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1 INTRODUCTION 

 

One of the most striking phenomena of life is the ability of all organisms to communicate 

internally as well as externally giving them the opportunity to respond to their environment. 

This is mostly achieved by cellular receptors, which detect, transduce and signal inside the 

organism as well as between other cells. These processes are very complex, highly 

regulated and function in a well-orchestrated manner in order to exert their function. 

Generally, receptors are classified in five distinct classes (Bockaert and Pin, 1999). The first 

class combines receptors responsible for the interaction between cells (tyrosine receptors). 

Communication between cells and the extracellular matrix (e.g. integrine receptors) is 

realized by second class receptors. The third class comprises tyrosine kinase receptors used 

as receptors for growth factors. Class four contains the ligand gated ion channels and their 

task relies on transporting ions across the plasma membrane. However, the most common 

class of receptors are G-protein coupled receptors (GPCRs). They are the largest family of 

signaling proteins and represent the best-studied class of receptors due to their importance 

as a target for the development of therapeutic drugs. GPCRs mediate a wide range of 

responses predominantly via their interaction with the heterotrimeric guanine nucleotide-

binding regulatory protein, termed G-protein. G-proteins exert their action through the 

modulation of activity of diverse second messengers. 

 

1.1 G-Protein coupled receptors 

GPCRs are the largest family of membrane proteins (Lander et al., 2001) and mediate most 

cellular responses to a variety of ligands, including hormones and neurotransmitters, many 

other proteins and peptides as well as mechanical stimuli and light. They also play a major 

role for vision, olfaction and taste (Lindemann, 1996; Hoon et al., 1999; Nelson et al., 2001; 

Filipek et al., 2003). At the most basic level, all GPCRs are characterized by the presence of 

seven membrane spanning -helical segments separated by alternating intracellular and 
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extracellular loop regions. Both physiological and structural features have been used to 

classify GPCRs. The most frequently used classication system is based on differences in 

sequence and divides GPCRs, into four distinct sub-classes: A, B, C and F/S (Horn et al., 

1998; Horn et al., 2003). Despite many similarities, individual GPCRs have unique 

combinations of signal-transduction activities involving multiple G-protein subtypes, as well 

as G-protein-independent signaling pathways and complex regulatory processes. Hence, it 

would be more correct to term this super-family “seven transmembrane (TM) receptors,” but 

the GPCR terminology is more established (Pierce et al., 2002).  

The A-family (rhodopsin-like receptors) is the largest and most diverse GPCR family, and 

its members are characterized by conserved sequence motifs that imply shared structural 

features and activation mechanisms (Bockaert and Pin, 1999). The common features of this 

family include the NSxxNPxxY motif in transmembrane domain 7, the DRY motif or D(E)-R-

Y(F) at the border between TM3 and intra cellular loop (IL) 2. The structures of the rhodopsin 

receptors differ from those of adhesion, secretin, frizzled, and glutamate receptors as they 

have generally a short N-terminus. Now it is widely accepted that receptor ligands bind in a 

cavity between the TM regions, in contrast to receptors from the other families, where the N-

terminus has a key role for the involved ligand binding. However, in several glycoprotein 

binding receptors (i.e. LH, FSH, TSH, and LG), the ligand- binding domain is localized at the 

N-terminus. The A family can be divided into four subgroups (Fredriksson et al., 2003) which 

are named ,, and . The -group includes the amine binding GPCRs, several peptide 

binding and prostaglandin receptors. The -group includes the receptors that bind peptides 

as ligands. The -group contains many peptide-binding receptors, such as the chemokine 

receptors, some receptors that bind neuropeptides such as somatostatins, galanin, and 

opioids. The -group includes the olfactory receptors, purin receptors and glycoprotein 

receptors. 

The receptors of the B-family (secretin) have a long N-terminus, which comprises 60-80 

amino acids and contains conserved cysteine bridges. The N-terminus is important for the 

binding of the ligand to these receptors. The secretin receptors bind large peptide ligands 

that act in a paracrine manner. There are 15 such receptors in the human genome and it 
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appears that receptors from this family are found in considerable numbers in all vertebrates. 

Prominent examples of the B type family are secretin, calcitonin, parathyroid 

hormone/parathyroid hormone-related peptides and vasoactive intestinal peptide receptors, 

they all activate adenylyl cyclase and the phosphatidyl-inositol-calcium pathway (Gether, 

2000). 

The C family is composed of eight metabotropic glutamate (mGlu1-8) receptors, two 

heterodimeric -aminobutyric acid B (GABAB) receptors, a calcium-sensing receptor (CaR), 

three taste (T1R) receptors, a promiscuous L--amino acid receptor (GPRC6A), and five 

orphan receptors (Bräuner-Osborne et al., 2007). All these receptors, apart from the orphan 

receptors are characterized by a large amino-terminal domain, which binds the ligands. The 

eight mGlu receptor subtypes identified to date are divided into three subgroups based on 

amino acid sequence similarity, agonist pharmacology and G-protein coupling property. Two 

GABAB receptors are cloned to date, one is the GABAB1 and the other the GABAB2. The C 

family of GPCRs plays an important role in to the overall synaptic transmission of the major 

excitatory and inhibitory neurotransmitters in the body. The mGlu receptors are localized 

almost exclusively in the CNS, whereas the other C family receptors can be found both 

centrally and in peripheral tissues (Bräuner-Osborne et al., 2007). 

The F Family (frizzled/taste 2 receptors) is a more recently identified group of GPCRs. The 

frizzled receptors control cell fate, proliferation, and polarity during metazoan development by 

mediating signals from the secreted glycoproteins Wnt. The frizzled receptors have about 

200 amino acid long N-termini with conserved cysteins that are likely to participate in Wnt 

binding. The role and function of the taste 2 (TAS2) receptors is not very well understood, but 

it is known that they are expressed in the tongue and palate epithelium and they are likely to 

function as bitter taste receptors (Chandrashekar et al., 2000)  

In vertebrates, GPCRs plays a wide and pivotal role in organism functioning and are often 

involved in many disorders such as allergies, depression, cancer, obesity, pain, diabetes and 

many others (Lundstrom, 2005; Tang and Insel, 2005; Thompson et al., 2005). Therefore, 

they serve as major pharmacological targets to treat pathophysiological conditions  (Bockaert 

and Pin, 1999; Angers et al., 2001; McCudden et al., 2005; Thompson et al., 2005). Three 
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quarters of therapeutic drugs on the market target GPCRs and have therefore an enormous 

importance and economic potential for the pharmaceutical industry (Lundstrom, 2005). 

1.2 G-protein mediated signaling 

Heterotrimeric G proteins play an important role as molecular switches in signal transduction 

pathways mediated by GPCRs. Heterotrimeric G proteins are composed of three subunits, , 

 and . The G are divided into four main classes based on the similarity of the primary 

sequence: Gs, Gi, Gq and G12. The molecular weight of G subunits varies between 

39 and 45 kDa. All G subunits, excluding the Gt  or transducin, also contain palmitate, 

which is reversibly attached to a cysteine at the N-terminus. Fatty acid modifications are 

essential for G subunit membrane localization (Peitzsch and McLaughlin, 1993). Depending 

on their  subunits, G-proteins activate different second messenger cascades. 

The switching function of heterotrimeric G proteins depends on the ability of the G protein -

subunit (G) to cycle between an inactive GDP-bound conformation that is set for interaction 

with an activated receptor, and an active GTP-bound conformation that can modulate the 

activity of downstream effector proteins. In practical terms, after ligand binding, the receptor 

undergoes conformational change. This promotes the coupling with heterotrimeric G proteins 

(G) and catalyzes the exchange of GDP by GTP on the -subunit, leading to 

dissociational and conformational changes between - and -subunits. Now the GTP-bound 

G-subunit and the G-dimer can modulate the activity of various effectors.  

Gs-proteins activate adenylyl cyclase, which then produces cAMP, which further activates 

cAMP-dependent protein kinases (Sutherland and Rall, 1958). 

Gi-proteins inhibit adenylyl cyclase, leading to a decrease in intracellular cAMP levels 

(Emerit et al., 1990; Barnes and Sharp, 1999).  

Gαq-proteins activate phospholipase C (PLC) (Blank et al., 1991). PLCs hydrolyze the 

phosphoester bond of the plasma membrane lipid phosphatidylinositol 4,5-bisphosphate, 

generating the ubiquitous second messengers inositol 1,4,5-trisphosphate (Ins(1,4,5)P3) and 

diacylglycerol (DAG).  
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Gα12/13 proteins. The G12-protein family consists of the ubiquitously expressed G12 and 

G13 subunits (Strathmann and Simon, 1991). Prominent downstream effectors in G12-

mediated signaling are the members of the Rho family of small GTPases (Rho, Rac, and 

Cdc42), which regulate a variety of cellular activities by controlling the actin cytoskeleton or 

gene expression (Hall, 1998). In this study we have analyzed effects modulated by G12/13 

proteins. Previous research being done in our lab demonstrated that the serotonin receptor 

5-HT7 can activate heterotrimeric G12 protein, leading to the selective activation of small 

GTPases RhoA and Cdc42 changing morphology and cytoarchitecture of the cells 

(Kvachnina et al., 2005; Ponimaskin et al., 2007).  

-subunits: So far more than 5 different  and 12  subunits have been described,  

(McCudden et al., 2005). The variation of the G/ subunits is wider than in G, ensuring a 

higher number of potential combinations of G/ dimers. It is known that all  subunits are 

post-translationally modified by prenylation of the C-terminus (Wedegaertner et al., 1995), 

acting as a membrane anchor attached to the cell membrane. Previously, it has been 

suggested that G/ dimers serve as adaptors to promote coupling of G-protein heterotrimers 

to GPCRs, in addition to its function as G inhibitor. The role of G/ dimers as adaptors is 

well documented but they can also directly activate many effectors. One of the first described 

partner for the G/ dimer was the G-protein regulated inward rectifier K+ channels (GIRK) 

(Logothetis et al., 1987) and until now there is evidence that G/ dimers regulate Ca2+ 

channels, PLC, p38 mitogen activated protein kinases (MAPKs), MAPK scaffold proteins, 

as well as involvement in membrane attachment of the small GTPases Rho and Rac. It has 

also been shown that adenylyl cyclases are not only governed by G, but also by G/  

heterodimer (Faure et al., 1994; Coso et al., 1996; Harhammer et al., 1996; Akgoz et al., 

2002; Sunahara and Taussig, 2002; Woehler and Ponimaskin, 2009). 
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1.3 Post-translational modifications of the receptors 

Like many proteins, GPCRs are subject to a variety of post-translational modifications that 

are an essential part in regulating their activities. These post-translational modifications 

include:  

glycosylation, is the addition and processing of an oligosaccharide to either asparagine, 

hydroxylysine, serine, or threonine, resulting in a glycoprotein. This is an important 

prerequisite for proteins to fold correctly.  

phosphorylation, describes the reversible process of adding a phosphate group to protein, 

usually to serine, tyrosine, threonine or histidine residues within the cytoplasmic receptor 

domains. Phoshorylation is a key mechanism leading to conformational changes of proteins  

turning receptors from an activated into an inactivated state. 

methylation, this is a process where a methyl group is added to lysine or arginine residues. 

Methylation plays a role in the regulation of gene expression, regulation of protein function 

and RNA metabolism. 

palmitoylation, is the addition of palmitate through a thioester linkage to cysteine located 

within the receptor terminus (Towler et al., 1988). Most commonly palmitoylation is linked to 

membrane association of otherwise soluble proteins (Smotrys and Linder, 2004). However, 

the function of palmitoylation ranges far beyond that of membrane anchoring. Palmitoylation 

together with other lipid modifications and protein motifs also facilitate protein targeting to 

appropriate cellular destinations (Brown and London, 1998). Interestingly, palmitoylation is 

the only reversible lipid modification, suggesting that palmitoylation and depalmitoylation of 

proteins could have important functional consequences for signaling (Linder and Deschenes, 

2003; Smotrys and Linder, 2004). In G-proteins coupled receptors (GPCRs) palmitoylation 

plays an important role in processes ranging from coupling to G-proteins and regulated 

endocytosis to receptor phosphorylation and desensitization (Ross, 1995; Mumby, 1997; 

Dunphy and Linder, 1998). Moreover, palmitoylation of several GPCRs has been shown to 

play a central role in the regulation of receptor function. Recent studies on rhodopsin indicate 

that its depalmitoylation enhances light-dependent GTPase activity of Gt and strongly 

decreases the light-independent activity of opsin (Mulheron et al., 1994; Garnovskaya et al., 
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1996). The functional characterization of non-palmitoylated 2-adrenergic and endothelin-B 

(ETB) receptors has revealed that palmitoylation is essential for agonist- stimulated coupling 

to GS and to both Gq- and Gi proteins, respectively. Analysis of the non-palmitoylated ETA 

receptor mutant demonstrated that ligand-induced stimulation of GS was unaffected by the 

lack of palmitoylation, whereas signaling through Gq was prevented. Recent data on 

chemokine CCR5 and prostacyclin receptors also demonstrated that receptor palmitoylation 

is involved in the activation of intracellular signaling pathways. 

1.4 Serotonin (5-Hydroxytryptamine) receptors 

Serotonin (5-hydroxytryptamine; 5-HT) is a neurotransmitter acting via membrane receptors 

in the central nervous (CNS) and the peripheral nervous system (PNS), as well as in non-

neuronal tissues (e.g. blood, gastro-intestinal, endocrine, sensory and cardiovascular 

systems). 5-HT is one of the oldest neurotransmitter in evolution, and its receptors are 

estimated to have appeared 700–800 million years ago in eukaryotes (Hoyer et al., 2002). 

The major classes of 5-HT receptors must have diverged about 750 millions years ago, long 

before cholinergic, adrenergic or dopaminergic receptors (Hoyer et al., 2002). 

Serotonin was first described as enteramine and was isolated from the gut in the 1930s by 

Erspamer et al. (Erspamer and Asero, 1952) and showed to cause contraction of the uterus. 

5-HT was rediscovered in the 1940s by Irvin Page’s group in the circulation and called 

serotonin, based on its vasoconstrictor features (Rapport et al., 1948). Maurice Rapport 

purified, crystallized and characterized the molecule from blood. Rapport also found that 

enteramine and serotonin were in fact the same, namely 5-hydroxytryptamine (Rapport et al., 

1948). 

Serotonin acts via specific receptors which belong, with the exception of the 5-HT3 receptors 

(ligand gated ion channels), to the GPCR superfamily. Serotonin receptors are classified into 

7 classes and are then further subdivided into 14 subtypes based on their pharmacology, 

transduction, sequence and structure (Kroeze et al., 2002; Kroeze et al., 2003; Meneses, 

2008; Kamiyama and Chiba, 2009). 
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Fig. 1 Classification of serotonin receptors.  

With the exception of the 5-HT3 receptor all other 5-HT receptors belong to the superfamily of 7 
transmembrane receptors. The 5-HT3 receptor is a ligand-gated Na+/K+ channel. The receptors 
modulate different signaling pathways. One important focus of this study is the 5-HT7 receptor which 
activates GS. An important alternative pathway acts via the G12 protein. 

 

 

The 5-HT1 receptor class is to date the best characterized 5-HT receptor which consists of 

five receptors isoforms (5-HT1A, 5-HT1B, 5-HT1D, 5-HT1 and 5-HT1F). They share 40-63 % 

overall sequence identity in humans and preferentially couple to Gi/o to inhibit the formation of 

cAMP. It has been shown that the 5-HT1 receptor plays a major role in the pathophysiology 

of anxiety and depression (Delgado et al., 2005; Fricker et al., 2005; Dawson et al., 2006). 

There are 3 types of 5-HT2 receptors, 5-HT2A, 5-HT2B and 5-HT2C receptors. These 

receptors couple preferentially to Gq/11 proteins and modulate intracellular inositol phosphates 

and Ca2+ concentrations (Canton et al., 1996), 1996). They are best known for their role in 

muscle contraction and temperature control (Barnes and Sharp, 1999).  

The 5-HT3 receptor belongs to the ligand-gated gated ion channel superfamily, similarly to 

the nicotinic acteylcholine, glycine or GABA-A receptors. The receptor is located on central 

and peripheral neurons and triggers rapid depolarization due to opening of non-selective 

cation channels (Na+, Ca2+ influx, K+ eflux (Blier and Bouchard, 1993). The 5-HT3 receptors 

can be found in different brain regions, such as the CA1 pyramidal cell layer in the 

hippocampus, the dorsal motor nucleus of the solitary tract and the area postrema (Laporte 
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et al., 1992). Peripherally, they have also been identified on pre- and postganglionic 

autonomic neurones and on neurones of the sensory nervous system. Additionally 5-HT3 

receptor activation throughout the GI tract regulates both motility and intestinal secretion (De 

Ponti and Tonini, 2001). 

The 5-HT4 receptors are preferentially coupled to GS and promote cAMP formation by 

activation of various isoforms of adenylyl cyclases. For the 5-HT4 receptor, at least 8 splice 

variant are known. In addition to coupling to the GS, the 5-HT4(b) receptor is also associated 

with the Gi/o protein. The 5-HT4(a) receptor is also known to activate G13 signaling pathway 

leading to activation of the RhoA small GTPase (Ponimaskin et al., 2002a). In the CNS, 5-

HT4 receptors modulate neurotransmitter (acetylcholine, dopamine, serotonin and GABA) 

release and enhance synaptic transmission, whereas in the GI tract the receptor acts as 

modulator on motility. Furthermore the 5-HT4 receptor is also involved in mediating secretory 

responses to 5-HT in intestinal mucosa. The 5-HT4 receptor plays a role in learning and 

memory as well as in the respiratory cycle (Barnes and Sharp, 1999; Manzke et al., 2003; 

King et al., 2008).  

The function of the 5-HT5 receptor remains unclear. Within the CNS the 5-HT5A receptor 

shows a relatively broad distribution, while the 5-HT5B receptor has a very restricted 

distribution. The 5-HT5A receptor has been demonstrated to couple to G proteins, and the 

primary coupling appears to be through Gi/o inhibiting adenylyl cyclase activity. The 5-HT5B 

receptor is expressed in mice and rats, but not humans, where the coding sequence is 

interrupted by stop codons. 

The 5-HT6 receptor is positively coupled to adenylyl cyclase via the Gs protein. It is located 

in the striatum, amygdala, nucleus accumbens, cortex and the olfactory tubercle. However, it 

can also be found in the stomach and in the adrenal glands. Functionally the 5-HT6 receptor 

is involved in regulating cognition (Barnes and Sharp, 1999; Ballaz et al., 2007; 

Svenningsson et al., 2007; Wesołowska and Nikiforuk, 2007). 

The 5-HT7 receptor consists of at least four splice variants (5-HT7(a), 5-HT7(b), 5-HT7(c), 

5-HT7(d)). All these 5-HT7 receptor isoforms are known to couple to adenylyl cyclase via the 

heterotrimeric Gs protein leading to an increase of intracellular cAMP levels (Adham et al., 
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1998; Heidmann et al., 1998). Recently it was shown that G12 can also be activated by the 

5-HT7 receptor, leading to the activation of small GTPases of the RhoA family changing the 

morphology and cytoarchitecture of neuronal cells (Kvachnina et al., 2005; Ponimaskin et al., 

2007). The 5-HT7 receptors can be found in the central nervous system, the thalamus, the 

hippocampus, the hypothalamus and the cortex of the brain. However, the receptors are also 

present at the periphery, especially in smooth muscles of blood vessels and in the gastro-

intestinal tract.  Functionally, the 5-HT7 receptor has been associated with a number of 

physiological and pathophysiological phenomena, such as 5-HT-induced phase shifting of 

the circadian rhythm or age-dependent changes in circadian timing (Lovenberg et al., 1993; 

Duncan et al., 2004). A large amount of experimental data suggests that 5-HT7 receptors are 

involved in the induction of sleep and the development of hypothermia (Hedlund et al., 2003; 

Thomas et al., 2003). 

Serotonin and the regulation of neuronal morphology. In addition to their well-

established role in neuronal communication, serotonin has been shown to be involved in 

many aspects of neural development, such as neurite outgrowth, regulation of neuronal 

morphology, growth cone motility and dendritic spine shape and density, (Azmitia, 2001; 

Kvachnina et al., 2005; Udo et al., 2005; Ponimaskin et al., 2007; Manzke et al., 2009). 

Although several serotonin receptors, including 5-HT1A, 5-HT2 and 5-HT4 have been 

proposed to modulate morphogenic events elicited by 5-HT (Fiorica-Howells et al., 2000; 

Azmitia, 2001), the molecular downstream mechanisms remain poorly understood.  

Reorganization of the actin cytoskeleton is one of the critical steps in regulation of neuronal 

morphology and activity-dependent synaptic modification (Jontes and Smith, 2000). Dynamic 

changes of the actin cytoskeleton in many cell types are under control of small GTPases of 

the Rho family, including RhoA, Rac1 and Cdc42 (Hall, 1998). Over the past years it has 

become evident that members of the Rho family are widely expressed in multiple neural 

tissues and appear to function as key mediators that link the extracellular signals to 

cytoskeletal rearrangements (Yamamoto et al., 1989; Olenik et al., 1999). Marked changes in 

morphology, motility and guidance of axons have been observed in response to activation of 

Rho family GTPases both in vitro and in vivo (Zipkin et al., 1997; Ng et al., 2002). The 



  11

combined studies suggest that Rac1 and Cdc42 are positive regulators promoting neurite 

extension and growth cone protrusion. Conversely, activation of RhoA induces stress fiber 

formation, leading to growth cone collapse and neurite retraction (Lee et al., 2000; Li et al., 

2000). As key regulators of both actin and microtubule cytoskeleton, the Rho GTPases have 

also emerged as important regulators of dendrite and spine structural plasticity (Newey et al., 

2005), and appear to be a part of the initial molecular cascade required for the growth of new 

synapses associated with long-term memory (Udo et al., 2005). Although the importance of 

Rho GTPases in neuronal morphogenesis is widely accepted, the upstream signaling 

components including extracellular ligands and receptors involved in regulation Rho-

mediated pathways through the lifetime of a neuron are not fully characterized. 

 

 

 

Fig. 2  Molecular model of 5-HT7 receptor mediated signaling 

5-HT7 receptor couples predominantly to the GS protein and transduces signal via the GS-AC-
cAMP-PKA signaling pathway which may activate Src. Alternatively the 5-HT7 receptor can act 
through coupling to the G12 protein leading to activation of small GTPases such as RhoA and Cdc42. 
Furthermore it may activate the ezrin/radixin/moesin (ERM) family. It has also been demonstrated 
that the 5-HT7 receptor transduces signals via the established G pathways, including the activation 
of GIRK channels, phospholipase C (PLC) and PLA2. Some evidence suggests that the receptor may 
form homo- and hetero-oligomeric structures with consequences for signaling and downstream 
effects.  

 

 

We have recently demonstrated that the serotonin receptor 5-HT7 is coupled to the 

heterotrimeric G12 protein, which in turn selectively activates small GTPases RhoA and 
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Cdc42 (Kvachnina et al., 2005). Agonist-dependent activation of the 5-HT7 receptor induced 

pronounced filopodia formation via a Cdc42-mediated pathway paralleled by RhoA-

dependent cell rounding in neuroblastoma cells. Stimulation of 5-HT7 receptor in 

hippocampal neurons resulted in marked extension of neurite length. In the present study, 

using cultured hippocampal neurons, we found that activation of the 5-HT7R/G12 signaling 

pathway promotes both dendritic branching and synaptogenesis, leading to the enhancement 

of spontaneous synaptic activity. By establishing and analysis of organotypic preparations 

from the hippocampus of juvenile mice, we demonstrated that 5-HT7R/G12 signaling 

potentiated the formation of dendritic spines, increased the basal neuronal excitability and 

lead to robust changes in long-term potentiation (LTP). While prominent in neuronal 

preparations from juvenile mice, the effects of 5-HT7/G12 signaling on synaptic plasticity in 

adult mice were abolished. Accordingly, the behavior of adult animals was also not 

significantly influenced upon chronical 5-HT7 receptor inhibition. Such discrepancies in the 

effects of 5-HT7R/G12 signaling obtained in juvenile and adult animals may be explained by 

the fact that expression of both 5-HT7 receptor and G12 protein was significantly reduced 

during development. Thus, regulated expression of both 5-HT7 receptor and G12 protein 

may represent a molecular mechanisms by which serotonin differentially regulates neuronal 

morphology and function during development.  

 

1.5 Oligomerization of G-protein coupled receptors 

“Until recently, G-protein coupled receptors were assumed to exist and function as 

monomeric entities that interact with the corresponding G-protein at a 1:1 stoichiometry. 

However, biochemical, structural and functional evidence obtained in the last decade 

suggests that some GPCRs can form homo- and hetero-oligomers (Devi, 2001). Initial clues 

for the existence of receptor dimers and oligomers came from the appearance of high 

molecular weight SDS-resistant complexes on SDS-PAGE (Javitch, 2004). In addition, trans-

complementation assays not only confirmed the existence of receptor–receptor interactions 

but also specified their functional implications. In these experiments, it was demonstrated 

that co-expression of two mutant receptors, which were not able to transduce signals 
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individually, restored signal transduction (Maggio et al., 1993; Monnot et al., 1996). Recently, 

GPCR dimers were directly visualized under physiological conditions when rhodopsin dimers 

in murine rod outer segments were imaged by atomic force microscopy (Liang et al., 2003). 

Dimers were also found in crystal structure of rhodopsin (Salom et al., 2006). 

Although there is evidence suggesting that oligomeric complexes may represent the 

preferred state of GPCRs (Chabre and le Maire, 2005), no general principle defining the 

regulation of oligomerization has been elucidated. There are two general models describing 

the mechanisms of GPCR oligomerization. One model proposes that GPCR oligomers are 

formed early after receptor synthesis and that oligomeric state does not change upon ligand 

treatment (Bulenger et al., 2005). A well-known example of such constitutive oligomerization 

is the GABAB receptor, for which oligomerization between GABABR1 and GABABR2 has been 

shown to be necessary for the proper trafficking and functioning at the cell surface (Malgaroli 

and Tsien, 1992; Jones et al., 1998; Kaupmann et al., 1998; White et al., 1998). The other 

model, which has been documented for several GPCRs by using biochemical as well as 

biophysical approaches, describes receptor oligomerization as a ligand-dependent process 

(Angers et al., 2002; Pfleger and Eidne, 2005; Yamazaki et al., 2005).  

In the second part of this study, we examined the oligomerization state of the serotonin 5-

HT1A receptor and analyzed its dynamics in living cells. As mentioned before the 5-HT1A 

receptor can couple to a variety of effectors via the pertussis-toxin sensitive heterotrimeric G-

proteins of the Gi/o families and is the most extensively characterized member of the 

serotonin receptor family. Activation of the 5-HT1A receptor results in the inhibition of 

adenylyl cyclase and subsequent decrease of intracellular cAMP levels. In addition to the 

effects mediated by the Gi/o subunit, activation of the 5-HT1A receptor leads to a G- 

mediated activation of a K+ current, inhibition of a Ca2+ current, stimulation of the 

phospholipase C, as well as an activation of the mitogen-activated protein kinase Erk2 

(Andrade et al., 1986; Fargin et al., 1989; Clarke et al., 1996; Garnovskaya et al., 1996). With 

respect to its physiological functions, it is noteworthy that the 5-HT1A receptor is involved in 

manifold processes including the regulation of neurogenesis (Radley and Jacobs, 2002), 

respiratory control (Manzke et al., 2003; Richter et al., 2003) cardiovascular control (Saxena 
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and Villalón, 1990), neuroendocrine regulation (Burnet et al., 1996), temperature control 

(Overstreet, 2002) and regulation of sleep (Bjorvatn and Ursin, 1998) . Considerable interest 

in this receptor has been raised due to its involvement in regulation of depression and 

anxiety states (Parks et al., 1998; Overstreet, 2002; Gordon and Hen, 2004). Previously, we 

have demonstrated that the 5-HT1A receptor is stably palmitoylated at its C-terminal cysteine 

residues Cys417 and Cys420. Characterization of acylation-deficient 5-HT1A mutants 

revealed that palmitoylation of the 5-HT1A receptor is critical for Gi protein coupling and 

effector signaling as well as for the localization in lipid rafts (Papoucheva et al., 2004). 

Therefore in addition to providing evidence for oligomerization of wild-type 5-HT1A receptors, 

we investigate whether a palmitoylation state of 5-HT1A receptor may affect its 

oligomerization (Kobe et al, 2008). 

1.6 Aims of the study 

 

This work attempts to analyze the molecular mechanisms and functional consequences of 

serotonergic signaling mediated by two physiological important receptors, the 5-HT1A and 

the 5-HT7 receptor. 

 

The first part the study is based on the current knowledge that the neurotransmitter serotonin 

(5-hydroxytryptamine) modulates different aspects of early neuronal differentiation, such as 

neurite outgrowth and synaptogenesis. However, it remains unclear by what mechanisms 

these actions are achieved by the 5-HT receptors. This part will focus on the 5-HT7/G12 

pathway in respect to the regulation of morphology and synaptogenesis as well as functional 

consequences (e.g. synaptic plasticity). 

 

The second part is building on the recent evidence that GPCRs can form homo- and hetero-

oligomers. The goal of the study was to determine the oligomerization state and the 

oligomerization dynamics of the serotonin 5-HT1A receptor in living cells as well as the role 

of receptor palmitoylation in this process. 
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2 EXPERIMENTAL PROCEDURES 

2.1 Materials 

2.1.1 Chemicals 

 

Applied 

Biosystems 

GeneAmp Gold RNA PCR Reagent Kit, TaqMan Universal PCR Master Mix, 

Gene Expression Assays 

Calbiochem transferrin 

Invitrogen gentamicin, Lipofectamine2000 Reagent, glutamax I, L-glutamine, b-FGF, 

B-27 supplement, Neurobasal-A-Medium, TRIzol Reagent, PureLink Micro-

to-Midi Total RNA Purification System 

Millipore 0.4 μm Millicell-CM 

Nunc cell culture plastic 

Peqlab AceGlow detection kit 

Pierce 1,11-bis-maleimidotriethyleneglycol (BM[PEO]3 

Qiagen Plasmid DNA purification Maxi Kit 

Roche laminin 

Roth HCl, Aceton, NaHCO3, NaCl, KCl, Na2HPO4, ampicillin, TEMED, 

acrylamide, bis-acrylamide, 2-mercaptoethanol, glycine, kanamycin, 

bromphenole blue 

Sigma poly-L-lysine, Hanks balanced salt solution, HEPES, glucose, bovine 

albumin, MgSO4, trypsin, DNAse, typsin inhibitor, MEM Earle´s, insulin, 

Dulbeccos´s modified Eagle´s medium (DMEM), horse serum, cytosine 

arabinoide, 5-hydroxytryptamine, ethidiumbromide, penicillin/streptomycin 

solution, PMSF, Optiprep™ gradient medium, protein A-sepharose, 

Smith Kline 

Beecham 

SB656104-A 

Tocris WAY 100135, SB 269970. 5-carboxamidotryptamine maleate 
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2.1.2 Vectors  

Plasmids encoding for Gi2, G1 and G2 subunits of heterotrimeric G-protein from mice 

were kindly provided by Dr. Tatyana Voyno-Yasenetskaya (University of Illinois, Chicago). 

To visualize the dendritic structures we used a plasmid encoding for cytosolic GFP (pEGFP 

from Clontech). Plasmids previously constructed in the lab (Papoucheva et al., 2004; Renner 

et al., 2007) were used: HA-tagged 5-HT1A and 5-HT1A receptors fused to different spectral 

variants of the green fluorescence (CFP/ YFP) proteins as well as their palmitoylation-

deficient counterparts.  

2.1.3 Buffers and Solutions 

 

1x TE buffer: 0.01 M Tris-HCl, pH 8.0, 7.6 or 7.4, 1 mM Na2EDTA (pH 8.0) 

50x TAE-buffer: 2 M Tris-HCl, 0.05 M Na2EDTA (pH 8.0), 1 M glacial acetic 

acid 

Antibody incubation 

buffer: 

PBS / 0.05% Tween 

Artificial cerebrospinal 

fluid (ACSF): 

130 mM NaCl, 3.5 mM KCl, 1.25 mM NaH2PO4, 24 mM 

NaHCO3, 1.2 mM CaCl2, 1.2 mM MgSO4, and 10 mM 

dextrose; aerated with 95%O2, 5% CO2 to adjust pH to 7.4 

Blocking solution: 5% (w/v) ECL blocking reagent in PBS-Tween 

Blot buffer: 25 mM Tris/HCl, pH 8.3, 192 mM glycine, 20% (v/v) 

methanol 

Digestion solution: 137 mM NaCl, 5 mM KCl, 7 mM Na2HPO4, 4.2 mM NaHCO3, 

pH 7.4  

Extracellular solution: 118 mM NaCl, 2 mM KCl, 10 mM glucose, 10 mM HEPES, 2 

mM CaCl2, 1 mM MgCl2 

Fixation solution: 4.0% w/v formaldehyde in PBS 

Hanks balanced salt 

solution with supplements: 

4.2 mM NaHCO3, 10 mM HEPES, 30 mM glucose, albumine 

bovine (0.72 g/l), 12 mM MgSO4, gentamicin (0.5 µl/ml) 

Intracellular solution: 1 mM NaCl, 125 mM K-gluconate, 10 mM HEPES, 0.5 mM 

CaCl2, 1 mM MgCl2, 11 mM EGTA, 1 mM ATP, 0.3 mM GTP, 

pH adjusted to 7.4 using KOH 

PBS: 150 mM NaCl, 20 mM NaH2PO4, pH 7.4 



  18

Permeabilization solution: 0.5% v/v Triton-X-100, 0.5 M NaCl, 50 mM PBS, pH 7.4 

Protein-loading-gel buffer 

(3x): 

93.7 mM Tris/HCl (pH 6.8), 30% Glycerin, 9% SDS, 1.5 % 

bromphenolblue. 

RIPA-buffer: 20 mM Tris/HCl pH 7.4, 150 mM NaCl, 10 mM EDTA, 10 mM 

iodacetamide, 1% Triton X-100, 1% deoxycholic acid, 0.1% 

SDS, 1 mM PMSF, 5 µg/ml aprotinin, 2 µg/ml leupeptin. 

SDS-Gel electrophoresis 

buffer: 

25 mM Tris/HCl (pH 8.3-8.5), 192 mM Glycin, 0.1% SDS. 

TNE buffer: 25 mM Tris/HCl, pH7.4, 150 mM NaCl, 5 mM EDTA, 1 mM 

DTT, 10% sucrose, 1% Triton X-100, 1 mM PMSF, 10 µM 

Leupeptin, 2 µg/ml Aprotinin 

 NaHCO3, 1 mM NaH2PO4, 5 mM glucose, pH 7.4 

Tris-HCl/SDS buffer for 

protein gel electrophoresis 

(4x): 

0.5 M Tris-HCl, pH 6.8, 14 mM SDS. 

Tris-HCl/SDS buffer for 

protein gel electrophoresis 

(4x): 

1.5 M Tris-HCl, pH 8.8, 140 mM SDS 

 

 

2.1.4 Antibodies 

Abcam: anti-GFP antibody 

Eusera: anti-GFP 

Invitrogen: Alexa Fluor® 488 rabbit anti-goat IgG (H+L), 

rabbit anti-HA antibody 

Jackson ImmunoResearch: Cy™3-conjugated AffiniPure goat anti-mouse IgG  

Santa Cruz: PSD-95, mouse monoclonal anti-HA-tag 

Sigma: synaptophysin, mouse monoclonal  
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2.2 Methods 

2.2.1 Protein Analysis 

2.2.1.1 SDS-polyacrylamide gel electrophoresis  

Proteins can be separated by their molecular weight by applying an electrical field within the 

continuous, cross-linked polymer matrix (SDS-PAGE). For this proteins need to be 

solubilized in sample buffer and loaded onto a gel together with a molecular weight marker in 

order to define the size of the protein. 

2.2.1.2 Immunoprecipitation and immunoblotting 

“Twenty-four hours post-transfection cells were washed in PBS and lysed in 500 µl RIPA-

buffer for 30 min on ice. The lysate was cleared by centrifugation at 13.000 rpm for 20 min at 

4°C. The receptors were immunoprecipitated from the supernatant by incubation with rabbit 

anti-HA antibody (Santa Cruz) or anti-GFP antibody (Abcam) for 4 h at 4°C, followed by 

incubation of lysates with protein A-sepharose (Sigma) for 2 h. The immunoprecipitation-

sepharose complexes were washed with RIPA buffer, eluted with 40 µl Laemmli loading 

buffer, and 15 µl of each sample were separated by 10% SDS-PAGE under reducing 

conditions. Proteins were transferred to Hybond nitrocellulose membrane (Amersham) and 

probed either with antibodies against HA-tag (Santa Cruz; 1:5000 diluted in PBS/Tween20) 

or against GFP (Eusera; diluted 1:20.000 in PBS/Tween20). Proteins were detected using 

AceGlow detection reagents (Peqlab).  

2.2.1.3 Chemical cross-linking 

Transiently transfected cells were resuspended in PBS and mixed with the indicated 

concentrations of cross-linker 1,11-bis-maleimidotriethyleneglycol (BM[PEO]3,) diluted in PBS 

for 10 min at room temperature. The reaction was stopped by addition of dithiothreitol to a 

final concentration of 10 mM followed by incubation on ice for 10 min. After two washes with 

PBS, cells were lysed and proteins were immunoprecipitated and subjected to the SDS-

PAGE and immunoblot analysis. 
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2.2.1.4 Gradient centrifugation 

Separation of detergent-resistant membranes derived from transfected N1E-115 cells (1x106) 

growing on 35 mm dishes was performed as recently described (Harder et al., 1998). Cells 

were lysed in TNE buffer and lysates (1.2 mg protein/ml) were mixed with the double volume 

of 60% OptiprepTM gradient medium. The resulting 40% OptiprepTM mixture was transferred 

into the ultracentrifuge tube and overlaid with steps of each 35%, 30%, 25%, 20% and 0% 

OptiprepTM in TNE. The gradients were centrifuged for 5 h at 50.000 rpm in the TLS-55 rotor 

of the ultracentrifuge TL-100 (Beckman). Six fractions were collected from the top of the 

gradient and TCA-precipitated. The protein pellets were analyzed by SDS-PAGE followed by 

immunoblot analysis with appropriate antibodies. In several experiments chemical cross-

linking with BM[PEO]3 together with 5-HT treatment (10 µM) was performed before 

ultracentrifugation. 

2.2.1.5 RT-PCR for receptor and G-protein mRNA expression 

RNA Isolation: Immediately following the preparation of hippocampus total RNA was 

isolated using TRIzol Reagent. Briefly, 0,5 ml TRIzol was used to prepare homogenates from 

50-100 mg brain tissue. After homogenization, 100 µl of chloroform were added and the 

tubes were shaken vigorously by hand for 15 seconds. Emulsions were centrifuged at 12,000 

rpm/4°C/15 min. The aqueous phase containing the RNA was transferred into a fresh tube 

and mixed with an equal volume of 70% ethanol. RNA was purified from the samples using 

PureLink Micro-to-Midi Total RNA Purification System according to the manufacturers´ 

instructions. RNA was bound to a silica-based membrane in the spin-cartridge and impurities 

were removed by washing. Potential contaminating DNA was removed by treatment with 

DNAseI. The purified RNA was eluted in water and stored at -80°C. 

Reverse transcription of mRNA: Reverse transcription was carried out using the GeneAmp 

Gold RNA PCR Reagent Kit (Applied Biosystems). Concentration of RNA was determined in 

a photometer at 260 nm. A measure of 5 µg of total RNA was subjected to first strand cDNA 

synthesis using random hexamer primers. The obtained cDNAs were stored at -20°C. 

Quantitative real time PCR: The amplification was carried out on a ABI PRISM7000 

Sequence Detector (Applied Biosystems) using TaqMan Universal PCR Master Mix (Applied 
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Biosystems). For the detection of 5-HT1A-, 5-HT7-, Gs- and G12-mRNA the 

corresponding Gene Expression Assays (Applied Biosystems) containing gene-specific 

primers and FAM-probes were used. For normalization, Eukaryotic 18S RNA was also 

quantified (Kobe et al, 2008). 

2.2.2 Cell culture and transfection 

 

Cells lines  

N1E-115 neuronal cells from mouse neuroblastoma 

Animals 

Naval Medical Research Institute mice  

C57BL/6NCrl (Charles River Laboratories, Sulzfeld, Germany) 

2.2.2.1 Adherent cell culture and transfection 

Mouse N1E-115 neuroblastoma cells from the American Type Culture collection (ATCC) 

were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum 

(FCS) and 1% penicillin/streptomycin at 37 °C under 5% CO2. For transient transfection, cells 

were seeded at low-density in 60-mm dishes (1 × 106) or on 10-mm cover-slips (5 × 105) and 

transfected with appropriate vectors using Lipofectamine2000 Reagent according to 

manufacturer's instruction. Four hours after transfection, cells were serum starved over night 

before analysis. 

2.2.2.2 Culture of primary hippocampal neurons 

Preparation of cultures was performed according to standard procedures (Malgaroli and 

Tsien, 1992; Reuter, 1995) and optimized for mouse hippocampal neurons (Dityatev et al., 

2000). Briefly, hippocampi of 1 - to 2 day old Naval Medical Research Institute mice were 

were isolated, cut into small pieces in ice-cold Ca2+ and Mg2+ free Hanks balanced salt 

solution with supplements and then treated with trypsin (3 mg/ml) and DNase (0.75 mg/2ml) 

in digestion solution. After incubation in trypsin inhibitor for 10 minutes the tissue was kept in 

dissection medium containing horse serum for 10 minutes to allow recovery from stress. The 
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cells were then dissociated by pipetting up and down with three fire-polished Pasteur pipettes 

with sequentially smaller diameters and centrifuged at 80 x g. After counting the cells in a 

Neubauer counting chamber were plated on cleaned and sterilized 13 mm cover slips coated 

with poly-L-lysine (100 µg/ml) and laminin (40 µg/ml) at a density of 25000 – 30000 cells per 

cover slip.  

The culturing day was defined days in vitro 1 (DIV 1). For the next three days the cells were 

incubated in culture medium (MEM eagle medium containing glucose (25.2 mM), transferrin 

(1.3 mM), insulin (25 µg/ml), Glutamax I (2 mM), gentamicin (0.5 µl/ml), horse serum (0.1 

ml/ml)) at 37° C and 5% CO2. Thereafter, at DIV 4, and every second day half of the medium 

was replaced by Neurobasal-A-Medium containing L-glutamine (0.5 mM), b-FGF (125 ng/ml), 

B-27 supplement (20 µl/ml), penicillin/streptomycin (10 µl/ml) and cytosine arabinoide (5 µM) 

to feed the cells and to terminate glial mitosis. During the first week cells on the cover slip 

established a cellular bilayer structure with a glia monolayer on the bottom and a neuronal 

layer on the top. Neurons could be easily determined by their typical structure with a quite 

round cell body and distinct neurites and by their ability to generate action potential when 

recorded.  

2.2.2.3 Culture of hippocampal slices (interface method) 

Organotypic hippocampal slice cultures were prepared and maintained on the method for 

rats (Stoppini et al., 1991) but adapted for mice. In brief, 6-day-old Naval Medical Research 

Institute mice were decapitated. Hippocampi were removed and cut in slices (350 μm) under 

sterile conditions in gassed (95% O2, 5% CO2), ice-cold minimal essential medium (MEM) at 

pH 7.35. Slices were maintained on a biomembrane surface (0.4 μm, Millicell-CM, Millipore, 

Eschborn, Germany) between culture medium (50% MEM, 25% Hanks’ balanced salt 

solution, 25% horse serum and 2- mM -glutamine at pH 7.3) and humidified atmosphere (5% 

CO2, 36.5 °C) in an incubator (Heraeus, Hanau, Germany). Culture medium was completely 

replaced in the first 2 days and thereafter twice a week. Slices were used for experiments 

after 7–10 days in vitro.  
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Fig. 3 Organotypic hippocampal slice 

Organotypic hippocampal slices were prepared from P5 old mice and cultivated on a membrane for 
up to 10 days before analysis. The typical structures of the hippocampus, including the dentate gyrus, 
the CA1 and the CA3 regions are well preserved. 

 

 

2.2.2.4 Slice culture preparation (rollertubes) 

In brief, the hippocampi were dissected from 6 day-old Naval Medical Research Institute 

mice pups killed by decapitation, and 350 µm-thick transverse slices were cut and attached 

to glass coverslips with clotted chicken plasma. The coverslip and slice were placed in 

individual sealed test-tubes containing semi-synthetic medium and maintained on a roller 

drum in an incubator at 36°C for 2-4 weeks. The culture medium consisted of 50 % Eagle's 

basal medium, 25 % balanced salt solution with either Hanks' or Earle's salts, 25 % heat-

inactivated horse serum, 33.3 mM D-glucose and 0·1 mM glutamine.  

Transfections were carried out at DIV4 (primary culture) and at DIV2 (organotypic culture) 

with a vector encoding for GFP using 1 g DNA for one coverslip and Lipofectamine2000 

Reagent (Invitrogen) according to the manufacturer’s instruction. 

All animals were housed, cared and killed in accordance with the recommendations of the 

European Commission. 
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2.2.3 Electrophysiology 

2.2.3.1 Patch clamp recording  

The cover slips with the plated neurons were placed in the experimental chamber which was 

perfused at a rate of 3.4 ml/min with room tempered extracellular solution using a perfusion 

pump 505 S (Watson Marlow, Falmouth, UK). The extracellular solution was pH adjusted to 

7.4 using NaOH and the osmolarity was calibrated to the actual values of the culture medium 

of the neurons intended to use. The osmolarity of the culture medium ranged between 265 

and 280 mOsm.  

Neurons were patch clamped at the soma with a patch clamp amplifier EPC-9 using Pulse 

software (HEKA, Lambrecht, Germany) in the whole cell configuration. Patch electrodes with 

an electrode resistance of 8-10 MOhm were pulled from borosilicate capillaries (Hilgenberg, 

Malsfeld, Germany) using a P-97 Puller (Sutter, Novato, USA) and filled with intracellular 

solution, the osmolarity was calibrated to a value 15 mOsm less than the extracellular 

solution. The recordings were filtered at 10 kHz (four pole Bessel filter) and collected at 10 

kHz.  

From DIV 9 on the neurons establish functional synapses that correlate with spontaneous 

synaptic activity, sufficient to induce postsynaptic action potentials (Bartrup et al., 1997). In 

following days the frequency of EPSPs and IPSPs increased, became associated and 

established a burst-like activity. Neurons were recorded at DIV 11, just in the rising phase of 

the increase of the synaptic activity to observe the clearest effects. 4-6 neurons per drug 

incubation per experiment were chosen randomly and recorded in the current clamp mode at 

least for 5 minutes. The membrane potential was held at rest or slightly hyperpolarized to -60 

mV to establish comparable conditions. The frequency of single EPSPs and action potential 

was obtained by counting them each second. The number of EPSPs during burst-like activity 

could not be counted and were excluded from analysis as well as the IPSPs. 

All data recordings were transferred to a PC-readable format and analysed by Clampfit 8 

(Axon Instruments, USA) and PlotIT (Scientific Programming Enterprises, Haslett, USA). 

Values are presented as mean ± SEM, N giving the number of experiments and n the 

number of recorded neurons. Significance of effects was determined by unpaired t-tests 
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2.2.3.2 Miniature PSCs  

Whole cell patch clamp recordings were performed in CA3 hippocampal neurons from 

organotypic slices from mice. The extracellular solution in all experiments was aerated with 

95% O2 and 5% CO2 and kept at 32ºC. Miniature PSCs (mPSCs) were recorded in the 

presence of 0.5 µM tetrodotoxin (TTX). Signals with amplitudes of at least 2 times above the 

background noise were selected. In all tested animals, there were no significant differences 

in the noise levels between different genotypes. Patches with a serial resistance of >20 MΩ, 

a membrane resistance of < 0.2 GΩ, or leak currents of > 300 pA were excluded. The 

membrane currents were filtered by a four-pole Bessel filter at a corner frequency of 2 kHz, 

and digitized at a sampling rate of 5 kHz using the DigiData 1322A interface (Molecular 

Devices, Sunnyvale, CA). All data are expressed as mean ± standard error of the mean. P-

values represent the results of two-tailed unpaired Student's t tests, with or without Welch’s 

correction, depending on the distribution of the data (tested with a Kolmogorov-Smirnov test). 

Data acquisition and analysis was done using commercially available software: pClamp 9.2 

and AxoGraph 4.6 (Molecular Devices, Sunnyvale, CA), MiniAnalysis (SynaptoSoft, Decatur, 

GA) and Prism 4 (GraphPad Software, San Diego, CA) 

 

2.2.3.3 Long Term Potentiation measurements 

Animals were treated for 3 weeks twice daily with 5-HT7 antagonist SB 656104-A. 

Hippocampal tissue slices were placed in an interface recording chamber of the Oslo style, 

containing artificial cerebrospinal fluid (ACSF) and left undisturbed for at least 90 min. The 

chamber was kept at 35-36 C°, aerated with 95% O2 - 5% CO2 (400 ml/min), and perfused 

with oxygenated ACSF (3-4 ml/min).  

The single barreled glass microelectrodes for extracellular recordings were pulled from thin-

walled borosilicate glass (GC150TF-10, Harvard Apparatus) using a horizontal puller (P-97, 

Sutter Instruments).  

Extracellular recordings of hippocampal slices were conducted in the following manner. 

Evoked responses were elicited by 0.1 ms unipolar stimuli (Grass S88 stimulator with PSIU6 

photoelectric stimulus isolation units, Grass Instruments) delivered via microwire electrodes 
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made from bare stainless steel wire (50 µm diameter, AM-Systems) and recorded as 

described earlier (Müller and Somjen, 1998). Orthodromic responses were elicited by 

stimulation of Schaffer collaterals and recorded in st. radiatum of the CA1 region, using a 

locally constructed extracellular DC potential amplifier. Data were digitized by a DigiData 

1322A (Molecular Devices, Sunnyvale, CA, USA). Data analysis was performed in Clampfit 

9.0 (Molecular Devices, Sunnyvale, CA, USA). We evoked excitatory postsynaptic potentials 

(fEPSPs) by placing the stimulation electrode in the stratum radiatum at CA3/CA1 junction 

for the activation of Schaffer collaterals. In turn the recording electrode was placed in the 

stratum radiatum of the CA1 region. We measured the magnitude of fEPSPs as amplitude 

(baseline to peak) and slope (20-80% level of the falling phase). For input-output 

relationship, fEPSPs were evoked with 0.1ms stimuli at 0.25Hz and an average of 4 

consecutive responses was taken. fEPSP amplitudes and slopes were plotted against the 

stimulus intensity (10 to 150µA). For paired-pulse facilitation (PPF) different inter-stimulus 

intervals (25, 50, 75, 100, 125, 150, 175 and 200ms) were measured as the ratio of the 

second fEPSP to the first fEPSP. The paired stimuli were set at 0.25Hz and an average of 4 

consecutive responses was obtained. For long-term potentiation (LTP), baseline responses 

were evoked every 20s for 5 min and LTP was induced by 1 train consisting of 100Hz 

stimulation for 1s. The post-train responses were then measured every 20s for 60min and an 

average of 4 consecutive responses was taken. 

 

2.2.4 Behavioral tests 

Animals: All experiments were permitted by the local Animal Care and Use Committee. 

Behavioral tests were performed on C57BL/6NCrl (Charles River Laboratories, Sulzfeld, 

Germany) mouse strain and employed 39 age-matched males. Mice were housed at 4–5 per 

cage in a room with 12h light-dark cycle (lights on at 08:00h) and ad libitum access to 

food/water. The order of testing was as follows: Elevated plus maze, open field, rotarod, hole 

board, Morris water maze, cued and contextual fear conditioning. All mice were used for all 

behavioral tests. The order of testing was designed according to increasing invasiveness to 

minimize a possible influence of experimental history (McIlwain et al., 2001). Age of mice at 
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the beginning of testing was 11 weeks. Inter-test interval was at least 1-2 days. Behavioral 

tests were performed in a blind fashion during the light phase of the day from 10:00 until 

17:00h. 

Injections: SB656104-A was dissolved in captisol and administrated intraperitonealy (IP) at 

the dose 20 mg/kg twice a day (8:00 and 20:00h) during 3 weeks (number of animals, n=20). 

Freshly made solution was used each day. The volume of injection was 0.01 ml/g of mouse 

body weight. Control animals (n=19) were identically treated with the corresponding volume 

of captisol vehicle solution. SB656104-A behavioral experiments were started next day after 

the last injection.  

 

 

 

Fig. 4 Time line of experimental design of the in vivo studies. 

 

 

2.2.4.1 Behavior: experimental setup 

Elevated plus maze: In this test of anxiety, mice were placed in the central platform, facing 

an open arm of the plus-maze (made of grey plastic with a 5x5cm central platform, 30 x 5cm 

open arms and 30 x 5 x 15cm closed arms; illumination 120 lx). The behavior was recorded 

for 5 min by an overhead video camera and a PC equipped with “Viewer 2” software 

(Biobserve GmbH, Bonn, Germany) to calculate the time spent in center, open and closed 

arms, number of arm visits, and velocity. The time spent in open arms was used to estimate 

open arm aversion (fear equivalent). 
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Open field: Spontaneous activity in the open field was tested in a grey Perspex arena (120 

cm in diameter, 25 cm high; illumination 120 lx). Mice were placed in the center and allowed 

to explore the open field for 7 min. The behavior was recorded by a PC-linked overhead 

video camera. “Viewer 2” software was used to calculate velocity, time spent in central or 

peripheral zones, and the number of the central zone visits in the open field. 

Rotarod: The rotarod test examines motor function, balance, and coordination. It comprised 

a rotating drum (Ugo Basile, Comerio, Varese, Italy), which was accelerated from 4 to 40rpm 

over 5min. Mice were placed individually on the drum and the latency of falling off the drum 

was recorded using a stop-watch. To assess motor learning, the rotarod test was repeated 

24h later. 

Hole board: The hole board test for exploratory activity was performed in a 21 x 21 x 36 cm 

transparent Perspex chamber with a non-transparent floor raised 5 cm above the bottom of 

the chamber, with 12 equally spaced holes, 2 cm in diameter. Mice were allowed to explore 

the chamber for 3 min and the number of explored holes (head dips) was scored by a trained 

experimenter.  

Spatial learning and memory was assessed in a water maze (Morris, 1984). A large 

circular tank (diameter 1.2 m, depth 0.4 m) was filled with opaque water (25±1˚C, depth 0.3 

m) and the escape platform (10x10 cm) was submerged 1 cm below the surface. The 

swimming patterns were monitored by a computer and the video-tracking system “Viewer 2”. 

The escape latency, swim speed, path length, and trajectory of swimming were recorded for 

each mouse. During the first 2 days, mice were trained to swim to a clearly visible platform 

(visible platform task) that was marked with a 15 cm high black flag and placed pseudo-

randomly in different locations across trials (non-spatial training). The extra-maze cues were 

hidden during these trials. After 2 days of visible platform training, hidden platform training 

(spatial training) was performed. For 8 days, mice were trained to find a hidden platform (i.e. 

the flag was removed) that was located at the center of one of the 4 quadrants of the pool. 

The location of the platform was fixed throughout testing. Mice had to navigate using extra-

maze cues that were placed on the walls of the testing room. Every day, mice went through 4 

trials with an inter-trial interval of 5 min. The mice were placed into the pool facing the side 



  29

wall randomly at 1 of 4 start locations and allowed to swim until they found the platform, or 

for a maximum of 90 s. Any mouse that failed to find the platform within 90 s was guided to 

the platform. The animal then remained on the platform for 20 s before being removed from 

the pool. The next day after completion of the hidden platform training, a probe trial was 

conducted in order to determine whether mice used a spatial strategy to find the platform or 

not. The platform was removed from the pool and the mice were allowed to swim freely for 

90 s. The percentage of time spent in each quadrant of the pool as well as the number of 

times the mice crossed the former position of the hidden platform were recorded. 

Cued and contextual fear conditioning: The fear conditioning test was performed as 

described by Radyushkin et al. (Radyushkin et al., 2005). Mice were trained within the same 

session for both contextual and cued fear conditioning. Training consisted of exposing mice 

for 120 s to the context to assess the baseline level of activity. This period was followed by a 

10 s, 5 kHz, 85 dB tone (conditioned stimulus, CS). Immediately after the tone, a 2 s, 0.4 mA 

foot shock (unconditioned stimulus, US) was applied. This CS-US pairing was repeated 13 s 

later. All mice remained in the conditioning chambers for an additional 23 s following the 

second CS–US pairing. The contextual memory test was performed 24 h after this training. 

Mice were monitored over 2 min for freezing in the same context as used for training. The 

cued memory test was performed 27 h after training in a new chamber. First, mice were 

monitored for freezing over a 2 min pre-cue period with no tone to assess freezing in the new 

context. Next, a 2 min cue period followed in which the tone was presented. Duration of 

freezing behavior, defined as the absolute lack of movement (excluding respiratory 

movements), was recorded by a video camera and a PC equipped with ‘Video freeze’ 

software (MED Associates, St. Albans, Vermont, USA). 

Statistical analysis: Unless stated otherwise, the data given in figures and text are expressed 

as mean ± SEM. Data were compared by either 2-way ANOVA for repeated measures or by 

non-parametric Mann-Whitney U-test where appropriate. For analysis, SPSS v.14 software 

(SPSS Inc., Chicago, IL, USA) was used. A p-value below 0.05 was considered to be 

significant. 
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2.2.5 Confocal imaging and FRET analysis 

2.2.5.1 Immunocytochemisty and Dendrite Morphology Analysis 

For immunostaining neurons were fixed by using 4% paraformaldehyde in PBS at 4 ºC for 20 

min followed by quenching of free formaldehyde with 50 mM glycine for 15 min. Cell 

permeabilization was achieved with 0.2% Triton X-100 in PBS for 10 min. After incubation in 

blocking solution (10% BSA in PBS), primary antibodies against Synaptophysin (1:200, 

Sigma) and PSD-95 (1:200, Santa Cruz) were applied overnight followed by rinses in PBS 

and staining with secondary antibodies Alexa Fluor 488 (1:500, Invitrogen) and Cy3 (1:1000, 

Jackson ImmunoResearch) at room temperature. Coverslips were mounted in fluorescent 

mounting medium (Dako) and for dendritic morphology analysis. 

 Images were acquired on a Zeiss LSM 510 laser-scanning confocal microscope with a 40x 

oil-immersion Plan-Neofluor objective. Short protrusions were defined by a length > 3 m 

and long protrusions were identified by a length of 10-30 m, synaptic clusters were 

identified by synaptophysin puncta. 30 randomly collected images were used and counting 

was performed manually on 50 m long dendrites.  

 

Three dimensional analysis of dendritic spines was performed using a 3D reconstruction 

software developed by Herzog et al. (Herzog et al., 2006) which allowed to measure the 

geometric parameters of dendritic spines from confocal microscopic image stacks. Data are 

presented as mean ± SEM. Statistical comparisons were assessed with paired t-test; p < 

0.05 was taken as significant. 

 

2.2.5.2 Confocal imaging and single-cell acceptor photobleaching FRET 

analysis 

“Images of N1E-115 cells expressing 5-HT1A-CFP and 5-HT1A-YFP fusion proteins were 

acquired with an LSM510-Meta confocal microscope (Carl Zeiss Jena) equipped with a 

40x/1.3 NA oil-immersion objective at 512 x 512 pixels. The 458 nm line of a 40 mW argon 

laser was used at 15% power. Fluorescence emission was acquired from individual cells 
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over fourteen lambda channels, at 10.7 nm steps, ranging from 475 to 625 nm. For each 

measurement a series of 8 images was acquired over a duration of 124 seconds. After the 

4th image acquisition, bleaching of the acceptor (YFP) was performed in a selected 20 x 20 

pixel region of interest in the plasma membrane. For that the 514 nm line of the Argon laser 

set at 50% power and 100% transmission for 300 scanning interactions using a 

458nm/514nm dual dichroic mirror was used. Linear unmixing was performed by the Zeiss 

AIM software package using CFP and YFP reference spectra obtained from images of cells 

expressing only 5-HT1A-CFP or 5-HT1A-YFP acquired with acquisition settings mentioned 

above. Apparent FRET efficiency was calculated offline using the equation,  

 

1) 

 

 

where fD  is the fraction of donor participating in the FRET complex (i.e. ratio of FRET 

complexes over a total donor concentration, DA / Dt , FDA  and FD  are the background 

subtracted and acquisition bleaching corrected pre- and post-bleach CFP fluorescence 

intensities, respectively. The acquisition bleaching corrected post-bleach CFP intensities 

were calculated as 

2) 

 

where  and  refer to CFP intensities of the bleach and reference region of interest, and 

pre and post refer to pre-bleach and post-bleach measurements.  

FD
B FD

R

 

2.2.5.3 Spectral FRET analysis in living cells 

Mouse N1E-115 neuroblastoma cells were co-transfected with plasmid DNAs encoding for 

wild-type and/or acylation-deficient 5-HT1A receptors fused with CFP and YFP. Sixteen 

hours after transfection, cells were resuspended in PBS. All measurements were performed 
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in 5 mm pathway quartz cuvettes using a spectrofluorometer (Fluorolog, Horiba JobinYvon) 

equipped with xenon lamp (450 W, 950V). The cell suspension was stirred with a magnetic 

stirrer while the temperature was maintained at 37°C during the experiment. 

For calibration measurements, cells were co-transfected with plasmid encoding a single 

fluorophore-tagged 5-HT1A receptor together with an equal amount of plasmid encoding HA-

tagged 5-HT1A receptor. During the time-course experiments, two emission spectra were 

obtained for each time point by exciting at 458 nm and 488 nm with 5 nm spectral resolution 

for excitation and emission and 0.5 second integration time. The spectral contributions due to 

light scattering and non-specific fluorescence of the cells were taken into account by 

subtracting the emission spectra of non-transfected cells (background) from each measured 

spectra. Before each measurement, the spectrofluorometer was calibrated for the xenon-

lamp spectrum and Raman scattering peak position. 

Stimulation of 5-HT1A receptors was carried out using serotonin (Sigma) at a final 

concentration of 10 µM. For antagonist treatment, WAY 100135 (Tocris) at a final 

concentration of 1 µM was used. Cholesterol depletion was carried out by treating cells with 

2% methyl-ß-cyclodextrin (MßCD) in serum-free DMEM for 45 min at 37°C. 

 

2.2.5.4 Apparent FRET efficiency calculations 

To determine changes in apparent FRET efficiency due to 5-HT1A receptor activation by 

serotonin we used a recently developed method described in detail by Wlodarczyk et al. 

(Wlodarczyk et al., 2008). Calibration measurements were carried out with cells expressing 

only donor Dref  (5-HT1A-CFP) or acceptor Aref  (5-HT1A-YFP) using two excitation 

wavelengths (i=1,2) as described in the previous section. Calibration measurements 

allowed us to obtain the concentration related extinction coefficient ratio 

r i  D
i Dref / ArefA

i  .  This was done by fitting the curve resulting from acceptor reference 

spectra multiplied by the quantum yield and emission characteristics of the donor (i.e. 

emission spectra normalized to unit area) to that of donor reference spectra multiplied by the 

quantum yield, and emission characteristics of the acceptor (Wlodarczyk et al., 2008). 
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We also performed reference measurements with cells co-expressing 5-HT1A-CFP and 5-

HT1A-YFP receptors. Combinations of the acceptor and donor reference spectra were fitted 

to the measured spectra of cells co-expressing 5-HT1A-CFP and 5-HT1A-YFP and the 

apparent relative acceptor and donor concentrations  and , respectively, were obtained 

as the weights of those fits. 

The quantities ,  obtained together with two scaling factors ( ) reflecting the excitation 

ratios of two fluorophores at a given excitation wavelength , allow for a calculation of the 

total concentration ratio At / Dt  of donor and acceptor as well as the apparent FRET 

efficiencies EfA and EfD, where fA  and fD  are the fractions of acceptors and donors in 

complexes. 

3) 

 

and 

4) 

  

where  is a concentration ratio calculated as, 

5) 

 

with the definitions  and . Where  and 

 representing the fractions of donor and acceptor participating in complexes. 
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2.2.5.5 Analysis of specific vs. random receptor-receptor interactions 

In order to distinguish between receptors interacting randomly from those with specific 

interaction, apparent FRET efficiencies were obtained for various acceptor to donor ratios by 

keeping the total concentration of fluorophores constant. It has been proposed that the 

dependency of EfD  on At / Dt  for dimers differs from that of EfD  resulting from random 

interaction (Veatch and Stryer, 1977). The apparent FRET efficiency EfD  obtained from our 

experimental data was plotted as a function of the total acceptor to donor ratio   

and fitted by least square minimization to the following equation, as proposed previously by 

Veatch and Stryer (Veatch and Stryer, 1977) and later modified by James et al (James et al., 

2006) to the form 

6) 

, 

where E  is the characteristic FRET efficiency. It is also notable, that the above equation was 

derived for the case of high-affinity dimerization reaction (Veatch and Stryer, 1977).  

 

2.2.5.6 Fluorescence lifetime FRET measurements 

Fluorescence intensity decays were obtained by time-correlated single photon-counting 

measurements of fluorescence using a Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon, 

München, Germany). Samples were placed in 10-mm pathway quartz cuvettes (1010 mm2) 

and continuously stirred with a magnetic stirrer. Emission was collected in right angle 

geometry. Excitation was performed with a 460 nm nanoLED with a 440/40 nm transmission 

filter (Semrock, Tubingen, Germany). Fluorescence intensity was measured in the 

wavelength band from 468 nm to 482 nm to avoid acceptor fluorescence. Typical 

fluorescence decays were fitted with the resulting sum of one, two, or three exponentials, 

interatively convolved with the instrument response function using the standard DataStation 

analysis software provided by Horiba Jobin Yvon and CFS LS software (available from 
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Center for Fluorescence Spectroscopy at http://cfs.umbi.umd.edu/cfs/software/). The quality 

of the fits was evaluated by the structure observed in the plots of residuals and by the 

reduced chi-square values. The mean fluorescence lifetimes were calculated as the 

amplitude-weighted lifetimes. In several experiments cholesterol depletion was carried out by 

treating cells with 2% methyl-ß-cyclodextrin (MßCD) in serum-free DMEM for 45 min at 37°C 

before the analysis (Kobe et al, 2008). 
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3 RESULTS 

3.1 Functional role of 5-HT7/G12 signaling 

3.1.1 5-HT7 Receptor activation induces formation of dendritic filopodia and 

new synapses 

Our recent studies demonstrated that the 5-HT7 receptor is coupled to heterotrimeric G12 

proteins, and that receptor stimulation results in G12-mediated activation of Cdc42 small 

GTPase, which is known as a positive regulator promoting neurite extension (Kvachnina et 

al., 2005). To investigate the role of the 5-HT7R/G12 signaling pathway in dendritic 

morphogenesis, we used primary cultures of hippocampal neurons, which allowed for better 

visualization of morphological events as well as for functional analysis. We selected a time 

point (10 to 12 days in vitro incubation of culture, prepared at postnatal day 1) at which 

dendritic morphology is subject to change and well defined synapses are formed (Bartrup et 

al., 1997) (Figure 6). To be able to evaluate receptor-mediated morphological changes, 

neurons were incubated with low concentration of 5-HT7 receptor agonist 5-CT (100 nM) 

during the last 4 days before analysis. Neurons were also transfected with GFP, to visualize 

the morphology of single cells. Post-fixation, dendritic morphology of the neurons was 

imaged using confocal microscopy. We used single-factor ANOVA analysis to quantify this 

and all other data sets and to determine the statistical significance of the differences between 

experimental groups. Agonist treatment resulted in dramatic overall increase in the number 

of dendritic protrusions in comparison to non-treated control (Figure 5 D, E, number of short 

dendritic protrusions (SP) per 50 µm of dendritic length 4.4 ± 0.45 in control vs. 11.3 ±1.27 

after 5-CT treatment, number of long (over 10 µm) dendritic protrusions (LP) 0.4 ± 0.16 in 

control vs. 3.1 ± 0.5 after 5-CT treatment, n = 30, p <0,0001). These morphogenic effects 

were receptor-specific because they were inhibited by an antagonist of the 5-HT7 receptor, 

SB-269970 (Figure 5).  
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Fig. 5 Synaptic clusters and morphological changes in dendrites after stimulation of the 5-HT7 
receptor 

(A) Synaptophysin puncta in dendrites of control, 5-CT and 5-CT + SB-269970 treated neurons. (B) 
Dendrite morphology of control, 5-CT (100 nM) and 5-CT + SB-269970 (1μM) treated neurons. The 
number of short (< 3m) (D) and long dendritic protrusions (>10 m) (E) were increased in 5-CT 
treated neurons as compared to control neurons. (C) Quantification of synaptophysin puncta in 
control and in 5-CT treated neurons shows an increase of puncta in the 5-CT treated neurons. 
Protrusions and puncta were counted on 50 m long dendrites. n = 30, Values represent means ± 
SE, p < 0.0001. 
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To address the question whether the 5-HT7R-mediated signaling affects synaptic density, we 

quantified the number of synapses by labeling of GFP transfected neurons with the 

presynaptic structural synaptic marker synaptophysin (De Paola et al., 2003). Prolonged 

treatment of neurons with 5-CT increased the density of synaptophysin puncta from 6.2 ± 

0.49 (n = 30) to 17.4 ± 1.46 (n = 30) per 50 µm of dendrite (Figure 5C). The synapses formed 

in both 5-CT treated and in control neurons appear to be structurally intact, as defined by 

colocalization of postsynaptic density protein PSD95 and synaptophysin puncta with respect 

to each other (Figure 6). Similarly to the effects on formation of dendritic protrusions, the 

synaptogenic effects of 5-CT were abolished upon treatment with 5-HT7 receptor antagonist 

(Figure 5).  

 

 

Fig. 6 Structurally intact synapses 

The synapses formed in both 5-CT treated and in control neurons appear to be structurally intact, as 
defined by colocalization of two synaptic markers: the postsynaptic density protein PSD95 and 
synaptophysin puncta. 
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3.1.2 Morpho- and synaptogenic effects of the 5-HT7 receptor are mediated by 

the G12 Protein 

In addition to coupling to the heterotrimeric G12 protein, the 5-HT7 receptor can stimulate 

cAMP formation by activating adenylyl cyclases via a stimulatory GS-protein. The GS-

mediated signaling is also known to regulate the cellular morphology either by modulating 

cAMP concentration (Corset et al., 2000) or by direct binding of GS to the cytoskeleton (Yu 

et al., 2009). To investigate whether the morphogenic effects of 5-HT7 receptor include the 

GS-mediated component, we analyzed the primary hippocampal neurons prepared from 

G12 deficient mice. Initial studies of the G12-knockout mice have demonstrated that these 

animals are alive and show no apparent phenotype (Gu et al., 2002). Analysis of dendritic 

morphology revealed that even without any treatment the number of dendritic protrusions in 

G12-knockout neurons was significantly reduced in comparison to the neurons from the 

wild type mice (SP to 72.5 ± 3.7%, LP to 68. 2 ± 11.8%, n=30, p<0.001 Figure 7 D, E). 

Additionally the density of synapses assessed by the analysis of synaptophysin puncta was 

diminished to 88.5 ± 3.2% (Figure 7C), suggesting that basal G12-mediated activity may be 

involved in neuronal morpho- and synaptogenesis. Prolonged treatment of G12 deficient 

neurons with 5-HT7 receptor agonist 5-CT had no effect on neuronal morphology. (Figure 7). 

Statistical analysis revealed that both the number of dendritic protrusions as well as the 

density of synaptophysin puncta in treated and non-treated neurons isolated from G12 -

knockout were similar and statistically indistinguishable (5-CT, SP, 81 ± 5.9%, LP, 65.9 ± 

10.6%, synaptic cluster density, 86.9 ± 2.9%, Figure 7). In contrast, these parameters were 

significantly increased after agonist treatment of neurons prepared form the wild-type 

animals (5-CT, SP, 169.3± 10.4%, LP, 245.5 ± 28.8.6%, synaptic cluster density, 179.2 ± 

2.9%, Figure 7), demonstrating that receptor-mediated activation of G12 protein is 

necessary for the morpho- and synaptogenic effects obtained upon stimulation of the 5-HT7 

receptor. 
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Fig. 7 Synaptogenesis and morphological changes in dendrites are mediated by the G12 
protein  

Synaptophysin puncta, short and long protrusions in dendrites of wild-type and G12 knockout mice 
after treatment with vehicle, 5-CT and 5-CT + SB-269970. Cells were treated with 100 nM 5-CT and 
1μM SB-269970 up to 4 days. (A) shows changes in morphology of dendrites in G12 knockout mice 
compared to wild-type mice whereas (B) represents changes in morphology after 5-CT treatment. 
(scale bars: 10m)  (C) shows a significant decrease (in %) in the number of synapses of dendrites of 
G12 knockout mice compared to wild-type; after treatment with 5-CT the number of synapses 
become significantly increased in wild-type mice but remain almost unchanged in G12 knockout mice. 
(D) demonstrates a significant decrease (%) in the number of short protrusions in neurons of G12 
knockout mice compared to wild-type mice, again after treatment with 5-CT a significant increase in 
the number of short protrusions in wild-type neurons can be observed while the number of short 
protrusions in G12 knockout mice are not significantly changed. (E) indicates that there is also a 
significant decrease in the number of long protrusions between in neurons of G12 knockout mice 
compared to wild-type mice, and similiarly treatment with 5-CT leads only in neuron of wild-type mice 
to an increase of long protrusions. All experiments were carried out on 50 m long dendrites. n = 30, 
Values represent means ± SE, p < 0.0001. 
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3.1.3 Effect of 5-HT7/G12 signaling on EPSCs and spike frequency 

Having demonstrated that 5-HT7 receptor-mediated activation of the G12 increases 

dendritic arborisation and stimulates formation of new synapses, we tested whether the 

synaptic properties of these neurons become changed. Spontaneous excitatory postsynaptic 

synaptic currents (EPSCs) as well as spontaneous firing activity were monitored by whole-

cell recording from neurons cultured from P2 mouse hippocampus after 10 days in culture 

(DIV10, Figure 8A). At this time point neurons form synaptic connections and both 

spontaneous EPSCs and spikes are measurable. Under control conditions, the EPSP 

frequency ranged from 0.03 to 2.4 Hz with a mean of 0.69 ± 0.11 Hz (Figure 8 B, C, D; n=29; 

mean ± SEM). The values were similar between different preparation, indicating comparable 

culturing and developmental conditions. In neurons incubated with 5-CT (100 nM) during the 

last 4 days before recording, the EPSP frequency was significantly increased (Figure 8, D, E, 

mean of 4.85 ± 0.53 Hz, n=29; P<0.0000001). The similar effect of prolonged 5-CT treatment 

was also obtained, when the spike frequency was statistically evaluated (0.06 ± 0.03 Hz in 

control vs. 0.62 ± 0.15 Hz in 5-CT treated neurons, n=29; P<0.001). It is known that 5-CT is a 

partial agonist for other serotonin receptors, including 5-HT1 and 5-HT5 (Beer et al., 1992; 

Wood et al., 2000). To prove that synaptic effects obtained after prolonged 5-CT treatment 

were mediated only by the 5-HT7 receptor, neurons were treated with the selective 5-HT7 

receptor antagonist SB269970 (1 µM) along with 5-CT. Statistical analysis revealed that the 

antagonist treatment reduced both EPSC as well as spike frequency to the control level 

(EPSC, 1.14 ± 0.17, N=3, n=16; spike frequency, 0.02 ± 0.01 Hz, N=2, n=11). These results 

demonstrate that prolonged activation of the 5-HT7/G12 signaling pathway may result not 

only in structural, but also in functional changes of neuronal properties. Experiments were 

carried out in collaboration with Dietmar Hess. 
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Fig. 8 Stimulation of the 5-HT7/G12 signaling results in an increase of neuronal  activity 

Spontaneous activity of control, 5-CT and 5-CT + SB-269970 treated neurons were analyzed by 
patch clamp recordings in primary hippocampal neurons (A). Low synaptic activity was observed in 
control and 5-CT + SB-269970 treated cells while in 5-CT treated cells the recordings showed a 
significant increase in the number of EPSPs accompanied by a burst-like periodic activity (B). 
Quantitative analysis of EPSP frequency is shown in (C) and spike frequency in (D). Under 5-CT 
treatment, the EPSP frequency was increased. The similar effect of prolonged 5-CT treatment was 
also obtained, when the spike frequency was analyzed. Neurons were additionally treated with a 
selective 5-HT7 receptor antagonist SB269970 (1 µM) along with 5-CT to exclude interference of 
other receptors. Statistical analysis revealed that the antagonist treatment reduced both EPSC as 
well as spike frequency to the control level. n=29, Values represent means ± SE, p < 0.001. 
Experiments were carried out in collaboration with Dietmar Hess. 

 

 

 

 

 



  43

3.1.4 Effects of 5-HT7R/G12 signaling on neuronal morphology in organotypic 

cultures 

The critical question for any results obtained in dissociated neuronal cultures is whether they 

can be reproduced in vivo. To analyze the role of 5-HT7R/G12 signaling under in vivo-like 

conditions, we established organotypic slice cultures from the hippocampus of the mouse. In 

such preparations the main characteristic morphological organization of the hippocampus is 

well-preserved (Figure 3), and the maturation of different cell types, synaptic contacts, and 

receptor expression resembles that seen in vivo (Gähwiler et al., 1997; Gogolla et al., 2006). 

Organotypic slices were prepared from P5 mice and maintained for 5 to 6 days in vitro before 

analysis. The day after preparation, slices were transfected with GFP to visualize the 

morphology of single neurons.  During the last 4 days, 5-HT7 receptor agonist 5-CT (either 

alone or in combination with the antagonist SB269970) was added to the cell culture 

medium. Post-fixation, dendritic morphology of GFP-positive neurons was imaged by 

confocal microscopy and 3D reconstructed (Figure 9 A,) (Herzog et al., 2006). We observed 

that 5-CT treatment resulted in dramatic spine morphogenesis. This structural plasticity 

appeared as an increase in the number of spines, while the spine morphology was not 

affected. Morphological effects were mediated by the 5-HT7 receptor, because they were 

reduced by the selective receptor antagonist SB269970 (Figure 9B). In treated neurons the 

spine density (2.06 ± 0.11 spines/10 µm versus 5.92 ± 0.09 spines/10 µm, p, < 0,0001, 

agonist + antagonist, 3.45 ± 0.16 spines/10 µm) was markedly increased as compared to 

control preparations (Figure 8B). In contrast the surface area (0.67 ± 0,11 µm2 versus 0.83 ± 

0,04 µm2), length (2.85 ± 0,17 µm versus 2.75 ± 0.09 µm), diameter (0.20 ± 0.02 µm versus 

0.20 ± 0.01 µm) and volume (0.039 ± 0.04 µm3 versus 0.042 ± 0.004 µm3) of spines in 

neurons from treated preparations were similar to the control values (Figure 8B), suggesting 

a critical role of the 5-HT7/G12 signaling in formation of the new spines. 3D reconstructions 

were carried out in collaboration with Sören Westerholz. 
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Fig. 9 Confocal images and 3D reconstructions of neurons in hippocampal slices 

(A) Organotypic hippocampal slices were prepared as described in Material and Methods, Z-stacks of 
confocal images of dendrites were taken of control, 5-CT and 5-CT + SB-269970 treated 
preparations. From these data 3D images were reconstructed and analyzed according to the method 
described in Material and Methods. (B) Quantitative morphological analysis of reconstructed 3D 
images of dendrites in hippocampal slices. In treated neurons the spine density was markedly 
increased as compared to control preparations, p < 0.001. In contrast the surface area, diameter and 
volume of spines in neurons from treated preparations were similar to the control values. n=30, 
values represent means ± SE. Experiments were carried out in collaboration with Sören Westerholz. 
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3.1.5 5-HT7R/G12 signaling leads to changes in miniature postsynaptic 

currents (mPSCs) in organotypic hippocampal slices 

To investigate whether the elevated spinogenesis obtained upon stimulation of 5-HT7/G12 

signaling pathway can modulate synaptic strength, we measured the basal synaptic 

properties of the CA3 neurons from organotypic hippocampal slices by recording miniature 

postsynaptic currents (mPSCs) using whole-cell patch-clamp recordings in the presence of 

TTX (0.5 µM) (Figure 10A). The treatment of organotypic slices for 4 days with 5-CT (100 

nM) increased amplitudes (52.19  0.3 pA in treated neurons, n = 9; 43.37  0.22 pA in 

control neurons, n= 9; p < 0.01) (Figure 10B), without significantly affecting mPSCs 

frequency (Figure 10C).  

These results suggest that in addition to morphological effects (formation of new spines), 

activation of 5-HT7/G12 signaling results in an increase of total synaptic strength. To 

analyze, whether the changes in mean mPSCs amplitude take place in proportional manner 

and therefore reflect a synaptic scaling (Turrigiano and Nelson, 2004), we plotted mPSC 

amplitude as a cumulative probability histogram (Figure 10D). As expected from the changes 

in mPSC amplitudes, the graph from neurons chronically treated with 5-CT was shifted to the 

right, when compared to the control cultures. Transforming of experimental graphs by 

multiplying each value by the same factor derived from the best-fit equation (Turrigiano et al., 

1998) results in the left shifting and essential overlay of the graphs with the control 

distribution. These results suggest that by changing the number of functional synapses, the 

activation of 5-HT7/G12 signaling pathway can trigger the synaptic scaling. Measurements 

were carried out in collaboration with Lucian Medrihan. 
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Fig. 10 Treatment with 5-CT increase the amplitude of miniature PSCs in CA3 hippocampal 
neurons from organotypic slices 

(A) Representative recordings of pharmacologically isolated miniature postsynaptic currents (mPSCs) 
in CA3 hippocampal neurons from organotypic slices in the presence of TTX (0.5 µM). Averaged 
amplitude (B) and frequencies (C) of miniature PSCs in control and treated neurons.(D) plot of mPSC 
amplitude as a cumulative probability histogram, n=9, values represent means ± SEM, p < 0.001 
Experiments were carried out in collaboration with Lucian Medrihan. 

 

 

3.1.6 5-HT7R/G12 Signaling modulates neuronal excitability and LTP in 

organotypic cultures 

Having demonstrated that stimulation of the 5-HT7 receptor results in pronounced structural 

change of hippocampal neurons, we asked whether it can influence the functional properties 

of neurons and thus modulate hippocampal networks. For that, we performed 

electrophysiological recordings in organotypic slices prepared from P5 mice at DIV7, after 4 

days in vitro incubation with low concentration of 5-HT7 agonist 5-CT (100 nM). To 

investigate the effect of 5-HT7/G12 signaling on synaptic transmission, we performed extra-

cellular recordings of field excitatory postsynaptic potentials (fEPSPs) by measurement of 
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evoked responses from the stratum radiatum at the CA1 region after stimulation of Schaffer 

collaterals. First, input-output curves were generated by plotting the stimulation intensity 

versus the amplitude of fEPSP (Figure 11A). While the maximal responses obtained at the 

higher stimulation intensity (100 µA to 150 µA) in the 5-CT treated (n = 12) and in control (n = 

15) slices were quite similar, the average fEPSP amplitudes at the low stimulation strength 

(10 µA to 40 µA) were significantly increased in treated preparations (Figure 11A,C). The 

shift of the input-output curve to the left means that in the 5-CT treated slices the same 

presynaptic stimulus elicited a larger postsynaptic response, indicating an increase in basal 

excitability, which results in a decrease in threshold for the generation of evoked population 

spikes. 

 

 

Fig. 11 Stimulation of 5-HT7/G12 signaling increases basal neuronal excitability  

(A) Input-output curve as a measure of baseline excitatory synaptic transmission, here the fEPSP 
amplitude is plotted against the stimulation strength. The maximal responses obtained at high 
stimulation intensities (100 µA to 150 µA) in the 5-CT treated (n = 12) and in control (n = 15) slices 
are similar, but the averages fEPSP amplitudes at the low stimulation strength (10 µA to 40 µA) were 
significantly increased in treated 5-CT preparations, indicating an increased basal activity in 5-CT 
treated slices. (B) Paired pulse facilitation is not altered in 5-CT treated slices. (C) Sample recordings 
for the input-output curve at 50% of maximal response (average of four traces) are shown for control 
and 5-CT-treated mice. 
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This finding raises the question whether the 5-CT mediated enhancement of the fEPSP 

amplitudes occurs pre- or post-synaptically. To test this we investigated the differences in 

paired-pulse facilitation (PPF), which is measure of use-dependent changes in synaptic 

efficacy and is considered to be a pre-synaptic form of short-term plasticity (Turrigiano et al., 

1998; Thompson, 2000; Zucker and Regehr, 2002). Analysis of the ratio of PPF evoked 

using inter-stimulus intervals between 25 and 200 ms does not reveal any significant 

differences between control and 5-CT treated slices (Figure 6), suggesting a postsynaptic 

mechanisms of the 5-HT7 receptor-mediated enhancement of neuronal excitability.  

The reduction of threshold for generation of evoked population spikes in 5-CT treated slices 

prompted us to investigate whether the induction of activity-dependent synaptic plasticity is 

also affected upon stimulation of 5-HT7R/G12 signaling. Long-term potentiation (LTP) was 

induced by theta-burst stimulation (TBS) of Schaffer collaterals at 100 Hz. In these 

experiments we reproducibly found that 5-CT treatment markedly changed induction of LTP 

in organotypic cultures (Figure 7). Already the initial increase in the fEPSP slope (0 - 5 min) 

was significantly lower in 5-CT treated (1,624 ± 0,01591 SEM n=13) than in control cultures 

(1,773 ± 0,01853 SEM, n=16, p<0.001, Figure7). One hour after the LTP-inducing, the 

potentiation remained significantly decreased in 5-CT treated cultures (50–60 min: 1,622 ± 

0,02009 SEM, n=16) as compared to control preparation (2,016 ± 0,008221 SEM, n=13, 

p<0.001, Figure 7). In combination with results obtained by measurement of evoked fEPSPs 

(Figure 6) and mEPSC (Figure5) this data suggest that increased basal neuronal excitability 

mediated by the stimulation of 5-HT7/G12 signaling pathway may result in pre-potentiation of 

synaptic transmission leading to quick LTP saturation, which prevents further potentiation.  
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Fig. 12 Stimulation of the 5-HT7/G12 signaling pathway modulates synaptic plasticity. 

Long-term potentiation was performed by extra-cellular recordings of field excitatory postsynaptic 
potentials (fEPSPs) by measurement of evoked responses from stratum radiatum at the CA1 region 
after stimulation of Schaffer collaterals. (A) The results shows a marked decrease in the fEPSP slope 
in 5-CT treated compared to control slices. (a) shows sample traces of responses after high 
frequency stimulation (HFS; 1 × 100 Hz for 1 s each) for control and 5-CT treated slices. (B) 
Magnitude of short term potentiation, determined as maximal responses within 5 min after high 
frequency stimulation, is significantly reduced in 5-CT treated mice. (C) Magnitude of long term 
potentiation, determined as responses between 50 and 60 min after high frequency stimulation, is 
significantly reduced in 5-CT treated mice. Values represent means ± SEM, p < 0.001 
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3.1.7 In vivo effects of treatment with 5-HT7 receptor antagonist 

Experiments performed in organotypic slices from young (P5) mice showed apparent 

changes in neuronal morphology and synaptic plasticity upon 5-HT7 receptor activation. To 

test for the possible functional role of 5-HT7/G12 signaling upon in vivo conditions, 

behavioral and electrophysiological studies were performed by using 10 weeks old male 

mice chronically treated with the highly selective 5-HT7 receptor antagonist SB656104. This 

antagonist penetrates the blood brain barrier, and its pharmaco-kinetic properties are well 

known (Forbes et al., 2002). Animals were treated for 3 weeks twice daily by IP injection of 

20mg compound per kg/bodyweight. Analysis of different behavior aspects including anxiety, 

general activity, motor balance / coordination and exploratory activity demonstrated no 

significant changes between treated and control groups, although the motor learning and 

exploration behavior were negatively affected by the treatment with antagonist (Figure 13). 

Also no effects of chronic treated with SB656104 were found on both hippocampus 

dependent and independent learning and memory, which were analyzed by Morris water 

maze and fear conditioning tasks, respectively (Figure 14). Behavioral studies were 

performed in collaboration with Konstantin Radyushkin and Ahmed El-Khordi. Analysis of the 

basal neuronal excitibility and synaptic plasticity in acute slices obtained from antagonist-

treated mice revealed the opposite to 5-CT effects (decrease of basal excitibility (Figure 15) 

and increase of LTP Figure 15)), although the extent of changes were moderate. The fEPSP 

slope (0 - 5 min) was almost unchanged in SB656104 treated (1,566 ± 0,009372 SEM, n=8) 

compared to control cultures (1,573 ± 0,01243 SEM, n=7, n.s., (Figure 15 B). One hour after 

the induction of LTP a slight but significant potentiation was observed in SB656104 treated 

cultures (50–60 min: 1,302 ± 0,002023 SEM n=8) as compared to the control preparation 

(1,231 ± 0,004910 SEM n=7, p<0.001, Figure 15 C). 
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Fig. 13 Treatment of adult mice with SB656104-A does not change basic behavior  

A-C. Elevated plus maze. D-E. Open field test. G. Rotarod. H. Hole board test. Abbreviations: Veh - 
vehicle treated group; SB - SB656104-A treated group. No statistically significant differences were 
detected. Experiments were carried out in collaboration with Konstantin Radyushkin and Ahmed El-
Khordi. 
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Fig. 14. Chronic treatment of adult mice with SB656104-A does not change learning and 
memory in Morris water maze and fear conditioning 

Water maze: A – visible platform task; B – hidden platform task; C – time spent in quadrants during 
probe trial; D – visits of the former target location during probe trial; E – probe trial swimming velocity. 
F – cued and contextual fear conditioning. Abbreviations: Veh – vehicle treated group; SB - 
SB656104-A treated group. No statistically significant differences detected. Experiments were carried 
out in collaboration with Konstantin Radyushkin and Ahmed El-Khordi. 
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Fig. 15. Inhibition of 5-HT7/G12 signaling slightly decreases basal neuronal excitability  

(A) Input-output curve as a measure of baseline excitatory synaptic transmission, here the fEPSP 
amplitude is plotted against the stimulation strength. The maximal responses obtained at high 
stimulation intensities (100 µA to 150 µA) in the SB-656104 treated (n = 8) and in control (n = 7) 
slices are similar, but the averages fEPSP amplitudes at the low stimulation strength (10 µA to 40 µA) 
were significantly decreased in treated SB-656104 preparations, indicating an reduced basal activity 
in SB-656104 treated slices. (B) Paired pulse facilitation is not significantly altered in SB-656104 
treated slices. (C) Sample recordings for the input-output curve at 50% of maximal response 
(average of four traces) are shown for control and 5-CT treated mice.  
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Fig. 16. Inhibition of the 5-HT7/G12 signaling pathway modulates synaptic plasticity. 

Long-term potentiation was performed by extra-cellular recordings of field excitatory postsynaptic 
potentials (fEPSPs) by measurement of evoked responses from stratum radiatum at the CA1 region 
after stimulation of Schaffer collaterals. (A) The results shows a slight increase in the fEPSP slope in 
SB-656104 treated compared to control slice. (a) shows sample traces of responses after high 
frequency stimulation (HFS; 1 × 100 Hz for 1 s each) for control and SB-656104 treated slices. (B) 
Magnitude of short term potentiation, determined as maximal responses within 5 min after high 
frequency stimulation, is not significantly reduced in SB-656104 treated mice. (C) Magnitude of long 
term potentiation, determined as responses between 50 and 60 min after high frequency stimulation, 
is significantly increased in SB-656104 treated mice. Values represent means ± SEM, p < 0.001 
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3.1.8 Expression of 5-HT7 and G12 proteins is decreased during postnatal 

development 

While the experiments performed in dissociated and organotypic hippocampal preparations 

clearly demonstrated the importance of 5-HT7/G12 signaling for modulation of neuronal 

morphology and functions, only moderate behavioral and electrophysiological effects were 

obtained in vivo. One possible explanation for such discrepancies may be developmental 

changes in the expression level of protein(s) involved in the 5-HT7/G12 signaling pathway. 

Therefore, we determined the expression profile for both 5-HT7 receptor and G�12 protein in 

the mice hippocampus during different stages of postnatal development using real-time PCR. 

The 5-HT7 receptor transcripts were strongly expressed at early postnatal stages (P2 and 

P6) and down-regulated (up to 9 fold) during later development (Fig. 9). Similar expression 

profiles were obtained for the G12 protein. Contrary to that, expression level of the Gs 

protein, which can also be activated by the 5-HT7 receptor, was not significantly modulated 

during development (Fig. 9). Furthermore, expression analysis of other Gs- and G12/13-

coupled serotonin receptor, 5-HT4, (Ponimaskin et al., 2002b) revealed that the amount of 

receptor mRNA does not undergo strong variation during development.  Thus 5-HT7 and 

G12 proteins display dynamic expression patterns characterized by the strong and transient 

expression during early postnatal stages of the hippocampal development. Such changes in 

the expression level may also explain the diminished functional effects obtained upon 

modulation of 5-HT7/G12 signaling pathway in adult mice.  
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Fig. 17. Decreased expression of 5-HT7 and G12 proteins during postnatal development 

Expression profiles for G12 (A), GS (B) proteins and the 5-HT7 receptor (C) were determined of 
hippocampi from mice hippocampus during different stages of postnatal development using real-time 
PCR. The results clearly indicate that the 5-HT7 receptor is strongly expressed in early postnatal 
stages and is downregulated during later stages of development. The same is true for the G12 
protein, but contrary GS did not show this expression pattern. Experiments were carried out in 
collaboration with Ute Renner.  
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3.2 Oligomerization of the 5-HT1A receptor 

3.2.1 Biochemical analysis of 5-HT1A receptor oligomerization. 

 “In order to determine whether the 5-HT1A receptor undergoes oligomerization, we applied 

a co-immunoprecipitation assay to N1E-115 mouse neuroblastoma cells co-expressing HA- 

and YFP-tagged receptors. The HA-tagged 5-HT1A receptor has a molecular weight of 

approximately 48 kDa (Fig. 18, upper panel), while the molecular weight of YFP-tagged 

receptors is shifted to 74 kDa (Fig. 18, lower panel). Figure 1A also shows that after 

immunoprecipitation with an antibody against HA-tag, YFP-immunoreactive receptor bands 

were identified only in samples derived from cells co-expressing both HA- and YFP-tagged 

receptors. Equal results were obtained after initial immunoprecipitation of cell lysates with an 

anti-YFP antibody followed by immunoblotting with an anti-HA-tag antibody (Fig. 18A). To 

exclude the possibility that the identified bands represent artificial protein aggregates, cells 

expressing only one type of receptor (HA- or YFP-tagged) were mixed prior to lysis and 

analyzed in parallel as a control. As shown in Figure 18, individual receptors can be 

precipitated and detected by the same antibody, whereas co-immunoprecipitation did not 

occur, supporting specificity of 5-HT1A receptor oligomerization.  

We have recently shown that the 5-HT1A receptor is modified by covalently attached 

palmitate (Papoucheva et al., 2004). Therefore, we analyzed the impact of palmitoylation on 

receptor oligomerization. Figure 18B und 18C demonstrate that differently tagged 5-HT1A 

receptors were efficiently co-immunoprecipitated independently of their acylation state. 

To investigate 5-HT1A receptor oligomerization in a physiological environment, N1E-115 

cells expressing either wild-type or acylation-deficient HA-tagged receptors were treated with 

chemical cross-linker BM[PEO]3. This homobifunctional cross-linker interacts with sulfhydryl 

groups on polypeptides to form stable thioether linkages that induces an irreversible cross-

linking of proteins located within close proximity (app. 15 Å) of each other. It is notable that 

the plasma membrane is impermeable for BM[PEO]3, allowing oligomerization analysis of the 

receptors localized on the cell surface of intact cells. Immunoblotting analysis of N1E-115 

cells expressing the wild-type or the palmitoylation-deficient receptors revealed that, in the 
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absence of cross-linker, the majority of 5-HT1A receptors is detectable as monomers, while 

only a minor fraction migrating as a band with molecular weight of app. 95 kDa, which is the 

molecular weight predicted for a dimer (Fig. 19A). Treatment of intact cells with increasing 

concentrations of cross-linker leads to a decline of the amount of monomers that is 

accompanied by an increase in the dimer population. Similar results were also obtained for 

the acylation-deficient mutant (Fig. 19B).  

 

 

Fig. 18. Analysis of 5-HT1A receptor oligomerization by co-immunoprecipitation.  

Interactions between HA- and YFP-tagged wild-type receptors (A), palmitoylation-deficient mutants 
(B) as well as YFP-tagged wild-type and HA-tagged palmitoylation-deficient receptors (C) were 
analyzed. Neuroblastoma N1E-115 cells co-expressing HA- and YFP-tagged receptors (co-transf.), a 
mixture of cells expressing each receptor individually (Mix) or non-transfected cells (Mock) were 
subjected to SDS/PAGE (10%) followed by immunoprecipitation and immunoblot. IP refers to the 
antibodies used for immunoprecipitation, while IB defines the antibody used for immunoblot. The 
immunoblots shown are representative of at least 4 independent experiments. Experiments were 
carried out in collaboration with Ute Renner 
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Fig. 19. Chemical cross-linking of wild-type and acylation-deficient 5-HT1A receptors.  

Intact N1E-115  cells expressing either HA-tagged wild-type (A) or mutant 5-HT1A receptors (B) were 
treated with increasing concentrations of cross-linker BM[PEO]3 and subjected to SDS/PAGE 
followed by immunoprecipitation and immunoblot analysis with anti-HA antibody. Apart from the 
receptor monomers, species migrating with the expected size of a dimer are visible. The immunoblots 
shown are representative of at least 4 independent experiments. Experiments were carried out in 
collaboration with Ute Renner 

 

 

To analyze effect of agonist stimulation on receptor oligomerization, N1E-115 cells 

expressing wild-type or acylation-deficient 5-HT1A receptors were treated with 5-HT at 10 

µM concentration followed by co-immunoprecipitation or cross-linking analysis. Figure 3A 

demonstrates that stimulation of either wild type or non-palmitoylated receptors with agonist 

does not change amount of co-immunoprecipitated receptors. Similar results were also 

obtained after application of cross-linker BM[PEO]3 to the simulated and non-stimulated cells 

(Fig. 20B), demonstrating that the oligomerization state of 5-HT1A receptor is not modulated 

upon agonist stimulation. Experiments were carried out in collaboration with Ute Renner. 

3.2.2 Acceptor photobleaching analysis of 5-HT1A receptor oligomerization.  

Förster Resonance Energy Transfer (FRET) is a powerful biophysical approach for the 

quantitative analysis of protein-protein interactions (Lakowicz, 2006). To determine whether 

FRET could be measured in the plasma membrane of living cells co-expressing 5-HT1A-CFP 

and 5-HT1A-YFP fusion proteins, a confocal microscopy-based acceptor photobleaching 
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method was applied to transfected N1E-115 cells. To avoid artefacts resulting from 

overexpression, we adjusted the total expression level for the CFP- and YFP-tagged receptor 

to 1.000 - 1.200 fmol/mg proteins in all following FRET experiments, which allows for 

 

 

Fig.20. Agonist stimulation does not change amount of 5-HT1A oligomers.  

(A) Neuroblastoma N1E-115 cells co-expressing HA- and YFP-tagged receptors were treated with 5-
HT (10 μM) or with vehicle (H2O) for 15 min and then subjected to co- immunoprecipitation. The 
intensity of protein bands was assessed by densitometry of immunoblots. The value for vehicle PBS 
treated cells was set to 100%. Bars represent means + S.E.M. (n = 3; top). The representative 
immunoblot is shown where IP refers to the antibodies used for immunoprecipitation, while IB defines 
the antibody used for immunoblot (bottom). WT, wild-type 5-HT1A receptor; Mut, acylation-deficient 
mutant. (B) N1E-115 cells expressing either HA-tagged wild-type or non-palmitoylated 5-HT1A 
receptors were treated with 5-HT (10 μµM) or with vehicle (H2O) for 15 min with cross-linker 
BM[PEO]3 (5 µM) and then subjected to SDS/PAGE followed by immunoprecipitation and immunoblot 
analysis with anti-HA antibody. The intensity of protein bands corresponding to dimers was assessed 
by densitometry of immunoblots. The value for vehicle PBS and BM[PEO]3 treated cells was set to 
100%. Bars represent means + S.E.M. (n = 3; top). A representative immunoblot is shown (bottom). 
Experiments were carried out in collaboration with Ute Renner 

 

  

quantitative analysis of results obtained in different experiments. Moreover, similiar amounts 

of endogenous 5-HT1A receptors has been obtained in hippocampus under physiological 

conditions (Pazos and Palacios, 1985; Hoyer et al., 1986). 

CFP and YFP were excited simultaneously with a 458 nm laser line. Fluorescence emission 

was acquired at multiple wavelengths using the LSM510-Meta detector allowing for the linear 
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unmixing of the CFP and YFP emission spectra. Confocal microscopy performed after the 

transfection of N1E-115 cells revealed that the majority of YFP and CFP tagged 5-HT1A 

receptors were localized in the plasma membranes with only a minor fraction existing in the 

intracellular compartments (Fig. 21A). 

To perform acceptor photobleaching, a defined region of plasma membrane was selectively 

illuminated using a 514 nm laser line. A 458/514 nm dual dichroic mirror was used to allow 

rapid image acquisition before and immediately after photobleaching. Figure 21A shows the 

bleached region of interest with a loss of YFP intensity as well as a reference region of 

interest from which the acquisition bleaching rate was determined for correct FRET 

calculation. Figure 21B illustrates the changes in emission intensities of donor and acceptor 

fluorescence in the bleached region of interest demonstrating that with the loss of acceptor 

fluorescence there is a corresponding increase of donor emission intensity that is 

characteristic of FRET. In contrast, intensities of both CFP and YFP fluorescence of non-

bleached regions undergo only minor decrease, reflecting acquisition bleaching (Fig. 21C).  

Finally, apparent FRET efficiency EfD was calculated according to Eq.1, where FDA is the pre-

bleach and FD is the corrected post-bleach donor fluorescence according to Eq. 2. Data were 

background subtracted and corrected for acquisition bleaching using the measurements from 

the reference region of the plasma membrane (Fig. 21D). The wild-type receptor fusion 

proteins from cells with similar donor to acceptor ratios were found to have a mean apparent 

FRET efficiency of 16.4 % ± 0.7 %. For the negative controls obtained after co-transfection of 

receptor-YFP and cytosolic CFP an apparent FRET efficiency was 5.5 % ± 3.8%. To 

examine whether oligomerization may depend on palmitoylation state of the receptor, we 

made acceptor photobleaching trials in cells expressing non-palmitoylated mutants. The 

palmitoylation-deficient 5-HT1A receptors exhibited apparent FRET efficiency with a mean 

EfD of 23.6 % ± 2.9 %. In addition, we analyzed the interaction between wild-type receptors 

coupled to YFP and mutant receptors coupled to CFP. In this case a mean EfD value of 

29.8 % ± 5.6 % was estimated. These results indicate that 5-HT1A forms oligomers and that 

the extent of oligomerization depends on the palmitoylation status of the complex-forming 

units. Experiments were carried out in collaboration with Andrew Woehler. 
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Fig. 21. Acceptor photobleaching FRET analysis of 5-HT1A oligomerization.  

(A) Confocal microscopy was used to visualize 5-HT1A-CFP and 5-HT1A-YFP coexpressed in the 
plasma membrane of N1E-115 cells. Fluorescence spectra were collected from a 2 µm optical slice 
and unmixed to CFP and YFP components using the Zeiss LSM510-Meta detector. The fluorescence 
image of the CFP channel (green), the YFP channel (red) and composite channel before and after 
bleaching are shown. The box 1 corresponds to the bleached regions of interest, while the box 2 
corresponds to the non-bleached region of interest. Scale bar, 10 µm. (B) Enlargement of the box 1 is 
shown on the left. The 12-bit  grayscale intensities of YFP and CFP during the whole trial are plotted 
for the bleached region of interest (right). (C) Enlargement of the box 2 is shown on the left. The 12-
bit grayscale intensities of YFP and CFP during the whole trial are plotted for the non-bleached region 
of interest (right). (D) Apparent FRET efficiency EfD was calculated according to Eq. 1 and 2. Data 
represent the means ± S.E.M. from at least five independent experiments. Cells co-expressing 
cytosolic CFP and YFP were used as a negative control. A statistically significant difference between 
the FRET values obtained in cell co-expressing WT-CFP/WT-YFP and Mut-CFP/Mut-YFP or Mut-
CFP/WT-YFP are indicated (**, p < 0.01). Mut, acylation-deficient 5-HT1A mutant. Experiments were 
carried out in collaboration with Andrew Woehler. 
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3.2.3 Analysis of receptor oligomerization by fluorescence lifetime FRET 

measurements.  

In addition to acceptor photobleaching, we quantified the FRET efficiency ( ) in living cells 

by measuring fluorescence lifetime of tagged 5-HT1A receptors. N1E-115 cells were 

transfected either with 5-HT1A receptor fused to CFP or co-transfected with wild-type (WT) 

and acylation-deficient (Mut) receptors fused to CFP and YFP to create appropriate 

donor/acceptor pair at the ratio 1:1 in following combinations: WT-YFP/WT-CFP, Mut-

CFP/Mut-YFP and WT-CFP/Mut-YFP. The fluorescence decays of donor fusion proteins 

were measured by time-correlated single photon counting as described in Experimental 

Procedures. Experimental decay curves were analyzed and mean value of fluorescence 

lifetime was calculated. The averaged fluorescence lifetime value calculated for CFP fused 

with receptor was found to be tD = 2.01 ± 0.05 ns. The decay kinetic of CFP in the cells 

expressing different receptor combinations was strongly affected by the presence of acceptor 

(YFP) leading to a shortening of the lifetime. Fluorescence lifetimes were found to be t = 

1.67± 0.11 ns, t = 1.56 ± 0.16 ns and  t = 1.57 ± 0.2 ns for WT-CFP/WT-YFP, Mut-CFP/Mut-

YFP and WT-CFP/Mut-YFP, respectively. FRET efficiency was calculated from these 

average lifetimes using the equation  and was determined to be E = 0.17 ± 

0.04 for WT-CFP/WT-YFP, E = 0.22 ± 0.06 for Mut-CFP/Mut-YFP, E = 0.22 ± 0.05 for WT-

CFP/Mut-YFP (Fig. 22). This confirms acceptor-photobleaching data and demonstrates that 

FRET efficiency for oligomers composed by acylation-deficent mutants as well as for mixed 

oligomers (i.e. combined by wild-type and mutant) is increased in comparison to the wild-type 

oligomers. 

We have recently shown that a significant fraction of the 5-HT1A receptor resides in 

membrane rafts, while the yield of the palmitoylation-deficient receptor in these membrane 

microdomains is considerably reduced (Renner et al., 2007). To analyze the role of lipid raft 

localization of 5-HT1A receptor for its oligomerization we measured the fluorescence lifetime 

after treatment of transfected cells with methyl--cyclodextrin (MCD). The cholesterol-

binding reagent MCD was previously shown to disrupt the cholesterol-enriched membrane 

subdomains by depletion of cholesterol from the plasma membrane (Harder et al., 1998). 
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Destroying of lipid rafts resulted in shortening of fluorescence lifetime only in case of WT-

CFP/WT-YFP (t = 1.33± 0.05 ns), leading to significant increase of FRET value to E = 0.34 ± 

0.02 (Fig. 5). In contrast, FRET efficiency calculated for Mut-CFP/Mut-YFP and WT-

CFP/Mut-YFP was not affected by cholesterol depletion and was determined to be E = 0.22 

± 0.02 (t = 1.56 ± 0.06 ns) and E = 0.16 ± 0.03 (t = 1.68 ± 0.1 ns), respectively (Fig. 22). 

Experiments were carried out in collaboration with Fehler!  Verweisquelle  konnte  nicht 

gefunden werden.. 

 

 

Fig. 22. Analysis of 5-HT1A oligomerization by fluorescence lifetime measurements.  

N1E-115 cells were co-transfected with wild-type (WT) and acylation-deficient (Mut) receptors fused 
to CFP and YFP in following combinations: WT-YFP/WT-CFP, WT-CFP/Mut-YFP and Mut-CFP/Mut-
YFP. The co-transfected cells were treated with 10 mM MßCD for 45 min or were left untreated, and 
the averaged FRET efficiency values were calculated after fluorescence lifetime analysis as 
described in “Methods” section. Data represent the means ± S.E.M. (n = 3). A statistically significant 
difference between the FRET efficiency obtained in cell co-expressing WT-CFP/WT-YFP before and 
after cholesterol depletion is shown (**, p < 0.01). Experiments were carried out in collaboration with 
Fehler! Verweisquelle konnte nicht gefunden werden.. 

 

 

3.2.4 Spectrometric detection of FRET between 5-HT1A receptors in living 

cells. 

 We further examined FRET occurrence between fluorophore-labeled 5-HT1A receptors in 

living cells by analysis of emission spectra collected with a spectrofluorometer. Figure 23 

shows the typical fluorescence emission spectra at 420 nm excitation obtained in N1E-115 
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cells expressing WT-CFP, WT-YFP or co-expressing WT-CFP and WT-YFP as a FRET pair. 

The spectral contaminations due to light scattering and nonspecific fluorescence of cells 

were taken into account by subtracting the emission spectra of HA-tagged receptor cells 

(background) from each measured spectra. When cells were transfected with only CFP-

fused receptor, the typical emission spectrum of CFP with emission peaks at 475 nm and 

500 nm was obtained (Fig. 23A). The emission spectrum obtained for cells expressing only 

YFP-fused receptor was similar to that obtained in HA-tagged receptor cells with only a very 

weak peak at 525 nm. In contrast, cells co-expressing WT-CFP and WT-YFP receptors 

demonstrated a significantly larger emission peak at 525 nm concomitant with a smaller CFP 

emission, which demonstrates the energy transfer from CFP to YFP (Fig. 23A). Similar 

results were also obtained when cells were co-transfected with acylation-deficient 5-HT1A 

mutant (Fig. 23B). This data confirms the oligomerization of 5-HT1A receptors in living cells. 

 

3.2.5 Specificity of 5-HT1A receptor oligomerization.  

The apparent FRET efficiency, EfD, measured by acceptor photobleaching is inherently 

dependent on fD, the fraction of donor participating in FRET complexes. This is in turn 

dependent upon the ratio of intact donor concentration to intact acceptor concentration 

present in the sample. It has been therefore suggested that the dependence of EfD on 

[At]/[Dt] may be useful in differentiating FRET resulting from specific vs. random interactions 

(Hagan et al., 2000; Herrick-Davis et al., 2004; Herrick-Davis et al., 2005; James et al., 

2006). In the case of random interaction, EfD has been predicted to be independent of the 

total donor to acceptor ratio at a fixed surface density above a certain ratio. For receptor 

dimers, EfD values are expected to be dependent on the relative donor concentration at a 

higher [At]/[Dt] threshold, resulting in a higher asymptotic EfD value.  

To analyze whether the measured apparent FRET efficiency reflects specific receptor-

receptor interaction or resulted from random molecular interaction, EfD values were 

measured over a range of acceptor to donor ratios, wherein the combined concentration of 

plasmids encoding for donor and acceptor was held constant. Figure 24A shows EfD values 

obtained for wild-type 5-HT1A receptors plotted against the [At]/[Dt] ratio. As a negative 
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control we used co-transfections of non-interacting cytosolic CFP and YFP proteins. EfD 

values obtained for cytosolic CFP and YFP and the corresponding [At]/[Dt] ratio were fitted 

according to the equation 6. Evaluation of the fit quality clearly shows that data obtained from 

the co-transfected cytosolic CFP/YFP (R2 = 0.37) cannot be properly characterized by a 

model assuming specific oligomerization. This demonstrates that detected FRET resulted 

from non-specific, random interactions. Using this as a negative control for oligomerization, 

we analyzed the data collected for the cells co-transfected with 5-HT1A-CFP and 5-HT1A-

YFP receptors. In this case, we found that EfD values were substantially higher (Fig. 24A), 

and Eq. 6 provides a very good fit quality of EfD data (R2 = 0.90). Furthermore, in a proper fit 

to the proposed model, experimentally measured EfD value at a donor/acceptor ratio of 1:1 

should represent half of the asymptotic value for EfD. In the case of receptor we found that 

the EfD values at a ratio of 1:1 was approximately 0.12, which corresponds to the obtained 

asymptotic value for the fit of approximately EfD = 0.24 (Fig. 24A). In contrast, the EfD value 

measured for co-transfected CFP and YFP at a ratio of 1:1 was equal to 0.025, which is a 

clear underestimate when compared to the fitted curve (Fig. 24A). Similar results were also 

obtained after analysis of EfA values (Fig. 25) and for cells co-transfected with Mut-CFP/WT-

YFP and Mut-CFP/Mut-YFP combinations (data not shown). 

 

 

Fig. 23. Spectral analysis of living N1E-115 cells co-expressing CFP- and YFP-tagged 5-HT1A 
receptors. 

 Fluorescence emission spectra of N1E-115 cells transfected with wild-type (A) or acylation-deficient 
(B) 5-HT1A receptors are shown. In both cases cells were transfected either with only CFP- (dashed 
line) or only with YFP-tagged (doted line) receptors or were co-transfected with both YFP- and CFP-
tagged receptors (solid line). Emission spectra were collected at excitation wavelength λ�exc= 420 
nm. Spectra were normalized to that obtained in cells transfected HA-tagged 5HT1A receptor. The 
data shown are representative of at least 3 independent experiments 
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Interaction specificity may also be analyzed by plotting energy transfer efficiency as a 

function of expression level at fixed donor/acceptor ratio (James et al., 2006). In the case of 

random interaction, the energy transfer between two fluorophores is linearly dependent on 

expression level and will diminish to zero at very low concentration of fluorophores. In the 

case of completely non-random interaction, the apparent FRET efficiency should be 

independent on concentration with an EfD intercept greater than zero. Fig. 24B shows EfD 

values measured in cells co-expressing WT-CFP/WT-YFP receptors and plotted as a 

function of estimated total concentration. The analysis revealed that a linear fit resulted in an 

EfD intercept at 0.13, confirming non-random interactions between the receptors. The fit also 

shows a slightly positive slope suggesting that in addition to the specific interactions, there is 

some contribution of random interaction to the measured EfD. Finally, two different types of 

analysis applied here confirm the specificity of 5-HT1A receptor oligomerization. 

 

3.2.6 Quantitative analysis of oligomerization dynamics in living cells.  

To investigate the effect of receptor activation on 5-HT1A oligomerization, we applied a novel 

FRET approach named lux-FRET (linear unmixing of FRET spectral components) 

(Wlodarczyk et al., 2008), which allows quantitative measurements of oligomerization during 

receptor stimulation with agonist. To evaluate time- and activation-correlated changes in 

receptor interaction, apparent FRET efficiencies measured from N1E-115 cells co-expressing 

5-HT1A fusion proteins were monitored over time before and during incubation with agonist 

and/or antagonist. Cells were co-transfected with donor (5-HT1A-CFP) and acceptor (5-

HT1A-YFP) proteins at a 1:1 ratio and emission spectra were recorded every 2 min using 

excitation wavelengths of 458 nm and 488 nm. For each time point, two quantities were 

determined, i.e. the product of characteristic FRET efficiency (E) and the fraction of donor 

participating in complexes (fD) as well as the corresponding quantity describing the product of 

E and the fractions of acceptor participating in complexes (fA). Both values characterize the 

stoichiometry of fluorescently labelled receptors and are used to verify the data obtained.  
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In the absence of receptor stimulation we obtained only slight fluctuations of EfD around the 

initial values in cells expressing wild-type 5-HT1A receptors. After treatment with serotonin at 

10 µM, the values of EfD continuously decreased reaching a plateau after 10 min (Fig. 26A). 

In contrast, cells treated with PBS, did not show any significant changes of EfD values (Fig. 

26A). The treatment of co-transfected cells with the selective 5-HT1A receptor antagonist, 

WAY100635 at 1 µM concentration blocked the agonist-mediated decrease of EfD (Fig. 26A).  

 

Fig. 24. Specificity of 5-HT1A receptor oligomerization.  

(A) Dependency of apparent FRET efficiency EfD on donor/acceptor ratio. 5-HT1A receptors 
labeled either with CFP (41)[79] or YFP (41)[79] were co-expressed at different ratios in N1E-115 
cells, wherein the combined concentration of donors and acceptors was held constant. N1E-115 
cells co-expressing cytosolic CFP and YFP were used as a control for random interactions. 
Emission spectra were obtained and analyzed as described in Material and Methods section. EfD 
values were calculated according to Eq 3. and plotted against the [At]/[Dt] ratio computed with Eq 5. 
Data points were fitted according to Eq 6. (B) Dependency of apparent FRET efficiency EfD on 
expression level at fixed donor to acceptor ratio. The EfD values were measured in cells co-
expressing WT-CFP/WT-YFP receptors and plotted as a function of estimated total concentration. 
The data were collected from samples with a [At] to [Dt] ratios ranging between 8 and 10, and EfD 
values were calculated according to Eq. 3. Experiments were carried out in collaboration with 
Andrew Woehler. 

 

 

In order to quantify agonist-mediated changes of EfD, we chose a representative time point 

before adding serotonin (5 min before) and compared its value with that of a representative 

time point after agonist stimulation (15 min after 5-HT application) (Fig. 26B). This 



  69

comparison revealed that stimulation of the 5-HT1A receptor with agonist results in a 

significant decrease of the EfD value by 12 % ± 2.1%. 

We also analyzed, whether the localization of receptor in lipid rafts may influence agonist-

mediated decrease of EfD.. Figure 26B demonstrates that depletion of cholesterol by 

treatment of cells expressing wild-type receptor with methyl--cyclodextrin abolished this 

effect, suggesting importance of lipid rafts for the agonist-mediated changes in receptor 

oligomerization.  

Analysis of the time course of the apparent FRET efficiency in cells expressing acylation-

deficient 5-HT1A receptor demonstrated that non-palmitoylated receptors do not produce any 

significant changes of EfD values after agonist stimulation (Fig. 26C and D). When the wild-

type receptor was co-expressed with the acylation-deficient receptor, the agonist-mediated 

decrease of EfD value was also completely abolished, demonstrating the dominant-negative 

effect of non-palmitoylated receptor on the dynamic changes in receptor-receptor interactions 

(Fig. 26E and F). 

 

 

Fig. 25. Dependency of apparent FRET efficiency EfA on donor/acceptor ratio.  

5-HT1A receptors labeled either with CFP (donor) or YFP (acceptor) were co-expressed at different 
ratios in N1E-115 cells, wherein the combined concentration of donors and acceptors was held 
constant. N1E-115 cells co-expressing cytosolic CFP and YFP were used as a control for random 
interactions. Emission spectra were obtained and analyzed as described in Experimental Procedures 
section. EfA values were calculated according to Eq 3. and plotted against the [Dt]/[At] ratio computed 
with Eq 5. Data points were fitted according to Eq 6. Experiments were carried out in collaboration 
with Andrew Woehler. 

 

 

We also performed a time course analysis of EfA values for the wild-type and the acylation-

deficient mutant. Similar to the results obtained for EfD, we observed a significant decrease of 
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EfA values by 15.2 % ± 2.9 % after adding 10 µM serotonin to the cells expressing wild-type 

5-HT1A receptors (Fig. 27). The EfA values obtained for the acylation-deficient receptor 

mutant as well as for the combination of wild-type and non-palmitoylated mutant were not 

affected by the agonist treatment (Fig. 27).  
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Fig. 26.Time course of FRET efficiency EfD upon receptor stimulation. 

The graphs on the left show the time course of EfD values calculated according to Eq. (1) for N1E-
115 cells co- expressing WT-CFP/WT-YFP (A), Mut-CFP/Mut/YFP (C) or Mut-CFP/WT-YFP (E) 
receptors as FRET pairs. The cells were treated at zero time point with serotonin (10 μm), PBS, with 
serotonin together with WAY (1 μM) or with serotonin together with MßCD. All time-course values 
were normalized to unity at start for better visualization of differences. Data points represent mean ± 
S.E.M. (n = 6). The data on the right shows percentage of changes of apparent FRET efficiency (EfD) 
obtained 5 min before and 15 min after treatment for WT-CFP/WT-YFP (B), Mut- CFP/Mut-YFP (D) or 
Mut-CFP/WT-YFP (F). A statistically significant difference between values is noted (��, p<0.01). 
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Fig. 27. Time course of FRET efficiency EfA upon receptor stimulation. 

 The graphs on the left show the time course of EfA values calculated according to Eq. 1 for N1E-115 
cells co-expressing WT- CFP/WT-YFP (A), Mut-CFP/Mut/YFP (C) or Mut-CFP/WT-YFP (E) receptors 
as FRET pairs. The cells were treated at zero time point with serotonin (10 μm), PBS or with 
serotonin together with WAY (1 μM). All time courses values were normalized to unity at start for 
better visualization differences. Data points represent mean ± S.E.M. (n = 6). The graph on the right 
shows percentage of changes of apparent FRET efficiency (EfA) obtained 5 minutes before and 15 
minutes after treatment for WT-CFP/WT-YFP (B), Mut-CFP/Mut/YFP (D) or Mut-CFP/WT-YFP (F). A 
statistically significant difference between values is noted (*, p < 0.01). 
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3.2.7 Agonist stimulation and lipid rafts localization of the 5-HT1A receptor. 

Results obtained in the present study suggested the importance of cholesterol-enriched 

membrane subdomains for receptor oligomerization (Fig. 20 and 26). Therefore, we 

compared the membrane distribution of the wild-type receptor before and after stimulation 

with agonist using density gradient centrifugation. N1E-115 cells expressing the 5-HT1A 

receptor were solubilized in cold Triton X-100 (TX-100) and subjected to centrifugation in 

OptiprepTM density gradient in order to isolate detergent-insoluble membrane fractions. 

Immunoblot analysis of gradient fractions revealed that 38% ± 7.8% (n = 3) of the wild-type 

5-HT1A receptor floated with the detergent-resistant low density fractions along with the Gai3-

subunit of heterotrimeric G-protein (Fig. 28). After treatment of cells with 10 µM of 5-HT, the 

yield of receptor in the light Triton X-100-resistant membrane fraction was not significantly 

changed and was found to be 34.6% ± 4.9% (n = 3; Fig. 28). Chemical cross-linking 

performed before the TX-100 treatment and gradient centrifugation revealed that amount of 

receptor oligomers in lipid rafts was not changed upon agonist stimulation (data not shown). 

It is also notable that distribution of the Gai3 protein and the transferring receptor, which were 

used as rafts and non-rafts markers, respectively, did not change after agonist treatment 

(Fig. 28) (Kobe et al, 2008). 
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Fig. 28. Agonist stimulation does not change distribution of the 5-HT1A receptor in the 
detergent-resistant membrane fractions (DRMs).  

(A) The neuroblastoma N1E-115 cells expressing the wild-type 5-HT1A receptor fused to GFP were 
treated with 5-HT (10 µM) or PBS (control). Cells were lysed with the cold 1% TritonTryton-X100 and 
lysates were ultracentrifugated in the OptiprepTM density gradient.  The gradient fractions were 
analyzed by immunoblotting. G�i protein was used as DRM markers while transferrin receptor (TfR) 
was used as the non-DRM marker. (B) Relative amount of the 5-HT1A receptors, G�i and transferrin 
receptor (TfR) in the high density fractions (35%+40%) and the buoyant low density fractions 
(20%+30%) is shown. Quantitative analysis of the protein distribution was performed by densitometry 
and calculated in percentage of the total protein amount in all fractions. Data points represent mean ± 
S.E.M. (n = 3).  
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4 DISCUSSION 

4.1 Role of 5-HT7/G12 signaling in morpho- and synaptogenesis 

4.1.1 Early structural and functional changes are modulated via the 5-HT/G12 

pathway 

It is widely accepted that patterns of neuronal activity play a major role in the re-organization 

of neuronal connection and circuits (Katz and Shatz, 1996; Maletic-Savatic et al., 1999; 

Jontes and Smith, 2000). However, the mechanisms driving the formation of initial (activity-

independent) population of synaptic connections during early development are not entirely 

clear. Over the past several years it has become evident that serotonin may modulate 

different aspects of early neuronal differentiation, including neurite outgrowth and 

synaptogenesis, before it acts as a neurotransmitter (Mazer et al., 1997; Udo et al., 2005).  

Such morphogenic functions may be mediated by a variety of 5-HT receptor subtypes 

(Barnes and Sharp, 1999; Hoyer et al., 2002). We have recently demonstrated that activation 

of the 5-HT7 receptor promotes neurite outgrowth in hippocampal neurons (Kvachnina et al., 

2005). In the present study we demonstrated that prolonged stimulation of 5-HT7 receptor 

leads to pronounced elevation in the number of dendritic protrusions. It has been proposed 

that dendritic filopodia participate actively in the formation of synapses, and that initial 

synaptogenesis may be the result of contact between dendritic protrusions and axons 

(Mattila and Lappalainen, 2008). Supporting this view, we found that the number of 

structurally intact synapses was significantly increased upon stimulation of 5-HT7 receptor. 

We also observed a high degree of co-localization between the 5-HT7 receptor and synaptic 

marker, which may provide a physical basis for the functional effects on synaptogenesis. The 

functionality of these newly formed synapses was confirmed by a marked enhancement of 

spontaneous neuronal activity (e.g. EPSP and spike frequency) generated in networks 

formed by cultured hippocampal neurons. Notably the morphogenic functions of 5-HT7 

receptors were also preserved in organotypic preparations from the hippocampus of mice. 

Under such in vivo like conditions stimulation of 5-HT7 receptor caused pronounced 
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elevation of spinogenesis. These structural changes were accompanied by an increase of 

both basal neuronal excitability (assessed by the analysis of fEPSPs) and mPSCs 

amplitudes. The last observation suggests that prolonged stimulation of the 5-HT7 receptor 

may initiate the boosting of synaptic strength. The mechanisms responsible for the 5-CT 

mediated synaptic scaling were not addressed in this study. It is known that the total synaptic 

strength can be regulated through changes in number of functional synapses during 

development (Kirov et al., 2004; Turrigiano and Nelson, 2004; Takanishi et al., 2006; 

Turrigiano, 2008). The coordinated changes in synaptogenesis and synaptic scaling obtained 

here can therefore represent a mechanism responsible for the generation of initial synaptic 

connections and maturation of basal synaptic circuits during the early neuronal development. 

The mechanisms involved, however, seem to be different from these responsible for 

modulation of synaptic strength obtained either by activity blockade or by increased activity 

(Seeburg et al., 2008; Turrigiano, 2008; Peng et al., 2009).   

Analysis of synaptic plasticity revealed that the induction of LTP at the Schaffer collateral 

synapses was reduced upon prolonged stimulation of the 5-HT7 receptor. How can the 5-

HT7 receptor-mediated signaling lead to an increase in synaptic transmission and to 

decrease in synaptic plasticity? The most straightforward explanation of this observation is 

that the increased basal excitability, triggered by the activation of the 5-HT7 receptor, leads 

to pre-potentiation of synaptic transmission and thus saturates LTP, preventing further 

potentiation (Saghatelyan et al., 2001; Jedlicka et al., 2009). 

What are the possible molecular downstream mechanisms underlying the structural and 

functional effects of the 5-HT7 receptor in hippocampal neurons? The 5-HT7 receptor is 

coupled to two different heterotrimeric G-proteins: Gs and G12 (Vanhoenacker et al., 2000). 

It has also been shown that both the Gs- and G12-proteins can regulate the cellular 

morphology by activating different signaling cascades. In case of Gs morphogenic effects are 

realized either by modulation of cAMP concentration (Corset et al., 2000) or by the direct 

binding of Gs to the cytoskeleton (Yu et al., 2009). The downstream effectors of the G12 

protein mediating the changes in the actin cytoskeleton are the members of the Rho family of 

small GTPases, including RhoA, Rac1 and Cdc42 (Jaffe and Hall, 2005). Experiments 
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performed in hippocampal neuronal preparations from the G12 deficient mouse verified that 

the morphological effects obtained upon stimulation of the 5-HT7 receptor were mediated 

solely by the G12 protein, demonstrating the critical role of 5-HT7/G12 signaling for formation 

of dendritic filopodia and new synapses. We have recently demonstrated that the small 

GTPases RhoA and Cdc42 represent the main down-stream effectors of the 5-HT7/G12 

signaling. We also found that the major functional effects of this pathway, including actin 

reorganisation and formation of neurite-like protrusions, were mediated by the activation of 

Cdc42 (Kvachnina et al., 2005). The results of this study suggest that 5-HT7 receptor-

mediated activation of Cdc42 may also be responsible for the formation of dendritic filopodia 

and spines in hippocampal neurons. 

The 5-HT mediated activation of Cdc42 has been shown to be major signaling pathways 

involved in formation of filopodia from presynaptic varicosities in sensory neurons of Aplysia, 

leading to long-term facilitation. In this case, however, the receptor responsible was not 

identified, although activation of PI3 kinase and PLC were discussed as possible signaling 

mechanism (Udo et al., 2005). Cdc42 also plays the central role in rapid conversion of early 

nonfunctional contacts between cultured hippocampal neurons into functional synapses after 

a brief train of presynaptic action potentials (Shen et al., 2006). Such activity-induced 

conversion of silent synapses occurred within minutes, suggesting involvement of different 

mechanisms as in the case of 5-HT7 receptor-mediated effects, which required several 

hours.  

Thus, 5-HT-induced activation of the 5-HT7/G12/Cdc42 signaling pathways and the 

consequent reorganization of the dendritic actin network appear to be a part of the initial 

molecular cascade required for the growth of new synapses which then become the subject 

of activity-dependent structural and functional plasticity (Citri and Malenka, 2008; Turrigiano, 

2008). 
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4.1.2 Possible function of 5-HT7/G12 signaling during early postnatal 

development 

Stimulatory effects of 5-HT7/G12 signaling on the dendritic morphology, synaptogenesis and 

synaptic plasticity obtained in hippocampal neurons were restricted to early postnatal 

development stages and abolished in adult mice. In accordance with this observation, we 

documented the decrease in the expression levels of both 5-HT7 receptor and G12 proteins 

in the hippocampus during the postnatal development. This suggests that serotonin, acting 

through the 5-HT7/G12/Cdc42 signaling pathway, promotes structural and functional 

changes in hippocampal neurons and, more importantly, that these effects may be regulated 

by the transient increase in expression of the 5-HT7 and G12 proteins during the early 

postnatal period. There is increasing evidence that in the central nervous system 5-HT is 

involved in regulation of different aspects of neuronal development before it acts as a 

neurotransmitter. The early actions of 5-HT include modulation of neuronal differentiation, 

synaptogenesis, axonal path-finding as well as effects on neurogenesis, cell migration and 

morphogenesis of the cortex (Okado et al., 1993; Bennett-Clarke et al., 1994; Lebrand et al., 

1996; Mazer et al., 1997; Gould, 1999; Bonnin et al., 2007) Moreover, transient modifications 

of the serotonergic system, especially during the early postnatal development, appear to 

influence the brain morphology as well as cognitive and emotional behavior in adulthood 

(Mazer et al., 1997; Gross et al., 2002; Ansorge et al., 2004).  

Molecular mechanisms underlying such developmental effects of 5-HT are poorly 

understood. The high variability of reported effects suggests, however, that different 5-HT 

actions during development may be defined by variable expression of the corresponding 

receptor subtypes and/or their downstream effectors. First experimental proof for that was 

recently provided by Bonnin and colleagues (Bonnin et al., 2006; Bonnin et al., 2007), who 

demonstrated that dynamic expression of 5-HT1 receptor subfamily members in the 

telencephalon of the prenatal mouse may be responsible for the serotonin-mediated 

modulation of responsiveness of embryonic thalamocortical axons to netrin-1. In the present 

study we also obtained the dynamic expression patterns of 5-HT7 receptor and G12 protein 

in hippocampus during postnatal development, which correlated with the morphogenic and 

functional effects mediated by the 5-HT7/G12 signaling.  
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What could be the possible function of regulated expression? We hypothesize that transient 

expression of 5-HT7/G12 signaling pathway can represent the mechanism, by which 

serotonin specifically modulates the formation of basal neuronal connections during the early 

postnatal development. This is supported by several observations. First, serotonergic system 

is one of the earliest neurotransmitter systems in the mammalian brain, with the final 

arborisation of serotonergic innervation occurring up to postnatal day 21 (Lidov and Molliver, 

1982; Lauder, 1990). During this terminal serotonergic field development (E19 - P21), 5-HT 

reaches the highest concentration in the brain (Whitaker-Azmitia, 2005). It has been also 

shown that the physiological concentration of 5-HT both in and around the synaptic cleft can 

reach the millimolar range (1 - 10 mM) (Bruns et al., 2000). Therefore, the effective 

concentration of the released serotonin in hippocampus should be well within the range 

needed for the activation of 5-HT7/G12 signaling (100 nM). Moreover, we observed a high 

degree of co-localization between serotonin-containing varicosities and the 5-HT7 receptor. 

This may provide a physical basis for the preferential activation of 5-HT7/G12 signaling at 

early postnatal stages.  
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4.2 Oligomerization of 5-HT1 receptor 

During the last decade, a growing body of biochemical and biophysical evidence indicated 

that GPCRs can form oligomeric complexes. Although the existence of GPCR oligomers has 

now become generally accepted, their physiological incidence in native tissues as well as 

functional importance are still a matter of debate and in some cases remain even 

controversial (Hagan et al., 2000; Herrick-Davis et al., 2004; Herrick-Davis et al., 2005). It 

has been clearly documented that homo- and hetero-oligomerization of class C GPCRs such 

as metabotropic glutamate as well as GABAB receptors is essential for the receptor 

trafficking to the cell surface, for ligand-induced receptor activation as well as for G-protein 

coupling (Maggio et al., 2005; Milligan, 2006). It has been clearly documented that homo- 

and hetero-oligomerization of class C GPCRs such as metabotropic glutamate as well as 

GABABB receptors is essential for the receptor trafficking to the cell surface, for ligand-

induced receptor activation as well as for G-protein coupling (Bouvier, 2001; Pin et al., 2003). 

In contrast, no general consensus is yet achieved for the functional importance of 

oligomerization for class A GPCRs. In the case of opioid receptor, heterodimers of kappa 

and delta receptors have been shown to forma distinct functional signaling unit in vivo 

(Waldhoer et al., 2005). Recent data on the heterodimerization between 1A and 2A 

receptors also demonstrated importance of oligomerization for the inhibition of agonist-

promoted internalization of the 2A and its ability to activate the ERK1/2MAPK signaling 

pathway (Lavoie et al., 2002). On the other hand, 2A and rhodopsin receptors, which are 

often used as a model GPCRs for the homo-oligomerization analysis, can efficiently activate 

their G-proteins in monomeric conformation (Whorton et al., 2007). Similarly, oligomerization 

of the neurotensin NTS1 receptor is not required for G-protein activation, although it seems 

to alter the mode of the receptor-G protein interaction (White et al., 2007). These findings 

show that receptor oligomerization plays differing functional roles at different receptor-G-

protein interfaces, suggesting that there is no common function applicable to all GPCRs. In 

the present study we verified the oligomerization state of the 5- HT1A receptor and also 

analyzed its oligomerization dynamics upon the agonist stimulation by using classical 

biochemical methods and different FRET-based approaches. In addition, we investigated the 
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possible interplay between palmitoylation and oligomerization of the 5-HT1A receptor. A co-

immunoprecipitation assay performed in neuroblastoma N1E-115 cells expressing receptor 

constructs containing different epitope tags revealed the presence of immunoreactive 5- 

HT1A receptors only in co-transfected cells and not in individually transfected cells mixed 

before cell lysis. This strongly suggests that the 5-HT1A receptor forms homo-oligomers. 

Homo-oligomerization of 5- HT1A receptors has been also previously reported for 

recombinant 5-HT1A receptor expressed in HEK-293 cells (Salim et al., 2002), suggesting 

that oligomerization is intrinsic to the 5-HT1A itself. In addition, oligomerization experiments 

using a plasma membrane impermeable cross-linker BM[PEO]3 applied to intact cells showed 

that the predominant receptor species on the plasma membrane are homodimers. 

Biochemical methods used in this study represent the classical approaches used for the 

detection of GPCR oligomerization. However, these methods require solubilization and 

concentration of the membrane proteins, which could possibly result in artificial aggregation 

of receptors (Harrison and van der Graaf, 2006). In addition, these techniques do not allow 

an analysis of GPCR oligomerization dynamics in living cells. To overcome these limitations 

and to analyze the oligomerization behavior of the 5-HT1A receptor in living cells, we applied 

different FRET-based approaches including the acceptor-photobleaching method (Bastiaens 

et al., 1996), the fluorescence lifetime-based FRET measurement as well as a novel lux- 

FRET approach (Wlodarczyk et al., 2008). 

 

4.2.1 Verification of oligomerization specificity by a novel FRET-based 

approach 

In addition to biochemical methods, we analyzed 5-HT1A receptor oligomerization by FRET 

using receptors fused to enhanced CFP or YFP as donor and acceptor, respectively. It is 

notable that CFP- and YFP fused receptors demonstrated subcellular distribution, 

pharmacological profiles and signaling properties similar to that of their non-fluorescent wild-

type or acylation-deficient counterparts (Renner et al., 2007) indicating that these fluorescent 

constructs can be used in functional studies. By using both acceptor-photobleaching and the 

fluorescence lifetime FRET methods, we measured FRET between CFP- and YFP tagged 5-
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HT1A receptors expressed at the surface of N1E-115 cells. A valid interpretation of FRET 

data is, however, not trivial because the FRET signal depends on several factors such as 

interaction affinity and stoichiometry of fusion proteins, their folding probability and their 

mutual orientation, (Kenworthy and Edidin, 1998; Wallrabe et al., 2003). Moreover, positive 

FRET signals may result not only from specific protein interactions including receptor 

oligomerization, but also from randomly distributed proteins, as may be the case after 

overexpression of donors and acceptors (Meyer et al., 2006). Based on critical analysis of 

BRET data, it has been recently considered that the contribution of non-specific interactions 

measured by resonance energy transfer may be even larger than previously thought (James 

et al., 2006). Therefore, the analysis of FRET data over different donor to acceptor ratios 

and/or over different expression levels have been proposed as important prerequisite to 

discriminate between specific versus nonspecific interaction (James et al., 2006). Hence, 

using a novel lux-FRET approach, we obtained and analyzed apparent FRET efficiency as a 

function of the acceptor to donor ratio, [At]/ [Dt] with the aim to distinguish between these two 

cases (i.e. specific vs. non-specific interaction). By measuring the emission spectra at two 

different excitation wavelengths and applying linear unmixing, lux-FRET method allowed us 

to determine the stoichiometry of interacting fluorescently labeled receptors. Artifacts like 

bleed-through and cross-talk, which occur by using the filter channel based methods, do not 

affect such analysis. Moreover, this approach is more easily implemented than methods 

proposed previously (Hoppe et al., 2002; Zal and Gascoigne, 2004). Our data demonstrated 

that apparent FRET values obtained for different receptor combinations agreed with the 

model prediction for non-random interaction. In addition, the analysis of the energy transfer 

efficiency as a function of expression level at fixed donor to acceptor ratio demonstrates that 

FRET obtained for 5-HT1A receptors was largely independent of expression level. This 

observation further confirms specificity of oligomerization in case of the 5-HT1A receptor. 

Further evidence for the specificity of 5-HT1A receptor oligomerization was obtained from the 

analysis of recently published data on receptor pharmacology (Papoucheva et al., 2004). The 

Hill coefficient value calculated for HA-tagged 5-HT1A receptor was found to be 0.50±0.17, 

which indicates negative cooperativity. According to the theory (Abeliovich, 2005), the Hill 

coefficient value in negatively cooperating systems can be used to estimate the minimal 
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number of receptor subunits in complex, and the Hill slope of 0.5 indicates that 5-HT1A 

exists as a dimer or higher order oligomer. 

 

4.2.2 Regulation of oligomerization by agonist; role of lipid rafts and receptor 

palmitoylation 

In several biophysical studies investigating the effect of agonists on receptor oligomerization, 

changes in the resonance energy transfer were obtained after receptor stimulation (Terrillon 

and Bouvier, 2004). This has often been interpreted as an agonist-induced change in 

oligomerization state. Since FRET efficiency highly depends on the relative distance and 

orientation between the donor and acceptor, such agonist- mediated changes in energy 

transfer may also reflect alterations in the pre-existing receptor conformation (Hoffmann et 

al., 2005). In the majority of studies, addition of agonist resulted in an increase of the 

FRET/BRET signal. However, agonist-dependent reduction of the signal has been reported 

for four GPCRs including cholecystokinin, neuropeptide Y4, thyrotropin TSH and 

somatostatin SSTR2 receptors (Cheng and Miller, 2001; Kroeger et al., 2001; Berglund et al., 

2003; Grant et al., 2003). Based on different tag combinations and positions (cholecystokinin 

receptor), on the FRAP technique (TSH receptor) as well as on biochemical analysis 

(neuropeptide Y4 and SSTR2 receptors), authors proposed agonist-induced dissociation of 

oligomers rather than a conformational change as a possible reason for the decrease of the 

energy transfer efficiency. In the present study, we analyzed the time course of the apparent 

FRET efficiency for 5-HT1A receptor oligomerization and found that receptor stimulation with 

agonist leads to significant decrease of the FRET signal. On the other hand, the amount of 5-

HT1A oligomers was not affected upon agonist stimulation as revealed by co-

immunoprecipitation and cross-linking analysis. This result was in contrast to examples 

mentioned above and suggests that ligand mediated decrease of FRET obtained for the 5-

HT1A receptor does not arise from the dissociation of oligomers to monomers and is rather 

achieved by the conformational changes of pre-existing FRET-positive complexes to FRET-

negative orientations. A more intriguing finding was the dependence of 5-HT1A 

oligomerization efficiency and dynamics on the palmitoylation state of receptors. The results 
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of the biophysical studies revealed that the removal of palmitoylation sites resulted in 

increased FRET efficiency. On the other hand, agonist-mediated decrease of FRET signal 

obtained for the wild-type receptor was completely abolished in cells expressing of acylation-

deficient mutants. Combined with the fact that agonist stimulation does not change the 

amount of oligomers composed by non-palmitoylated receptor, this suggests that lack of 

palmitoylation does not directly affect the extent of oligomerization rather influences 

orientation of C-terminal CFP and YFP leading to increased FRET efficiency. 

What could be a possible mechanism by which palmitoylation may influence oligomerization 

and functions of the 5-HT1A receptor? We have recently shown that a significant fraction of 

the 5-HT1A receptor resides in lipid rafts, while the non-acylated mutants (which also do not 

couple to Gi-proteins) are excluded from these membrane microdomains (Papoucheva et al., 

2004; Renner et al., 2007). Based on these data in combination with results presented here, 

we propose the existence of two populations of 5-HT1A receptors. One population consists 

of receptor oligomers localized outside of lipid rafts. This population seems to be partly “non-

functional” in terms of efficient signaling and needs raft localization to coincide with raft-

resided Gi-proteins (Emerit et al., 1990). Another receptor population resides in lipid rafts and 

plays an important role in an efficient receptor-mediated signaling. This is also in line with the 

current view on the functional role of lipid rafts. Lipid rafts and caveolae have been shown to 

be involved in the regulation of various cell functions including the intracellular sorting of 

proteins and lipids (Sprong et al., 2001), the establishment of cell polarity (Sprong et al., 

2001) and the fine tuning of signaling processes (Toomre et al., 2000). The detection of 

numerous signaling proteins within the detergent-resistant membrane fractions led to the 

assumption that lipid rafts represent scaffold platforms which facilitate signal transduction by 

spatially recruiting signaling components and by preventing an inappropriate cross-talk 

between pathways (Okamoto et al., 1998; Foster et al., 2003). Several members of the 

serotonin receptor family, including 5-HT2A and 5-HT7 receptors have also been shown to 

be highly enriched in lipid rafts and caveolae (Bhatnagar et al., 2004), suggesting general 

importance of this membrane subdomains for the serotonergic signaling. Similar enrichment 

in lipid rafts/caveolae has also been reported for other member of GPCR superfamily, 
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including GnRH, endothelin ETB and ETA and chemokine CCR5 receptors (Okamoto et al., 

2000). 

In the case of 5-HT1A receptor, stimulation with agonist results in changing FRET-positive to 

FRET-negative orientation of oligomers residing in lipid rafts. This may originate from a more 

tight association of palmitoylated receptor C-terminus with raft-specific lipids (Melkonian et 

al., 1999; Percherancier et al., 2003) or from increased coupling of receptor with raft-resided 

Gi proteins, particularly upon agonist stimulation. Both raft as well as non-raft populations 

seem to exist in dynamic equilibrium, which is important for fine tuning of receptor-mediated 

signaling. In this model palmitoylation does not directly modulate oligomerization of 5-HT1A, 

but rather serves as a targeting signal responsible for the retention of the 5-HT1A receptor in 

defined membrane microdomains. The fact that the FRET efficiency for the oligomers 

composed by wild-type receptors was lower than that for non-functional, acylation-deficient 

mutants is also in line with this model. Combined with the fact that cholesterol depletion 

resulted in the significant increase of FRET signal only in case of wild-type receptor, these 

data suggest that receptors residing in lipid rafts consist of oligomers in FRET-negative 

conformation. In addition, abolishing the agonist-mediated changes in the FRET efficiency 

obtained in cells expressing wild-type oligomers after cholesterol depletion further confirms 

the importance of lipid rafts in 5-HT1A-mediated signaling. Further experimentation will be 

necessary to validate this model and elucidate molecular mechanisms regulating interplay 

between palmitoylation and oligomerization (Kobe et al, 2008). 
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5

 

 SUMMARY 

Role of 5-HT7/G12 signaling in morpho- and synaptogenesis. The neurotransmitter 

serotonin (5-hydroxytryptamine or 5-HT) modulates different aspects of early neuronal 

differentiation, including neurite outgrowth and synaptogenesis, before it acts as a 

neurotransmitter. Here we report that activation of the 5-HT7 serotonin receptor promotes 

dendritic branching, formation of the new synapses as well as spontaneous synaptic activity. 

The morphological effects obtained upon stimulation of the 5-HT7 receptor were mediated 

solely by the G12 protein, demonstrating the critical role of 5-HT7/G12 signaling for formation 

of dendritic filopodia and synaptogenesis. Analysis of organotypic preparation from the 

hippocampus of juvenile mice demonstrate that 5-HT7R/G12 signaling potentiates formation 

of dendritic spines, increases the basal neuronal excitability and leads to robust changes in 

long-term potentiation (LTP). We also found that the expression of both 5-HT7 receptor and 

G12 protein was significantly reduced during development. Accordingly the effects of 5-

HT7/G12 signaling in adult mice were abolished. Thus, regulated expression of both 5-HT7 

receptor and G12 protein may represent a molecular mechanisms by which serotonin 

specifically modulate the formation of basal neuronal connections during the early postnatal 

development. 

Oligomerization of 5-HT1A receptor. In the present study we analyzed the oligomerization 

state of the serotonin 5-HT1A receptor and studied oligomerization dynamics in living cells. 

We also investigated the role of receptor palmitoylation in this process. Biochemical analysis 

performed in neuroblastoma N1E-115 cells demonstrated that both palmitoylated and non-

palmitoylated 5-HT1A receptors form homo-oligomers and that the prevalent receptor 

species at the plasma membrane are dimers. A combination of an acceptor-photobleaching 

FRET approach with fluorescence lifetime measurements verified the interaction of CFP- and 

YFP-labeled wild-type as well as acylation-deficient 5-HT1A receptors at the plasma 

membrane of living cells. Using a novel FRET technique based on the spectral analysis we 

also confirmed the specific nature of receptor oligomerization. The analysis of 
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oligomerization dynamics revealed that apparent FRET efficiency measured for wild-type 

oligomers significantly decreased in response to agonist stimulation, and our combined 

results suggest that this decrease was mediated by accumulation of FRET-negative 

complexes rather than by dissociation of oligomers to monomers. In contrast, the agonist-

mediated decrease of FRET signal was completely abolished in oligomers composed by 

non-palmitoylated receptor mutants, demonstrating the importance of palmitoylation in 

modulation of the structure of oligomers. 
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7 APPENDIX 

7.1 Abbreviations 

 

5-CT    5-carboxamidotryptamine 

5-HT    5-hydroxytryptamine 

ACSF    artificial cerebrospinal fluid 

BRET    biolumninence resonance energy transfer 

cAMP    3'-5'-cyclic adenosine monophosphate 

Cdc42    small GTPase of the Rho-subfamily 

CFP    cyan fluorescent protein 

CNS    Central nervous system 

DIV    days in vitro 

DMEM    Dulbecco's modified Eagle's medium 

DRM    detergent resistant membrane 

EPSC    excitatory postsynaptic synaptic currents 

FCS    fetal calf serum 

fEPSP    field excitatory postsynaptic potential 

FRAP    fluorescence recovery after photobleaching 

FRET    Förster resonance energy transfer 

GABA    gamma-aminobutyric acid 

GDP    guanosine 5’-diphosphate 

GFP    green fluorescent protein 

GI    gastrointestinal 

GIRK    G-protein-activated inwardly rectifying potassium channels 

GPCRs   G-protein coupled receptors 

GTP    guanosine-5'-triphosphate  

IP    intraperitoneal 

LP    long dendritic protrusions 

LTP    long-term potentiation (LTP) 

lux-FRET   linear unmixing of FRET spectral components 

MAPK    mitogen-activated protein kinase 

MEM    minimal essential medium 
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mGlu    metabotropic glutamate 

mPSCs   miniature postsynaptic currents 

Mut    mutant, i.e. acylation-deficient receptor 

P    postnatal 

PAGE    polyacrylamide gel electrophoresis 

PCR    polymerase chain reaction 

PLC    phospholipase C 

PNS    peripheral nervous system 

PPF    paired pulse facilitation 

Rac    small GTPase of the Rho-subfamily 

RhoA    small GTPase of the Rho-subfamily  

RNA    ribonucleic acid 

SDS    sodiumdodecylsulfate 

SEM    standard error of the mean 

SP    short dendritic protrusions 

TEMED   tetraeminethylendiamine 

TM     transmembrane  

TX-100   Triton X-100 

WT    wild-type 

YFP    yellow fluorescent protein 

PBS    phosphate buffered saline 

PKA    protein kinase A 

PMSF    phenylmethylsulphonyl fluoride 
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