif of CRHR1 with respect to its subcellular
localization, primary hippocampal neurons were investigated in terms of the expression of
MAGUKs, CRHR1 and its ligand CRH to elucidate the physiological relevance of this cell

culture model.

4.2.2.1 Co-expression of CRHR1 and interaction proteins in primary neurons

The mRNA expression of CRHR1, CRHR2, CRH and urocortin 1-3 was determined in
cultured primary hippocampal neurons by reverse transcriptase PCR. Of the entire system of
CRH-related peptides and receptors only CRHR1 and CRH were detected (data not shown).
The mRNA expression of CRHR1, CRH and of the MAGUKs was examined in primary

hippocampal neurons also via quantitative real time PCR (qPCR) at 0 days in vitro (DIV) and
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DIV 21 (Figure 18). The mRNA expression of CRHR1 and its ligand corticotropin-releasing
hormone (CRH) was detectable whereas CRHR2 was again not detectable. The expression
of the candidate partners PSD95, SAP97, SAP102, PSD93 and MAGI2 was also detectable.
PSD95 showed a six fold upregulation at DIV 21 compared to DIV 0 (Figure 18). Similarly,
PSD93 and SAP102 were also upregulated in the course of maturation of primary neurons.
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Figure 18: Expression levels of CRHR1 and candidate partners in primary hippocampal
neurons at different time points in culture.

The mRNA levels of CRHR1, CRH, CRHR2 and the candidate partners PSD95, SAP97, SAP102,
PSD93 and MAGI2 were determined by quantitative real time PCR and normalized to the expression
of ribosomal protein L19 (RPL-19). The expression levels were analyzed at 0 days in vitro (DIV) and
DIV 21. n.d. not detected.

The identified co-expression of CRHR1 with the interacting proteins in primary hippocampal
neurons confirmed the co-expression in the adult mouse brain detected by in situ
hybridization. Moreover, the co-expression supports the primary hippocampal culture as a
cell culture model of physiological relevance for the CRHR1/CRH system. Furthermore, the
low endogenous CRHR1 mRNA expression observed via gPCR is consistent with the fact
that no antibody against CRHR1 was able to detect the endogenous CRHR1 neither in slices

nor in primary cell culture as recently described by our laboratory (Refojo et al. 2011).
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4.2.2.2 CRH is expressed in GABAergic neurons

In addition to the gPCR, to visualize the expression of CRH in primary neuronal, CRH-Cre
mice were bred to Ai9 reporter mice. The CRH-Cre mouse line expresses Cre in CRH
neurons as described (Taniguchi et al. 2011). In the Ai9 mouse line, a floxed stop cassette
precedes of a tdTomato reporter gene (Madisen et al. 2010). In offspring from CRH-Cre x Ai9
breedings every CRH expressing neuron also expresses tdTomato due to the Cre-mediated
activation of the reporter gene. At DIV 4 of primary cell culture ~1/10 000 cells in cortex and
~1/30 000 cells in hippocampus were tdTomato positive and, therefore, also expressing CRH
(Figure 19). At DIV 14 there was no change in this ratio in cortical cultures but in

hippocampal cultures the amount of positive cells duplicated to ~1/15 000 cells.

Cortex Hippocampus

CRH-Cre; Ai9
¥ AId

Figure 19: CRH is expressed in cultured neurons of the cortex and the hippocampus.
Neurons were prepared from CRH-Cre; Ai9 embryos at day 18 post coitum (dpc 18). Cells were fixed
at DIV 4 and nuclei were counterstained with DAPI (4°,6-diamidino-2-phenylindole) (blue).

The identity of the CRH expressing neurons was determined using antibodies against
GABAergic (gamma aminobutyric acid) markers Gad67, Gad65/67, calbindin D28-K and
calretinin. Some of the tdTomato positive neurons were positive for Gad67, Gad65/67 or
calbindin D28-K but there was no co-staining with calretinin (Figure 20). A similar analysis
was conducted in cortical primary cell culture with comparable findings (data not shown).
These results imply that CRH is expressed in GABAergic neurons in primary hippocampal

and cortical cell cultures at different time points (DIV 0-14).
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Figure 20: CRH is expressed in GABAergic neurons.

Neurons were prepared from CRH-Cre; Ai9 embryos (dpc 18). Cells were fixed at different time points
of culture and nuclei were counterstained with DAPI (blue). Immunofluorescent stainings were
performed against the GABAergic markers Gad67, Gad65/67, calbindin D28-K and calretinin.

4.2.2.3 CRHRL1 is expressed in glutamatergic neurons

In order to visualize the CRHR1 expressing neurons in primary cell culture, primary
hippocampal cell cultures were prepared from transgenic CRHR1-GFP reporter mice
carrying a CRHR1-GFP BAC transgene. This mouse line was also used for the double in situ
hybridization experiment (Figure 16). The identity of the CRHR1 expressing neurons was
determined using antibodies against GFP to enhance the GFP expression in CRHRL1 positive
neurons and against pan-neuronal, glutamatergic and GABAergic markers (Figure 21). About

44 % of the neurons were CRHR1-GFP positive. In contrast, CRHR1 was not detectable in

84



Results

primary neurons prepared from a mouse model, in which GFP is expressed from the
endogenous CRHR1 promoter (data not shown). The staining with the glutamatergic marker
VGIUT1 (vesicular glutamate transporter 1) revealed that every CRHR1 positive neuron is
glutamatergic confirming previous double ISH results by our group (Refojo et al. 2011).
Simultaneously also most of the CRHRL1 positive neurons, namely 90 %, were calbindin D28-
K negative (Figure 21).

anti-GFP marker overlay

anti-GFP +
anti-NeuN

anti-GFP +
anti-VGIuT1

anti-GFP +
anti-calbindin

Figure 21: CRHRL1 is predominantly expressed in glutamatergic neurons.

Neurons were prepared from transgenic CRHR1-GFP embryos (dpc 18). Cells were fixed at DIV 21
and nuclei were stained with DAPI (blue). Immunohistochemical stainings were performed against:
GFP, the neuronal marker NeuN, the glutamatergic marker VGIuT1 and the GABAergic marker
calbindin D28-K. Representative confocal pictures are displayed.

4.2.3 Overexpression of CRHR1

The potential impact of the PDZ binding motif on the localization of the receptor was
investigated in primary neurons by overexpression of CRHR1 variants. From previous
studies in the lab it appeared that overexpression of any protein and especially of the CRH
receptor type 1 at later time points of culture is challenging e.g. regarding transfection

efficacy. Moreover, overexpression artifacts seemed to be toxic for primary neurons. To test
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whether the observed toxicity is connected to CRHRL1 signaling, different mutants of CRHR1
were designed (Figure 22): In myc-GFP-CRHR1-STAVA the PDZ binding motif is disrupted
as described in Figure 8. The mutant myc-GFP-CRHR1-S301V contains an amino acid
change at position 301 that is known to be important for cAMP production (Papadopoulou et
al. 2004). myc-GFP-CRHR1A C-term and myc-GFP-CRHR1A 2TM were generated to delete
the cytoplasmic C-terminus respectively the C-terminus, the third intracellular loop (IC3) and
the last two transmembrane domains to disrupt amongst others the B-arrestin binding site
and different phosphorylation sites relevant for receptor desensitization.

@—j\

WT: myc-GFP-CRHR1 (,::\:— /

myc-GFP-CRHR1-5301V

Figure 22: Schematic representation of designed CRHR1 variants.

myc-GFP-CRHR1 was used to construct the variants myc-GFP-CRHR1-STAVA, myc-GFP-CRHR1-
S301V, myc-GFP-CRHR1A C-term (aa 1-375) and myc-GFP-CRHR1A 2TM (aa 1-298). CRHRL1
variants were used to assess potential intrinsic receptor toxicity.
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4.2.3.1 Overexpression of CRHRL1 variants in HEK293 cells

First, the CRHR1 variants were tested by overexpression in HEK293 cells. The generated
mutant CRHR1 variants showed a membranous distribution similar to the WT receptor, when
transfected transiently in HEK293 cells with exception of myc-GFP-CRHR1A 2TM, which
largely accumulated in intracellular vesicles (Figure 23). In general, the native GFP

fluorescence of the tagged receptors was enhanced by immunofluorescence staining against

GFP.
GFP ||

anti-GFP " overlay

myc-GFP-CRHR1

myc-GFP-CRHR1-
STAVA

myc-GFP-CRHR1-
S301V

myc-GFP-CRHR1
A C-term

myc-GFP-CRHR1
A2TM

Figure 23: Expression of WT and mutant variants of CRHR1 in HEK293 cells.

HEK?293 cells were transiently transfected with expression vectors for myc-GFP-CRHR1, myc-GFP-
CRHR1-STAVA, myc-GFP-CRHR1-S301V, myc-GFP-CRHR1A C-term and myc-GFP-CRHR1A 2TM.
Immunofluorescence staining was performed against GFP. As secondary antibody Alexa Fluor 594
was used.
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The similar cellular distribution pattern revealed that the WT CRHR1 and its mutant variants
are properly expressed in HEK293 cells. The aberrant vesicular distribution of the mutant
receptor, which lacked the C-terminal portion including the two last transmembrane domains
(myc-GFP-CRHR1A 2TM) demonstrated that the receptor trafficking is disturbed preventing

correct membrane insertion.

4.2.3.2 Functional analysis of CRHR1 mutants

The functionality of mutant CRHR1 variants was tested by assessing their capacity to
produce cyclic AMP (CAMP), a competitive immunoassay between native cAMP and cAMP
labeled with the acceptor dye d2 was performed. Both cAMPs compete for a cryptate-labeled
anti-cAMP antibody what is detected by fluorescence resonance energy transfer (FRET) that
is inversely proportional to the concentration of cAMP in the sample.

The cAMP production was largely similar for all analyzed CRHR1 mutants except
CRHR1A 2TM, which showed a clear impairment in cAMP production (Figure 24).
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Figure 24: cAMP production of WT and mutant CRHR1 variants.

HEK293 cells were transiently transfected with indicated CRHR1 constructs. Cells were treated with
different concentrations of CRH. cAMP was measured using a cell-based cyclic AMP assay Kkit.
Untransfected HEK293 cells did not produce cAMP and showed a baseline of one (data not shown).
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Surprisingly, myc-GFP-CRHR1-S301V, which was described to affect cAMP production, did
not show a strong reduction of CAMP production. This is in contrast to the recently detected
50 % reduction of cAMP production of the same mutant following urocortin 1 stimulation
which was also transfected transiently in HEK293 cells (Papadopoulou et al. 2004).

The analysis of cellular localization and cAMP production revealed that the mutant CRHR1
variants behaved as expected and did not provoke any toxicity in HEK293 cells. Only myc-
GFP-CRHR1-S301V did not show the expected reduction in cAMP production. Next, WT and
CRHR1 mutants were tested in primary neuronal cell culture.

4.2.3.3 Overexpression of WT and mutant CRHRL1 variants in vitro and in vivo

To assess the subcellular localization of WT and CRHR1 mutants, primary hippocampal
neurons were transfected with respective constructs using the calcium-phosphate protocol.
Except for CRHR1A 2TM, the expression analysis by immunofluorescence revealed for WT
and CRHR1 variants a typical localization to the plasma membrane and in perinuclear
vesicles (Figure 25). In contrast, CRHR1A 2TM showed a strong accumulation in perinuclear
vesicular structures and was not distributed into the neurites. This pattern was in accordance
with the vesicular distribution observed in HEK293 cells.

At an early time point (DIV 6) it was possible to overexpress WT and CRHR1 mutants in
primary neurons (Figure 25) but at later time points (e.g. DIV 14) the overexpression using
the calcium-phosphate protocol was not successful in terms of efficacy and cell survival.

To analyze the cell survival in a more physiological context, WT and mutant CRHR1 variants
were overexpressed in vivo. Therefore, gene delivery in mouse embryos was applied using
in utero electroporation. In general, independent of the transfected CRHR1 variant the
transfection efficacy was rather low and some cells showed equal distribution over the
neuron while others showed only a vesicular distribution at the soma (Figure 26).
Unfortunately, no successfully electroporated mouse embryo was obtained for
CRHR1A 2TM.

The in vivo approach verified that an overexpression of CRHR1 was possible at least with a
low efficacy resulting in overexpressing neurons that appeared largely healthy. To establish
an overexpression in primary neurons at more mature time points different approaches were
tested.

Overexpression was performed by using BacMAM technology, which is based on the use of
a baculovirus, a double-stranded DNA insect virus, to deliver genes to mammalian cells. The
transduction with baculoviruses has the advantage of reduced immune response due to the

non-mammalian source (Luckow and Summers 1988, Torres-Vega et al. 2014). The
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expression efficacy was very high also in matured neurons but unfortunately the neurons
showed a pathological morphology (Figure 27). Neither the adjustment of the virus particle

concentration, nor the incubation time solved this artifact. Therefore, this technology was not

explored further.
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Figure 25: Expression of wild-type and mutant CRHR1 variants in immature primary neurons.
Neurons were prepared from WT embryos (dpc 18). Primary hippocampal neurons were transfected
with expression vectors for WT and mutant CRHR1 variants using the calcium-phosphate protocol at
DIV 6. Cells were fixed at DIV 7 and immunofluorescent stainings were performed against GFP.
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Figure 26: Expression of wild-type and mutant CRHR1 variants in the cortex following in utero
electroporation.

Mouse embryos were in utero electroporated at embryonic day (E) 13.5-14.5 targeting the neocortex
with expression vectors for WT and mutant CRHR1 variants. As a control an RFP (red fluorescent
protein) expression vector was co-electroporated. Brains were fixed at postnatal day (pnd) 38-70 and
were immunostained against GFP to enhance the GFP signal. For the myc-GFP-CRHR1-S301V only
two positive cells were detected (—) in one out of six electroporated brains. Representative
photomicrographs of the cortex taken by fluorescence microscopy are displayed.
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To express proteins in HEK293 cells, lipofection is a well-working standard procedure as

seen e.g. in Figure 14. However, in primary neurons Lipofectamine is toxic and results in cell
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death (data not shown). Testing different conditions revealed that when the reduced serum
medium Opti-MEM was used as the dilution medium it already damaged the cells by its own.
The use of the Neurobasal A medium as the dilution medium, which is used as the growth
medium, rescued the toxicity. Nevertheless, the transfection efficacy for the late time points

was not sufficient for the planned investigations.

GFP

Hippocampus
8L Ald

Figure 27: Primary neurons transduced with a baculovirus harboring a GFP expression
cassette.

Neurons were prepared from wild-type embryos (dpc 18). Primary hippocampal neurons at DIV 14
were transduced with MOI (multiplicity of infection) of 10 using BacMAM technology. Cells were fixed
at DIV 18 and counterstained with DAPI (blue).

Furthermore, two different electroporation protocols were tested to transfect primary neurons
at a later time point by using electrodes for 24 well plates. None of the tested current
modulations were able to improve the low transfection efficacy and cell viability (data not
shown).

The transfection efficacy and cell survival of mature neurons (= DIV 14) was neither improved
by the calcium-phosphate protocol using different incubation times, nor by the baculovirus
based transduction, nor by a modified lipofection protocol, nor by two different ways of
electroporation in the cell culture dish. To overcome these difficulties viral transduction of

primary neurons was applied using lentiviruses and adeno-associated viruses, respectively.

4.2.3.3.1 Lentivirus-mediated overexpression of CRHR1 in primary neurons

Constructs for lentiviral overexpression were designed comprising the WT CRHR1 and the
CRHR1-STAVA mutant, respectively, both tagged with myc and GFP (Figure 28).
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Figure 28: Constructs for lentiviral overexpression.

myc-GFP-CRHR1 or myc-GFP-CRHR1-STAVA was cloned into an expression vector under the
control of the cytomegalovirus (CMV) promoter. WPRE, woodchuck hepatitis virus posttranscriptional
regulatory element; pA, polyadenylation signal.

The lentiviral transduction of primary neurons resulted in successful overexpression of WT
and mutant myc-GFP-CRHR1. The co-expression with a GFP control virus labeled
fluorescently the entire primary neuron and thereby revealed the normal neuronal

morphology despite overexpression of CRHR1 (Figure 29).
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Figure 29: Lentiviral-mediated expression of CRHR1 reveals a punctuated distribution pattern
along neurites of primary neurons.

Primary hippocampal neurons (DIV 18) were transduced with lentivirus harboring an expression unit
for expression of WT and mutant of myc-GFP-CRHR1. To visualize the neuronal morphology, a GFP
lentivirus was co-transduced. Neurons were fixed at DIV 20 and immunofluorescent stainings were
performed against GFP and CRHR1. Representative confocal photomicrographs are displayed.
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Immunostaining anti-GFP detected the receptor in a punctuated distribution pattern, which
accumulated along the neuronal body and localized presumably in spines as visualized by
co-expression of cytoplasmic GFP. To characterize the identity of GFP positive puncta
immunostaining directly against CRHR1 was performed using an antibody that also worked
in cells following overexpression of CRHR1.

To characterize the localization of the receptor, the pre-synapse, the inhibitory and excitatory
post-synapse and the axons were specifically labeled by antibody staining. The
immunostaining against the axonal marker SMI-312 showed that the receptor was also

located as puncta close to the SMI-312 labeled axons (Figure 30).
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Figure 30: Axonal localization of WT and mutant CRHR1.

Neurons were prepared from wild-type embryos (dpc 18). Primary hippocampal neurons (DIV 18) were
transduced with lentivirus harboring an expression unit for expression of WT and mutant myc-GFP-
CRHR1 and fixed at DIV 20. Immunofluorescent stainings were performed against GFP and CRHR1
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or the axonal marker SMI-312. Examples for adjacent puncta for anti-SMI-312 or overlapping puncta
for anti-CRHR1 are highlighted (—). Two representative magnifications of confocal pictures are
displayed.

Further characterization using the pre-synaptic marker synapsin resulted in a non-
overlapping but adjacent distribution with the receptor independent of the PDZ binding motif
(Figure 31). Also the inhibitory post-synaptic marker gephyrin did not overlap with the

receptor.
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Figure 31: Overexpressed WT and mutant CRHR1 localize adjacent to pre- and post-synaptic
markers in primary neurons.

Neurons were prepared from WT embryos (dpc 18). Primary hippocampal neurons were transduced
with lentivirus harboring an expression unit for expression of WT and mutant myc-GFP-CRHR1 and
fixed at DIV 20. Immunofluorescent stainings were performed against GFP and the pre-synaptic
marker synapsin or the inhibitory post-synaptic marker gephyrin. Examples for adjacent puncta are
highlighted (—). Two representative magnifications of confocal pictures are displayed.
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In order to unravel the localization of the CRHR1 in relation to the interaction partners,
immunolabeling of PSD95 and SAP97 revealed that the puncta stained for CRHR1 were
localized adjacent but not overlapping with the pattern of the interacting proteins (Figure 32).
PSD95 is also a marker for the excitatory post-synapse implying that the receptor was also
not located at the excitatory post-synapse.
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Figure 32: WT and mutant CRHR1 are localized adjacent to PSD95 and SAP97 in primary
neurons.

Neurons were prepared from wild-type embryos (dpc 18). Primary hippocampal neurons were
transduced with lentivirus harboring an expression unit for expression of WT and mutant myc-GFP-
CRHR1 and fixed at DIV 20. Immunofluorescent stainings were performed against GFP and the
interaction protein PSD95 or SAP97. Examples for adjacent puncta are highlighted (—). Two
representative magnifications of confocal pictures are displayed.
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4.2.3.3.2 Adeno-associated virus (AAV)-mediated overexpression of CRHR1 in

primary neurons

Due to the lack of co-localization of CRHR1 positive puncta with any of the investigated
markers another viral-mediated expression approach was used. To overexpress CRHRL1 in
primary neurons, adeno-associated viruses (serotype 8, AAV8) were used in a more
restricted manner than the lentiviruses. In the attempt to overexpress CRHR1 more
specifically in neurons endogenously expressing CRHR1, i.e. mainly excitatory neurons,
primary neurons derived from Nex-Cre mice, which express Cre recombinase in excitatory
glutamatergic neurons (Goebbels et al. 2006), were prepared. Transduction of these primary
neurons with Cre-dependent AAVs, which are based on the DIO (double-floxed inverse open
reading frame) expression system, restricted the overexpression of CRHR1 to glutamatergic

neurons (Figure 33).

; myc-GFP-CRHR1 ;)—QQ{WPRE:)-(M)—
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lox 2722 lox 2722

Figure 33: Constructs for adeno-associated virus-mediated overexpression.

myc-GFP-CRHR1 or myc-GFP-CRHR1-STAVA was cloned into an expression vector with a double-
floxed inverse open reading frame under the control of the elongation factor-1a (EF1a) promoter.
WPRE, woodchuck hepatitis virus posttranscriptional regulatory element; pA, polyadenylation signal.

Staining against GFP localized the WT and mutant receptor to the plasma membrane
throughout the neuron (Figure 34). Immunostaining against CRHR1 confirmed that the GFP
signal fully overlapped with the CRHR1 signal. The role of the PDZ binding motif in
localization of the receptor was examined by co-staining of the receptor and markers specific
for the neurites, the pre-synapse and the inhibitory and excitatory post-synapse. The WT and
mutant myc-GFP-CRHR1 were localized in dendrites (Figure 34B) and axons (Figure 34C).
CRHR1s were not present in the pre-synapse (Figure 34D) or in the inhibitory post-synapse

(Figure 34E) but in the excitatory post-synapse (Figure 34F). Simultaneously the receptor co-
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localized with the candidate interaction proteins PSD95 and SAP97 independent from the
PDZ binding motif.

The co-localization in mature spines further supports a possible physiological relevance of
the identified interaction between CRHR1 and PSD95 or SAP97. Whether there is any effect
of the PDZ binding motif on CRHR1 localization following CRH treatment has to be further
investigated. It is also possible that the endogenous CRHRL1 is sufficient to rescue potential
deficits of expressed CRHR1-STAVA via dimerization or oligomerization. Preliminary results
did not show a PDZ binding motif-dependent localization of the receptor in CRHR1 lacking
neurons (data not shown).

There are studies comparing expression by transduction with AAVs and lentivirus that find
enormous differences in transduction efficacy depending on the cell type and virus
compositions (Dishart et al. 2003, Shakhbazau et al. 2008, Kealy et al. 2009), but differences
in localization of the virally expressed protein as observed in this study have not been
described.

In summary, CRHR1 interacted with different PDZ domains of MAGUKSs via its C-terminal
PDZ binding motif, which also accounted for the clustering with MAGUKs. Moreover, the
receptor was co-expressed with the MAGUKSs on cellular level in the adult mouse brain. The
primary hippocampal neurons were established as a suitable model for investigating the
interactions of CRHR1. AAV-mediated overexpression of CRHR1 resulted in receptor
localization throughout the neuronal plasma membrane. In primary neurons CRHR1 was
localized in mature spines at the excitatory post-synapse and co-localized with the interacting
partners PSD95 and SAP97.
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Figure 34: Localization of WT and mutant CRHR1 in primary neurons with PSD95 and SAP97 in
the excitatory post-synapse.

Neurons were prepared from wild-type embryos (dpc 17). Primary hippocampal neurons (DIV 14) were
transduced with AAV8 harboring an expression unit for overexpression of WT and mutant of myc-
GFP-CRHR1. Neurons were fixed at DIV 20 and subjected to analysis by immunofluorescence. (A, H)
the anti-GFP signal was confirmed by anti-CRHR1 staining. (B, 1) Microtubule-associated protein 2
(MAP2) staining revealed the presence of the receptor in dendrites. (C, J) WT and mutant CRHR1 co-
localize with the axon initial segment marker ankyrin G. The pre-synaptic marker synapsin stained the
adjacent pre-synapse where the receptor was not detected (D, K). WT and mutant CRHR1 did not co-
localize with the inhibitory post-synaptic marker gephyrin (E, L), but with the candidate partner and
excitatory post-synaptic marker PSD95 in spines (F, M). (G, N) CRHR1 WT and mutant co-localize
with the candidate partner SAP97. Immunofluorescence stainings were performed against GFP and
the respective marker. Overlapping or non-overlapping signals are highlighted (—).
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5 Discussion

The corticotropin-releasing hormone receptor type 1 (CRHR1) is a G protein-coupled
receptor (GPCR) consisting of seven transmembrane domains. It is an important regulator of
the neuroendocrine, behavioral, and autonomic response to stress. Dysregulation of CRHR1
and its ligand CRH has been causally linked to stress-related pathologies including mood
and anxiety disorders. Until now only G proteins, G protein-coupled kinases (GRKs) and [-
arrestins are familiar as intracellular interaction partners (Hauger et al. 2009). The starting
point for this study was the previous identification of new interaction partners of CRHR1 in a
yeast two-hybrid (Y2H) screen using the C-terminal cytoplasmic tail of CRHR1. Positive
clones were among others the membrane-associated guanylate kinases (MAGUKS)
postsynaptic density protein 95 (PSD95), synapse-associated protein 97 (SAP97), SAP102
and membrane-associated guanylate kinase, WW and PDZ domain containing 2 (MAGI2). In
a parallel Y2H screen the transmembrane protein 106B (TMEM106B) and syndecan binding
protein 1 (Syntenin-1) were identified as additional candidates. Furthermore, PSD93 was
included into the study because of its affiliation to the PSD95 subfamily of MAGUKSs and its
high homology to the other members of this subfamily of PDZ scaffold proteins.

The specific aims of this study were: 1) to verify the CRHRL1 interaction partners and detect
the protein domains essential for the interaction; 1) to identify the functional relevance of the
PDZz binding motif dependent interaction in vitro; Ill) to investigate the co-expression of
CRHR1 with the candidate interaction partners in vivo; IV) to analyze whether primary
neurons can serve as a cell culture model for investigating the CRHR1/CRH system and
V) to examine the function of the CRHR1 PDZ binding motif with respect to receptor

physiology in mature neurons.

5.1 High molecular weight complexes of CRHR1

In order to verify the candidate interaction partners, a co-immunoprecipitation (Co-IP)
protocol followed by Western blot detection of precipitated proteins was established. In the
Western blot (WB) CRHR1 appeared as two relatively distinct bands representing
monomeric and oligomeric forms of the receptor as already shown before (Zmijewski and
Slominski 2009). Recently, an equilibrium of CRHR1 monomers/dimers was demonstrated to
be already established in the endoplasmatic reticulum (ER) (Teichmann et al. 2014). Also
other GPCRs like the somatostatin receptor 1 (SSTR1) form detergent resistant complexes

due to oligomerization (Cai et al. 2008). For the investigation of oligomerized GPCRs
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different approaches with individual optimization are necessary (Harrison and van der Graaf
2006). For CRHRL1 it is possible to detect monomers and to partly disrupt the oligomers with
the protocol established in this study. The protocol implies to incubate the receptor at room
temperature or maximally at 37°C. The deglycosylation verified the monomer weight of the
CRHR1 fusion protein of ~75 kDa. A weight shift of ~15 kDa following deglycosylation was
also seen in other studies (Alken et al. 2005).

5.2 Interaction of CRHR1 with the MAGUKSs via the PDZ binding motif

The candidate interaction partners PSD95, SAP97, SAP102, PSD93, and MAGI2 were
validated as interaction partners of CRHR1 by Co-IP. The interaction depended on the
previously proposed PSD95/discs large 1/zona occludens 1 (PDZ) binding motif S*2-T413-
A% of CRHR1 (Kornau et al. 1995) as confirmed by the CRHR1-STAVA mutant with its
disrupted PDZ binding motif. The C-terminal amino acids S-T-A-V represent a typical class |
PDZ binding motif (Kurakin et al. 2007, Lee and Zheng 2010), which is known to bind to PDZ
domains e.g. of MAGUKSs. Recently in the course of this study, it has been reported that
disrupting the PDZ binding motif by deleting the motif or changing amino acids resulted in the
abolishment of the indirect interaction of CRHR1 with 5-hydroxytryptamine receptor
(5-HT2R), of the interaction of G protein-coupled estrogen receptor 1 (GPR30) with PSD95
and of the interaction of CRHR1 with SAP97 (Magalhaes et al. 2010, Akama et al. 2013,
Dunn et al. 2013). Especially adding an alanine to the PDZ binding motif like in the studied
CRHR1-STAVA most efficiently disrupted the interaction of CRHR1 with PSD95 PDZ1-3 and

T3 which are

implies the advantage that it does not interfere with modifications of S*? and
potential GRK or protein kinase C (PKC) phosphorylation sites (Hauger et al. 2009). The
addition of an alanine to the PDZ binding motif of the dopamine transporter caused a

dramatic loss of its expression in the striatum (Rickhag et al. 2012).

5.2.1 CRHR1 interacts via the PDZ binding motif with the N-terminal tandem
PDZ domains of PSD95

CRHR1 interacted with the N-terminal tandem PDZ domains of PSD95 via its PDZ binding
motif. PSD95 is the best studied and most abundant PDZ domain containing protein in the
post-synaptic density (PSD) (Sheng and Sala 2001, Cheng et al. 2006). Therefore, it is not
surprising that until now more than 25 interaction partners including membrane receptors and

ion channels have been detected for PSD95, what is among the MAGUKS clearly the highest
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number of known interaction partners. PSD95 interacts mainly via the N-terminal tandem
PDZ domains with other proteins (Lim et al. 2002). These PDZ domains interact with the
class | PDZ binding motif of the GPCRs SSTR1 and 4 (Christenn et al. 2007, Moller et al.
2013), GPR30 (Akama et al. 2013), brain-specific angiogenesis inhibitor 1 (Lim et al. 2002),
of the cell surface neuregulin receptor ErbB-4 (Garcia et al. 2000) and of the ion channels
subunits 2B (GIuN2B) and 2A (Kornau et al. 1995, Niethammer et al. 1996, Lim et al. 2002,
Stiffler et al. 2007) and subunit 2C of NMDA (N-methyl-d-aspartate) receptors (Chen et al.
2006). These findings make it highly reasonable that PSD95 interacts also with CRHR1 via
the N-terminal tandem PDZ domains. Since PSD95 increased the amount of GPR30 residing
at the cell surface through its interaction with the receptor (Akama et al. 2013), it is possible
that the interaction of CRHR1 with PSD95 also influences the receptor amount at the
membrane. In the course of this study another group also found that the N-terminal tandem
PDZ domains of PSD95 interacted with the GST tagged C-terminus of CRHRL1 in a PDZ blot

overlay assay confirming the results of this study (Dunn et al. 2013).

5.2.2 Interaction of CRHR1 with SAP97 via the PDZ binding motif and the PDZ2

domain

The GPCR CRHRL1 interacted via the PDZ binding motif with SAP97 involving its second
PDZ domain but not the first PDZ domain. SAP97 was observed to interact with the class |
PDZ binding motif of the 5-HT2AR (Dunn et al. 2014) similar to PSD95, which also interacts
with serotonin receptors (Xia et al. 2003a). Since SAP97 overexpression decreased
endocytosis of 5-HT2AR, it is possible that the endocytosis of CRHR1 is also influenced by
the interaction with SAP97. Moreover, SAP97 is the only member of the PSD95 subfamily of
the MAGUKSs that directly links to GIuAl (Leonard et al. 1998), this interaction is also
mediated via the second PDZ domain of SAP97 and the class | PDZ binding motif, but also
via an additional tripeptide sequence SSG at position -9 to -11 at the C-terminus of GluAl
(Cai et al. 2002, von Ossowski et al. 2006a, von Ossowski et al. 2006b). Similar to PSD95,
SAP97 interacts via the first and second PDZ domains with the class | PDZ binding motif
containing GIUN2A and GIuN2B (Niethammer et al. 1996). However, in that publication the
interaction was not investigated with a mutant with a single PDZ domain. Both proteins,
PSD95 and SAP97, interact via their third PDZ domain with the B1-adrenergic receptor
(B1AR) as demonstrated by a PDZ array overlay assay (He et al. 2006). These similar
binding properties of PSD95 and SAP97 are in contrast to the finding that SAP97 was not
able to interact with CRHRL1 via the first PDZ domain while the PSD95 PDZ1 showed an
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interaction. But as discussed above, SAP97 is the only PSD95-related MAGUK directly
interacting with GIluAl, underlining the diversity of PDZ domain binding capabilities and
supporting the findings in this study. Nevertheless, it has to be examined whether the PDZ1
domain of SAP97 is relevant for the interaction with CRHR1 in the context of the complete
protein in relationship with PDZ2 in terms of a supramodule. The N-terminal PDZ domains of
PSD95 interact with themselves as a supramodule changing the binding affinity what can
imply similar supramodules in other members of the PSD95 subfamily (Long et al. 2003,
Feng and Zhang 2009). Whether the third PDZ domain can interact with CRHR1 has to be
unraveled in the future with a SAP97 mutant specifically lacking the first two PDZ domains.
Recently, in the course of this study, Dunn and colleagues reported also the interaction of
SAP97 with CRHR1 (Dunn et al. 2013).

5.2.3 CRHR1 interacts with the MAGUK SAP102

The receptor CRHR1 interacted with the candidate partner SAP102 via one or both of the
first two PDZ domains of SAP102 and the class | PDZ binding motif of CRHR1. Several
studies reported that SAP102 interacts via the tandem N-terminal PDZ domains with GIuN2B
(Muller et al. 1996, Lim et al. 2002, Chung et al. 2004) and GIUN2C (Chen et al. 2006).
Moreover, SAP102 was observed to interact with the class | PDZ binding motif containing
ErbB-4 (Garcia et al. 2000) like PSD95 and with 5-HT2CR like PSD95 and SAP97 (Becamel
et al. 2004). These studies indicate that for the interaction of CRHR1 with SAP102, the PDZ1
and PDZ2 are probably important what has to be further dissected by corresponding mutants
in future experiments. The interaction of GIuN2B with SAP102 is disrupted via
phosphorylation of a serine of the PDZ binding motif and thereby decreases the neuronal
surface expression of GIuUN2B (Chung et al. 2004), that is why it could be that the S*2 of the
CRHR1 PDZ binding motif can be also phosphorylated disrupting the interaction of CRHR1
with SAP102.

5.2.4 CRHR1 interacts with the MAGUK PSD93

CRHR1 interacted with PSD93 via the PDZ binding motif. Previous studies demonstrated
that PSD93 interacts via its N-terminal tandem PDZ domains with the class | PDZ binding
motif containing GIuUN2B (Kim et al. 1996, Fiorentini et al. 2013), GluRd1 and GIuRd2 (Roche
et al. 1999). Furthermore, it was shown that PSD93 interacts via the first two PDZ domains
with ErbB-4 (Garcia et al. 2000) and SSTR1 and 4 (Christenn et al. 2007) via the class | PDZ
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binding motif interaction like PSD95. That is why it can be hypothesized that PSD93 interacts

with CRHR1 also via the first two PDZ domains what has to be proven in the future.

5.2.5 CRHRL1 interacts with a member of the MAGI subfamily

MAGI2 has six PDZ domains, which are in an inverted order in comparison to the other
MAGUKSs (Figure 4). In this study CRHR1 interacted with MAGI2 via the PDZ binding motif
and some or all of the PDZ1-5 domains. MAGI2 is known to bind via its PDZ5 domain to
class | PDZ binding motif containing GIuUN2A and C (Hirao et al. 1998) and GIuR®2 (Yap et
al. 2003). Besides, MAGI2 interacts also with the cell surface receptor neuroligin 1 and 2 via
the class | PDZ binding motif and the PDZ1 of MAGI2, which is functionally relevant for the
synaptic maturation (Hirao et al. 1998, lida et al. 2004, Sumita et al. 2007, Rosenberg et al.
2010). Like SAP97 and PSD95, MAGI2 interacts with its PDZ0 domain with B1AR via the
class | PDZ binding motif (Xu et al. 2001, He et al. 2006). In accordance to these results, the
interaction of CRHR1 with MAGIZ2 is highly likely. In the future the responsible PDZ domains
have to be further restricted by corresponding mutants. Since the interaction of MAGI2 with
GIuR®2 is regulated by PKC phosphorylation (Yap et al. 2003), it can be speculated that also
the interaction of CRHR1 with MAGI2 is probably influenced by phosphorylation. In the
course of the experiments for this study a PDZ blot overlay assay confirmed the interaction of
MAGI2 with the C-terminus of CRHRL1 via the PDZ1 domain (Dunn et al. 2013). In that assay
the authors found that CRHRL1 also interacted with MAGI1 and MAGI3 via their respective
PDZ1 domain but the PDZ2-5 domains of these proteins including MAGI2 did not interact in
opposite to the finding of the Co-IP in this study. Furthermore, Dunn and colleagues found
that CRHRL1 interacted with the PDZ3 of PSD95 but not with any PDZ domain of SAP102.
This is in contrast to this study, most likely because the authors just used the very C-
terminus of CRHR1 and a more artificial system, which does not fully recapitulate protein

interactions in a living system.

5.2.6 CRHR1 does not specifically interact with Syntenin-1 and TMEM106B via
the PDZ binding motif

Besides the interacting MAGUKs PSD95, SAP97, SAP102, PSD93 and MAGI2, also
Syntenin-1 and TMEM106B were identified as potential candidate interacting partners for
CRHR1 in a parallel Y2H screen.

CRHR1 did not interact with Syntenin-1, neither under unstimulated conditions, nor following

CRH stimulation. Syntenin-1 possesses two PDZ domains and interacts via both domains
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with the class Il PDZ binding motif containing membrane proteoglycan NG2 (Chatterjee et al.
2008) as well as with the class | PDZ binding motif containing membrane glycoprotein CD6
respectively (Gimferrer et al. 2005). There is another GPCR GPR37, known also as the
parkin-associated endothelin-like receptor (Pael-R), which interacts with Syntenin-1 via an
atypical class | PDZ binding motif T-H-C resulting in a dramatic increase in the level of
GPR37 surface expression in HEK-293 cells (Dunham et al. 2009). Also the glycine
transporter subtype 2 (GlyT2) consisting of 12 transmembrane domains possesses an
atypical class | PDZ binding motif T-Q-C and interacted with Syntenin-1 (Ohno et al. 2004).
This indicates that PDZ domain depending interactions as discussed earlier are very specific
and not arbitrary, because not every PDZ binding motif containing GPCR like CRHR1
interacts with any PDZ domain protein as e.g. Syntenin-1.

The interaction of CRHR1 with TMEM106B was initially confirmed. However, it appeared that
this interaction was not specific since CRHR1 mutants lacking the PDZ binding motif or the
C-terminal tail originally used in the Y2H screen were still co-immunoprecipitated with
TMEM106B. Even the mutant of CRHR1 missing the C-terminal portion including the last two
transmembrane domains still did interact. The Co-IP with this CRHR1 mutant was even more
effective than with the wild-type what can maybe result from the later detected localization of
both proteins in vesicles. TMEM106B was demonstrated to localize to late endosome and
lysosomes (Lang et al. 2012), that is why it can lead to the assumption that also the CRHR1
mutant concentrated at these compartments. The interaction seemed to be based on an
artificial interaction probably due to the fact that both proteins are transmembrane proteins.

At least the interaction was clearly not PDZ binding motif dependent.

Taken together, the first aim of the study was accomplished, namely some of the candidate
interactions proteins were verified by Co-IP and their interacting domains were successfully
determined. These results using an additional and independent expression system (i.e.
mammalian cells) underscore the importance of validating interaction partners at least with
one additional method e.g. Co-IP. CRHRL1 interacted with different MAGUKS via specific PDZ
domains implying a possible functional relevance of individual interactions in terms of
different functions e.g. internalization, de- and re-sensitization or scaffolding to particular
signaling molecules in the synapse environment. That is especially important because the
MAGUKSs are to a certain extent functionally redundant but on the other hand many MAGUKs
have their own specific function at a particular developmental stage (Zheng et al. 2011).
Besides, there is clear spatial overlap but not every MAGUK is present in each spine
including the possibility of a MAGUK dependent individual CRHR1 signaling. Meanwhile, it

can be hypothesized that a single MAGUK can enhance the oligomerization of the receptor
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since CRHR1 binds to different PDZ domains in one MAGUK as e.g. PSD95 or MAGIZ2.
Oligomerized receptors could simultaneously bind to different MAGUKSs at the same time in a
given spine. Thus, these specific interactions between CRHR1 and a subset of MAGUKs

could be essential for particular receptor functions in the neuron.

5.3 CRHR1 clusters with the MAGUKs depending on the PDZ binding

motif

MAGUKSs per se are known for multimer formation and are important for receptor clustering
at the PSD (El-Husseini et al. 2000b, Rademacher et al. 2013), where they function as
scaffolds organizing cellular signaling (Good et al. 2011). PSD95 supports 5-HT2A and
5-HT2C receptor sorting to apical dendritic spines and maintains receptor turnover in vivo
(Xia et al. 2003b, Abbas et al. 2009). This sorting shows that PSD95 promotes the
subcellular distribution of a GPCR through the interaction with its PDZ domains. In general,
to assess PDZ domain dependent interactions in terms of effects on subcellular localization,
clustering assays can be performed in which putative interaction partners are co-expressed
in heterologous cell systems to examine co-clustering of interacting proteins. In COS-1 cells
for example PSD95 promoted clustering of Shaker-type K+ channels (Kv1.4) via the second
PDZ domain (Imamura et al. 2002). To assess the functional relevance of the PDZ binding
motif dependent interaction, a clustering assay was executed in HEK293 cells. CRHR1
clustered with the MAGUKs PSD95, SAP97, SAP102, PSD93 and MAGI2 via the PDZ
binding motif. When co-expressed CRHR1 showed a different cellular distribution than
expressed alone: It was not localized equally at the membrane but in vesicles in the soma
and partially at the membrane as patches together with respective interaction protein. This
clustering pattern depended on the PDZ binding motif of CRHR1 because the mutant
CRHRL1 variant with a disrupted PDZ binding motif prevented the clustering. This altered
protein localization can be due to an arrestment of the receptor in the secretory route
because the interacting proteins inhibit the trafficking to the membrane after translation. On
the other hand, it could be that MAGUKs enhance the oligomerization of the receptor and the
internalization of CRHR1 patches from the membrane. Thus, it is likely that the interaction of
CRHR1 with the MAGUKSs influences the trafficking to distinct cellular compartments.
Previous studies demonstrated that PSD95 promotes cell surface clustering with class | PDZ
binding motif containing GIuN2B in COS-7 cells (Kim et al. 1995, Kim et al. 1996). PSD93
showed also clustering activity in COS-7 cells with class | PDZ binding motif containing Kv1,
GIuN2B (Kim et al. 1996, Ogawa et al. 2008) and in HelLa cells with class | PDZ binding motif

107



Discussion

containing iGIuR 62 (Roche et al. 1999). Similarly, MAGI2 clusters in COS-7 cells with the 62
glutamate receptor containing a class | PDZ binding motif (Yap et al. 2003). Furthermore, the
clustering activity of SAP97 was described in ER-derived intracellular vesicles for GIUN2A in
COS-7 cells (Mauceri et al. 2007) and for Kv channels in COS-1 and COS-7 cells (Tiffany et
al. 2000, Murata et al. 2001). In contrast, SAP97 and PSD95 showed in this study cytosolic
and membranous distribution patterns when co-expressed with CRHRL1. For the clustering of
Kv1l.4 with PSD95 (El-Husseini et al. 2000b, Imamura et al. 2002) it was described that
palmitoylation but not multimerization was necessary (Christopherson et al. 2003). Moreover,
Chetkovich and colleagues found that the palmitoylated a-isoform of PSD95 clusters
membranously and the non-palmitoylated B-isoform clusters perinuclearly with Kvl.4
(Chetkovich et al. 2002). PSD95 palmitoylation is a highly reversible process (el-Husseini Ael
and Bredt 2002), therefore, it is reasonable that PSD95 clusters were found at the membrane
and in the cytosol in this study because the palmitoylation site containing a-isoform was
used. But for SAP97 the non-palmitoylated L27 containing B-isoform was used in the
experiments, therefore, it has to be speculated that the palmitoylation was probably
compensated by unknown mechanisms. For PSD93 the palmitoylation site containing b-
isoform was used, therefore, it is unclear why only cytosolic clusters were found. This is also
in contrast to another report which demonstrated that PSD93 mediates cell surface Kv ion
channel clustering in COS-7 cells (El-Husseini et al. 2000b, Ogawa et al. 2008). SAP102
contains N-terminal cysteines, which normally represent palmitoylation sites, but no
palmitoylation was observed (El-Husseini et al. 2000b, Funke et al. 2005). This is in line with
the cytosolic distribution pattern of the clusters in this study and the previously reported
intracellular pattern of clustering of Kv1.4 with SAP102 (El-Husseini et al. 2000b). MAGIZ2 has
no palmitoylation site (Zheng et al. 2011), thus the detected membranous clustering of
MAGI2 with CRHR1 must have other reasons. This finding is in line with previous studies,
which found that MAGI2 was co-localized with GIuUN2A at the membrane in HEK293 cells
(Hirao et al. 1998).

The second objective to identify the functional relevance of the PDZ binding motif dependent
interaction in vitro was achieved. The clustering pattern, which depended on an intact PDZ
binding motif, shows the functional relevance of the interaction between CRHR1 and the
MAGUKSs. Considering the localization of MAGUKSs in the PSD, it can be speculated that the
MAGUKs are responsible to cluster CRHRL1 to the PSD and to bring them in close vicinity

with specific signaling molecules.
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5.4 Co-expression of CRHR1 with the MAGUKS in vivo

The Y2H screen can produce false positive interaction candidates in comparison to the
endogenous situation since in this screen proteins can be joined that anatomically are not
necessarily expressed in the same cell. Therefore, the third aim of the study was to
investigate the co-expression of CRHR1 with the candidate interaction partners in vivo.

For this purpose, the mouse as a model organism is very helpful because the mouse is
genetically similar to the human being (Venter et al. 2001) and wild-type (WT) and genetically
modified mice give insights into brain functions and pathogenesis of diseases (Watase and
Zoghbi 2003, Kalueff et al. 2007, Ito et al. 2012).

In this study the mRNA of CRHR1 and interaction partners was co-localized in brain regions
like the olfactory bulb, cortex, hippocampus and the cerebellum of the adult mouse brain.
This co-expression was also verified on the cellular level where CRHR1 mRNA co-localized
with mRNA of interaction partners in pyramidal neurons of hippocampal CA1l, in cells of the
cortex and of the reticular thalamic nucleus. CRHR1 and MAGUKs were expressed
throughout the murine brain resembling the previously reported broad expression for CRHR1
(Chen et al. 2000b, Van Pett et al. 2000, Refojo et al. 2011, Kuhne et al. 2012), PSD95
(Brenman et al. 1996, Fukaya and Watanabe 2000, Ohnuma et al. 2000), PSD93 (Brenman
et al. 1996), SAP97 (Muller et al. 1995), SAP102 (Muller et al. 1996) and MAGI2 (Hirao et al.
2000, Yamada et al. 2003). These findings make it highly reasonable that a physical
interaction of CRHR1 with MAGUKSs is possible further supporting a physiological relevance
of the identified interaction.

Alterations in the expression of MAGUKSs in the brain were found in psychiatric illnesses
(Kristiansen and Meador-Woodruff 2005), simultaneously CRHR1 is known to modulate
emotionality including anxiety-related behavior. Recently, our laboratory also found that
CRHR1 mediates anxiogenic and anxiolytic effects by neurotransmitter-specific neuronal
expression (Refojo et al. 2011). Thus, it is possible that alterations of the CRHR1 interaction
with MAGUKSs are responsible for emotional disturbances in psychiatric diseases disclosing

new opportunities for developing therapeutic treatments.

5.5 Characterization of dissociated primary neurons in culture

To address the role of the PDZ binding motif of CRHR1 with respect to its cellular localization
in a more physiological model than HEK293 cells, primary hippocampal neurons were
studied in terms of the expression of MAGUKs, CRHRL1 and its ligand CRH to investigate the

physiological relevance of this cell culture model.
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In general, dissociated primary cell culture displays physiological events in a similar
developing time course as neurons in an in vivo context regarding maturation (Mains and
Patterson 1973, Bartlett and Banker 1984a, Ichikawa et al. 1993), synaptogenesis
(Bornshein and Model 1972, Yavin and Yavin 1977, Bartlett and Banker 1984b, Kuroda et al.
1992), polarization (Dotti et al. 1988, Powell et al. 1997) and synaptic excitation (Habets et
al. 1987, Ogura et al. 1987, Murphy et al. 1992). Primary neurons establish a functionally
active network within they can communicate between pre-synaptic axon terminals and post-
synaptic dendritic spines. Excitatory synapses harbor the PSD, which is composed of
cytoskeletal and scaffold proteins adjacent to the postsynaptic membrane (Ziff 1997). That is
why primary neuronal cultures are widely used to investigate the physiology of neurons
(Giordano and Costa 2011).

5.5.1 Investigation of CRHR1/CRH system in primary neurons

Primary hippocampal neurons turned out to be a suitable cell culture model to study the
interaction of CRHR1 with MAGUKSs since the co-expression of the interacting proteins was
verified on the mRNA level. Furthermore, primary neurons emerged to be specific for CRHR1
and CRH manipulations since the other components, CRHR2 and urocortin 1-3, of the
CRHR1/CRH system were not detectable. The co-expression of CRHR1 and the interaction
partners in primary hippocampal cell culture was supported by the co-expression in the adult
mouse brain detected by in situ hybridization. These results are in agreement with previous
studies describing the mRNA expression in primary neurons of CRHR1 (Bayatti et al. 2003),
PSD95 (Tohda 2014), PSD93 (Zhang et al. 2010), SAP97 (Rumbaugh et al. 2003,
Yokomaku et al. 2005) and SAP102 (Cui et al. 2007). For MAGI2, a broad protein expression
was observed in the brain especially in the cortex, hippocampus and the cerebellum
(Ohtsuka et al. 1999, Hirao et al. 2000, Yamada et al. 2003, Yap et al. 2003, lhara et al.
2012), the mRNA expression was also detected in the brain but has been investigated only
at embryonal stage of the whole mouse brain until now (Pfister et al. 2003). That is why this
is the first study showing the mRNA expression of MAGI2 in primary hippocampal neurons.
Besides, this study revealed a comprehensive overview of mMRNA expression of PSD95
subfamily members of the MAGUK family including MAGI2 in young and mature primary
hippocampal neurons. Except for SAP97 and MAGI2 the mRNA expression of investigated
MAGUKs was upregulated in mature neurons resembling the upregulation of MAGUKSs
during maturation of neurons in the intact mouse brain (Oliva et al. 2011, Zheng et al. 2011).

Primary neurons of the hippocampus resemble regarding the composition of neuron types

the mature hippocampus with approximately 94 % excitatory glutamatergic pyramidal cells
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and 6 % GABAergic (gamma aminobutyric acid) interneurons (Craig et al. 1993, Benson et
al. 1994). The major cell types of the rat cortex are pyramidal, fusiform and multipolar
neurons, which are also found in the primary cell culture (Huettner and Baughman 1986,
McConnell 1995). These cells can be divided morphologically in 80 % excitatory
glutamatergic pyramidal neurons and 20 % GABAergic interneurons (Kriegstein and Dichter
1983, Kawaguchi and Kondo 2002, Noback et al. 2005).

Primary dissociated neurons prepared from genetically modified mice can be used to
investigate the specific absence or overexpression of a protein as well as the induced
targeted protein expression via the Cre/loxP system (Goebbels et al. 2006, Justice et al.
2008, Taniguchi et al. 2011). The CRH expression in hippocampal and cortical primary
neurons was verified and further specified by the usage of the CRH-Cre x Ai9 reporter
mouse line, in which every CRH expressing neuron also expresses the tdTomato reporter
due to Cre-mediated activation. The increase in CRH positive neurons in hippocampal
neurons is in line with the results of the postnatal developing hippocampus (Chen et al.
2001). Immunocytochemistry stainings revealed that CRH is expressed in GABAergic
neurons of primary hippocampal and cortical cultures at different time points (0-14 days in
vitro, DIV). This is in line with the findings that CRH is expressed in GABAergic interneurons
within the hippocampal pyramidal cell layer (Chen et al. 2004). Another report showed that
CRH positive neurons did not co-express the GABAergic subtype marker calbindin D28-K in
the hippocampus (Yan et al. 1998). This is in opposite to the CRH positive neurons, which
were co-stained with calbindin D28-K in this study. This discrepancy can be a result of an
altered differentiation of neurons in cell culture compared to the physiological environment of
brain tissue.

The CRHR1 expression in hippocampal primary neurons was verified by the usage of the
CRHR1-GFP reporter mouse line carrying a CRHR1-GFP BAC transgene. Remarkably,
44 % of the neurons were CRHRI1-GFP positive. This is in agreement with the high
proportion of CRHR1 positive neurons of cultured hippocampal cells detected recently
(Sheng et al. 2008). However, it has to be considered that this and other studies (Chen et al.
2000b) used antibody staining to detect endogenous CRHR1. This in opposite to the
experimental experience in our laboratory as discussed below. The staining with the
glutamatergic marker VGIuT1 (vesicular glutamate transporter 1) revealed that every CRHR1
positive neuron was glutamatergic what is in line with recent findings in our group (Refojo et
al. 2011). Simultaneously also 11 % of the calbindin D28-K positive neurons were CRHRL1
positive what is in accordance with publications demonstrating the co-expression of the
glutamatergic marker VGIuT1 with the GABAergic subtype marker calbindin D28-K in the rat

nucleus accumbens (Hartig et al. 2003), in the pedunculopontine nucleus (Martinez-
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Gonzalez et al. 2012) and in the mouse spinal dorsal horn (Punnakkal et al. 2014).
Moreover, the calcium-binding protein calbindin D28-K is only partially co-localized with
GABA in neurons of the hippocampus and the cortex (Rogers 1992). Therefore, it seems
reasonable that CRHR1 was expressed in glutamatergic and partly simultaneously calbindin
D28-K positive hippocampal neurons. In contrast to the CRHR1-GFP reporter line utilized in
this study, CRHR1 expression was not detectable in primary cell cultures derived from a
mouse model, which has the endogenous CRHR1 tagged with GFP or has the endogenous
CRHR1 replaced by LacZ (B-galactosidase gene) transcribed under the CRHR1 promoter
(data not shown) (Refojo et al. 2011, Kuhne et al. 2012). This discrepancy might be related
to the GFP overexpression in BAC transgenic mice compared to the low endogenous
expression levels in the GFP of LacZ knock-in mice.

In summary, the fourth objective was accomplished demonstrating that the CRHR1/CRH
system could be investigated with respect of the interaction with MAGUKs in primary
hippocampal neurons because the co-expression of the mRNA was validated by different
techniques.

Furthermore, the low endogenous expression of CRHR1 mRNA found via qPCR and the fact
that the two endogenous reporter mouse lines were not sensitive enough to detect CRHR1
expression in primary cultures, is consistent with the fact that no antibody against CRHR1
was able to detect the endogenous level of CRHR1 neither in slices nor in primary neurons
(see also: (Refojo et al. 2011). This is in line with the general difficulty to raise antibodies
against GPCRs, maybe because of the short length and compact conformation of the
extracellular regions (Fredholm et al. 2007). Only after overexpression specific antibodies
against CRHR1 are sensitive enough to detect tagged variants of CRHR1. Therefore, it was
necessary to overexpress wild-type CRHR1 or the PDZ binding motif mutant in primary

hippocampal neurons to assess the functional impact of the PDZ binding motif.

5.6 Overexpression of CRHR1 to functionally characterize the PDZ

binding motif

Primary neurons are widely used because they are accessible by genetic manipulation in
terms of overexpression and knockdown of a protein of interest. Nevertheless, they are not
always easy to transfect and the efficacy is reduced with the age of the neurons (Huang and
Richter 2007). There are different methods to transfect with distinct efficacy at specific time
points like the Ca?-phosphate co-precipitate method, lipofection, electroporation and
nucleofection (Martinez and Hollenbeck 2003, Jiang and Chen 2006, Zeitelhofer et al. 2007,
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Karra and Dahm 2010). The challenge of transfecting neurons is based on the fact that
neurons are non-dividing cells, but nevertheless the nucleotides have to pass the cell
membrane and the nucleus membrane.

Especially CRHR1 showed a low transfection efficacy in preliminary experiments (data not
shown) indicating that CRHR1 is might be toxic by itself after overexpression. Therefore,
different mutants of CRHR1 in terms of function and structure were designed to evaluate the
intrinsic toxicity of CRHR1 in primary neurons. The transfection in HEK293 cells showed that
all mutant CRHR1 variants resided in the membrane except CRHR1A 2TM lacking the C-
terminal portion including the last two transmembrane domains of the receptor, which was
located in intracellular vesicles. Membrane proteins get sorted and transported to the
membrane after translation by passing different membrane compartments after the ER
(Balch et al. 1994, Barlowe 2003, Mellman and Nelson 2008). Many sorting signals within the
membrane proteins have been identified in the C-terminus (Parmar et al. 2014) and rely on
basic (Giraudo and Maccioni 2003) or acidic residues as for the angiotensin Il receptors
(Sevier et al. 2000, Stockklausner et al. 2001, Zhang et al. 2011). But recently it was also
shown that a triple arginine motif in the third intracellular loop (IC3) functions as an ER export
signal for a(2B)-AR (Dong et al. 2012). Since the CRHR1A C-term lacking the C-terminus
was localized in the membrane and the IC3 of CRHR1 does not contain a triple arginine
motif, the vesicular clustering of CRHR1A 2TM probably has other reasons. Many proteins
get glycosylated at asparagine (N) residues at the motif N-X-S/T in the ER lumen during their
translation (Duvernay et al. 2005, Mellman and Nelson 2008). Since CRHR1A 2TM lacks the
last extracellular domain, which does not contain a motif for N-glycosylation, this is also not
the reason. But it can be speculated that the truncated receptor was misfolded and stuck in
the ER or lysosomes for subsequent degradation. This is in accordance to the more effective
Co-IP with this CRHR1 mutant and TMEM106B which was demonstrated to localize to late
endosome and lysosomes (Lang et al. 2012). This can lead to the assumption that CRHR1A
2TM was also concentrated at these compartments.

In conclusion, it was possible to overexpress the WT and most of the mutant variants of
CRHR1 with the anticipated membranous subcellular localization. No signs of toxicity were

detected after overexpression.

5.6.1 CRHR1 mutants show similar cAMP signaling properties in HEK293 cells

The functionality of CRHR1 constructs was investigated with regards to the receptors” signal
transduction pathways. CRHR1 preferentially signals via Gsa which couples to the IC3

resulting in adenylyl cyclase activation and cAMP production (Hauger et al. 2006, Hillhouse
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and Grammatopoulos 2006, Hauger et al. 2009). To assess the CRHR1 signaling of CRHR1
WT and mutants in HEK293 cells, cAMP production was measured. Surprisingly, every
mutant showed a cAMP production capacity largely comparable to the WT receptor with
exception of CRHR1A 2TM. Papadopoulou and colleagues demonstrated a 50 % reduction
of CAMP production in a mutant similar to myc-GFP-CRHR1-S301V following urocortin 1
stimulation (Papadopoulou et al. 2004). In agreement with these results the CRHR1A 2TM,
which contains only aa 1-298, showed a strong reduction of cCAMP production, probably due
to the absence of the functional IC3 (aa 296-306), the G coupling site. In contrast, myc-GFP-
CRHR1-S301V did not show a significant reduction of cAMP production although the
experiments were conducted in the same cellular system: HEK293 cells. The only difference
was the way of CRHR1 stimulation which was carried out in this study with CRH instead of
urocortin 1. In human myometrium urocortin 1 but not CRH activates the mitogen-activated
protein kinase (MAPK) signaling (Grammatopoulos et al. 2000). This might explain why CRH
acts also in HEK293 cells differently regarding cAMP production compared to urocortin 1 as
revealed in this study. Interestingly, the mutant CRHR1-STAVA, which has a disrupted PDZ
binding motif, showed no reduction of cAMP production implying no relevance of the PDZ

binding motif for this pathway, at least under the used experimental conditions.

5.6.2 Overexpression of mutant CRHRL1 variants in vitro and in vivo

To identify the physiological role of the interaction in mature neurons, WT and mutant
CRHR1 variants were first overexpressed in young neurons at DIV 6 with the calcium-
phosphate protocol. As in HEK293 cells CRHR1 variants were similarly distributed
throughout the neuronal membrane and in vesicular structures most likely representing the
ER-Golgi network. Only CRHR1A 2TM showed a strong accumulation in perinuclear vesicles
and was not distributed into the neurites. But at later time points - DIV 14 and
thereafter - when primary neurons are terminally differentiated harboring dendritic spines
(Barnes and Polleux 2009), the overexpression with the calcium-phosphate protocol was not
successful in terms of efficacy and cell survival. In general, neurons are difficult to transfect
because they are postmitotic and the transfected DNA has to gain access to the non-dividing
nucleus (Craig 1998). At least in young neurons CRHR1 and its variants had no toxic effect
when overexpressed, but it was not possible to transfect mature neurons in this way.

To analyze cell survival in a more physiological context, WT and mutant CRHR1 variants
were overexpressed in vivo by in utero electroporation. Independent of the transfected
CRHR1 variant the expression efficacy was very low, nevertheless, it was possible to

overexpress CRHR1 also in vivo excluding a major intrinsic toxicity of CRHR1 on neurons.
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To establish an overexpression in primary neurons at later time points, different approaches
were tested. The transfection efficacy and cell survival of matured neurons was neither
improved by the calcium-phosphate protocol with different incubation times, nor by
baculovirus based transduction, nor by a modified lipofection protocol, nor by two different
ways of electroporation.

Virus-based transfection methods have the advantages that viruses can infect non-dividing
cells with a high efficiency resulting in stable expression of a gene of interest. Therefore,
primary neurons can also be transduced with lentiviruses or adeno-associated viruses
(Janas et al. 2006, Zhang et al. 2006, Buning et al. 2008, Royo et al. 2008). Consequently,
viral transduction in primary neurons was performed using lentiviral vectors, since it was
shown that they can efficiently and stably infect non-dividing cells (Naldini et al. 1996, Blomer
et al. 1997). The lentiviral transduction of primary hippocampal neurons resulted in highly
efficient overexpression of CRHR1 in healthy looking neurons what was confirmed by a
control GFP virus and respective immunocytochemistry. Both CRHR1 WT and CRHR-
STAVA appeared in a punctuated distribution pattern, accumulated along the neuronal body
and located in spines. But surprisingly the fluorescent puncta did only co-localize adjacent to
markers for the pre-synapse, the inhibitory and excitatory post-synapse and the interaction
proteins PSD95 and SAP97 without any direct overlap. This distribution pattern was fully
independent of the PDZ binding motif. The utilization of an antibody against CRHR1, which
also worked in cell culture after CRHR1 overexpression, confirmed the CRHRL1 identity of the
puncta after virus transduction and GFP staining. Unusually, CRHR1 variants did not show
any overlap with a synaptic marker indicating a potential artefact related to the
overexpression. Recently a limited overlap of SAP102 with its interacting partner
Neurobeachin in hippocampal neurons was shown (Lauks et al. 2012). The pattern of limited
overlap is similar to the herein found adjacent distribution demonstrating that a complete
overlap is not always necessary for interacting proteins as seen with PSD95 and SAP97.
Furthermore, CRHR1 might be located extrasynaptically like NMDA receptors (Petralia et al.
2010) or probably co-localizes with the interactor proteins only after stimulation with CRH.
Preliminary experiments with CRH treatment were not successful (data not shown) and have
to be repeated.

However, due to the absence of a significant overlap of CRHR1-positive puncta with any
tested marker and to confirm or falsify these unexpected results another viral expression

system was used.
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5.6.3 CRHR1 can be expressed in primary neurons and localizes to the plasma

membrane

Adeno-associated viral (AAV) vectors transduce neurons in vivo with low toxicity even when
they are entirely differentiated (Royo et al. 2008). It was not possible to reproduce the
punctated pattern of WT and mutant CRHR1s in primary neurons after transduction with
AAVs. Instead, WT and mutant CRHR1s were distributed throughout the plasma membrane
within the somata, dendrites and axons. The staining was enhanced using an anti-GFP
antibody and confirmed by anti-CRHR1 antibody staining. The receptor resided in the
excitatory post-synapse independent of the PDZ binding motif but not in the inhibitory post-
synapse or the pre-synapse. The lack of overlap with the inhibitory post-synaptic marker
gephyrin indicates specifity for the localization of the receptor in the excitatory post-synapse.
Studies using antibodies against endogenous CRHR1 also demonstrated that CRHR1 is
localized within dendritic spine heads of excitatory synapses of the stratum oriens in the
hippocampus (Chen et al. 2004, Chen et al. 2010) although in our laboratory CRHR1
antibodies did not work as already discussed. In contrast to CRHRL1 localization, CRH is
released from vesicles of axon terminals surrounding the cell somata and axon initial
segments (AlS) of pyramidal cells of the pyramidal cell layer (Chen et al. 2004). This release
site is > 100 um away from the localization of CRHR1. Another consideration is that CRH is
probably released at inhibitory synapses since it is expressed in GABAergic interneurons but
CRHR1 did not reside in the inhibitory post-synapse. This fact and the distant releasing site
make it highly reasonable that volume transmission takes place including diffusion of CRH
over a relatively wide distance (Chen et al. 2012a).

The identical distribution of WT and mutant CRHR1s could be related to the overexpression
or to the non-activated state of the neurons. Moreover, it could be that the low expressed
endogenous CRHRL1 in the cultured neurons was sufficient to cluster with the overexpressed
CRHR1-STAVA mutant as with the CRHR1 WT, thereby determining the localization of
exogenously expressed receptors. This problem was also disturbing Co-IP experiments
between CRHR1-STAVA and PSD95 in Neuro2A cells, which endogenously express CRHR1
(data not shown). Preliminary results did not show a PDZ binding motif-dependent
localization of the receptor in CRHR1 lacking neurons. However, this has to be investigated
in more detail in additional experiments. Furthermore, CRHR1 directly was co-localized with
the interacting partners PSD95 and SAP97 in spines, however, also independently of the
PDZ binding motif. Others also found CRHR1 co-localized with PSD95 on dendritic spine
heads using murine brain sections (Chen et al. 2004, Chen et al. 2010). But it has to be

considered that these studies used an antibody against the endogenous CRHR1 which was
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not working in our laboratory as discussed in paragraph 5.5.1. Similarly, we could recently
show that PSD95 also interacted with the PDZ binding motif containing GPCR SSTR1 and
co-localized with SSTR1 in dendritic spines (Moller et al. 2013). This study demonstrates that
CRHRL1 is localized at the excitatory PSD where the interacting MAGUKs can act as
scaffolds for the receptor.

The co-localization in mature spines indicates a possible physiological role of the interaction
between CRHR1 and PSD95 and SAP97. Together with the clustering assay our results
make it highly reasonable that the MAGUKs have the potential to promote clustering of
CRHR1 in the PSD via the PDZ binding motif. MAGUKSs can perhaps anchor CRHRL1 in
clusters to the cell surface and possibly serve also as downstream signaling molecules and
inhibit for example the internalization as it was revealed for PSD95 and 5-HT2A receptors
(Xia et al. 2003a). But until now the PDZ binding motif of CRHR1 did not determine the
localization of the receptor in primary neurons after overexpression including that the fifth aim
was not fully fulfiled. The same controversial situation was observed for NMDARSs, which
were found to cluster at synapses independently of PDZ interactions via PSD95 (Migaud et
al. 1998, Passafaro et al. 1999), but simultaneously the functional localization of NMDARS in
synapses was dependent on PSD95 in terms of synaptic activity, entry to the synapse and
internalization (Steigerwald et al. 2000, Roche et al. 2001, Prybylowski et al. 2002). These
differences can be explained by the redundancy of the PSD95 subfamily and compensations
through other members in knockout situations. Nevertheless, in comparison to NMDARS, it
can be can lead to the assumption that only the functional localization of CRHR1 dependents
on PDZ interactions via the MAGUKSs. To further decipher this issue a CRHR1-STAVA
mouse line could help to avoid the artificial viral overexpression used in this study and to
investigate changes of CRHRL1 localization and function in the synapse in a physiological

context.

5.7 Hypothesis of CRHR1 interaction pathways and outlook

The co-localization of CRHR1 with MAGUKs in the PSD could be a connection of
CRH-related phenomena described in the literature like spine dynamics what will be
discussed in the following.

CRHRL1 has been demonstrated to play a role in spine dynamics. Following CRH treatment
or stress, spine loss is induced, an effect that can be abolished by blocking CRHR1. For this
process destabilization of spine actin is necessary what is triggered by CRH-mediated RhoA

(Ras homolog gene family member A) activation (Chen et al. 2008, Chen et al. 2012b). In
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this context, it has been shown that the SH3/GuK domains of the MAGUKSs are indirectly
linked to actin through proteins of the PSD including guanylate kinase-associated protein
(GKAP) and SPAR (spine-associated Rap guanosine triphosphatase-activating protein)
(Naisbitt et al. 2000, Pak et al. 2001, Gerrow et al. 2006). It can be hypothesized that CRHR1
is able to induce destabilization of spine actin because of its interaction with MAGUKSs that
link the receptor to actin and organize the CRHR1 signaling to the appropriate compartment
what needs to be investigated in the future.

The calcium-independent cell adhesion molecule Nectin-3 was also found to link CRHR1
signaling to stress-induced memory deficits and spine loss (Wang et al. 2013). Accordingly,
CRH treatment reduced Nectin-3 levels what resulted in a decreased number of dendritic
spines. Nectin-3, which contains a class Il PDZ binding motif, mediated the effect via the
actin binding protein afadin, to which it was shown to bind via the PDZ domain (Takahashi et
al. 1999, Giagtzoglou et al. 2009). As discussed above, CRHR1 could be coordinated to
actin via MAGUKSs as Nectin-3 is linked to actin via afadin and this spatial arrangement could
be required for the induced spine loss.

On the other hand, there is evidence that the CRHR1-CRH-mediated spine loss needs
network activity and the activation of NMDA receptors results in activation of the calcium-
dependent enzyme calpain, which leads to the breakdown of the spine cytoskeleton (Andres
et al. 2013). Additionally CRH depresses NMDA-mediated current via the CRHR1 (Sheng et
al. 2008). Since every identified MAGUK interacts with NMDA receptors (Kornau et al. 1995,
Kim et al. 1996, Muller et al. 1996, Niethammer et al. 1996, Hirao et al. 2000, Lim et al. 2002,
Fiorentini et al. 2013), it can be speculated that CRHR1 is connected to NMDA receptors via
MAGUKs what is maybe important to convey the effect of spine loss and current depression.
Obviously many signaling molecules are involved in the CRHR1-CRH-mediated spine loss,
but it is reasonable that the signaling is divergent due to different temporal and spatial signal
compositions. The described mechanisms are either calcium-dependent or -independent and
probably not the only mechanisms. This will require further investigation in the future.
Another report showed that CRHR1 regulates anxiety behavior via the sensitization of 5-HT
receptor signaling which requires intact PDZ binding motifs of both receptors (Magalhaes et
al. 2010). It was found that SAP97 is not responsible for this effect (Dunn et al. 2014), but it
is possible that the sensitization of 5-HT receptors depends on another identified MAGUK
which could be responsible for connecting both receptors via different PDZ domains. PSD95
is a good candidate, which has been shown to interact with 5-HT receptors (Xia et al. 2003a).
Similarly it has been revealed that PSD95 mediates the interaction of the B1AR with
NMDARs (Hu et al. 2000).
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CRHR1 is a GPCR of the B1 family and preferentially signals via Gsa resulting in the
activation of the adenylyl cyclase/protein kinase A (AC-PKA) pathway (Grammatopoulos et
al. 1996, Hauger et al. 2009). However, depending on its cellular localization and context,
CRHRL1 can activate multiple G proteins triggering a plethora of different second messengers
(Grammatopoulos and Chrousos 2002). For example the coupling to Gsa can result in the
activation of the ERK1/2 signaling pathway, which can also be provoked by Gga (Kovalovsky
et al. 2002, Papadopoulou et al. 2004). Coupling to Gsa can also result into intracellular
calcium mobilization via the activation of AC which activates the € isoform of phospholipase
C (PLCe¢) (Gutknecht et al. 2009). Until now it is not clear what determines whether CRHR1
signals after G protein coupling via the phospholipase C-protein kinase C (PLC-PKC)
pathway or via the AC-PKA cascade (Hauger et al. 2009) but it is known that PSD95 and
SAP97 can interact with A-kinase anchoring protein 79/150 (AKAP79/150) (Colledge et al.
2000), which couples PKC and PKA (Klauck et al. 1996, Colledge and Scott 1999).
Therefore, it can be speculated that the CRHR1 signaling is influenced by the presence of
MAGUKSs that aggregate CRHR1 with particular signaling molecules and bring them into
proximity of CRHR1.

Furthermore, the effect of the PDZ binding motif on neuronal excitability could be examined
in vivo in slices of a respective mutant mouse line or after viral mediated re-expression of WT
and mutant receptors in a CRHR1 negative background. Recently, it has been shown that
the activation of CRHR1 expressed on glutamatergic neurons increases the excitability of
CAL1 pyramidal neurons by the modulation of voltage-gated ion channels (Kratzer et al. 2013)
which could depend on an interaction of CRHR1 with identified MAGUKS.

In summary, CRHRL1 interacted with different PDZ domains of MAGUKSs via the receptors’
PDZ binding motif. This motif also accounted for the clustering with MAGUKSs. Moreover, the
receptor was co-expressed with the MAGUKs on cellular level in the adult mouse brain.
Hippocampal primary neurons were established as a suitable model for investigating the
interactions of CRHR1. In these primary neurons CRHR1 was localized independent of the
PDZ binding motif throughout the neuronal plasma membrane including the excitatory post-

synapse where it co-localized with the interacting partners PSD95 and SAP97.
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6.3 List of abbreviations

A

A

AAV
B2AR
5-HTR
AC-PKA
ACTH
AKAP79/150
AMPA
ARIP1
AT1R
ATP
Bail
Bp
BRET
BSA
CA
CaCl,
CaMKIl
cAMP
CaSR
cDNA
CMV
CNS
CO;
Co-IP
cpm
CREB
CRH
CRHR1
CRIPT

adenine

asparagine

adeno-associated virus

[2-adrenergic receptor

5-hydroxytryptamine receptor

adenylyl cyclase/protein kinase A
adrenocorticotropic hormone

A-kinase anchoring protein 79/150
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
activin receptor-interacting protein 1
angiotensin Il type 1 receptors

adenosine triphosphate

Brain-specific angiogenesis inhibitor 1

base pair

bioluminescence RET

bovine serum albumin

cornu ammonis area

calcium chloride
calcium/calmodulin-dependent protein kinase Il
cylic adenosine monophosphate

calcium sensing receptor

complementary DNA

cytomegalovirus

central nervous system

carbon dioxide

co-immunoprecipitation

counts per minute

cAMP response element-binding protein
corticotropin-releasing hormone
corticotropin-releasing hormone receptor type 1

cysteine-rich PDZ-binding protein
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CRLR calcitonin receptor-like receptor

CT calcitonin

C-terminus carboxyl terminus

CX cortex

CXCR2 C-X-C chemokine receptor type 2
Da Dalton

DAPI 4’ ,6-diamidino-2-phenylindole
Dasmil Dendrite arborization and synapse maturation 1
DEPC diethyl pyrocarbonate

DH5a E. coli strain DH5a

DIG Digoxigenin

DISH double in situ hybridization

DIO double-floxed inverse open reading frame
DIV day/dies in vitro

DMEM Dulbecco's Modified Eagle's Medium
DMSO dimethylsulfoxide

DNA desoxyribonucleic acid

dNTP desoxyribonucleotide triphosphate
dpc day/dies post coitum

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

E embryonic day”

E.coli Escherichia coli

EF1a elongation factor-1a

e.g. exempli gratia, for example

eGFP enhanced green fluorescent protein
EPSCs excitatory post-synaptic currents

ER endoplasmatic reticulum

ERK extracellular signal-regulated kinase
EtOH ethanol

EVH domain enabled/VASP homology domain
FRET fluorescent molecules energy transfer
FCS fetal calf serum

GABA gamma aminobutyric acid

GASPs GPCR-associated sorting proteins
GAPs GTPase activating proteins
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GC

gc

GDP
GEFs
GIP
GIuA
GluK5
GIuN
GluR&2
GlyT2
GKAP
GPR30
GPCR
G proteins
GRKs
GTP
GuK
HBSS
HCI
HEK293
HEPES
HMWCs
HP

HPA
hybmix
IC3

glucocorticoid

genome copies

guanosine diphosphate

GTP exchange factors

GPCR interacting proteins

AMPA receptor subunit

glutamate kainate receptor 5
NMDA receptor subunit

glutamate receptor ionotropic, delta
glycine transporter subtype 2
guanylate kinase-associated protein
G protein-coupled estrogen receptor 1
G protein-coupled receptors
GTP-binding proteins

G protein-coupled kinases
guanosine triphosphate

guanylate kinase like domain
Hanks’s balanced salt solution
hydrochloric acid

Human embryonic kidney cell line
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
high molecular weight complexes
hippocampus
hypothalamic-pituitary-adrenal
hybridization-mix

third intracellular loop
intraperitoneal

immunoblot

immunofluorescence
immunoprecipitation
inositol-triphosphate

internal ribosome entry site

in situ hybridization

kilobase pairs

ATP-sensitive inward rectifier potassium channel 12

Shaker-type K+ channel

124



Appendix

kDa kilodalton

KO knockout

L27 MAGUK Lin-2 + Lin-7

LacZ B-galactosidase gene

LB lysogeny broth

LCP3 larval cuticle protein 3

LRP4 LDL receptor-related protein 4

LTD long-term depression
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MAP microtubule-associated protein

MAPK mitogen-activated protein kinase

MEM Minimal Essential Medium

MEK mitogen-activated protein kinase kinase

MgCl, magnesium chloride

mGIluRs metabotropic glutamate receptors

MOI multiplicity of infection

MRNA messenger ribonucleic acid

NaCl sodium chloride

NBT/BCIP nitroblue tetrazolium /5-bromo-4-chloro-3-indolyl-phosphate

NH4OAc Ammonium acetate

nNOS neuronal nitric oxide synthase

NMDA N-methyl-d-aspartate

NPY2-R Neuropeptide Y receptor type 2

o.n. overnight

oD optical density

pA polyadenylation signal

Pael-R endothelin-like receptor

PBS phosphate buffered saline

PCR polymerase chain reaction

PDZz PSD95/discs large/zona occludens 1

PFA paraformaldehyde
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PLC-PKC phospholipase C- protein kinase C
PMCA plasma membrane calcium ATPase isoform
pnd postnatal day

PP2A protein phosphatase 2A

PS population spikes

PSD post-synaptic density

PSD95 postsynaptic density protein 95
PVDF polyvinylidene difluoride

PVP40 polyvinylpyrrolidone 40

gPCR guantitative real time PCR

RAMPs receptor activity-modifying proteins
RET resonance energy transfer

RFP red fluorescent protein

RGS regulators of G protein signaling
RhoA Ras homolog gene family member A
RNA ribonucleic acid

RNasin RNAse-inhibitor

RPL-19 ribosomal protein L19

RT room temperature

RTN reticular thalamic nucleus

SALM Synaptic adhesion-like molecules
SAP synapse-associated protein

SDS sodium dodecyl sulfate

SH3 SRC homology 3

SPAR spine-associated Rap guanosine triphosphatase-activating protein
S-SCAM synaptic scaffolding molecule
SSTR somatostatin receptor

SSC standard saline citrate

Syntenin-1 syndecan binding protein 1, SDCBP
TAE Tris acetate EDTA

TBS Tris buffered saline

TBS-T Tris buffered saline with Tween
TEA triethanolamine

TMEM106B transmembrane protein 106B

Tris tris(hydroxylmethyl)-aminomethan
TSA mix tyramide-biotin
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UCN1
V1bR
VGIuT1
VIP
VPAC1
vsvg
WB
WPRE
Ww
WT

X

Y2H
Z0-1

Urocortin 1

vasopressin V1b receptor

vesicular glutamate transporter 1

vasoactive intestinal peptide

Vasoactive intestinal polypeptide type-1 receptor
vesicular stomatitis virus

Western blot

woodchuck hepatitis virus posttranscriptional regulatory element
two tryptophan residues

wild-type

symbol for crosses between mouse lines

yeast two-hybrid

zona occludens 1

Please note that all units defined by the International System of unis (SI) are not considered

in the list of abbreviations.
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