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ABSTRACT 

English 

In this study the oligomerization between 5-HT7 and 5-HT1A receptors and its biological 

importance for modulation of cyclic adenosine monophosphate (cAMP) pathway was 

investigated in molecular detail at a quantitative level. Online ratiometric measurement of the 

acceptor over donor intensity emission of a FRET biosensor monitoring cAMP concentration 

excited at the donor excitation wavelength was combined with quantitative FRET investigations 

of a second FRET couple which was performed by applying lux-FRET in living cells.  

Biophysical investigations were performed in neuroblastoma N1E-115 (N1E) cells and 

hippocampal neurons. Under basal conditions 5-HT7 and 5-HT1A receptors are expressed in 

hippocampal neurons but not in N1E cells, therefore in these cells FRET-based cAMP biosensor 

and both serotonin receptors were co-expressed. The role of 5-HT7 and 5-HT1A receptors 

interaction in cAMP signal transduction was assessed by measuring the dynamic changes of 

cAMP levels after agonist/antagonist treatment. Using the lux-FRET technique, which is based 

on spectral analysis, we were also able to simultaneously analyze the receptor-receptor 

interaction at single cell level. Protocols used for this study were developed and optimized at 

larger extent. 

Comparison of 5-CT and 8-OH-DPAT, which are partial agonists for both, 5-HT7 and 5-HT1A 

receptor, demonstrated that 5-CT is more efficient agonist for 5-HT1A receptor, while 8-OH-

DPAT is more effective for 5-HT7 receptor signaling pathway. We were able to decode the 

complexity of cAMP kinetics first of 5-HT7 and 5-HT1A receptors pathway individually, and later 

while co-expressing both receptors. From quantitative FRET investigations the extent of 

receptor-receptor interaction of both receptors, they can form homo- as well as hetero-

oligomers, was obtained in parallel. In recombinant system of both receptors we found that 5-

HT7 receptor shows an inhibitory effect on the 5-HT1A receptor cAMP signaling kinetics but not 

vice versa, indicating different level of receptor interaction. 

The model was then applied to investigations in neurons, where the extent of receptor 

oligomerization reporting about the balance of endogenous expression level of 5-HT7 and 5-

HT1A receptors was estimated from the kinetics of the cAMP pathway at specific developmental 

stages. We found that the expression level of both receptors in endogenous systems influences 

5-HT1A receptor cAMP signaling pathway. On the contrary 5-HT7 receptor pathway is not 

influenced by 5-HT1A receptor. 
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ABSTRACT 

German 

In dieser Studie wird die Oligomerisierung zwischen 5-HT7- und 5-HT1A-Rezeptoren und deren 

biologische Bedeutung für die Modulation des Signalwegs des zyklischen 

Adenosinmonophosphat (cAMP) auf molekularer Ebene mit quantitativen Methoden 

untersucht. Ratiometrische Messung der Akzeptor / Donor Fluoreszenz eines FRET Biosensors, 

welcher zur Registration der cAMP-Konzentration genutzt wurde, wurden mit der Analyse eines 

zweiten FRET Paares kombiniert. Dieses wurde Mit Hilfe der Anwendung der quantitativen lux-

FRET Methode in lebenden Zellen durchgeführt.  

Die biophysikalischen Untersuchungen wurden in N1E-115 Neuroblastomzellen (N1E) Zellen 

und in hippocampalen Neuronen durchgeführt. Unter basalen Bedingungen werden 5-HT7 und 

5-HT1A-Rezeptoren in Neuronen im Hippocampus, aber nicht in N1E-Zellen exprimiert. Deshalb 

wurden in N1E Zellen neben dem FRET-basierten Biosensor für cAMP auch beide Serotonin-

Rezeptoren koexprimiert. Die Rolle der 5-HT7-5-HT1A-Rezeptor-Wechselwirkung für die cAMP 

Signalübertragung wurde durch Messen der dynamischen Veränderungen der cAMP-

Konzentration nach Agonist und Antagonist Stimulation untersucht. Mit Hilfe der lux-FRET 

Methode, die auf der spektralen Analyse der Donor- und Akzeptor-Fluoreszenz beruht, waren 

wir zugleich in der Lage, die der Rezeptor-Rezeptor-Wechselwirkung auf Einzelzellebene zu 

analysieren. Die für diese Studie notwendigen Protokolle wurden neu entwickelt und in 

größerem Maße optimiert. 

Der Vergleiche von 5-CT und 8-OH-DPAT, die partielle Agonisten sowohl für 5-HT7- als auch 5-

HT1A-Rezeptor sind, zeigen, dass 5-CT ein wirksamer Agonist für den 5-HT1A-Rezeptor ist, 

während 8-OH-DPAT effektiver für den 5-HT7-Rezeptor-Signalweg ist. Wir waren in einem 

ersten Schritt in der Lage, die Komplexität der cAMP Kinetik des 5-HT7- und des 5-HT1A-

Rezeptor-Signalwegs einzeln zu analysieren. In einem zweiten Schritt gelang dies auch für die 

Koexpression beider Rezeptoren. Aus den quantitativen FRET Untersuchungen konnte 

gleichzeitig das Ausmaß der Rezeptor-Rezeptor-Wechselwirkung beider Rezeptoren 

geschlussfolgert werden. Sie können sowohl Homo- als auch Heterooligomere bilden. Im 

rekombinanten System beider Rezeptoren beobachteten wir, dass der 5-HT7-Rezeptor eine 

hemmende Wirkung auf die cAMP-Kinetik des 5-HT1A-Rezeptors zeigt. Umgekehrt gilt dies 

jedoch nicht, was auf ein unterschiedliches Niveau der Rezeptor-Interaktion hindeutet. 

Das Modell wurde dann auf Untersuchungen in Neuronen übertragen. Somit konnte die 

Balance der endogenen Expressionsniveaus von 5-HT7- und 5-HT1A-Rezeptor in bestimmten 

Entwicklungsstadien aus dem Grat der Rezeptor-Oligomerisation abgeschätzt werden, da diese 

die Kinetik des cAMP-Signalwegs beeinflusst. Wir fanden, dass im endogenen System das 

Expressionsniveau beider Rezeptoren den cAMP-Signalweg des 5-HT1A-Rezeptors beeinflusst. 

Im Gegensatz dazu wird der 5-HT7-Rezeptor-Signalweg durch den 5-HT1A-Rezeptor nicht 

beeinflusst. 
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1 Introduction 

1.1 Analysis of serotonergic receptor oligomerization and its cAMP 

signaling cascade via quantitative molecular microscopy 

Serotonin receptors, with the exception of the ion channel 5-HT3, are G protein-coupled 

receptors (GPCRs) which belong to a large and diverse family of integral membrane proteins 

that participate in the regulation of many cellular processes, such as cyclic adenosine 

monophosphate (cAMP) [1]. Therefore, they represent key targets for pharmacological 

treatment. GPCRs are known to be able to activate multiple downstream signaling modules at 

the plasma membrane [2]. However, the mechanisms regulating multimodal GPCR-mediated 

signaling are still poorly understood. Biochemical, biophysical, structural, and functional 

evidence collected during the last decades indicates that GPCRs can form oligomers [3, 4]. 

Dynamic interaction between receptors is thought to have a key role in regulating most cellular 

signal transduction pathways. 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 [5]. A well-

known example of such constitutive oligomerization is the GABABB receptor, for which 

oligomerization between GABABR1 and GABABR2 has been shown to be necessary for the 

proper trafficking and functioning at the cell surface [1, 6]. 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 [7]. Oligomerization can 

occur between identical receptor types (homomerization) or between different receptors of the 

same or different GPCR families (heteromerization). 

A variety of biochemical, functional and biophysical techniques has been utilized to 

demonstrate the existence of receptor complexes within the GPCR family. Cross-linking and co-

immunoprecipitation assays represent classical methods for the analysis of GPCR 

oligomerization. However, these methods are not applicable to living cells and therefore cannot 

provide information about the dynamic changes upon agonist stimulation. Since signaling 

processes mediated by GPCR are transient, fast and usually involve multiple proteins, hence 

quantitative molecular microscopy is mandatory to study such receptor-receptor interaction 

and to obtain unprecedented detailed information.  

Förster Resonance Energy Transfer (FRET) is a technique that allows investigation of molecular 

processes in nanometre resolution. FRET is a non-radiative process which can occur between 

fluorophores when the energy is transferred from a donor fluorophore to an acceptor 

fluorophore. There are different fluorescence lifetime and spectral or intensity-based 

approaches used in microscopy like time- and frequency-domain fluorescence lifetime 

techniques, acceptor photobleaching, semi-quantitative sensitized emission, FRET-
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stoichiometry-3 cube quantification, spectral RET and the linear unmixing-FRET (lux-FRET) [8]. 

Lux-FRET approach allows us to measure not only apparent FRET efficiency, but also the 

abundance of total receptor and total donor, as well as their ratio [9]. It has been demonstrated 

that using biophysical method quantitative FRET hetero-oligomerization between two different 

serotonin receptor subtypes of GPCR is seen. Using the lux-FRET technique in combination with 

microscopy we have previously characterized interaction between serotonin receptors 5-HT7 

and 5-HT1A at the single-cell level (Fig. 1.1). There it was shown that the lux-FRET method can 

be applied to investigate complex protein behaviour like oligomerization between any proteins 

of interest. The correct interpretation of FRET measurements as well as FRET data-based 

modeling represents an essential challenge in microscopy and biophysics. 

The 5-HT1A receptor and 5-HT7 receptor can couple to a variety of effectors via the pertussis-

toxin sensitive heterotrimeric G-proteins of the Gi/o families [10, 11] and stimulatory Gs protein, 

respectively. Both G proteins regulate production of cyclic adenosine monophosphate (cAMP), 

although in opposite direction: Activation of Gs results in increased production of cAMP, while 

Gi activation leads to decrease in cAMP concentration. Cyclic AMP is a ubiquitous and 

important second messenger that is regulated by G-protein coupled receptors (GPCRs) 

targeting the enzyme adenylyl cyclase (AC) to up regulate or down regulate the production of 

cAMP [12]. These processes can be monitored online, with the “exchange protein directly 
activated by cAMP” (Epac) [13]. Rich et al. [14] showed that cAMP signals differ spatially and 

temporally within cells. To analyze the spatiotemporal changes of cellular cAMP levels, 

fluorescence biosensor of cAMP using Epac1 as a backbone is used. To analyze receptor-

mediated signaling in more details, in the present study the 5-HT1A and 5-HT7 receptors were 

labeled with red and green fluorescent proteins. To investigate the kinetics of downstream 

signaling pathway of both receptors upon individual and co-expression we used the FRET based 

cAMP biosensor tagged with cyan and yellow fluorophores. Different colors are required for 

spectral unmixing during acquisition explained in detail chapter 3. FRET between two different 

labeled receptors has been used to detect oligomeric GPCR complexes, not only in transfected 

cells but also in endogenous neurons. Labeled GPCRs are uniquely suited to follow many steps 

of the GPCR signaling chain in intact cells. Such studies have led to a reappraisal of the kinetics 

of GPCR signaling. Most importantly, the kinetics is significantly faster in intact cells than in 

isolated membranes or reconstituted systems [15]. Fluorescent labeling of receptors, coupled 

with the development of FRET sensors for second messengers, has allowed the determination 

of kinetic parameters for many steps of the signaling cascade, including ligand binding [16], 

receptor activation [17], receptor–G-protein interaction [18], G-protein activation [19], effector 

activation [20] and cAMP concentration [21]. Thus, the signaling chain contains steps that show 

the potential for kinetic regulation (agonist binding, G-protein activation and second messenger 

accumulation), whereas other steps seem to be almost ‘instantaneous’. Previously we have 

demonstrated that 5-HT7 and 5-HT1A exists as mixture of homo-dimers, hetero-dimers and 
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1.3 G protein mediated signaling pathway of 5-HT7 and 5-HT1A 

receptors 

When a ligand binds to its membrane receptor, a G-protein that is associated with the receptor 

is activated; G-proteins are proteins separate from receptors that are found in the cell 

membrane. When a hormone is inactive, the G-protein is bound to guanosine diphosphate, or 

GDP. When a ligand binds to the receptor, the G-protein is activated by binding guanosine 

triphosphate, or GTP, in place of GDP. After binding, GTP is hydrolyzed by the G-protein into 

GDP and becomes inactive. In case of stimulatory Gs protein, activated G-protein in turn 

activates a membrane-bound enzyme called adenylyl cyclase. Adenylyl cyclase catalyzes the 

conversion of ATP to cAMP. In turn, cAMP activates a group of proteins called protein kinases, 

which transfer a phosphate group from ATP to a substrate molecule in a process called 

phosphorylation (Fig.1.3). The phosphorylation of a substrate molecule changes its structural 

orientation, thereby activating it. These activated molecules can then mediate changes in 

cellular processes. The effect of a ligand is amplified as the signaling pathway progresses. The 

binding of a ligand at a single receptor causes the activation of many G-proteins, which 

activates adenylyl cyclase. Each molecule of adenylyl cyclase then triggers the formation of 

many molecules of cAMP. Further amplification occurs as protein kinases, once activated by 

cAMP, can catalyze many reactions. In this way, a small amount of hormone can trigger the 

formation of a large amount of cellular product. To stop hormone activity, cAMP is deactivated 

by the cytoplasmic enzyme phosphodiesterase, or PDE. PDE is always present in the cell and 

breaks down cAMP to control hormone activity, preventing overproduction of cellular products. 

The specific response of a cell to a lipid insoluble hormone depends on the type of receptors 

that are present on the cell membrane and the substrate molecules present in the cell 

cytoplasm. Cellular responses to hormone binding of a receptor include altering membrane 

permeability and metabolic pathways, stimulating synthesis of proteins and enzymes, and 

activating hormone release. Enzyme called phosphodiesterase breaks down cAMP, terminating 

the signal [27]. 
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large part to the lack of selective agonists specific for this receptor isoform. Unfortunately, 

agonists for the 5-HT7 receptor also have high agonist activity at the 5-HT1A receptor and affinity 

at R2A receptors. Nevertheless, the 5-HT7 receptor is believed to be important in regulating 

sleep, circadian rhythms, and the overall mood of an individual [32]. The availability of relatively 

selective 5-HT7 antagonists has, however, allowed studies that demonstrate the role of this 

receptor in regulating body temperature. 5-HT7 antagonists block 5-HT-induced hypothermia in 

guinea pigs, and in rats, 5-HT7 antagonists increase the time to onset of REM sleep as well as 

reducing the time spent in REM [33]. The role of the 5-HT7 receptor in thermoregulation has 

been confirmed in 5-HT7 receptor knockout mice, where 5-HT or 5-HT7 receptor agonists fail to 

produce hypothermia. One of the most intriguing areas of potential 5-HT7 receptor involvement 

is in depression. The 5-HT7 knockout mouse shows reduced immobility in the forced swim test, 

compared with wild-type controls. The reduction was similar to the effect of an antidepressant, 

demonstrating an “antidepressant- like” phenotype [34]. Hence, 5-HT7 receptor antagonists 

facilitated the antiimmobility effect of antidepressants in mice. 5-HT7 receptor mRNA is 

expressed in the superchiasmatic nucleus (SCN), where evidence points to its involvement in 

circadian rhythms and sleep [32]. Application of 8-OH-DPAT to hamster SCN slice cultures, in 

the presence of WAY to block 5-HT1A receptor activation, produces phase advances in neuronal 

firing. Additionally, 5-HT7 receptors in the dorsal and median raphe nuclei appear to modulate 

circadian processes by regulating 5-HT release in the hamster SCN.287. Studies in the knockout 

mouse also suggest a role for 5-HT7 receptors in circadian processes. 

 

The 5-HT1A Receptor 

5-HT1A receptor basically couples to the inhibitory G-protein (Gi) that inhibits adenylyl cyclase, 

decreases cyclic AMP (cAMP) production, and inactivates protein kinase A (PKA) [35], studies in 

neurons reveal that 5-HT1A receptors also regulate other protein kinases, such as growth factor-

associated Akt and extracellular signal-regulated kinases [36].  

The 5-HT1A receptor and its physiological function serve as role as a potential drug target. The 

mRNA for this receptor is found in the brain, spleen, and neonatal kidney. 5-HT1A receptors are 

located both pre- and postsynaptically within the brain, and at either location, their activation 

leads to neuronal hyperpolarization and reduced firing rate [37]. The presynaptic 5-HT1A 

receptors expressed on raphe cells couple to GRi/o proteins that activate inwardly rectifying 

potassium channels (GIRKs), causing neuronal membrane hyperpolarization, which leads to a 

decreased rate of cell firing [38]. Postsynaptic 5-HT1A receptors are expressed at high density in 

limbic areas of the brain such as the hippocampus and septum and in the entorhinal cortex. In 

the hippocampus, they are highly expressed in the CA1 and CA2 fields and dentate gyrus [39]. 

They also are expressed at high density in layers II and VI in the frontal cortex, with lesser 

expression in other layers. In the cortex, they are found on the axonhillock of pyramidal cells, 

where their activation hyperpolarizes the cell membrane [40]. Extensive research on the 5-HT1A 
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receptor has been carried out because of its possible role in anxiety. 5-HT1A receptor knockout 

mice have been used as genetic models of anxiety and show increased responsiveness to stress 

[41]. They display a range of behaviors indicating elevated levels of anxiety, tend to avoid novel 

or fearful environments, and escape from stressful situations [42]. Interestingly, the anxiety-

related effects seen in the 5-HT1A receptor knockout mouse are due to developmental defects. 

Systemic administration of a 5-HT1A agonist also induces growth hormone and 

adrenocorticotropic hormone (ACTH) release through actions in the hypothalamus [43]. The 5-

HT1A receptor also has been of interest for its possible role in the response to antidepressant 

drugs. Animal models of stress and antidepressant drug effects have shown that 5-HT1A 

receptor activation produces effects similar to those of antidepressants. The hippocampal 

neurogenesis produced by various types of antidepressants similarly is thought to be mediated 

by 5-HT1A receptors. The selective serotonin reuptake inhibitors (SSRIs) are the most frequently 

prescribed drugs to treat depression [44]. The 5-HT1A receptor also has been recently examined 

as a target for the treatment of schizophrenia. A number of studies have now demonstrated the 

ability of 5-HT1A agonists to increase extracellular dopamine in the prefrontal cortex of rodent 

models. Another area where 5-HT1A receptors play an important role is in the effects of 

psychostimulants, including addiction [45]. Psychostimulants such as amphetamine and cocaine 

induce the neuronal release not only of catecholamines but also of serotonin, which can 

activate 5-HT1A receptors. Finally, there has been recent interest in the potential of 5-HT1A 

agonists to serve as neuroprotective agents to prevent ischemic damage in brain. There is now 

evidence to suggest that activation of adenylyl cyclases following reperfusion after ischemic 

attacks may be a fundamental effect involved in the neurotoxicity process [46]. Activation of 

the 5-HT1A receptor, because it leads to inhibition of cyclases, might be expected to attenuate 

the effects of excess adenylyl cyclase activation. 
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2 Materials and methods 
All materials and methods used in this study are listed below. Compositions for buffers and 

other solutions are found in this section and will appear with their names as listed in the rest of 

this research study. 

2.1 Chemicals, reagents and equipment 
Table 2: Chemicals and Cell culture 

Name Origin 

100bp DNA ladder Roth, (T833.1), Germany 

2-Propanol 

Protein marker Dual Xtra Standards 

Paraformaldehyde extrapure, DAC 

Phusion HF DNA Polymerase 

Primers 

Glycine 

Roth, (9866.5), Germany 

BIO-RAD, (161-0377), Germany 

Roth, (0335.3), Germany 

New England Biolabs, (F-530S), Germany 

Sigma Aldrich, Germany 

Serva, (23390.04), Germany 

Acetic acid 

Acetone-99.5%  

Acrylamide (30%) 

Agar 

Sigma Aldrich, (320099-2.5L), Germany 

Roth, (5025.2), Germany 

Roth, (A124.1), Germany 

Roth, (2266.3), Germany 

CaCl2.2H2O Roth, (5239.1), Germany 

Cell culture Petri plates (10 cm) Nunc, (150350), Germany 

Competent Cells Life technologies, 

D+Glucose  

D(+)-Saccharose ≥ 99.5 

Sigma, (G7021), Germany 

Roth, (4621.1), Germany 

Dimethyl sulfoxide (DMSO) 

10Kbp DNA ladder 

Sigma Aldrich, (472301), Germany 

Roth, (Y014.1), Germany 

dNTP Solution Mix New England Biolabs, (N0447s), Germany 

Double Distilled water Milli Q, Millipore Corporation 

Dulbecco’s Modified Eagle’s Medium-high glucose 

(DMEM) 

EDTA disodium dehydrate salt (≥99.0%) 

Sigma Aldrich, (D5648-10X), Germany 

 

Roth, (8043.2), Germany 

EndoFree Plasmid Maxi-prep kit 

2-Mercaptoethanol ≥99.0% 

Qiagen, (12362), Germany 

Roth, (4227.1), Germany 

Ethanol-99.8%  

BamHI-HF  

EcoRI-HF 

XbaI  

Fluoromount  

Roth, (90654), Germany 

New England Biolabs ,(R3136S), Germany 

New England Biolabs, (R3101L), Germany 

New England Biolabs, (R0145L), Germany 

Fluoromount-G,(0100-01), SouthernBiotech, USA   

Foetal-Calf Bovine Serum 

Glutamax I 

HBBS (1X) 

HCl 

Biochrom, (S 0415), Germany 

Life technologies, (35050-038), Germany 

Life technologies, (14175-053), Germany 

Roth, (0281.1), Germany 

HEPES 

5X High Fidelity reaction buffer 

Roth, (9105.3), Germany 

New England Biolabs, (B9027S), Germany 

KCl Roth, (6781.1), Germany 

KH2PO4  

KOH 

Roth, (P018.1), Germany 

Roth, (7986.1), Germany 

Lipofectamine 2000 Transfection reagent Life technologies, (11668-019), Germany 

Methanol-99%  Roth, (8388.5), Germany 
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MgCl2.6H2O Roth, (2189.1), Germany 

Mouse N1E-115 Neuroblastoma cells America Type Culture Collection (LGC STANDARDS), 

(CRL-2263), Germany 

NaCl Roth, (3957.5), Germany 

NaHCO3 Roth, (8551.1), Germany 

NaHPO4  Roth, (P030.1), Germany 

NaOH-32% Solution 

Neurobasal A 

10X NEB buffer 4 

Normal Donkey Serum 

Roth, (T197.1), Germany 

Life technologies, (10888-022), Germany 

New England Biolabs, (B7004S), Germany 

Jackson ImmunoResearch, (017-000-121), Germany 

Opti-MEM Reduced-Serum Medium(1x), liquid 

SDS Ultra Pure 

Papain 

Life technologies, (11058021), Germany 

Serva, (20765.02), Germany 

Worthington Biochemical Corporation, (3126), Germany 

Penicillin-Streptomycin Invitrogen, (15070-063), Germany 

Phenylmethylsulfonyl fluoride (PMSF) 

Antarctic Phosphatase reaction buffer 

Antarctic Phosphatase 

Roth, (6367.1), Germany 

New England Biolabs, (B0289S), Germany 

New England Biolabs, (M0289S), Germany 

Poly-L- Lysine (PLL) 

PureLink Quick Gel extraction and PCR purification 

Combo Kit 

2X Quick DNA Ligase buffer 

SYBR safe DNA Gel Stain 

Taq DNA Ploymerase 

T4 DNA ligase 

TEMED 

Sigma Aldrich, (P2636-25), Germany 

Life technologies, (K2200-01), Germany 

 

Promega, (C1263), Germany 

Life technologies, (S33102), Germany 

New England Biolabs, (M0267L), Germany 

New England Biolabs, (M0202S), Germany 

Roth, (2367.3), Germany 

Triton X-100 solution 

Tris 

Trypsin Inhibitor 

Tryptone 

Yeast extract 

2X YT medium 

Roth, (6367.1), Germany 

Serva, (37190.02), Germany 

Sigma Aldrich, (T9253-250mg), Germany 

Roth, (4858.2), Germany 

Roth, (2363.1), Germany 

Roth, (X966.2), Germany 

UltraPure Agarose 

Ampicillin sodium salt 

Amaxa Mouse Neuron Nucleofector kit 

Anti-5-Hydroxytryptamine Receptor 1A 

Alexa Fluor® 594-AffiniPure Donkey Anti-Rabbit IgG 

(H+L) 

Peirce BCA Protein Assay Kit 

Bovine Serum Albumin (Fraction V) 

Bromophenol Blue salt 

B-27 Supplement 

Life technologies,(16500100), Germany 

Roth, (K029.2), Germany 

Lonza, (VPG-1001), Germany 

Alomone labs, (ASR-021), Germany 

Jackson ImmunoResearch, (711-585-152), Germany 

 

Thermo Scientific ,(23225), Germany 

Roth, (8076.3), Germany 

Roth, (A512.1), Germany 

Life technologies, (17504-044), Germany 

ZR Plasmid Mini-prep kit 

MITO + serum extender 

Zymo-Research, (D4016), Germany 

BD, (355006), Germany 

6 well cell culture plate 

60mm culture dish 

100mm culture dish 

Greiner Bio-one, (657160), Germany 

Greiner Bio-one, (628960), Germany 

Greiner bio-one, (664160), Germany 

12 well cell culture plate Greiner Bio-one, (665180), Germany 

18mm (thickness 0.177 mm), 50mm glass coverslip Thermo SCIENTIFIC, (004710482, 004711182), Germany 

 

  



http://www.tocris.com/dispprod.php?ItemId=2110
http://www.tocris.com/dispprod.php?ItemId=1468
http://www.biolog.de/products/eshop/product/A_001/
http://www.biolog.de/products/eshop/product/A_001/
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Table 4: Amino acids and organic compounds for medium and protease inhibitors 

Name Origin 

L-Cystine Sigma, (C7352-25G), Germany 

L-Alanine Sigma, (A7469-25G), Germany 

L-Aspartic acid Sigma, (A4534-100G), Germany 

L-Proline Sigma, (P5607-25G), Germany 

L-Glutamic acid monosodium salt hydrate Sigma, (G5889-100G), Germany 

L-Apargine monohydrate Sigma, (A4284-100G), Germany 

Leupeptin Roth, (CN33.1), Germany 

Chymostatin Sigma, (C7268-5MG), Germany 

Antipain Roth, (2933.1), Germany 

Pepstatin Roth, (2936.1), Germany 

 

Table 5: Equipment and Instruments 

Name Company 

LSM 780 Carl Zeiss Microscopy, Germany 

Upright semi-confocal Spinning Disk Microscope Yokogawa, Japan 

Fluorescence Spectrofluorometer Fluorolog 3-2.2, Horiba Scientific Jobvin Yvon, Germany 

Binocular (S6D) Leica MICROSYSTEMS, Germany 

Nucleofector 2b Device Lonza, (AAB-1001), Germany 

Fluorescence microscope (6KX41) Olympus, Germany 

Six Channel Perfusion Valve Control Systems  (VC-6, VC-6M), WARNER INSTRUMENTS, UK 

PCR system 9400 Applied Biosystems, Germany 

Osmomat (30) Gonotec, Germany 

NanoDrop 2000 UV-Vis Spectrophotometer Peqlab, (91-ND-2000), Germany 

Typhoon 9400 gel scanner GE Healthcare Life Sciences, Germany 

Protein Electrophoresis System BIO RAD, Germany 

DNA Electrophoresis apparatus Biometra Compact XS/S 

Speed Vac Plus centrifuge (Savant) Schüt labortechnik, Germany 

Spatula and Probe  F.S.T Fine Science Tools, (FST 10090-13), Germany 

Dissecting knife F.S.T Fine Science Tools, (FST 10056-12), Germany 

Vannas Spring Scissor-3mm cutting edge F.S.T Fine Science Tools, (FST 15000-10), Germany 

Fine Scissor-sharp F.S.T Fine Science Tools, (FST 14060-09), Germany 

Moria Iris forcep-curved serrated F.S.T Fine Science Tools, (MC31), Germany 

Moria ultra-fine forceps-straight F.S.T Fine Science Tools, (MC40), Germany 

Moria ultra-fine forceps-curved F.S.T Fine Science Tools, (MC40/B), Germany 

 

Table 6: Plasmids used 

Name Construction 

5-HT1A-mCherry Self-cloned 

5-HT7-eGFP Self-cloned 

cAMP Epac biosensor Third party cloning 

pBABE puromycin mCherry-EGFP–LC3B  (Plasmid 22418), Addgene 

5-HT1A-CFP/YFP Third party cloning 

5-HT7-CFP/YFP/mRFP1 

5-HT4-GFP 

Third party cloning 

Third party cloning 

CD44-GFP/mCherry Nencki Institute of Experimental Biology, Poland 

CFP-YFP Tandem construct 

GFP-mRFP1 Tandem construct 

Third party cloning 

Third party cloning 

pcDNA3.1(+) (Mock) Third party cloning 

Scramble RNA-GFP Oligoengine 
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shDHHC 5/9/12/21-GFP Third party cloning 

5-HT1A DM-YFP (R176K+Y198F) Third party cloning 

5-HT1A Aroma (TM4-EL2)-CFP/YFP (W175A) 

5-HT1A IL3-CFP/YFP (R151K+R152K) 

5-HT1A EL2-YFP (R176K) 

5-HT1A TM5-YFP (Y198F) 

PKC-alpha CFP/YFP 

Third party cloning 

Third party cloning 

Third party cloning 

Third party cloning 

Third party cloning 

 

Table 7: Software tools 

Name Purpose 

ZEN 2010 and ZEN 2012 Carl Zeiss imaging software for confocal systems 

FluorEsscence version 3.0 As a plug-in for OriginPro Software for fluorescence 

spectrometer data acquisition 

Andor iQ1.10.5 Imaging software for spinning disk systems 

Graph Pad prism5.0 Illustration of quantitative time-lapse and FRET data’s 
with statistics 

Origin Pro 8.5 Illustration of quantitative time-lapse and FRET data’s 
with fitting and correlation 

ImageJ 1.45 Image pressing for confocal images 

Matlab Data analysis and evaluation 

Inkscape 0.48.4 

Microsoft Office 2010 

Compilation of illustrations and figures 

Basic calculation, writing and presentation 

 

2.2 Media, solutions and buffers: 

A) Preparation of cell culture media 

Media for Neuroblastoma cells: 1L of DMEM was prepared: First 13.4g of powdered DMEM in 

100ml of distilled water was dissolved. Then 1.81g of HEPES, 2.53g of NaHCO3 was added and 

the volume was brought up to 800ml by adding water. Then 10ml of each amino acid was 

added and the pH was adjusted to 7.4 with 1M NaOH and brought to final volume of 1L. The 

medium was sterile filtered and stored at 4°C up to 1 month. Thawed 10% FBS and 1% 

Penicillin/Streptomycin (5ml) was added to 500ml of warm DMEM medium and mixed. The 

media was sterile filtered and stored at 4°C. 

Media for neuronal culture:  

NBA medium: 250ml NBA, 5ml B27-Supplement, 2.5ml Glutamax and 0.5ml 1% P/S was 

combined and sterile filtered. The buffer was stored in dark bottle at 4°C as B27 is sensitive to 

light which was stable for 2 months. 

10% FCS medium: 225ml DMEM, 25ml FCS, 0.5ml 1% P/S and 0.25ml MITO was combined and 

sterile filtered. The buffer was stored in dark bottle at 4°C. 

Enzyme solution: 2mg Cysteine aliquot, 10ml DMEM, 0.1ml 100mM CaCl2.2H2O, 0.1ml and 

50mM EDTA was combined and filtered. 100mM of CaCl2.2H2O and 50mM EDTA stock solution 

was prepared. 1ml aliquots were prepared and stored at -20°C which was stable for 2 months. 
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Papain enzyme (10U=mg/34.1U*ml/36.4mgP*2 (or 3 pups)) usually was added before 

hippocampal neuronal culture. 

Inactivating solution: 25mg Albumin, 25mg Trypsin-inhibitor and 10ml 10% FCS-medium was 

combined and filtered. 1ml aliquots were prepared and stored at -20°C and were stable for 2 

months.  

B) Buffer A for cell lysis  

10mM HEPES, 150mM NaCl and 1% Triton was combined. 1M of HEPES and 1M NaCl stock 

solution was prepared. The pH was adjusted to 7.4 with 1M NaOH. The buffer was sterile 

filtered and stored at 4°C for 2 months. 

C) Buffer B for FRET imaging and Fluorolog experiments 

150mM NaCl, 5mM KCl, 1mM MgCl2, 2mM CaCl2.2H2O and 10mM HEPES was combined. The pH 

was adjusted to7.4 with 1M NaOH. The Osmolality of the DMEM medium and the buffer B. was 

checked before measurements and the Osmolality of the buffer was set same as the medium 

which is generally around 342mOsmol by adding Glucose. 

D) Buffer C for FRET imaging experiments for neurons 

Physiological saline solution (PSS) contained 119mM NaCl, 5mM KCl, 2mM CaCl2.2H2O, 2mM 

MgCl2.6H2O and 25mM HEPES. The pH was adjusted to7.4 with 2M KOH. The Osmolality f this 

buffer was also checked like buffer B and adjusted. 

E) Buffers for proteins and nucleotides 

Resolving gel buffer: 0.4% SDS, 1.5M Tris and rest bidest water was combined. The pH was 

adjusted to 8.8. 

Stacking gel buffer: 4% SDS, 0.25M Tris and rest bidest water was combined. The pH was 

adjusted to 6.8. 

Running buffer: 0.5% SDS, 0.1M Tris and 1M glycine and rest bidest water was combined.  

10% SDS gel: Resolving gel- 1.25ml resolving gel buffer, 2.08ml bidest H2O, 1.67ml acrylamide, 

25µl TEMED, 25µl 10% APS.  

Stacking gel- 625µl stacking gel buffer, 1.25ml bidest H2O, 625µl acrylamide, 12.5µl TEMED, 

12.5µl 10% APS.  

10X TAE buffer: 48.4g of Tris base, 11.4ml of glacial acetic acid (17.4 M) and 3.7g of EDTA 

disodium salt was combined and buffered to 1L of bidest water.  

1.5% Agarose: 3g of agarose in 200ml of 1X TAE buffer was added and boiled for 4minutes at 

maximum 250°C with open lid. The solution was cooled down to 60°C and stored for 1 month at 

37°C. 

F) Protease Inhibitors and Phosphate Buffer Saline (PBS) stock solutions 

PMSF inhibitor: 50ml of 100mM stock solution in 70% ethanol was prepared and stored in 

500µl aliquots at -20°C. 

CLAP100x inhibitor: Separate stock solutions of each organic compound was prepared and 

stored at -20°C: leupeptin (10mg/ml in distilled water), chymostatin (10mg/ml in DMSO), 
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antipain (10mg/ml in 70% ethanol), and pepstatin (1mg/ml in methanol). For preparing 50ml of 

solution all the compounds was mixed in 50ml of 70% ethanol and filtered. 500µl of aliquots 

were prepared and stored at -20°C.  

Amino acids: 200ml stock solution of each amino acid (1.05g of L-Cystine, 0.71g of L-Alanine, 

1.06g of L-Aspartic acid, 0.92g of L-Proline, 1.35g of L-Glutamic acid, 1.35g of L-Aspargine) was 

prepared and stored as 10ml aliquots at -20°C. 

10x PBS: 80g of NaCl, 14.19g of NaHPO4, 2.0g of KCl, 2.4g of KH2PO4 was combined and 

dissolved in 1L of distilled water. The solution was autoclaved and later pH was adjusted to 7.4 

with 1M NaOH. The stock solution was stored at room temperature for 2 months and was 

diluted 10 times before use.  

Reagents stock solutions: Forskolin, IBMX and LP-211 (100mM stock solution in DMSO). 5-HT, 5-

CT and 8-OH-DPAT (1mM in buffer B or H2O) and WAY and SB (1mM in buffer B or H2O) stock 

solutions were prepared. cNMPs (100mM in H2O) and cNMPs-AM (100mM in DMSO) were 

prepared. The following stimuli and inhibitor and were used at the concentrations stated in 

experiments with further dilutions in buffers. The drugs used were as follows: 5-HT 

(10µM/20µM), 5-CT (10µM), 8-OH-DPAT (10μM), WAY (10nM) and SB (100mM). Stock solutions 

were diluted to working concentrations before use and applied by perfusion. CNMP’s-AM 

(100µM), PO4-AM3 (33µM), cNMP’s (1µM-10mM) and IBMX (25/50/100µM dependent on 

experiment type) were used. 

2.3 Methods (protocols and procedure) 

2.3.1 Cell culture and transfection 

Culture of Cells  

Starting new culture: The frozen cells were re-suspended in 1ml of DMEM media and then 

added into a flask containing 19ml of DMEM media.  

Re-culture and seeding cells: Neuroblastoma cells (N1E-115 cell lines)  

1. A vial of fresh media DMEM (FCS/PS) was thawed into the water bath at 37°C for 15min.  

2. 6ml of media was poured into a petri plate.  

3. The old media was discarded out of the plate.  

4. 5ml of fresh media was added into the plate and the cells were detached and separated by 

gently sucking in and out 3-4 times. Bubbles were avoided.  

5. 1.5ml of the cells was added into the new petri plate and 500µl for 6 well and 100µl for 12 

well (including glass cover-slips on the bottom for microscopes) plates were seeded.  

6. Cells were allowed to grow normally for 2 days or one for transfection at 37°C/5%CO2.  

Transfection (Fig. 2.1) 

7. Cells were plated on the sterilized 18mm glass coverslips in a 12 well plate and grown to 90% 

confluency. 
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5. Hippocampus was transferred in 15ml falcon tube. The rest of HBSS was discarded and 

enzymatic solution was added and then incubated for 20min at 37°C in water bath. 

6. After incubation enzymatic solution was discarded and 1ml inactivating solution was added 

and incubated at RT for 5min. Later inactivating solution was discarded. 

7. 200µl 10% FCS-medium (pre-warmed in water bath at 37°C) was added and triturated 5 

times and left for 3min at RT. 

8. Supernatant was transferred into another falcon tube. The rest (pellet) was discarded. The 

solution was triturated for 3-5 times and left for 1min and step was repeated once again. 

9. Cell counting was done by plating necessary amount in 1ml.  

198 * 2 (dilution factor) *10,000 cells per well * 32 = 4 million cells 

After counting the cells were used either for electroporation or plating for transfection. 

10. Cell suspension volume was adjusted to 1.2ml and 200µl/well for plating was used for 

further transfection on DIV7. 

11. On day in vitro 0 (DIV0), primary hippocampal neuronal cells in suspension were 

electroporated using Primary Cell Nucleofector kit and on DIV7 primary cells were 

transfected with optimized protocol of plasmid concentrations (Table 8). For transient 

expression of plasmids 2µl of Lipofectamine per coverslip in 100µl NBA medium was used. 

The total plasmid concentration per well was kept constant 2µg. The transfection mix was 

removed after one hour and cells were incubated for the following days in NBA Medium. 

Neurons were used for ratiometric FRET cAMP measurement on DIV2 after electroporation 

and DIV12 after transfection. The transfection protocol was kept similar as N1E cells. 

Plasmid Concentration No of wells µl (2µg/well) 

 

Opti-mem 

(µl) 
(µg/µl) 

Biosensor 

5HT7R-eGFP 

pcDNA3.1(Mock) 
 

1.40 

0.30 

0.30 
 

3 
8.40 

1.80 

1.80 
 

300 

Biosensor 

pcDNA3.1(Mock) 
 

1.40 

0.60 
 

3 
8.40 

3.60 
 

300 

 Optimem: 600µl 

 Lipofectamine: 12µl 

Table 8: Transfection protocol for DIV7 neurons. 

Transfection protocol using Lipofectamine reagent used for DIV7 neurons and N1E cells in combination 

with four different plasmids. 

Transfection of dissociated neurons via electroporation (Amaxa), counting of cells, vitality test, 

plating of neurons. (Continuation from step 9) 

10. The required number of cells (1-5 x 10
6
 cells per sample) was centrifuged at 2054.325g for 

5min at RT. 
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5-HT7-EcoR1-rev (5’-AAAGAATTCTGTATCATGACCTTTTTTCC-3’), 
5-HT1A-BamH1-for (5’-AAAGGATCCACCATGGATATGTTCAGTCTTGGCCAG-3’), 
5-HT1A-EcoR1-rev (5’-AAAGAATTCGCGGCAGAACTTGCACTTGATC-3’). 
Resultant PCR products were sub-cloned into a mammalian expression vector pcDNA3.1 (±), 

which served for controls and reference for spectral unmixing in further measurements. 5-HT7 

and 5-HT1A were isolated from the vectors with the restriction enzyme pairs BamH1/EcoR1 and 

cloned into corresponding sites in the vector pcDNA3.1 (±). The cloning provided the vector 

pcDNA3.1 (±) - 5HT7 and pcDNA3.1 (±) - 5HT1A receptors (encoding protein 5-HT7 and 5-HT1A). 

Later the red and green fluorescent protein (mCherry and eGFP) was fused to the C-terminal 

site of 5-HT1A and 5-HT7 receptor where the fluorophore is targeted to the membrane. eGFP 

and mCherry were isolated from the vectors (pCS2) with the restriction enzyme pairs 

EcoR1/Xba1 and cloned into corresponding sites in the vector pcDNA3.1 (±) coding 5-HT7 and 5-

HT1A receptors respectively. These fluorescent proteins were available in our working group. 

Plasmids encoding eGFP and mCherry with their coding sequences were amplified by PCR 

introducing recombinant recognition sites for restriction enzymes using the primers:  

mCherry-EcoR1-for (5’-AAAGGATCCACCATGGTGAGCAAGGC-3’), 
mCherry-Xba1-rev (5’-AAATCTAGACTTGTACAGCTCGTCCATGC-3’),  
eGFP-EcoR1-for (5’-AAAGGATCCACCATGCCCGAAGGCTACGTCCAG-3’), 
eGFP-Xba1-rev (5’-AAATCTAGAAGGGCGGACTGGGTGCTCAG-3’).  
Resultant fluorescent protein (mCherry and eGFP) PCR products were sub-cloned into vector 

pcDNA3.1 (±) - 5-HT1A and pcDNA3.1 (±) - 5-HT7 receptors. The cloning provided the vector 

pcDNA3.1 (±) - 5HT1A-mCherry and pcDNA3.1 (±) - 5HT7-eGFP receptors (Fig. 2.6). All constructs 

were sequenced via GATC BIOTECH online DNA sequencing website to confirm their identity.  

  
Figure 2.3 Vector maps of the designed plasmid 5-HT7-eGFP and 5-HT1A-mCherry receptors. 

The plasmids were cloned in pcDNA3.1 expression vector having Ampicillin resistance gene and CMV 

promoter. 

Empty vector (pcDNA3.1) and cAMP biosensor was designed and cloned as described in [48]. 

pBABE puromycin mCherry-eGFP-LC3B was used as eGFP-mCherry tandem construct for lux-

FRET measurement .This construct showed measured FRET efficiency 18±2%. The linker used 

between mCherry-eGFP is 41 amino acids long. Tandem construct eCFP-eYFP has linker length 
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of 10 amino acids (GACGATGACGATAAGGACGATGACGATAAG) and 5-HT1A-eCFP or eYFP was 

designed as described in [49]. 5-HT7-eCFP or eYFP was designed in similar manner like 5-HT1A-

eCFP or eYFP. Tandem construct eGFP-mRFP1 with same linker length like CFP-YFP tandem 

construct showed measured FRET efficiency 14±2%. 5-HT7-mRFP1 and 5-HT4-eGFP was cloned 

in our working group. 5-HT1A mutants tagged with either eCFP or eYFP having point mutations 

at the cytoplasmic membrane were designed and cloned as described in [2] in our working 

group. Scramble RNA-eGFP was designed in pSuper vector. shDHHC5, 9, 12, 21 enzymes tagged 

with eGFP were cloned by Fukata group [50]. CD44-eGFP and CD44-mCherry were received 

from Poland and its cloning strategy is described in [51] .  

2.3.4 Titration and cell lysis for measurements at Fluorolog 

1. From a big plate with 90% confluent cells were splitted in 6ml of DMEM with (FCS/PS) and 

450µl volume of cells was plated to 35mm dishes. 

2. Next day the cells were transfected with cAMP biosensor (2µg/well) using Lipofectamine 

reagent according to manufacturer’s instruction. 
3. Cells were lysed after 14h of transfection. The cells were always kept on ice during lysis. The 

media was removed and the cells was washed with 700-1000µl of PBS. BufferA (200 µl/plate) 

and two inhibitors (10µl/ml) (PMSF 100mM) and (CLAP 100x) was mixed. The inhibitors was 

added to the cells and kept at 4°C for 15-20min with shaking. The cells were centrifuged for 

15min at 8217.3g at 4°C. The pellet was carefully removed and the supernatant was 

transferred to a cuvette and the volume was set to 2ml by adding buffer B and further 

pursued with experiments. 1.4ml of buffer B was further added to 500µl of protein lysate to 

achieve 2ml of sample volume. 

4. Acquisition conditions at Fluorolog were set to excitation slitwidth 4nm, emission was 

recorded 450nm-600nm for excitation1 440nm and 468nm-600nm for excitation2 458nm 

and 498nm-600nm for excitation3 488nm, emission slitwidth 2nm, with stepwidth of 1nm 

and integration time 0.5s. 

5. Four second messengers were used for titration measurement: cGMP, cAMP, cCMP and 

cUMP. Five different stocks were prepared for each second messenger (1µM, 10µM, 100µM, 

1mM, and 10mM). Before starting of measurement 50µM IBMX was added to protein lysate 

(100µl was added to 1.9ml volume of protein lysate from 1mM stock of IBMX. Titration 

measurement of cAMP biosensor at 25˚C with end volume 2ml in cuvette was done. Similar 
titration measurement was done with cells transfected with pcDNA3.1 (±).  
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0nM Addition of cNMP’s 

1nM 2µl of 1µM 

11nM 2µl of 10µM 

111nM 2µl of 100µM 

508nM 8µl of 100µM 

1µM 10µl of 100µM 

2.97µM 4µl of 1mM 

10.3µM 15µl of 1mM 

29.8µM 4µl of 10mM 

102µM 15µl of 10mM 

337µM 50µl of 10mM 

1.02mM 160µl of 10mM 

6. For spectral analysis measurements lysing of cells were not required. The cells were brought 

out from incubator and the media was removed and the cells were washed with 1ml of PBS 

once. Then the cells were detached from the plate by adding 1ml of buffer B twice by gently 

sucking in and out with 1ml pipette so that the cells were alive for the experiment. 2ml 

volume of cells were transferred to cuvette and continued with experiment. 

2.3.5 Immunocytochemistry and imaging 

Co-localization studies were performed by labeling transfected DIV12 neuronal cells WT and 5-

HT7KO both with (CEpac) or (CEpac/5-HT7-eGFP receptor) soon after performing ratiometric 

time lapse cAMP measurement with agonist and antagonist treatment. Cultured neurons were 

fixed with 4% PFA combined with 3% Sucrose (pH 7.4) for 10min. The neurons was then 

permeabilized with ice cold methanol at 4°C for 5min and then washed with cold PBS three 

times before blocking for half an hour at RT with 2% BSA and NDS and 3% Sucrose in 10%FBS. 

Immunolabeling was then performed with anti-5-HT1A (rabbit) as primary antibody overnight in 

1:200 dilution and donkey anti-rabbit Ig labeled with Alexa Fluor 594 as secondary antibody for 

1h in 1:500 dilution followed with 3 times PBS washing step after each 1° and 2° antibody 

labeling. The mounted neurons were then viewed and fluorescence images were recorded at 

LSM 780 by using invisible and a DPSS laser and 63x/1.4 Oil DIC II objective. Red fluorescence 

was excited at 561nm and cyan, yellow and green fluorescence was excited at 440 in 2 track 

channel mode with MBS 440 and MBS 458/561 and detected at 450nm-700nm emission range 

and analyzed with ImageJ. 

2.3.6 Basic principles behind FRET and lux-FRET 

The theory of resonance energy transfer was originally developed by Theodor Förster and, in 

honor of his contribution, has been named after him [52-54]. FRET is well-suited to investigate 

protein-protein interaction that occurs between two molecules positioned in close proximity of 

each other. The fundamental mechanism of FRET involves a donor fluorophore in an excited 

electronic state, which may transfer its excitation energy to a nearby acceptor fluorophore (or 

Table 9: Titration protocol. 

cNMP’s titration of protein lysate of cells 
transfected with cAMP biosensor. 
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Principle behind lux-FRET quantification and its outcome  

There are several methods available to quantify FRET. Applying fluorescence lifetime based 

methods the FRET efficiency E  can be determined directly. However, biologically relevant in 

most types of experimental designs is the fraction of molecules present in FRET state. From 

fluorescence lifetime techniques, like time correlated single photon counting (TCSPC), the 

fraction of FRET complexes scaled by total donor concentration 

   
DA DA Dτ τ τ

t

Df DA D A A A     , where D is donor and A is acceptor can be obtained from the 

fractional amplitudes of the multi-exponential decay
DAτA  and

Dτ
A  [8]. For reliable results high 

numbers of photons are required, which limits the spatio-temporal resolution and makes it 

rarely suitable for live cell imaging. Moreover, the fraction of FRET complexes scaled by total 

acceptor concentration   t

Af DA A     cannot be directly obtained from fluorescence lifetime. 

Therefore, to study protein-protein interaction, we developed linear unmixing FRET (lux-

FRET;[9] for an overview of spectral FRET approaches see also [8]. Lux-FRET is a spectral 

quantitative FRET approach based on two sequential excitations and linear unmixing of 

fluorescence emission by spectral references of donor  ,i ref

DF   and acceptor  ,i ref

AF  at the 

corresponding excitation wavelength i. 

     , ,i i i ref i i ref

D AF F F       
 (2) 

From the contributions i  and i  from donor and acceptor emission, respectively, the 

apparent FRET efficiencies DEf , AEf  as well as the donor mole fraction Dx  can be obtained by 
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FRET measurement from so called a tandem construct, where donor and acceptor are in a 

known fixed stoichiometry. The ratios of excitation strengths (donor/acceptor) 
,ex i
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excitation wavelengths i can be obtained from the spectral parameters of the reference 

measurements by  
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where 
,

i

D A  are the extinction coefficient,  ,D Ae   are the characteristic emission spectra and 

,D AQ  the fluorescence quantum yield of donor and acceptor.

 
DEf is calculated by equation (3) from experimental quantities, without any additional 

information. To calculate AEf and
Dx  by equation (4) and (5), further information from a tandem 

construct with known donor acceptor stoichiometry is required. Fluorescence quantum yield of 

donor and acceptor are also necessary for lux-FRET calculations. 

From lux-FRET we receive the apparent FRET efficiencies DEf and AEf  rather than the true 

quantum efficiency of the energy transfer E . High E values however help to improve the signal-

to-noise-ratio of the analysis. The fractions of DA complexes scaled by total donor and acceptor 

concentration Df and
Af  are of potential interest to study protein-protein interaction. By 

changing the donor mole fraction 
Dx , which can be assessed by varying the relative expression 

level of donor and acceptor and keeping the total concentration constant, we get specific 

values for apparent FRET efficiencies DEf and AEf . A model characterizing apparent FRET 

efficiencies DEf and AEf as a function of 
Dx , for oligomeric structures has been defined: 

 1
1

n

D DEf E x
  ,  1

1
1

nD
A D

D

x
Ef E x

x

 


. (7) 

Fitting this model to experimental data allows for the estimation of the true energy transfer 

efficiency E  and also provides information about the oligomerization state n  [56]. When 

receptors interact and form dimers, the equations become linear. For hetero-oligomerization 

the model gets more complex [5]. 

2.3.7 Dimerization model 

Co-expression of 5-HT7 and 5-HT1A receptors results in highly non-symmetrical distribution of 

the EfD and EfA values as shown in chapter 4.5, which cannot be sufficiently fitted by the model 

suggested by Veatch and Stryer [57]. To explain such asymmetry, we used an established a 

general dimerization model describing EfD and EfA as a function of the total donor and acceptor 

concentrations. The model considered possible differences in the interaction efficiencies 

between monomers for the formation of homo- and hetero-dimers as well as different 

characteristic FRET efficiencies for the dimers compositions [2] (Fig. 2.5A). By fitting the model 

to experimental data we obtain relative dissociation constant (K). For this calculation the 

unknown total concentration of receptors (sum of donor and acceptor fluorophores) is 

assumed to be constant and used as the ‘unit’ concentration. Noteworthy that at the relative 

low, physiologically relevant total receptor concentrations used in the present study, the 

variability of EfD and EfA at high xD values (i.e. high amount of donor and low amount of 

acceptor) is relative high, because at such conditions the specific acceptor fluorescence can 

hardly be distinguished from cell background. Using the reaction scheme shown in Fig. 2.5A, we 

can also able to predict the relative concentration of monomers and dimers at any given 



http://www.ncbi.nlm.nih.gov/books/NBK5210/figure/ch2.f4/?report=objectonly




http://en.wikipedia.org/wiki/Collimated_light
http://en.wikipedia.org/wiki/Diffraction
http://en.wikipedia.org/wiki/Diffraction_grating
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The system consists of:  

 Axio Observer.Z1. 

 Laser lines: Diode 405 (30mW), 440 (25mW), Argon 488 (25mW) and 514 (25mW), DPSS 

561 (20mW) for eCFP-eYFP and eGFP-mCherry derivatives. 

 Objectives: C-Apochromat 40x/1.2W DIC III, Plan-Apochromat 63x/1.4 Oil DIC II and Plan 

Apochromat 20x/0.8 DIC II. 

 Dichroics (InVis and VisTwin gate main beam splitter): MBS 440 and 458/514 for eCFP-

eYFP and MBS 488/561 for eGFP-mCherry FPs. 

 A motorized piezo XY stage (Merzhäuser). 

 Definite focus. 

 HBO lamp (100W). 

 ZEN 2010 and 2012 imaging software package. 

 Stage adapter (64-0327) and Low Profile Open Bath Chamber (RC-41LP) (Warner 

Instruments). 

  
 

 
 

 

Figure 2.8 Schematic representation of LSM 780 setup.  

A) Complete set-up of Zeiss inverted confocal LSM 780. B) Scan module illustrating pathway of excitation 

as well as emission light through the setup is shown schematically. Visible and infrared tunable laser 

ports with monitoring diodes. Then the laser light passes through Invisible and Visible twin Gate beam 

splitter and scan mirrors which reflect the light to master pinhole. The lights are splitted into different 

channels and then is separated based on spectra guided through spectral beam guides. The spectra 

separated emission channels are detected by two QUASAR PMT’s and one GaAsP detector. C) The figure 
illustrates the principal light pathways in a basic confocal microscope configuration. Laser is used as its 

light source. The laser beam excite specimen and the specimen emit the fluorescence signal point by 

point and line by line. The pinhole in the confocal plane obstructs the signal emerging from objects 

outside the focal plane, so that only light from objects in focus can reach the detector. D) A lambda stack 

image represents an optical section z-stack of the specimen (colored horizontal) and is distinguished by 

high contrast and high resolution in the X, Y, and Z planes and examined along the wavelength axis to 

determine how pixel intensity and/or color changes due to signal level variations at different emission 

bands (black vertical). All images show the same area but different spectral windows of the specimen. 

The marker dyes are represented by different parts of the stack depending on the emission spectrum. 

The images (B, C and D) were used from ZEISS homepage. 

2.4.3 Upright semi-confocal Spinning-Disk Microscope: 

This system is highly suitable for FRET investigations and time lapse experiments in intact cell 

and to measure cAMP change using cAMP biosensor at very fast acquisition rate and with less 

B A C D 

LSM 780 
MBS Pathway 

Lambda stack 
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3 Results Part I: Development and optimization of 

experimental procedure and data acquisition 
Quantitative lux-FRET measurement requires acquisition procedure shown in the flow chart 

(Fig. 3.1). For the spectral separation of donor and acceptor fluorescence contribution, 

reference spectra of cells transfected with all fluorophores used like donor and acceptor must 

be obtained under identical acquisition settings (i.e. excitation intensity, exposure time, 

detector gain etc.) as later seen in the FRET experiment. From that reference measurements 

 ,i ref

DF   and  ,i ref

AF   are obtained. Especially for experiments with a fluorescence 

spectrometer, measuring the auto-fluorescence and the buffer Raman spectrum is required. 

According to equation (2) spectral unmixing is done. Data acquisition of a standard tandem 

construct is required to determine
TCR . Dependent on the experiment, positive and negative 

control must be also recorded. The FRET experiment with the sample of interest should then be 

recorded, best under identical conditions.  

 

Figure 3.1 General lux-FRET evaluation. 

Flowchart showing steps to acquire various 

references according to different experimental setups 

for quantitative lux-FRET measurement. 

 

 

Individual protocols according to experimental setup  

In the following experimental procedures to investigate the protein-protein-interaction using 

serotonin receptors 5-HT1A, 5-HT7, and 5-HT4 and CD44 glycoprotein is described. 5-HT1AWT 

tagged either with eCFP and eYFP or eGFP and mCherry and its different mutants tagged with 

eCFP ore YFP was used. 5-HT7 used was tagged with eCFP or eYFP and eGFP or mRFP1. 5-HT4 

tagged with eGFP was used. CD44 was tagged with eGFP and mCherry. The same strategy can 

be applied to any protein of interest. 

3.1 Spectroscopic measurement at a fluorescence spectrophotometer 

At the start of each measurement, the spectrofluorometer was calibrated for the xenon-lamp 

spectrum and Raman scattering peak position (by using buffer B solution for Raman peak). N1E 
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cells were seeded in 35mm dishes and co-transfected with plasmid DNAs encoding for 5-HT1A, 

5-HT7 and 5-HT4 receptors and CD44 glycoprotein dependent on experiment type as described 

in different sections of chapter 4 and 6. 16h after transfection, cells were washed once with 1X 

PBS to remove residual medium and then re-suspended in 2ml buffer B solution. All 

measurements were performed in 10mm pathway quartz cuvettes. Front-face detection, where 

the fluorescence is collected from the sample’s surface was used. Typically, fluorescence signals 

are dwarfed by stray or scattered light from the sample. Chamber temperature was set to 25°C 

to compare results with microscope experiments. During acquisition the cell suspension was 

continuously stirred with a magnetic stirrer. For reference measurements, cells were co-

transfected with plasmid encoding a single fluorophore-tagged receptor (only donor and only 

acceptor). To maintain total plasmid concentration an equal amount of mock was transfected 

together with receptor. To estimate the spectral contributions of light scattering and 

autofluorescence of cells, reference spectra of mock transfected cells were used. Background 

and Raman spectra were unmixed along with references during the data analysis. Tandem 

constructs eCFP-eYFP ( E =35±3%) and eGFP-mCherry ( E =18±2%) or GFP-mRFP1 ( E =14±2%) 

with defined E as shown in results section assuming 1:1 stoichiometry was used to obtain 
TCR  

and as positive control. As negative control we used eCFP and eYFP and also eGFP and 

mRFP1/mCherry, which are expressed in cytosol.  

3.2 FRET imaging of receptor-receptor interaction for intact cells with 

subcellular spatial resolution 

LSM 780: Aberrations are always encountered while doing FRET measurements or and 

subcellular imaging at confocal microscopes. Mostly at LSM 780 distortions are obvious than 

spinning disk system. Hence it’s required to have a calibrated system before proceeding for 

measurements. The criteria for calibration needed to be checked are bleaching, stability, speed, 

accuracy and confocality to get an optimal spectral and confocal volume overlap from two 

alternating emission channels (Fig. 3.2). 2D intensity distribution of images measured in x-y-z 

direction at the focus of microscope is affected when the emission channels at respective 

excitations do not overlap and causes shift in the image pixel in x-y direction. Pixel shift does 

not affect the time series ratio measurement but can influence the lux-FRET images. For lux-

FRET measurements we generally subtract or divide signal of one channel over the other 

emission channel. Here we measure signal from two emission channels (em1 and em2) from 

first excitation and em2 signal from second excitation.  
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Figure 3.9 Exponential fitting models designed for cAMP kinetics.  

A) Single exponential fit with polynomial offset delivers decay time and amplitude at one time point. B) 

Two exponential fit delivering two set of amplitude (A1 and A2) and decay time (τ1 and τ2) for cAMP 

regulation along with polynomial offset at two time points. C) Double exponential fit combines two 

biological processes at one time point delivers amplitude and decay time values, where real value of 

decay time and amplitude cannot be deduced due to complexities of model fitting.  

3.2.2 Lux-FRET measurement (Multi-track lambda mode) 

Lux- FRET imaging was performed before and after bath perfusion of solution to cells expressing 

5-HT1A and 5-HT7 receptors in combination with biosensor. Acquisition and measurement 

protocol for FRET imaging done at LSM 780 is explained. Quantitative lux-FRET measurement 

requires acquisition procedure as described in chapter 2.3.6. Hetero-oligomerization between 

5-HT1A-mCherry and 5-HT7-eGFP was investigated. For pixel-based analysis and in order to 

achieve high spatial resolution in 3D in detail, 3 calibration steps for best confocal overlap at 

both excitation conditions was performed as described in chapter 3.2. After calibrating the 

system, live-cell FRET experiments were performed. Line-wise switching of excitations was 

applied. This was achieved with the ZEN2010/2012 software with two different acquisition 

protocols: 1) line wise excitation switching is allowed only in standard channel mode 

configuration. Here we could define two tracks, one per excitation wavelength, each track 

having maximal 10 emission channels ranging from 415nm-735 nm. To cover the appropriate 
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Table 10: Lux-FRET error propagation. 

Table describing error propagation of lux-FRET quantity FRET efficiency E for data sets obtained at 

different acquisition settings with different integration time and slit width at 3 different excitations. 

Figure 3.14 Contour plot of 2D histogram at wide range excitation spectra.  

The histogram shows statistical analysis of measured eCFP-eYFP tandem construct E at exc1 and exc2 

ranging from (400nm-520nm) showing homogenous FRET efficiency distribution 35±3% from (440nm-

488nm) at both excitations range. 

Error propagation for lux-FRET quantities: 
2

var( ) var( )
i

i i

y
y x

x

 
   
  (Propagation of uncertainty)     (9) 

 

r-value calculation  

The ratios of excitation strengths (donor/acceptor) r  at excitation is obtained from the spectral 

parameters of the reference measurements by  

, , ,

, , ,

ref acceptor Fl donor char donor

char acceptor Fl acceptor ref donor

F Q F
r

F Q F
           (10)

 

,

,

Fl donor

Fl acceptor

Q
r

Q




            (11) 

where refF  are the fluorescence reference spectra, 
charF  are the characteristic emission spectra 

and 
FlQ  are the fluorescence quantum yield of donor and acceptor.
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Standard error mean  

This was introduced for each FRET parameter and calculation is described as follows. 

Weighted mean values: 

Suppose you have many (pixel) values of a quantity FRET efficiency i
E  and a certain weight i

w , 

e.g. the intensity i
I  or 
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And the weighted standard deviation is then: 
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Taking i
I  as a weight in lux-FRET error calculation, hence the equation becomes as follows. 
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And the weighted standard deviation is then: 
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Weighted mean over each pixel was used. At very low photon count per pixel where EfD is 

widely spread, the error bar will be high while xD is not widely spread. When EfD is widely 

spread then the EfA error is small as it’s not spread at very low photon count per pixel. At 
membrane region where the area is bright, the weighted mean over brighter area will be low 

when scaled with intensity and hence the overall error will be low. For an area i.e. a single ROI 

mean variance is calculated. It means how each pixel differs over an area and hence leads to 

variance. Then the weighted mean of this variance over each intensity pixel for an area is 

calculated. Truncate function generally is 1.1 and 1.1 in both directions. We truncate by taking 

50% of the maximum intensity of the membrane region. 

 

For other statistical analysis, Prism software was used. Results are expressed as mean ± s.e.m. 

Data were tested for significance with One-Way ANOVA with Bonferroni’s Multiple Comparison 

test; only results with P<0.0001 were considered statistically significant. Prism was used for 

illustration of the fluorescence ratio traces. For correlation and contour plots OriginPro was 

used. The xD vs Amplitude correlation plot are generated in Origin and fitted with a linear fit 
equation. The data’s for graph and traces plotting are generated from offline evaluation of time 

series measurements in MATLAB. The FRET figures and EfD, EfA vs xD linear histogram with linear 

fit are generated in MATLAB after detailed evaluation offline same as described in detail above. 

The fluorescence images for N1E and hippocampal neurons were processed in ImageJ software. 
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4 Results Part II: Investigation of 5-HT7 and 5-HT1A 

receptors oligomerization and its correlation to cAMP 

signaling 
As described in chapter 1 the aim of this work was to investigate and analyze the 

oligomerization between 5-HT7 and 5-HT1A receptors and its biological importance by analysis 

of cAMP pathway by performing online ratiometric and lux-FRET measurement in living cells. 

This was done first in N1E cells by over-expressing two serotonin receptors and then in neurons 

expressing receptors endogenously. At first we performed positive and negative control 

experiments and then moved to experiments showing intracellular cAMP level change in 

respect to interaction of 5-HT7 and 5-HT1A receptors measured at single cell level. 

4.1 Dose response of agonist corresponding to receptor subtype 

At first the expression of stated plasmids were checked. The biosensor is expressed in cytosol 

while the receptors are well expressed at the plasma membrane. The Cerulean (D) and Citrine 

(A) fluorescent protein part of cAMP biosensor expression is shown which is used for ratio 

calculation as explained earlier. On co-expressing with receptors merged D and A part (blue) of 

biosensor is shown along with membrane localized receptor (green and red respectively) as 

seen in (Fig. 4.1). For analysis cell showing specific membrane labeled 5-HT7 and 5-HT1A 

receptor and moderate cAMP biosensor expression were selected. After optimizing moderate 

transient overexpression of the plasmids application protocol of agonist and antagonist was 

optimized and set for individual and co-expressing receptors in combination with biosensor. 

The application protocol of antagonists and agonists and stimulation with desired 

concentration for cells transfected with either one of the receptor or together along with 

biosensor is described in detail (Fig. 4.2). Pre-stimulation before activation was carried out 

using 5µM FSK and inhibition with 50µM IBMX diluted in buffer from stock concentration only 

for activation of 5-HT1A receptor pathway. Direct activation was carried for 5-HT7 receptor. Pre-

blocking of respective receptors upon co-expression was done and activated correspondingly. 

As negative control same volume of buffer, agonist and antagonist solution and as a positive 

control FSK-IBMX at indicated concentration was applied to cells transfected only with 

biosensor. 
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After optimizing expression profile of biosensor and receptors and application protocol dose 

response of agonist 5-CT and 8-OH-DPAT in cells expressing 5-HT7-eGFP or 5-HT1A-mCherry 

receptors along with biosensor was done. Fluorescence ratio was measured after 3-4min of 

application and normalized to 1 as explained in chapter 2.2 for measured selected cells because 

the ratio trace started at different range for each cell due to different maturation and 

expression characteristic of the biosensor. Upon application of different concentration (100nM, 

1µM, 10µM) of 5-CT and 8-OH-DPAT to cells expressing biosensor and 5-HT7 induced activation 

of receptor and leads to up regulation of intracellular cAMP higher than basal level (Fig. 4.3A). 

From the fluorescence ratio traces its seen that optimized concentration of 10µM 5-CT leads to 

decrease in fluorescence ratio due to fast change in cAMP level (τ=35s, A=0.35) which is higher 

than other two concentrations of 5-CT (τ=47s, A=0.15 and τ=55s, A=0.07) (Fig. 4.3Ci). The decay 

time and amplitude values were derived after fitting ratio traces to model no 1. Higher 

concentration than 10µM (τ=37s) of agonist did not show much stronger cAMP level change 
than 10µM. 10µM of 8-OH-DPAT (τ=24s, A=0.36) also showed stronger effect than other lower 

concentrations (1µM: τ=30s, A=0.20 and 100nM: τ=40s, A=0.08). The cAMP concentration 
change due to 8-OH-DPAT was stronger than 5-CT as seen from the statistical analysis. Similar 

dose dependence explaining dissociation constant (Kd) of agonist 5-CT and 8-OH-DPAT was 

performed in cells expressing 5-HT1A receptor and biosensor. The cells were first pre-stimulated 

with 5µM FSK and 50µM IBMX and then followed with agonist application. From the 

fluorescence traces (Fig 4.3B) it’s seen that 10µM 8-OH-DPAT (τ=194s, A=0.27) leads to increase 

in fluorescence ratio which is higher than 1µM (τ=250s, A=0.12) and 100nM (τ=280s, A=0.04) of 

8-OH-DPAT (Fig. 4.3Cii). The decay time and amplitude values were derived after fitting ratio 

traces to model no 2. While 10µM of 5-CT (τ=122s, A=0.30) showed stronger effect than other 

lower concentrations (1µM: τ=165s, A=0.17) (100nM: τ=200s, A=0.13) in comparison to 8-OH-

DPAT. In Fig. 4.3C the statistical kinetic analysis of above measured fluorescence ratio of dose 

response traces is shown. Later for all-time series ratio measurement optimal concentration of 

10µM for agonist 5-CT, 8-OH-DPAT and 5-HT was used for activation of receptors.  
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Figure 4.3 Dose response of agonists in N1E cells expressing 5-HT7 and 5-HT1A receptors. 

A) Effect of the agonist 5-CT (100nM, 1µM, 10µM) on the fluorescence ratio in cells transiently 

expressing cAMP biosensor and 5-HT7 receptor (n≥20). B) Effect of the agonist 8-OH-DPAT (100nM, 1µM, 

10µM) on the fluorescence ratio in cells transiently expressing cAMP biosensor and 5-HT1A receptor 

(n≥20). C) Quantified fluorescence ratio signal of experimental data showing decay time and amplitude 

evoked by different concentration of mentioned agonists. Bars represent the decrease (i) and increase 

(ii) in the fluorescence ratio upon agonist exposure. Initial values of the fluorescence ratio were 

normalized to 1. 

4.2 Blockage of 5-HT7 and 5-HT1A receptors activation 

After finding the optimal concentration of agonist producing change in the intracellular change 

in cAMP level, the next step was to look for optimal concentration and blocking time of two 

different antagonists in respect to particular receptors. Specific antagonist SB and WAY 

according to receptors was used. Lowest physiological concentration of 10nM for each 

antagonist with blocking time of 20min was applied at first. The effect of 10µM 5-CT in cells 

expressing 5-HT7 receptor pre-blocked with 10nM SB for 20min was completely blocked, but on 

blocking for 10min at same concentration showed some cAMP change due to 5-CT activation 

(not shown). On increasing the concentration to 100nM and keeping the same blockage time of 

10min, no agonist effect was observed (Fig. 4.4A). In cells expressing 5-HT1A receptor 10nM of 

WAY for 20min and 10min completely blocked the effect produced due to 10µM of 8-OH-DPAT 

100nM 1µM 10µM 

100nM 1µM 10µM 

A 

B 

5-HT7R 5-HT1AR C ii i 

5-HT7R 
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(Fig. 4.4B). After optimization the experiments were performed with 100nM SB and 10nM WAY 

with blocking time of 10min before start of recording and continued till the end of 

measurement. 

  

  
Figure 4.4 Blockage of 5-HT7 and 5-HT1A receptors activations in N1E cells.  

A) Effect of the SB (10nM and100nM) on the fluorescence ratio in cells expressing cAMP biosensor and 

5-HT7 receptor (n≥20) activation upon 5-CT addition. B) Effect of the 10nM WAY on the normalized 

fluorescence ratio in cells expressing biosensor and 5-HT1A receptor activation upon FSK-IBMX and 8-OH-

DPAT addition (n≥20). Representative traces are shown. Blockage time of antagonist was set to 10 and 

20min. Initial values of the fluorescence ratio were normalized to 1. 

4.3 Effect of agonist and antagonist to biosensor response 

Positive and negative control measurements were performed in cells expressing only biosensor 

according to protocol described in chapter 4.1. As seen in Fig. 4.5 agonist and antagonist were 

applied at stated concentrations and fluorescence ratio was measured. As seen in Fig. 4.5 no 

intracellular cAMP level change was observed after application of only agonist and antagonists. 

This suggests that’s cells without receptors have no intracellular cAMP change after treatment 
with any external stimuli. As positive control cells on treatment with 5µM FSK with 50µM IBMX 

shows strong change in intracellular cAMP level suggesting the functionality of the biosensor. 

On combined application of agonist and antagonist (SB+5-CT) and (WAY+8-OH-DPAT) no 

intracellular cAMP change was observed as well. 
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Figure 4.5 Effect of agonist and antagonist corresponding to biosensor response in N1E cells. 

Representative traces showing effect of the antagonist (SB and WAY) and agonists (5-HT, 5-CT and 8-OH-

DPAT) on the fluorescence ratio in cells transiently expressing biosensor (n≥30) showing no change in 
the ratio, proving to be as negative controls. Positive control 5µM FSK in combination with 50µM IBMX 

showed strong decrease in normalized fluorescence ratio. Agonist in combination with antagonist 

showed no change in the ratio. Initial values of the fluorescence ratio were normalized to 1. 

4.4 Individual 5-HT receptor activation 

4.4.1  Effect of agonist on 5-HT7 receptor activation to cAMP signaling 

Efficiency of agonists (5-HT, 5-CT and 8-OH-DPAT) to 5-HT7 receptor activation was analyzed by 

performing time series fluorescence ratio experiments in N1E cells co-expressing cAMP 

biosensor and 5-HT7-eGFP receptor with perfused applications of agonist and followed with 

specific and non-specific antagonist pre-blocking. In Fig. 4.6A it’s seen that upon application of 

SB and WAY to cells induced slight activation of receptor which leads to slight increase in 

endogenous cAMP production for very short time and then cAMP level goes back to starting 

level indicating saturation level within 10min after application. This artificial response could be 

due to some endogenous artefacts and was avoided by pre-blocking cells for 10min. Strong 

cAMP up regulation on application of FSK along with IBMX was observed as well considered to 

be positive control. A model is illustrated based on expectation how the cAMP level changes 

upon agonist induced activation of receptor (Fig. 4.6Bi). The experimental fluorescence ratio 

data’s were fitted to model no 1 as described in chapter 3.2.1 (Fig. 4.6Ci). In Fig 4.6Bii 

characteristic ratio traces were selected from (n=100) which shows that on induced activation 
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Figure 4.6 Agonist-induced changes in fluorescence ratio corresponding to 5-HT7 receptor activation.  

Experiments performed in N1E cells transiently co-expressing 5-HT7-eGFP receptor and cAMP biosensor. 

A) Effect of the antagonist (SB and WAY) on the fluorescence ratio (n≥30). B.i) Expected cAMP change 

shown through model. (ii) Representative traces of effect of the antagonist SB and WAY on the 

fluorescence ratio signal caused by agonists (5-HT, 5-CT and 8-OH-DPAT) (n≥50). Initial values of the 

fluorescence ratio were normalized to 1. C.i) Fitting of the model to the fluorescence ratio traces. 

Kinetics of agonists-mediated cAMP change. (ii,iii) The quantifications are expressed as change of 

maximal cAMP response achieved with agonists (B). Comparison of decay time and amplitude of decay 

evoked by 10µM agonists in the presence (dark panel) and non-presence (light colored) of 10nM WAY 

explaining particular agonist efficiency. Bars represent the decrease in the ratio upon agonist exposure. 

iv) Contour plot of 2D histogram of amplitude of decay over decay time. Three asterisks, P<0.001; two 

asterisks, P<0.01; n.s., not significant; analysis of variance with Bonferroni’s multiple comparison test. 
Data are the means ± s.e.m of at least five separate experiments. 

4.4.2 Effect of agonist on 5-HT1A receptor activation to cAMP signaling 

Efficiency of agonists (5-HT, 5-CT and 8-OH-DPAT) to 5-HT1A receptor activation was analyzed by 

performing time series fluorescence ratio experiments in N1E cells co-expressing cAMP 

biosensor and 5-HT1A-mCherry receptor with perfused applications of agonist and followed with 

specific and non-specific antagonist pre-blocking. In Fig. 4.7A it’s seen that upon application of 

agonist and antagonist to cells does not induce activation of receptor. Strong change in cAMP 

level on application of 5µM FSK along with 50µM IBMX phosphodiesterase inhibitor was 

observed and considered to be positive control. A model is illustrated based on expectation 

how the cAMP level changes upon agonist induced activation of receptor (Fig. 4.7Bi). The 

experimental fluorescence ratio data’s were fitted to model no 2 as described in chapter 3.2.1 

(Fig. 4.7Ci). Cells were stimulated with FSK in combination with IBMX as its Gi protein coupled 

signaling pathway and activates adenylate cyclase which in turn leads to cAMP regulation. FSK-

IBMX was applied after 3min at start of the experiment. After reaching of cAMP saturation level 

within 5-6 min upon stimulation with FSK-IBMX, cells were exposed to antagonists at time point 

of 10min which showed no further cAMP change proving that antagonist cannot leads to 

change in intracellular cAMP level (Fig. 4.7A). The cells stimulated with FSK-IBMX till the end 

were followed with application of agonists (5-HT, 5-CT and 8-OH-DPAT) once saturation level of 

cAMP increase was reached .The fluorescence ratio on agonist addition increased due to 

change in intracellular cAMP level and cAMP down regulation is a slow process (3folds slower) 

in comparison to cAMP up regulation. Here the fitted quantities only for down regulation of 

cAMP are shown. In Fig 4.7Bii characteristic ratio traces selected from (n=100) shows that on 

application of 5-HT, 5-CT and 8-OH-DPAT leads to decrease intracellular cAMP level higher than 

basal level. 5-CT (τ=100s, A=0.28) leads to increase in fluorescence ratio which is greater than 5-

HT (τ=150s, A=0.26) and 8-OH-DPAT (τ=260s, A=0.27). Non-specific antagonist SB did not block 

while specific antagonist WAY completely blocks the receptor activation (blue dots). The cells 

showed no difference in cAMP changes and decay time when treated with SB and agonists 

(green dots) in comparison with non-treated cells (purple dots). Significant difference in decay 
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Figure 4.7 Agonist-induced changes in fluorescence ratio corresponding to 5-HT1A receptor activation.  

Experiments performed in N1E cells transiently co-expressing 5-HT1A-mCherry receptor and cAMP 

biosensor. A) Effect of the agonist (5-HT, 5-CT and 8-OH-DPAT), antagonist (SB and WAY) and 

antagonists upon stimulation with 5µM FSK-50µM IBMX on the fluorescence ratio (n≥50). B.i) Expected 

cAMP change shown through model. (ii) Representative traces of effect of the antagonist SB and WAY 

on the fluorescence ratio signal caused by stimulation with FSK-IBMX and agonists (5-HT, 5-CT and 8-OH-

DPAT) (n≥50). Initial values of the fluorescence ratio were normalized to 1. C.i) Fitting of the model to 

the fluorescence ratio traces. Kinetics of agonists-mediated cAMP change. The quantifications are 

expressed as change of maximal cAMP response achieved with agonists (B). (ii,iii) Comparison of decay 

time and amplitude of decay evoked by 10µM agonists in the presence (dark panel) and non-presence 

(light colored) of 100nM SB explaining agonist efficiency. Bars represent the increase in the ratio upon 

agonist exposure. iv) Contour plot of 2D histogram of amplitude of decay over decay time. Three 

asterisks, P<0.001; two asterisks, P<0.01; n.s., not significant; analysis of variance with Bonferroni’s 
multiple comparison test. Data are the means ± s.e.m of at least five separate experiments. 

4.4.3 Effect of LP-211 on 5-HT receptor activation to cAMP signaling 

Specificity of another compound LP-211 which acts as a potent and selective agonist at the 5-HT7 

receptor, with better brain penetration than other 5-HT7 agonists, and similar effects in animals 

[68] was tested. Fluorescence ratio experiments in N1E cells co-expressing cAMP biosensor and 

5-HT7-eGFP or 5-HT1A-mCherry receptor with perfused applications of agonist was performed. 

Fig. 4.8A shows characteristic selected ratio traces (n=30) showing strong change in intracellular 

cAMP level in cells co-expressing biosensor and 5-HT7 receptor on treatment with 10µM LP-211 

(purple dots). The agonist induced receptor activation was abolished due to SB (green dots). In 

Fig. 4.8B almost negligible change in cAMP level was observed in cells co-expressing biosensor 

and 5-HT1A receptor on treatment with FSK-IBMX followed with LP-211. On blocking with WAY 

the agonist induced very slight cAMP change was abolished. The experimental ratio data were 

further fitted to model no 1 and model no 2. In comparison to 5-HT1A receptor (τ=75s, A=0.08) 
amplitude is significantly bigger in case of 5-HT7 receptor (τ=56s, A=0.28) (Fig. 4.8A, B). LP-211 

shows to be is highly specific for 5-HT7 receptor but not for 5-HT1A receptor activation.  

  
Figure 4.8 LP-211-induced change in fluorescence ratio specific to receptor activation. 

Experiments performed in N1E cells transiently co-expressing 5-HT7-eGFP or 5-HT1A-mCherry receptor 

with cAMP biosensor. A) Effect of the antagonist SB on the fluorescence ratio caused by LP-211 (n≥30). 
B) Effect of the antagonist WAY on the fluorescence ratio caused by LP-211 (n≥30) seen through 

representative traces. Kinetics of agonist-mediated cAMP change. The quantifications are expressed as 

change of maximal cAMP response achieved with agonists Comparison of decay time and amplitude of 

decay evoked by 10µM agonist in the presence of SB and WAY explaining agonist efficacy. Bars 

represent the increase in the ratio upon LP-211 treatment. Initial values of the fluorescence ratio were 

normalized to one. Data are the means ± s.e.m of at least three separate experiments. 

A B 5-HT7R 5-HT1AR 

http://en.wikipedia.org/wiki/Agonist
http://en.wikipedia.org/wiki/5-HT7_receptor
http://en.wikipedia.org/wiki/Receptor_%28biochemistry%29
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4.5 Activation of co-expressing 5-HT7 and 5-HT1A receptors in N1E 

cells (recombinant system) 

4.5.1 Agonist induced various intracellular cAMP level changes  

Further to determine how the intracellular cAMP level changes or is influenced upon co-

expressing two receptors, fluorescence ratio measurements were performed in N1E cells 

expressing both 5-HT7-eGFP and 5-HT1A-mCherry receptor along with cAMP biosensor. The ratio 

of 5-HT1A:5-HT7 was kept 1:1 by having same concentration of both plasmids during 

transfection. Fig. 4.9 shows the co-expression of cAMP biosensor (blue) and 5-HT7 (green) and 

5-HT1A (red) receptor. The cells display the cytosolic expression of biosensor, with nicely co-

localized receptors at the membrane. Control measurements were performed to rule out any 

unexpected response or artefacts. In Fig. 4.10A it’s seen that upon application of antagonist (SB 

and WAY) some artefacts were seen. Up regulation of cAMP on application of FSK along with 

IBMX was observed as well considering being positive control. When cells were treated FSK-

IBMX and followed with agonists (5-HT, 5-CT and 8-OH-DPAT) addition, no change in cAMP level 

was observed. This is mainly due to the fact that cAMP reached to saturation level upon 

stimulation with FSK-IBMX and hence upon further application of any agonist cannot lead to 

any further change in cAMP level. To see similar effects like in Fig. 4.7B, activation of one 

receptor should be induced with simultaneous blockage of other receptor on co-expression. It’s 
also seen that on combined application of antagonist SB and agonists, slight increase in 

fluorescence ratio was observed. This tells that SB does not completely block 5-HT7 receptor on 

co-expression with 5-HT1A receptor. Due to 5-HT7 receptor interacting properties with 5-HT1A 

receptor negligible slight change in cAMP level was observed. After performing various control 

experiments with different combination of antagonist and agonist, direct application on agonist 

was done. In Fig. 4.10B two different models are illustrated based on expectation how the 

cAMP level changes upon direct agonist exposure. The fluorescence ratio data were fitted to 

model no 3 as described in chapter 3.2.1 (Fig. 4.10B). Various changes in intracellular cAMP 

level were observed upon agonist induced activation of receptors (Fig. 4.10C). Increase in 

fluorescence ratio due to down regulation of cAMP was seen at the start of application 

followed with next biological process of cAMP up regulation. As seen cAMP down regulation is 

fast and transient process. In case of 8-OH-DPAT, the amplitude of down regulation process is 

small followed with strong cAMP up regulation (Fig. 4.10Ciii) proving to be efficient for 5-HT7 

receptor as demonstrated previously in Fig. 4.6B where most of the cells showed fast cAMP up 

regulation and no transient cAMP down regulation. On application of 5-CT, amplitude of cAMP 

down regulation was bigger followed with slow cAMP up regulation. And in same cell 

population also various cells showed only down regulation and the process remained at that 

level after 2min till the end. Cells in population mostly showed both combined process of cAMP 

up and down regulation (Fig. 4.10Cii). This shows that 5-CT effectively activates 5-HT1A receptor. 
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intensity from donor is seen in the second emission channel at exc1, while significantly high 

signal from donor and acceptor is seen at respective excitations. After calculation of reference 

spectra at exc1 (2 emission channels) and exc2 (1 emission channel) from acquired sample 

images, spectra unmixing was done with characteristic spectra of donor and acceptor in 

emission range of 500nm-700nm (Fig. 4.13C). Donor was not excited at exc2 while acceptor was 

nicely excited at exc2.  

    
 

 
 

Figure 4.13 Unmixing of reference spectra.  

(A,B) Images of reference spectra of 5-HT7-eGFP (donor) and 5-HT1A-mCherry (acceptor) receptors 

expressed in N1E cells at exc1 and exc2 with emission range 450nm-700nm. C) Unmixing of reference 

spectra acquired from transfected cells required for lux-FRET analysis. 

After unmixing with reference spectra lux-FRET evaluation was done. GFP-mCherry tandem 

construct yielded EfD value of 18±2% at xD 0.5±0.02 assumed to have 1:1 stoichiometry of donor 

and acceptor pair in the construct. FRET images generated after evaluation are presented in Fig. 

4.13. Maximum intensity z-projection of unmixed sample is shown. Unmixing was done using 

reference spectra shown in Fig.4.14A. Color coded EfD, EfA and xD are seen through maximum 

intensity z-projection (Fig. 4.14B). Color bar is coded from blue to red for values low to high. fD 

was assumed to be mean each donor is coupled to an acceptor, hence E value is high. When E 

value is low there is chance of free donor present in the sample not coupled to an acceptor 

Values were in equal range for EfD and EfA (20%) and xD (0.5 for 1:1 stoichiometry). Maximum 

intensity z-projection for EfDA50 was also generated for selected ROIs. Maximum intensity 

projection was calculated from intensity by taking weighted mean of all components. Nice 

correlation of donor and acceptor intensity is seen. Distribution of frequency based on 

expression level was calculated seen in linear and log scale 2D histogram (Fig. 4.14C). Linear and 

logarithmic histogram of FRET quantities over relative photon count per pixel for selected ROIs 

Reference spectra 

unmixing 

A B 

C 
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(subset) is shown. EfDA50 is calculated by considering 1:1 ratio of donor and acceptor during 

calculation and fixing xD to 0.5. Histogram based on pixel information was generated. Histogram 

telling about distribution of apparent EfD over wide range of xD of subset was calculated as well. 

From 2D histograms it’s confirmed about FRET efficiency of tandem construct was around 20%. 

Change in EfD and EfA over xD is shown through 2D histogram (linear and logarithmic scale) for 

selected cells. Different quantities of lux-FRET like D
t
, A

t
 and intensity was calculated as well 

and is displayed for a single selected cell. In table 11 different FRET quantities weighted to D, A, 

combined DA and intensity for complete field of view and for subset was calculated based on 

statistical analysis. An example for individual measurement is seen in table 11, carefully 

checked and calculated on daily basis. 
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Figure 4.15 FRET efficiency of co-expressed 5-HT7 and 5-HT1A receptors in N1E cells investigated by lux-

FRET.  

The plasmids in 1:1 ratio at transfection level were co-expressed in N1E cells. A) Maximum intensity z-

projection images of unmixed D, A. B) Color coded EfD, EfA and xD (blue to red) showing low to high value 

are provided. C) Frequency 2D histogram of subset showing frequency distribution based on expression 

level. 
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Figure 4.17 Hetero-oligomerization and relative expression of 5-HT7 and 5-HT1A receptors investigated 

by lux-FRET and correlated with cAMP kinetics.  

A) Images of FRET efficiency EfD and EfA and donor mole fraction xD were created at single cell level. The 

inset shows various cells showing different xD values displaying different ratio or stoichiometry of 

receptors. EfD and EfA show hetero-oligomer formation between 5-HT1A and 5-HT7 in cell population. B.i) 

Representative 2D histogram of EfD and EfA are shown as functions of the donor mole fraction xD and 

fitted to the sum of experimental data. (ii) Histogram showing relationship between the donor mole 

fraction xD (stoichiometry) and 5-HT1A cAMP response (normalized amplitude of decay). Experimental 

data were obtained from the fluorescence ratio of cells exposed to SB and stimulated with FSK-IBMX 

and 5-CT (n≥50). Data points represent the mean ± s.e.m of the donor mole fraction and amplitude of 

decay values from atleast four independent experiments. 

4.6 Extent of oligomerization and its correlation to cAMP signaling 

studied in intact mouse hippocampal neurons 

To find out the extent of interaction and different stoichiometry of 5-HT7 and 5-HT1A receptors 

and its correlation to cAMP signaling using above developed model was extended in 

hippocampal neurons where on measuring kinetics at developmental stages explains about the 

different level of interacting serotonin receptors which are expressed endogenously. Here 

transient expression of receptors was excluded. As known N1E cells do not expresses these two 

or other serotonin receptors except 5-HT3R endogenously. Similar measurement like 

recombinant system in N1E cells except expression of 5-HT1A and 5-HT7 receptors were 

performed for measuring cAMP kinetics. 5-HT receptors mediated cAMP level change were 

measured in mouse hippocampal pyramidal neurons by application of agonist 8-OH-DPAT and 

5-CT in the continuous presence of antagonist WAY and SB. Fluorescence ratio measurement 

was done on DIV2 and DIV12 in neurons isolated from WT and 5-HT7KO mice pups. CEpac 

biosensor in WT and 5-HT7KO neurons and also together with over-expression of 5-HT7-eGFP 

receptor only in KO was expressed.  

Control 

In Fig. 4.18, the biosensor expression is seen for DIV2 and DIV12 WT and KO neurons. The 

biosensor is uniformly expressed throughout the neuronal structure. The co-expression of 

cytosolic biosensor and membrane localized 5-HT7 receptor in 5-HT7KO neuron is also seen. At 

first, before proceeding to experiments similar to chapter 4.5 with application agonist and 

antagonist, effect of Forskolin in WT neurons expressing only biosensor was determined. FSK 

with IBMX was applied to neurons and different regions of a single neuron showing change in 

intracellular cAMP level was selected. As seen in Fig. 4.19A, by selecting different regions like 

soma, dendrites and smaller regions like spines showed similar time behavior in cAMP up 

regulation. Intracellular cAMP response was similar throughout the neuron. Region of selection 

to soma and dendrites was restricted for later experiments as shown later regions like spines 

leads to higher noise level due to number of fluorophores seen through representative traces 

(Fig.4.19B). 
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Figure 4.19 WT hippocampal neurons stimulation by FSK. 

A) Change in fluorescence ratio at different zoom regions in WT neuron upon application of FSK in 

combination with IBMX. B) Different region selection (soma, dendrite and spines) in a DIV12 WT neuron 

indicating similar cAMP change upon FSK stimulation shown through merged representative merged 

traces. Initial values of the ratio traces were normalized to 1. Scale bar 20µm.  

Experiment on DIV2 and DIV12 

In an attempt to better investigate receptors mediated cAMP signaling effect parallel set of 

experiment upon application of efficient agonist against each particular receptor was 

performed. Fluorescence ratio measurements were performed on a responsive WT and KO 

neuron on DIV2 and DIV12. At first fluorescence ratio was measured in WT neurons expressing 

only cAMP biosensor. In comparison to N1E cells the level of intracellular cAMP change in 

neurons is quite low; as it is an endogenous system with no transient expression of receptors 

and also regions selected have small area. So signal to noise ratio is quite poor due to low 

expression of biosensor and less photons read out [71]. Measurements have to be corrected for 

bleaching. Further bleaching over time can cause additional errors in detection of cAMP 

response.  

Various measurements were performed to find out effect of agonist on receptor activation and 

blockage. Also to exclude undefined cAMP response like 5-HT1A receptor activation without FSK 

stimulation, control measurement were performed. At first effect of specific agonist of 5-HT7 

receptor by blocking 5-HT1A receptor in WT neurons was determined. As seen application of 8-

OH-DPAT with WAY blocking leads to faster cAMP regulation in DIV2 neurons than DIV12 

neurons (Fig. 4.20i) and with SB blocking of 5-HT7 receptor the intracellular cAMP level did not 

change (Fig. 4.20ii). 5-HT1A receptor pathway do not show any change in level of cAMP without 

stimulation as described earlier. Next, by blocking 5-HT7 receptor with SB and stimulating 5-

HT1A with FSK-IBMX and 5-CT activation cAMP change was determined. On DIV2, cAMP down 

regulation was completely abolished due to higher concentration of 5-HT7 receptor as SB did 

not completely block the inhibitory effect of the receptor. In contrary on DIV12, SB partially 

blocked inhibitory effect of 5-HT7 receptor (Fig. 4.20iii). Overall mean change in cAMP level was 

low upon 5-CT application. Due to different level of change in cAMP response as described 

earlier, the overall cAMP change is reduced. The above mentioned results are depicted through 

fluorescent traces (Fig. 4.16iii). Taken together this result concludes about the inhibitory effect 

5-HT7 receptor on 5-HT1A receptor, as the expression level of 5-HT7 receptor modulates from 

immature DIV2 to mature DIV12 neurons.  
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Figure 4.20 Agonist stimulation in WT hippocampal neurons.  

Representative traces of fluorescence ratio change in response to 10µM agonist 8-OH-DPAT and 5-CT 

measured in single immature and mature neurons transiently expressing biosensor (n≥5) on DIV2 and 
DIV12. (i) Effect of the antagonist WAY on the fluorescence ratio caused by 8-OH-DPAT blocking 

endogenous 5-HT1A receptor; ii) Effect of 8-OHDPAT while blocking 5-HT7 receptor with SB; iii) Effect of 

the SB on the fluorescence ratio caused by FSK-IBMX and 5-CT partially blocking 5-HT7 receptor. Initial 

values of the ratio traces were normalized to 1. Atleast five independent measurements were done.  

To further investigate the cAMP signaling pathway of 5-HT1A receptor, the effect of specific 

agonist 5-CT in 5-HT7KO neurons which expresses only 5-HT1A receptor was determined. To see 

similar cAMP response (chapter 4.4.2) on 5-HT1A receptor activation in KO neurons following 

measurements were performed and cAMP change only due 5-HT1A receptor activation was 

expected. As seen application of 8-OH-DPAT with WAY blocking showed no cAMP level change 
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in DIV2 and DIV12 neurons (Fig. 4.21i). In KO neurons 5-HT7 receptor is not functional. In 

another group of neurons, after stimulation with FSK-IBMX followed with addition of 5-CT 

similar down regulation of cAMP was observed in DIV2 and DIV12 neurons (Fig. 4.22ii) and was 

set as for positive control for 5-HT1A receptor calibration for correlation plot. Down regulation 

of cAMP was enhanced in KO neurons in comparison to WT. WAY application completely 

abolished the 5-CT effect. Further, after transiently expressing 5-HT7 receptor in DIV2 and 

DIV12 neurons, SB blocking and FSK stimulation along with 5-CT activation resulted in slight 

change in cAMP level (Fig. 4.22iii) similar as in chapter 4.5.2 and was set as negative control 

only for 5-HT7 receptor calibration for correlation plot 4.22B. 

  

  

  
Figure 4.21 Agonists stimulation in 5-HT7KO hippocampal neurons.  

Representative traces of fluorescence ratio change in response to 10µM agonist 8-OH-DPAT and 5-CT 

measured in single immature and mature neurons transiently expressing biosensor (n≥5) on DIV2 and 
DIV12. (i) Effect of the 8-OH-DPAT on the fluorescence ratio while blocking 5-HT1A receptor with WAY; ii) 

The change in fluorescence ratio caused by FSK-IBMX and 5-CT and 5-CT effect blocked by WAY; iii) 

Effect of the antagonist SB on the fluorescence ratio caused by FSK-IBMX and 5-CT in neurons transiently 

expressing 5-HT7-eGFP receptor in addition. Initial values of the ratio traces were normalized to 1. 

Atleast five independent measurements were done. 

The kinetic of cAMP change of above experimental data’s were quantified through bar and 
correlation plots. Significant difference in amplitude was observed in WT DIV2 (A=0.05) and 

DIV12 (A=0.08) neurons treated with SB, FSK-IBMX and 5-CT showing lesser inhibitory effect of 
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intracellular cAMP level change as described earlier. The distribution of 5-HT1A receptor 

remained consistent unlike 5-HT7 receptor whose expression level differs from DIV2 and DIV12 

which influences the 5-HT1A receptor cAMP pathway upon hetero-oligomerization. Expression 

level and distribution of 5-HT1A receptor was consistent on DIV12 for both WT and KO neurons. 

 

 

 

 

Figure 4.23 Confocal images of immunocytochemistry in WT and 5-HT7KO hippocampal neurons. 

(i) Confocal images of DIV2 WT neurons expressing cAMP biosensor and immunostained with anti-5-HT1A 

receptor antibody; ii, iii) Images of DIV12 WT and 5-HT7KO neurons expressing cAMP biosensor and 

immunostained with anti-5-HT1A receptor antibody; iv) Images of DIV12 5-HT7KO neurons expressing 

cAMP biosensor and plasma membrane 5-HT7-eGFP receptor and immunostained with anti-5-HT1A 

receptor antibody. Scale bar set to 10µm. 
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5 Discussion 
It is now widely accepted that GPCRs form various kinds of oligomers [72, 73]. A growing body 

of evidence points to the functional importance of oligomeric complexes for receptor 

trafficking, receptor activation, downstream signaling and G protein coupling in living cells [74, 

75]. The clinical significance of GPCR oligomerization has also become more evident during 

recent years, leading to identification of receptor oligomers as novel therapeutic targets [76, 

77]. However, the lack of detailed information about GPCR hetero-oligomers and its interaction 

kinetics and efficiency still raises an important challenge of understanding the functional role of 

oligomerization influencing the downstream signaling. Therefore, efforts were made to develop 

techniques to detect levels of GPCR oligomerization by the use of biophysical approaches which 

can result in developing working models and testable hypotheses. The majority of GPCR 

oligomers appear to form constitutively; however, addition of agonist can result in changing the 

oligomerization state which can be monitored by an increase or decrease in FRET signal [78], a 

phenomenon which may well occur with some GPCRs. We have previously shown that the 

stimulation with agonist did not result in changes of the hetero-oligomerization between 5-HT7 

and 5-HT1A receptors [79].  

 

As more and more GPCRs are shown to oligomerize, it is clearly important to investigate the 

functional relevance of these interactions. Studies using biochemical techniques had previously 

provided evidence for such interactions [80]. However, biochemical methods used for the 

oligomerization analysis require lysis of cells and concentration of the membrane proteins, 

which often result in artificial aggregation of receptors. Moreover, these techniques do not 

allow an analysis of GPCR oligomerization dynamics in living cells. To overcome these 

limitations and to analyse the oligomerization behaviour of the 5-HT7 and 5-HT1A receptors in 

living cells, we used Förster Resonance Energy Transfer (FRET)-based approaches. Another 

advantage of resonance energy transfer (RET) techniques to analyze GPCR–GPCR interactions is 

that FRET can be observed at physiologically relevant protein expression levels [81]. In the 

present work, experimental procedures were developed to investigate the role of hetero-

oligomerization for signaling at different ratios of 5-HT7 and 5-HT1A receptors, which directly 

affect their oligomerization state. The recently established quantitative FRET approach, lux-

FRET [22], was employed to analyze receptor-receptor interaction with high spatio-temporal 

resolution in live cells. Lux-FRET is an excellent tool for identifying oligomerization, but its use 

should be complemented by other assays to establish the functional roles of particular 

interactions. From lux-FRET analysis, the apparent FRET efficiencies in respect to donor and 

acceptor concentration EfD and EfA over a wide range of relative expression levels can be 

obtained. Moreover, information about the relative expression levels can be received from 

which the oligomerization state can be correlated with their effector response. Applying lux-
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FRET to confocal microscopy provides the unique possibility to monitor protein-protein 

interaction at a high resolution under physiological conditions.  

In this study custom-tailored acquisition protocols based on the quantitative lux-FRET approach 

have been developed and optimized for the application in confocal microscopy. To obtain the 

required accuracy and reproducibility cell perfusion was optimized for specific agonist and 

antagonist application. Acquisition protocol to see interaction between receptors at microscopy 

level was also developed. Using these combined methodical and analytical approaches we were 

able to calculate the amount of homo- and hetero-oligomers as a function of relative 

concentration of defined receptor monomers. The demonstration of changes in 

pharmacological and functional properties resulting from different expression ratio, and thus 

from hetero-oligomerization, provide evidence for a mechanism by which the receptor-

receptor interaction can modulate cellular activity. We point out the physiological relevance of 

the concentration ratio of two interacting receptors determined by cAMP signaling upon 

agonist activation. 

5.1 Effect of specific agonist to individual serotonin receptor 

activation monitored by cAMP biosensor 

Transient transfection of N1E cells with fluorescent protein-tagged receptors results in a mixed 

population of cells with a broad spectrum of protein expression levels. A valid interpretation of 

FRET data is, however, challenging. The fully functional cAMP FRET-based biosensor CEpac [82] 

with single cAMP binding domain has been used for monitoring cAMP response on a single cell 

level after activation and blockage of 5-HT7 and 5-HT1A receptors. Inhibition of esterases with 

phosphodeisterase IBMX did not result in a significant change of kinetics, suggesting that in this 

system the esterases do not show any significant effects. As expected, a decrease of cAMP 

induced by 5-HT1A receptor activation and increase of cAMP induced by 5-HT7 receptor 

activation could be observed. Distinct cAMP response profiles of various agonists that activate 

the cAMP signaling pathway of the two 5-HT receptors are revealed by fluorescence ratio 

measurements with linear unmixing based on fluorescent protein spectra. Acquisition 

techniques were used to investigate the kinetic effects of receptor activation upon agonist 

stimulation with the appropriate time resolution. The variety of cAMP response profiles can be 
used to characterize signaling specificity of pathway activators related to 5-HT7 and 5-HT1A 

receptors. In initial experiments, the efficiency of different agonist in N1E cells expressing 

individual receptors was investigated. Agonists (5-HT, 5-CT and 8-OH-DPAT) with various 

efficacies for mentioned receptor were used. Analysis of the kinetics at 10µM concentration of 

the agonists clearly shows that this concentration was optimal to produce the kinetic effects, 

and in particular that even high concentrations of agonist (up to 20µM) did not produce faster 

responses (data not shown). High sensitivity of 8-OH-DPAT towards 5-HT7 receptor and of 5-CT 

for 5-HT1A receptor was observed. In case of 5-HT7 receptor, the kinetics of cAMP changes in 
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response to 8-OH-DPAT stimulation (measured as a decay time) is 3.5 times faster in 

comparison to 5-HT stimulation and 2 times faster compared to 5-CT stimulation. The cAMP 

response for 5-CT stimulation of 5-HT1A receptor is 2 times faster than for 5-HT. In case of 5-

HT1A receptor activation upon 5-CT stimulation the cAMP response time is 1.5 times faster in 

comparison to 5-HT stimulation and 2.8 times faster in comparison to 8-OH-DPAT stimulation of 

5-HT7 receptor. The comparison of 8-OH-DPAT and 5-CT, which are partial agonists for both 5-

HT7 and 5-HT1A receptors revealed that 8-OH-DPAT was more effective for 5-HT7 receptor, while 

5-CT is more efficient agonist for 5-HT1A receptor signaling pathway. Further, using two 

different FRET pairs we were able simultaneously detect receptors oligomerization and agonist-

mediated changes in cAMP level. 

5.2 Physiological role of hetero-dimerization of serotonergic 

receptors 5-HT7 and 5-HT1A regulating cAMP signaling 

Analysis of the functional consequences of oligomerization between 5-HT7 and 5-HT1A receptors 

reveals that hetero-dimerization influences the 5-HT1A receptor-mediated activation without 

affecting 5-HT7 receptor-mediated activation. Measuring cAMP response of 5-HT1A activation 

with using a mixture of agonists and antagonists is very challenging. So far almost no 

biophysical or biochemical evidence has been shown in this respect.  

In recombinant system cAMP signaling was investigated in this study by activation and blockage 

of particular receptors and further was correlated with the level of interaction of receptors (Fig. 

5.1). The extent of interaction was observed in parallel by measuring oligomerization state of 

both receptors using lux-FRET and their related cAMP response characteristics by applying FRET 

biosensor CEpac.  

At first without blockage of receptor upon agonist application various levels of cAMP regulation 

were observed indicating presence of different concentrations of receptors. In contrary, by 

stimulation of 5-HT1A receptor while continuously blocking 5-HT7 receptor showed different 

levels of cAMP change upon 5-CT application associated with stimulation of 5-HT1A receptor. 

This can be explained by assuming that 5-HT1A receptor pathway is inhibited partially by the 

oligomerization of 5-HT7 receptor with 5-HT1A receptor, indicating different extent of receptor 

interaction. In general 5-HT7 receptor has higher tendency to form hetero-oligomers than 

homo-oligomers when co-expressed with 5-HT1A receptor. 5-HT1A receptor likely tends to form 

homo-oligomers preferably than hetero-oligomers (see chapter 4.5.3).  

Patterns of cAMP responses observed could be correlated to corresponding concentration of 

both receptors. Hence, from kinetic of cAMP response it’s possible to estimate relative 
concentration of two receptors. As the major finding of this work we explored a correlation 

between cAMP response and different concentrations ratio or stoichiometry of 5-HT receptors, 

notwithstanding the relationship between particular receptor expression and cAMP response 

seems to be more complicated.  
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5.4 Summary and Conclusion 

In this study, using 5-HT7 and 5-HT1A receptors as an exemplary paradigm, we characterized the 

dynamic relation between different stoichiometry of interacting receptors and downstream 

cAMP cascade. Such strategy can be also applied for any membrane receptors by determining 

two critical parameters-decay time and amplitude of cAMP response. To simultaneously 

measure the receptor oligomerization state and cAMP response, sophisticated acquisition 

setting, called multi track lambda mode has been designed at LSM 780. A set of complex, but 

well defined measurement protocols with parallel blocking and activation of specific receptor 

on co-expression was designed to measure cAMP response for Gi- and Gs-coupled receptors. 

Fluorescence ratio experiments applying FRET based biosensor to measure intracellular cAMP 

level changes were done for 5-HT7 and 5-HT1A receptors pathway on individual and co-

expression level. 5-HT1A receptor cAMP pathway was influenced upon co-expression with 5-HT7 

receptor but not vice-versa. From simultaneous cAMP ratio and lux-FRET measurement, we 

were able to predict relative expression ratio of two receptors from the kinetics of intracellular 

cAMP level change in recombinant. Based on such measurement we developed model 

describing relation between extent of hetero-oligomerization and receptor-mediated cAMP 

response. This model was applied to hippocampal neurons where we investigated the 

convergent pathway of two receptors upon individual receptor blockage. Hippocampal neurons 

isolated from WT and 5-HT7KO mice as well as neurons over-expressing 5-HT7 receptor were 

analyzed in parallel. By using this strategy, from the kinetics of cAMP response, the regulation 

of balanced ratio of 5-HT7 and 5-HT1A receptors during neuronal developmental stages can be 

estimated. Due to its quantitative nature, this strategy also allows to investigate the different 

expression profiles of serotonergic receptors under physiological conditions at appropriate 

spatio-temporal resolution. 

Collectively, the present results indicate a general possibility that cAMP dynamic in cells can be 

used as a quantitative read-out for analysis of receptor-receptor interaction. Presently, most of 

our knowledge on the signal transduction in the plasma membrane is still at qualitative levels. 

For the fundamental, mechanistic understanding, the critical step is development of 

quantitative models based on experimental analysis of multiple parameters, such as the two 

key parameters including cAMP level and the relative concentration of receptors molecules, as 

determined in this study [83].  

Although the existence of GPCR hetero-oligomers has now become generally accepted, their 

physiological evidence in endogenous system like neurons as well as functional importance is 

still a matter of debate [84]. It has been clearly documented that hetero-oligomerization of 5-

HT7 and 5-HT1A receptors with various ratios of physiological receptor concentration influences 

the 5-HT1A pathway to certain extent [5, 69].  

Thus by developing a model we can answer that hetero-dimerization plays an important role 

for downstream cAMP signaling pathway and upon hetero-dimerization of 5-HT7R with 5-HT1AR 
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its activatory and inhibitory pathway do not superpose. Most importantly 5-HT7R signaling 

pathway is not influenced, on the contrary 5-HT1AR signaling pathway is inhibited and this gives 

us the chance to conclude from cAMP response to stoichiometry of receptor which is shown for 

the first time (Fig. S6). For the first time, by applying a fancy tool lux-FRET, we could show 

quantitatively the possibility of measuring cAMP signaling in combination with receptor-

receptor interaction consecutively at single cell level. The most important conclusions are 1) 8-

OH-DPAT is more potent for 5-HT7R activation, while 5-CT is more potent for 5-HT1AR activation; 

2) 5-HT1AR cAMP signaling pathway is inhibited upon oligomerization with 5-HT7R but not vice-

versa; 3) The kinetics of intracellular cAMP level change is related to stoichiometry of 5-HT7R to 

5-HT1AR in model system. From the cAMP response the stoichiometry of receptor expression 

can be determined in vivo by applying the developed model. 

To demonstrate whether cAMP signaling is related to different expression ratio of receptors, a 

key question of how to determine change in ratio between receptors in neurons expressing 

endogenous receptors at different day in vitro which modify cAMP response behavior was 

addressed through this study. We found that signaling is not only influenced by concentration 

of individual receptor but also by specific interaction. It is not enough to discuss individual 

concentration of particular receptor to understand signaling behavior of complex in 

endogenous system. 

In much general term we say that model proposed here can suggest that regulated and 

balanced ratio of hetero-oligomers in immature and mature neurons may be critically involved 

in both, the onset as well as response to treatment of psychiatric diseases such as depression 

and anxiety. 

To further investigate cAMP signaling in relation to the extent of oligomerization one could 

covalently link both 5-HT receptors expecting to receive fully functional hetero-oligomers. But 

still even after having linked receptors one cannot be sure that hetero-dimer receptor show 

similar dimer properties like endogenous receptor hetero-oligomers under physiological 

conditions. It would then also require information’s like crystal structure of the receptor 

oligomers which can prove the similarity between both types of complexes. 
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6 Applications of lux-FRET method 

6.1 Quantitative lux-FRET analysis of dimerization of 5-HT1AWT 

receptor and it’s mutants 

The results shown in this section was preliminary experiments as apart of 5-HT1A receptor 

oligomerization research project of a colleague in our group which was published in 2012 [2]. 

There are experimental evidence which suggests that most members of class A G-protein 

coupled receptors (GPCRs) can form homo-mers and hetero-mers in addition to functioning as 

single monomers. In particular, serotonin (5-HT) receptors were shown to homo-dimerize and 

hetero-dimerize with other GPCRs, although the details and the physiological role of the 

oligomerization have not yet been fully elucidated. Based on computational modeling, site-

directed mutagenesis of 5-HT1A receptor was done and various mutants were created [2]. The 

point mutation done in the mentioned regions ware mostly localized intracellular plasma 

membrane of the cell. As assessed by lux-FRET, they confirmed the decreased ability of the 

mutants to dimerize. Iterative computational-experimental study described in the paper 

demonstrates that transmembrane domains TM4 or TM5 can form an interaction interface in 5-

HT1A receptor dimers and indicates that specific amino acid interactions maintain this interface. 

The mutants and the optimized model of the dimer structure may be used in functional studies 

of serotonin dimers. On applying lux-FRET method dimerization of the 5-HT1A receptor was 

investigated. The ability of the mutants to dimerize was evaluated using different FRET-based 

approaches. Experiment in cells transfected with different combination of 5-HT1A mutant 

receptor plasmids in different ratios at Fluorolog at three excitations 440nm, 458nm and 

488nm were performed. Using the lux-FRET approach, it’s previously demonstrated the 
specificity of 5-HT1A receptor oligomerization [85] [49] and detailed analysis of the 5-HT1A 

oligomerization behavior was shown in living cells [5]  

FRET efficiency as a function of donor/acceptor ratio for wt and mutated 5-HT1A receptors was 

determined. To be able to perform quantitative comparison of FRET values obtained at 

different donor-to acceptor ratios, the total concentration of plasmids encoding for donor and 

acceptor was held constant in all experiments. Fig. 6.1 clearly demonstrates the functional 

dependence of both EfD and EfA from the donor molar fraction, xD, thus confirming specific 

receptor-receptor interaction. Based on the lux-FRET analysis, we also estimated the number of 

units participating in complex, n (equation (7)) and obtained a best fit for the value of n. Higher 

value of n around 2.0 tells about the that receptors exits in dimer , while lower value around 1.0 

indicates about the receptors exiting in monomeic form. Table 13 shows the FRET efficiency 

and n values for all the possible interaction of 5-HT1A mutants and wild type and their existing 

nature in oligomeric form. The co-expression of W175A-eCFP (donor) with Y198F-eYFP 

(acceptor) also resulted in decreasing the n value, to n ranged from 1.3 to 1.5. These results 
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indicate that amount of receptors existing in monomeric form was increased after expression of 

the W175A mutant or after co-expression of W175A with Y198F mutant compared with the WT 

receptors (expressed alone). Even the amount of receptor existing in monomeric form for 

double mutant (R151K+R152K) was increased more than W175A mutant. These data suggest 

the importance of amino acids Trypsine and Tyrosine in forming the dimeric complex which was 

further confirmed by other experimental procedure as described in the paper. 
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Figure 6.2 5-HT induced activation of the 5-HT1AWT and mutant receptors. 

Fluorescence ratio measurements in living N1E cells co-expressing 5-HT1AWT and TM5 mutant receptor 

with cAMP biosensor. Kinetics displays difference in decay time between WT and TM5 (n≥20). Initial 

values of the ratio traces were normalized to 1. Data are the means ± s.e.m of at least three separate 

experiments. 

From the interaction specificity for homo- and hetero-oligomers, which depends on expression 

level of individual receptor one can predict percentage of homo- and hetero-oligomers as 

function of ratio between 5-HT1A and 5-HT7 receptors expression which is shown in brief in the 

next following section. 

6.2 Hetero-dimerization of 5-HT7 and 5-HT1A receptors 

The results presented in this section were additional experiments for an almost finished project 

and ready to be published. By now the results related to this project has been already published 

in 2012 by our group. Functional interaction between serotonin receptors 5-HT7 and 5-HT1A, 

which are highly co-expressed in brain regions and implicated in depression was investigated. 

Their functional interaction has not been established by then.  

In this section 5-HT7 and 5-HT1A receptors forming hetero-dimers in vitro are determined. FRET-

based assays revealed that, in addition to hetero-dimers, homo-dimers composed either by 5-

HT7 and 5-HT1A receptors together with monomers co-exist in cells. The highest affinity to form 

the complex was obtained for the 5-HT7 - 5-HT7 homo-dimers, followed by the 5-HT7 - 5-HT1A 

hetero-dimers and 5-HT1A - 5-HT1A homo-dimers. Functionally, hetero-dimerization decreases 5-

HT1A receptor-mediated activation without affecting 5-HT7 receptor-mediated signaling [5]. 

FRET experiments in cells co-expressing 5-HT1A-eCFP and 5-HT7-eYFP receptors at three 

different ratios at transfection level (Fig. 6.3) were performed. The idea was to reproduce 

similar results at single cell level as shown in the paper which were performed at Fluorolog. At 

single cell level the experiments were performed in 2 track channel mode at exc1 440nm and 

exc2 514nm. Experiments were done at two different set-up LSM 780 and spinning disk 

microscope. Quantitative FRET analysis of the images acquired at both set-ups was performed. 

Further detailed evaluation of apparent FRET efficiency EfD as function of donor mole fraction 

similar to the published Fluorolog results was done (not shown). As mentioned in the paper [69] 

they have found that production of 5-HT7 receptors in hippocampus continuously decreases 

during postnatal development, indicating that the relative concentration of 5-HT1A - 5-HT7 

5-HT1AWT 5-HT1ATM5 





 Chapter 6 90 

 

by the analysis of its acylation-deficient mutants. When palmitoylated cysteines were mutated, 

communication between receptors and Gi-subunits was completely abolished.  

It’s recently shown that the 5-HT1A receptor is modified by covalently attached palmitate and 

that its palmitoylation is essential for receptor-mediated activation of Gi-protein and down-

stream signaling [ref]. It’s been demonstrated 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 reduced [ref]. These results demonstrate that receptor 

palmitoylation serves as a membrane rafts targeting signal. In the present study responsible 

palmitoylation enzymes (also called DHHC: Aspartate, Histidine, Histidine, Cysteine) for the 5-

HT1A receptor palmitoylation was investigated. The palmitoylation level of 5-HT1A receptor 

decreases through shDHHC’s. At first we looked for co-expression of 5-HT1A-mCherry receptor 

in combination with cAMP biosensor and shDHHC’s-eGFP (0.30µg+1.30µg+0.40µg) keeping 

total concentration of plasmid 2µg per well (Fig. 6.4).  

 
Figure 6.4 Confocal visualization of transiently co-expressed cAMP biosensor, 5-HT1A-mCherry receptor 

and shDHHC in N1E cells.  

Cytosolic cAMP biosensor (blue), membrane localized 5-HT1A receptor (red), cytosolic shDHHC (green) 

are shown. Scale bar 10µm. 

Fluorescence ratio measurements in cells expressing the mentioned plasmids were performed. 

The cell were exposed to perfused application of 1µM FSK in combination with 25µM IBMX 

after 2min followed with 20µM 5-HT after 6min at start of experiment. Representative 

fluorescence ratio traces of complete experiment and only for 5-HT application are shown (Fig. 

6.5A). Four different shRNA DHHC construct tagged with GFP was used for experiments. 

shDHHC5, 9, 12 and 21 were selected as they showed biochemically the ability to block the 

palmitoylation of 5-HT1A receptor. Cells expressing only 5-HT1AWT receptor and also in 

combination with scrambleRNA showed strong cAMP down regulation after 5-HT application, 

while cell expressing 5-HT1A double mutant-sRNA and other 5-HT1AWT - shDHHC’s showed 
significantly slower cAMP regulation. Merged fluorescence traces of the individual experiments 

are also shown. Kinetics of the experimental data is shown in Fig. 6.5C. Significant difference 

was observed between 5-HT1AWT and double mutant and also shDHHC21. 5-HT1A receptor is 

palmitoylated in mouse and rat brain. DHHC5, DHHC9 and DHHC21 are responsible for 

palmitoylation of 5HT1A receptor. Similarly to the acylation-deficient 5-HT1A mutant receptor, 

knocking down of relevant DHHCs reduces receptor-mediated cAMP inhibition and MAPK 

activation. The loss-of-function mutation of DHHC21 leads to significantly decreased 

palmitoylation of 5-HT1A receptor in vivo. Moreover, non-palmitoylated mutants were not able 

CEpac 5-HT1AR-mCherry shDHHC-eGFP Merge 
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always 1:1 ratio of plasmids (1µg+1µg) while total concentration 2µg was kept constant. Two 

excitation wavelengths 480nm for donor and 580nm for acceptor was selected after screening 

from six excitations exc1 (470nm-490nm) and exc2 (570nm-590nm) for donor and acceptor. 

Excitation wavelengths ranging from 450nm-600nm for donor and acceptor has been done 

earlier by us. The best exc1 and exc2 combination possible for donor and acceptor pair of eGFP 

and mCherry was selected which yielded higher apparent FRET efficiency EfD calculated via 

quantitative lux-FRET method. As shown in table 14 the positive control showed higher EfD 

value around 20% at xD 0.5 which shows real interaction between 5-HT7 and 5-HT1A receptor. 

When red labelled 5-HT receptors was co-expressed with CD44-GFP the EfD values was 

significantly very high on comparison to with very low xD value less than 0.1 telling about only 

presence of acceptor. On co-expressing eGFP tagged 5-HT receptors with CD44-mCherry, EfD 

values was less than zero with very high xD value 0.99 telling on presence of donor. These 

results suggest that CD44 plasmids expressing cells are 10 times less than cells expressing 5-HT7 

and 5-HT1A receptors. Hence xD values lies below 0.05 or above 0.9 depend on donor or 

acceptor based on CD44 plasmid tagged with GFP or mCherry. The EfD values are completely 

artificial. Other reason could be that not all donor couples with acceptor hence free donor leads 

to artificial EfD value with low xD and vice versa with high xD value. On could do measurement 

with the suggested ratio (1:30) A:D and (30:1) A:D for both colours of CD44 plasmids.  

Fluorolog: Exc1\EXc2(480nm\580nm) Etc Rtc  

eGFP-mCherry TC 21.14% 30.66%  

eGFP-mRFP1TC 14.51% 8.65%  

Co-transfection Samples(1:1 ratio) EfD  EfA xD 

5-HT7R-eGFP - 5-HT1AR-mCherry (+ve control) 21.26% 16.96% 0.44 

5-HT7R-mRFP1 - CD44R-GFP 34.68% 1.49% 0.04 

5-HT1AR-mCherry - CD44R-GFP 13.23% 0.29% 0.02 

5-HT7R-eGFP - CD44R-mCherry -0.16% -1.17% 0.88 

5-HT1AR-eGFP - CD44R-mCherry -0.18% -8.89% 0.98 

5-HT4R-GFP - CD44R-mCherry 0% 0% 0.32 

5-HT7R-eGFP - mCherry (-ve control) -1.75% -0.46% 0.21 

Table 14: FRET efficiency shown for interaction of CD44-5-HT receptors. 

Table describing interaction between CD44-5-HT7 and CD44-5-HT1A receptors investigated by lux-FRET 

showing apparent FRET efficiency E. Values are mean of atleast three independent experiments 

performed in cell population at Fluorolog. 

After cell population experiments and to find solutions for weird EfD distribution of 5-HT 

receptors co-expressed with CD44 receptor in 1:1 ratio followed with FRET measurement at 

single cell level was checked. The expression profile with linear correlation histogram is shown 
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(Fig. 6.7). Images were takes in online fingerprinting mode with unmixing of donor and acceptor 

based on respective spectra’s. Cells expressing 5-HT1A-mCherry receptor is much more in 

comparison to CD44-GFP receptor i.e as shown above out of 50 cells in the field of view almost 

all of them expresses 5-HT1A-mCherry or 5-HT7-mRFP1 receptor while only 5-10 cells expresses 

CD44-GFP. The overlap coefficient lies in the range of Pierson’s coefficient 0.8-0.9 for the 

selected cell co-expressing both receptors which is a proof of reliable co-localization of both the 

plasmids at the cell membrane. When we look at the intensity histogram it‘s seen that the eGFP 

intensity is double of that mCherry. But there are also few cells where eGFP and mCherry 

plasmids expression intensity lies in the same range. In general we have noticed that GFP 

brightness is always higher than mCherry even though on co-expression, very few cells 

expressed GFP. On exchanging fluorophores, cells expressing 5-HT1A-eGFP or 5-HT7-eGFP 

receptor is much more in comparison to CD44-mCherry receptor i.e. as shown above out of 25 

cells in the field of view almost all of them expresses 5-HT1A-eGFP or 5-HT7-eGFP receptor while 

more than 10 cells expresses CD44-mCherry which is higher than CD44-GFP receptor. The 

overlap coefficient lies in the range of Pierson’s coefficient 0.6-0.7 for CD44-5-HT1A or 5-HT7 

receptor which is a proof of co-localization but not so reliable. In case of 5-HT4-eGFP and CD44-

mCherry receptors co-expression, very few cells expressed 5-HT4 receptor at very low level with 

very less intensity; hence almost no co-localization was seen between both plasmids. Hence, in 

general cells expressing CD44 plasmids are 10 times less than cells expressing 5-HT1A and 5-HT7 

receptors. Hence xD values are less than 0.1 and the EfD values are completely artificial and 

makes almost no sense. Same expression level of CD44 like 5-HT1A and 5-HT7 receptors can be 

achieved by increasing the concentration of CD44 plasmid 5 to 10 times more than 5-HT 

receptors. The results from Fluorolog has been consistent with LSM images of co-transfected 

CD44-5-HT‘s. Images and control measurements at single cell level supports the Fluorolog 
results.  
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Figure 6.7 Expression profile of 5HT1A, 5-HT7 and CD44 receptors.  

The receptors at transfection level 1:1 ratio co-expressed in N1E cells. Images of receptors co-expressed 

in different combinations measured at LSM are shown. Positive control 5-HT1A - 5-HT7 receptors and 

negative control 5-HT1A-mCherry - eGFP is shown as well. Linear correlation intensity histogram of donor 

vs acceptor for complete cell population is shown. 

Further detailed analysis via quantitative Lux-FRET can say about an interaction between cd44 

and 5-HT7 and 5-HT1A receptors. The quantitative lux-FRET method, which allows to calculate 

and visualize the apparent FRET-efficiencies for donors, EfD., was applied to the living 

neuroblastoma cells (Fig. 6.8). Maximum projection of unmixed donor and acceptor of cells co-

expressing 5-HT1A-5-HT7 receptors, 5-HT1A -CD44 receptors, 5-HT7 -CD44 receptors are shown 

below. FRET image of EfDA50 showing value around 6-7% for 5-HT7 and 5-HT1A tagged with red 

fluorescent protein showing interaction with CD44-GFP similar like positive control. While cells 

expressing receptors tagged with fluorophores in opposite color showed FRET efficiency 2-3% 

lower, indicating weaker interaction. 5-HT4-GFP - CD44m-Cherry almost showed no interaction 

as 5-HT4 expression efficiency is very low in comparison to CD44. 
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Figure 6.8 Interaction of 5-HT7 and 5-HT1A receptors with CD44 investigated by lux-FRET.  

The receptors at transfection level 1:1 ratio co-expressed in N1E cells. Maximum intensity z-projection 

of unmixed images is shown. Representative maximum intensity projections of EfDA50 of subset displaying 

FRET between receptors are shown.  

5-HT4R-GFP - CD44R-mCherry 

5-HT7R-eGFP - CD44R-mCherry 

5-HT1AR-eGFP - CD44R-mCherry 

5-HT7R-mRFP1 - CD44R-GFP 

5-HT1AR-mCherry - CD44R-GFP 

5-HT1AR-mCherry - 5-HT7R-eGFP 

i 

v 

iv 

iii 

ii 

vi 





 Chapter 6 98 

 

   

   
Figure 6.10 Representative 2D histogram of EfD and EfA over xD for CD44-5-HT receptors interaction. 

Experimental data fitted according to dimerization model for various FRET couples of CD44 and 5-HT1A, 

5-HT7 receptors. 

6.5 Specific activation of CEpac biosensor by cNMP’s 

This was another side-line small project in collaboration with Prof. Dr. Roland Seifert group 

(Institute of Pharmacology), MHH. The purpose of this project was to look for specific activation 

of the biosensor by using four different cyclic nucleotides and to elucidate that other than 

cAMP, if other cNMP’s can activate the cAMP biosensor or not. This was achieved by 

performing titration measurement at Fluorolog using four cNMP’s in concentration range (0-

1mM) from with the help of biophysical method as explained earlier i.e. alternate two 

excitation wavelength lux-FRET method. At first four different cNMP’s (cAMP, cCMP, cGMP, 
cUMP) were titrated to protein lysate of N1E cells expressing 1µg of cAMP biosensor. 50µM of 

IBMX phosphodiesterase inhibitor was added to the lysate to inhibit the enzymatic activity of 

phosphodiesterase. At three different excitations 440nm, 458nm and 488nm the titration was 

done. Offline lux-Fret data evaluation was done which are presented below. In Fig. 6.11 its’ 
shown that cAMP activates the biosensor at 1µM concentration and then reaches saturation 

level and remains in that level even at higher concentrations. At 100µM concentration cCMP 

slightly showed a tendency to activate the biosensor. Unmixing of the spectra for cNMP’s at 
various concentrations at excitation 440nm is shown. FRET efficiency at four different 

combinations of three excitations is calculated for all four cNMP’s was also calculated. Further 
FRET efficiency EfD at excitation 440nm was calculated over concentration range and is 

presented through various plots. Fluorescence ratio at excitation 440nm over concentration 

was also plotted. All the above mentioned plots are shown in figure below. 
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Figure 6.11 cNMP’s titration to cAMP biosensor at 440nm, 458nm, 488nm excitations.  

(i) The measured emission spectrum at 3 excitations for cAMP titration showing change in fluorescence 

signal at 1µM concentration; (ii, iii, iv) The measured emission spectrum for cCMP, cGMP and cUMP 

titration showing no change in fluorescence signal. 
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Figure 6.12 cNMP’s titration to cAMP biosensor investigated by lux-FRET.  

(i) The measured emission spectrum (440nm excitation) was fitted by a linear combination of reference 

spectra for YFP, CFP, Raman, and background; ii) FRET efficiency of cNMP’s at four different 

combinations of three excitations; iii) FRET efficiency of cNMP’s at excitation 440nm over (0-1mM) 

concentration range. Fluorescence ratio (D/A) and bar plot of different cNMP’s at 440nm. 

Later, fluorescence ratio measurement at LSM 780 in cells expressing 1µg of biosensor was 

performed. The cells were treated with highly membrane-permeant precursor of the second 

messenger cyclic nucleotides. After permeation and metabolic activation by esterases, the polar 

cAMP is released which is trapped inside the cell and subsequently metabolized quickly, 

resulting in a very strong change in fluorescence ratio signal. The cNMP-AM’s are metabolically 
activable pro drug of the second messengers cNMP’s. Buffer solution consisting of 50µM IBMX 
was used as base solution for experiments. After 5min start of experiment 100µM of cNMP-

AM’s was added to 500µl buffer volume in the chamber from 1mM stock solutions. Within 15-

20s very strong change in cAMP level was observed upon addition of cAMP-AM. But no 

significant change in cAMP level was seen when cells were exposed to other cNMP’s-AM. 33µM 

of PO4-AM3 was used as a control reagent. In Fig. 6.12A, the cells exposed to different cNMP-

AM’s are shown. Hence Epac biosensor is highly selective to cAMP and is only get activated by 
cAMP but not any other cNMP’s. Significant difference in decay time for cAMP-AM with large 

amplitude (τ=15s, A=0.25) was observed in comparison with other cAMP-AM which showed 

very slow decay time almost with no amplitude (Fig. 6.12B). 
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Figure 6.13 Change in fluorescence ratio on application on cNMP-AM’s to cAMP biosensor. 

A) Fluorescence intensity ratio traces of N1E cells expressing cAMP biosensor exposed to 4 different 

100µM of cNMP-AM’s with continuous inhibiting of phosphodiesterase with 50µM IBMX. B) Kinetics of 

measure experimental data (decay time and amplitude) shown in bar plots. Initial values of the ratio 

traces were normalized to 1 (n≥30). Data are the means ± s.e.m of at least two separate experiments. 

6.6 Protein kinase alpha activation in N1E cells 

Protein kinase C alpha (PKCα) is an enzyme that in humans is encoded by the PRKCA gene. PKCα 
is a specific member of the protein kinase family (Fig. 6.13A). These enzymes are characterized 

by their ability to add a phosphate group to other proteins, thus changing their function. The 

primary mode of PKC-α’s regulation, however, involves its interaction with the cell membrane 
which consist of phospholipids, not direct interaction with specific molecules. Phorbol 12-

myristate 13-acetate (PMA) (Fig. 6.13A), is a diester of phorbol and a potent tumor promoter 

often employed in biomedical research to activate the signal transduction enzyme protein kinase C 

(PKC). The effects of PMA on PKC result from its similarity to one of the natural activators of 

classic PKC isoforms, diacylglycerol. This small molecule drug was dissolved in DMSO at 1mM 

concentration. Further dilution was done in buffer B solution.  

PMA, induced activation of PKC in N1E cells was investigated. Using confocal imaging PKC alpha 

was found to be in the cytosol. Cells were transfected with PKCα-CFP and PKCα-YFP plasmids 

(0.5µg each) keeping 1µg total concentration. At first fluorescence ratio measurement for 

10min was performed with application of PMA after 3min at start of experiment. Very fast 

strong bleaching of the expressed constructs was observed. Later, FRET measurement in 2 track 

channel mode was performed. Images were acquired at zoom.0.1, 1.0 A.U, exc1 440nm-10% 

and exc2 514nm-5% with 10 z-frames. Other acquisition parameters were kept similar like 

earlier FRET measurements. Following the treatment of cells with PMA, the physical 

translocation of PKC alpha from the cytosol to the membrane occurred over 10min. No FRET 

was observed in cells before treatment, while on application of 1µM of PMA, the PKC alpha 

physical translocate to the membrane within 15min after application which lead to increase in 

B 

A 
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Appendix Figure 2 Measured change in fluorescence ratio in N1E cells without 10min blockage time. 

Cells expressing cAMP biosensor in combination with 5-HT7-eGFP and 5-HT1A-mCherry receptors shows 

artificial effect induced due to WAY blocking 5-HT1A receptor and further cAMP up regulation upon 5-CT 

and blockage of 5-HT7 receptor on SB application effect of 5µM FSK (n≥30). Initial values of the ratio 

traces were normalized to 1. Measurement performed while optimization of application protocol. 
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Appendix Figure 3 Agonist stimulation in WT hippocampal neurons expressing cAMP biosensor 

induced change in fluorescence ratio on DIV2 and DIV12. 

Representative traces of fluorescence ratio change in response to 10µM agonist 8-OH-DPAT and 5-CT 

(n≥5). (i,ii) Various change in cAMP level seen on application of 5-CT and 8-OH-DPAT; iii) No effect of the 

antagonist WAY on the fluorescence ratio caused by 5-CT blocking endogenous 5-HT1A receptor iv) No 

activation of 5-HT1A receptor (5-CT) without FSK stimulation upon blocking of 5-HT7 receptor (SB); v) 

Effect of SB on the fluorescence ratio caused by FSK-IBMX and 8-OH-DPAT partially blocking endogenous 

5-HT7 receptor. Initial values of the ratio traces were normalized to 1. Atleast 5 independent 

measurements were done.  

 

 

 

 
Appendix Figure 4 Agonist stimulation in 5-HT7KO hippocampal neurons expressing cAMP biosensor 

induced change in fluorescence ratio on DIV2 and DIV12.  

Representative traces of fluorescence ratio change in response to 10µM agonist 8-OH-DPAT and 5-CT 

(n≥5). (i) The change in fluorescence ratio caused by FSK-IBMX and 5-CT and 5-CT effect blocked by 

WAY; ii) No effect of the antagonist WAY on the fluorescence ratio caused by 5-CT blocking endogenous 

5-HT1A receptor; iii) Effect of the antagonist SB on the fluorescence ratio caused by FSK-IBMX and 8-OH-

DPAT in neurons transiently expressing 5-HT7-eGFP receptor in addition. Initial values of the ratio traces 

were normalized to 1. Atleast 5 independent measurements were done.  

 

i 

ii 

iii 

+5-HT7R-eGFP 

Over-expression 

DIV2 DIV12 

5-HT7KO 



 REFERENCES 109 

 REFERENCES 

 

1. Kniazeff, J. and J.P. Pin, [G-protein-coupled receptors dimers and oligomers: for which 

purpose? The GABA(B) receptor under investigation]. Med Sci (Paris), 2012. 28(10): 

p. 858-63. 

2. Gorinski, N., N. Kowalsman, U. Renner, A. Wirth, M.T. Reinartz, R. Seifert, A. Zeug, E. 

Ponimaskin, and M.Y. Niv, Computational and experimental analysis of the 

transmembrane domain 4/5 dimerization interface of the serotonin 5-HT(1A) 

receptor. Mol Pharmacol, 2012. 82(3): p. 448-63. 

3. Comps-Agrar, L., J. Kniazeff, C. Brock, E. Trinquet, and J.P. Pin, Stability of GABAB 

receptor oligomers revealed by dual TR-FRET and drug-induced cell surface targeting. 

FASEB J, 2012. 26(8): p. 3430-9. 

4. Salim, K., T. Fenton, J. Bacha, H. Urien-Rodriguez, T. Bonnert, H.A. Skynner, E. Watts, 

J. Kerby, A. Heald, M. Beer, G. McAllister, and P.C. Guest, Oligomerization of G-protein-

coupled receptors shown by selective co-immunoprecipitation. J Biol Chem, 2002. 

277(18): p. 15482-5. 

5. Renner, U., A. Zeug, A. Woehler, M. Niebert, A. Dityatev, G. Dityateva, N. Gorinski, D. 

Guseva, D. Abdel-Galil, M. Frohlich, F. Doring, E. Wischmeyer, D.W. Richter, E. Neher, 

and E.G. Ponimaskin, Heterodimerization of serotonin receptors 5-HT1A and 5-HT7 

differentially regulates receptor signalling and trafficking. J Cell Sci, 2012. 125(Pt 

10): p. 2486-99. 

6. Kantamneni, S., I.M. Gonzalez-Gonzalez, J. Luo, H. Cimarosti, S.C. Jacobs, N. Jaafari, 

and J.M. Henley, Differential regulation of GABAB receptor trafficking by different 

modes of NMDA receptor signalling. J Biol Chem, 2014. 

7. Lohse, M.J., S. Nuber, and C. Hoffmann, Fluorescence/bioluminescence resonance 

energy transfer techniques to study G-protein-coupled receptor activation and 

signaling. Pharmacol Rev, 2012. 64(2): p. 299-336. 

8. Zeug, A., A. Woehler, E. Neher, and E.G. Ponimaskin, Quantitative intensity-based 

FRET approaches--a comparative snapshot. Biophys J, 2012. 103(9): p. 1821-7. 

9. Wlodarczyk, J., A. Woehler, F. Kobe, E. Ponimaskin, A. Zeug, and E. Neher, Analysis of 

FRET signals in the presence of free donors and acceptors. Biophys J, 2008. 94(3): p. 

986-1000. 

10. Albert, P.R., Constitutive Gi2-dependent Activation of Adenylyl Cyclase Type II by the 5-

HT1A Receptor. INHIBITION BY ANXIOLYTIC PARTIAL AGONISTS. Journal of 

Biological Chemistry, 1999. 274(50): p. 35469-35474. 

11. Kvachnina, E., G. Liu, A. Dityatev, U. Renner, A. Dumuis, D.W. Richter, G. Dityateva, M. 

Schachner, T.A. Voyno-Yasenetskaya, and E.G. Ponimaskin, 5-HT7 receptor is coupled 

to G alpha subunits of heterotrimeric G12-protein to regulate gene transcription and 

neuronal morphology. J Neurosci, 2005. 25(34): p. 7821-30. 

12. Vilardaga, J.P., L.F. Agnati, K. Fuxe, and F. Ciruela, G-protein-coupled receptor 

heteromer dynamics. J Cell Sci, 2010. 123(Pt 24): p. 4215-20. 



 REFERENCES 110 

 

13. van der Krogt, G.N., J. Ogink, B. Ponsioen, and K. Jalink, A comparison of donor-

acceptor pairs for genetically encoded FRET sensors: application to the Epac cAMP 

sensor as an example. PLoS One, 2008. 3(4): p. e1916. 

14. Xie, M., T.C. Rich, C. Scheitrum, M. Conti, and W. Richter, Inactivation of multidrug 

resistance proteins disrupts both cellular extrusion and intracellular degradation of 

cAMP. Mol Pharmacol, 2011. 80(2): p. 281-93. 

15. de Zoete, M.R., A.M. Keestra, J.A. Wagenaar, and J.P. van Putten, Reconstitution of a 

functional Toll-like receptor 5 binding site in Campylobacter jejuni flagellin. J Biol 

Chem, 2010. 285(16): p. 12149-58. 

16. Goupil, E., S.A. Laporte, and T.E. Hebert, GPCR heterodimers: asymmetries in ligand 

binding and signalling output offer new targets for drug discovery. Br J Pharmacol, 

2013. 168(5): p. 1101-3. 

17. Vilardaga, J.P., M. Bunemann, T.N. Feinstein, N. Lambert, V.O. Nikolaev, S. Engelhardt, 

M.J. Lohse, and C. Hoffmann, GPCR and G proteins: drug efficacy and activation in live 

cells. Mol Endocrinol, 2009. 23(5): p. 590-9. 

18. Papoucheva, E., A. Dumuis, M. Sebben, D.W. Richter, and E.G. Ponimaskin, The 5-

hydroxytryptamine(1A) receptor is stably palmitoylated, and acylation is critical for 

communication of receptor with Gi protein. J Biol Chem, 2004. 279(5): p. 3280-91. 

19. Leroy, D., M. Missotten, C. Waltzinger, T. Martin, and A. Scheer, G protein-coupled 

receptor-mediated ERK1/2 phosphorylation: towards a generic sensor of GPCR 

activation. J Recept Signal Transduct Res, 2007. 27(1): p. 83-97. 

20. Aye-Han, N.N., M.D. Allen, Q. Ni, and J. Zhang, Parallel tracking of cAMP and PKA 

signaling dynamics in living cells with FRET-based fluorescent biosensors. Mol Biosyst, 

2012. 8(5): p. 1435-40. 

21. Perez-Garcia, G. and A. Meneses, Ex vivo study of 5-HT(1A) and 5-HT(7) receptor 

agonists and antagonists on cAMP accumulation during memory formation and 

amnesia. Behav Brain Res, 2008. 195(1): p. 139-46. 

22. Costa, L., C. Trovato, S.A. Musumeci, M.V. Catania, and L. Ciranna, 5-HT(1A) and 5-

HT(7) receptors differently modulate AMPA receptor-mediated hippocampal synaptic 

transmission. Hippocampus, 2012. 22(4): p. 790-801. 

23. Lam, A.J., F. St-Pierre, Y. Gong, J.D. Marshall, P.J. Cranfill, M.A. Baird, M.R. McKeown, J. 

Wiedenmann, M.W. Davidson, M.J. Schnitzer, R.Y. Tsien, and M.Z. Lin, Improving 

FRET dynamic range with bright green and red fluorescent proteins. Nat Methods, 

2012. 9(10): p. 1005-12. 

24. Piston, D.W. and G.J. Kremers, Fluorescent protein FRET: the good, the bad and the 

ugly. Trends Biochem Sci, 2007. 32(9): p. 407-14. 

25. Albertazzi, L., D. Arosio, L. Marchetti, F. Ricci, and F. Beltram, Quantitative FRET 

analysis with the EGFP-mCherry fluorescent protein pair. Photochem Photobiol, 2009. 

85(1): p. 287-97. 

26. Ai, H.W., K.L. Hazelwood, M.W. Davidson, and R.E. Campbell, Fluorescent protein 

FRET pairs for ratiometric imaging of dual biosensors. Nat Methods, 2008. 5(5): p. 

401-3. 

27. Syed, Y.A., A. Baer, M.P. Hofer, G.A. Gonzalez, J. Rundle, S. Myrta, J.K. Huang, C. Zhao, 

M.J. Rossner, M.W. Trotter, G. Lubec, R.J. Franklin, and M.R. Kotter, Inhibition of 

phosphodiesterase-4 promotes oligodendrocyte precursor cell differentiation and 

enhances CNS remyelination. EMBO Mol Med, 2013. 5(12): p. 1918-34. 



 REFERENCES 111 

 

28. De Vivo, M. and S. Maayani, Stimulation and inhibition of adenylyl cyclase by distinct 

5-hydroxytryptamine receptors. Biochem Pharmacol, 1990. 40(7): p. 1551-8. 

29. Saenz del Burgo, L., R. Cortes, G. Mengod, J. Zarate, E. Echevarria, and J. Salles, 

Distribution and neurochemical characterization of neurons expressing GIRK channels 

in the rat brain. J Comp Neurol, 2008. 510(6): p. 581-606. 

30. Varnas, K., D.R. Thomas, E. Tupala, J. Tiihonen, and H. Hall, Distribution of 5-HT7 

receptors in the human brain: a preliminary autoradiographic study using [3H]SB-

269970. Neurosci Lett, 2004. 367(3): p. 313-6. 

31. Nakamura, T., T. Kitazawa, J. Cao, T. Iwamoto, H. Teraoka, K. Kadota, and T. Taneike, 

Excitatory and inhibitory 5-hydroxytryptamine (5-HT) receptors expressed in the 

isolated porcine uterine muscles. Eur J Pharmacol, 2008. 600(1-3): p. 123-9. 

32. Duncan, M.J., K.M. Franklin, V.A. Davis, G.H. Grossman, M.E. Knoch, and J.D. Glass, 

Short-term constant light potentiation of large-magnitude circadian phase shifts 

induced by 8-OH-DPAT: effects on serotonin receptors and gene expression in the 

hamster suprachiasmatic nucleus. Eur J Neurosci, 2005. 22(9): p. 2306-14. 

33. Neumaier, J.F., T.J. Sexton, J. Yracheta, A.M. Diaz, and M. Brownfield, Localization of 

5-HT(7) receptors in rat brain by immunocytochemistry, in situ hybridization, and 

agonist stimulated cFos expression. J Chem Neuroanat, 2001. 21(1): p. 63-73. 

34. Duncan, M.J. and K.M. Franklin, Expression of 5-HT7 receptor mRNA in the hamster 

brain: effect of aging and association with calbindin-D28K expression. Brain Res, 

2007. 1143: p. 70-7. 

35. De Vivo, M. and S. Maayani, Characterization of the 5-hydroxytryptamine1a receptor-

mediated inhibition of forskolin-stimulated adenylate cyclase activity in guinea pig 

and rat hippocampal membranes. J Pharmacol Exp Ther, 1986. 238(1): p. 248-53. 

36. Cowen, D.S., N.N. Johnson-Farley, and T. Travkina, 5-HT receptors couple to 

activation of Akt, but not extracellular-regulated kinase (ERK), in cultured 

hippocampal neurons. J Neurochem, 2005. 93(4): p. 910-7. 

37. Ashby, C.R., Jr., J.H. Kehne, G.D. Bartoszyk, M.J. Renda, M. Athanasiou, K.A. Pierz, and 

C.A. Seyfried, Electrophysiological evidence for rapid 5-HT(1)A autoreceptor 

inhibition by vilazodone, a 5-HT(1)A receptor partial agonist and 5-HT reuptake 

inhibitor. Eur J Pharmacol, 2013. 714(1-3): p. 359-65. 

38. Moneta, D., C. Richichi, M. Aliprandi, P. Dournaud, P. Dutar, J.M. Billard, A.S. Carlo, C. 

Viollet, J.P. Hannon, D. Fehlmann, C. Nunn, D. Hoyer, J. Epelbaum, and A. Vezzani, 

Somatostatin receptor subtypes 2 and 4 affect seizure susceptibility and hippocampal 

excitatory neurotransmission in mice. Eur J Neurosci, 2002. 16(5): p. 843-9. 

39. Wintzer, M.E., R. Boehringer, D. Polygalov, and T.J. McHugh, The Hippocampal CA2 

Ensemble Is Sensitive to Contextual Change. J Neurosci, 2014. 34(8): p. 3056-66. 

40. Riad, M., S. Garcia, K.C. Watkins, N. Jodoin, E. Doucet, X. Langlois, S. el Mestikawy, M. 

Hamon, and L. Descarries, Somatodendritic localization of 5-HT1A and preterminal 

axonal localization of 5-HT1B serotonin receptors in adult rat brain. J Comp Neurol, 

2000. 417(2): p. 181-94. 

41. Zhang, Q., S. Wang, L. Zhang, H. Zhang, H. Qiao, X. Niu, and J. Liu, Decreased response 

of interneurons in the medial prefrontal cortex to 5-HT receptor activation in the rat 

6-hydroxydopamine Parkinson model. Neurol Sci, 2014. 



 REFERENCES 112 

 

42. Clarke, W.P., M. De Vivo, S.G. Beck, S. Maayani, and J. Goldfarb, Serotonin decreases 

population spike amplitude in hippocampal cells through a pertussis toxin substrate. 

Brain Res, 1987. 410(2): p. 357-61. 

43. Zaretsky, D.V., M.V. Zaretskaia, J.A. Dimicco, P.J. Durant, C.T. Ross, and D.E. Rusyniak, 

Independent of 5-HT1A receptors, neurons in the paraventricular hypothalamus 

mediate ACTH responses from MDMA. Neurosci Lett, 2013. 555: p. 42-6. 

44. Schijven, D., V.C. Sousa, J. Roelofs, B. Olivier, and J.D. Olivier, Serotonin 1A receptors 

and sexual behavior in a genetic model of depression. Pharmacol Biochem Behav, 

2013. 

45. Herin, D.V., M.J. Bubar, P.K. Seitz, M.L. Thomas, G.R. Hillman, Y.I. Tarasenko, P. Wu, 

and K.A. Cunningham, Elevated Expression of Serotonin 5-HT(2A) Receptors in the Rat 

Ventral Tegmental Area Enhances Vulnerability to the Behavioral Effects of Cocaine. 

Front Psychiatry, 2013. 4: p. 2. 

46. Iderberg, H., D. Rylander, Z. Bimpisidis, and M.A. Cenci, Modulating mGluR5 and 5-

HT1A/1B receptors to treat l-DOPA-induced dyskinesia: effects of combined treatment 

and possible mechanisms of action. Exp Neurol, 2013. 250: p. 116-24. 

47. Dityateva, G., M. Hammond, C. Thiel, M.O. Ruonala, M. Delling, G. Siebenkotten, M. 

Nix, and A. Dityatev, Rapid and efficient electroporation-based gene transfer into 

primary dissociated neurons. J Neurosci Methods, 2003. 130(1): p. 65-73. 

48. Salonikidis, P.S., A. Zeug, F. Kobe, E. Ponimaskin, and D.W. Richter, Quantitative 

measurement of cAMP concentration using an exchange protein directly activated by a 

cAMP-based FRET-sensor. Biophys J, 2008. 95(11): p. 5412-23. 

49. Woehler, A., J. Wlodarczyk, and E.G. Ponimaskin, Specific oligomerization of the 5-

HT1A receptor in the plasma membrane. Glycoconj J, 2009. 26(6): p. 749-56. 

50. Fukata, Y., D.S. Bredt, and M. Fukata, Protein Palmitoylation by DHHC Protein Family, 

in The Dynamic Synapse: Molecular Methods in Ionotropic Receptor Biology, J.T. 

Kittler and S.J. Moss, Editors. 2006: Boca Raton (FL). 

51. Gorlewicz, A., J. Wlodarczyk, E. Wilczek, M. Gawlak, A. Cabaj, H. Majczynski, K. 

Nestorowicz, M.A. Herbik, P. Grieb, U. Slawinska, L. Kaczmarek, and G.M. Wilczynski, 

CD44 is expressed in non-myelinating Schwann cells of the adult rat, and may play a 

role in neurodegeneration-induced glial plasticity at the neuromuscular junction. 

Neurobiology of Disease, 2009. 34(2): p. 245-258. 

52. Forster, T., Energiewanderung und Fluoreszenz. Die Naturwissenschaften, 1946. 

33(6): p. 166-175. 

53. Forster, T., *ZWISCHENMOLEKULARE ENERGIEWANDERUNG UND FLUORESZENZ. 

Annalen Der Physik, 1948. 2(1-2): p. 55-75. 

54. Forster, T., Energy migration and fluorescence. 1946. Journal of biomedical optics, 

2012. 17(1): p. 011002. 

55. Lakowicz, J., Principles of Fluorescence Spectroscopy, 3rd ed. Principles of 

Fluorescence Spectroscopy. 2006, New York, Boston, Dordrecht, London, Moscow: 

Kluwer Academic/Plenum Publishers. 

56. Meyer, B.H., J.M. Segura, K.L. Martinez, R. Hovius, N. George, K. Johnsson, and H. 

Vogel, FRET imaging reveals that functional neurokinin-1 receptors are monomeric 

and reside in membrane microdomains of live cells. Proc Natl Acad Sci U S A, 2006. 

103(7): p. 2138-43. 



 REFERENCES 113 

 

57. Veatch, W. and L. Stryer, The dimeric nature of the gramicidin A transmembrane 

channel: conductance and fluorescence energy transfer studies of hybrid channels. J 

Mol Biol, 1977. 113(1): p. 89-102. 

58. Zaccolo, M., F. De Giorgi, C.Y. Cho, L. Feng, T. Knapp, P.A. Negulescu, S.S. Taylor, R.Y. 

Tsien, and T. Pozzan, A genetically encoded, fluorescent indicator for cyclic AMP in 

living cells. Nat Cell Biol, 2000. 2(1): p. 25-9. 

59. Evellin, S., M. Mongillo, A. Terrin, V. Lissandron, and M. Zaccolo, Measuring dynamic 

changes in cAMP using fluorescence resonance energy transfer. Methods Mol Biol, 

2004. 284: p. 259-70. 

60. Mongillo, M., T. McSorley, S. Evellin, A. Sood, V. Lissandron, A. Terrin, E. Huston, A. 

Hannawacker, M.J. Lohse, T. Pozzan, M.D. Houslay, and M. Zaccolo, Fluorescence 

resonance energy transfer-based analysis of cAMP dynamics in live neonatal rat 

cardiac myocytes reveals distinct functions of compartmentalized phosphodiesterases. 

Circ Res, 2004. 95(1): p. 67-75. 

61. Moffett, S., L. Adam, H. Bonin, T.P. Loisel, M. Bouvier, and B. Mouillac, Palmitoylated 

cysteine 341 modulates phosphorylation of the beta2-adrenergic receptor by the 

cAMP-dependent protein kinase. J Biol Chem, 1996. 271(35): p. 21490-7. 

62. de Rooij, J., H. Rehmann, M. van Triest, R.H. Cool, A. Wittinghofer, and J.L. Bos, 

Mechanism of regulation of the Epac family of cAMP-dependent RapGEFs. J Biol Chem, 

2000. 275(27): p. 20829-36. 

63. Springett, G.M., H. Kawasaki, and D.R. Spriggs, Non-kinase second-messenger 

signaling: new pathways with new promise. Bioessays, 2004. 26(7): p. 730-8. 

64. Enserink, J.M., A.E. Christensen, J. de Rooij, M. van Triest, F. Schwede, H.G. Genieser, 

S.O. Doskeland, J.L. Blank, and J.L. Bos, A novel Epac-specific cAMP analogue 

demonstrates independent regulation of Rap1 and ERK. Nat Cell Biol, 2002. 4(11): p. 

901-6. 

65. Ponsioen, B., J. Zhao, J. Riedl, F. Zwartkruis, G. van der Krogt, M. Zaccolo, W.H. 

Moolenaar, J.L. Bos, and K. Jalink, Detecting cAMP-induced Epac activation by 

fluorescence resonance energy transfer: Epac as a novel cAMP indicator. EMBO Rep, 

2004. 5(12): p. 1176-80. 

66. Prasad, S., A. Zeug, and E. Ponimaskin, Analysis of Receptor-Receptor Interaction by 

Combined Application of FRET and Microscopy. Receptor-Receptor Interactions, 

2013. 117: p. 243-265. 

67. Pawley, J.B., Handbook of biological confocal microscopy. 3rd ed. 2006, New York, NY: 

Springer. xxviii, 985 p. 

68. Hedlund, P.B., M. Leopoldo, S. Caccia, G. Sarkisyan, C. Fracasso, G. Martelli, E. 

Lacivita, F. Berardi, and R. Perrone, LP-211 is a brain penetrant selective agonist for 

the serotonin 5-HT(7) receptor. Neurosci Lett, 2010. 481(1): p. 12-6. 

69. Kobe, F., D. Guseva, T.P. Jensen, A. Wirth, U. Renner, D. Hess, M. Muller, L. Medrihan, 

W. Zhang, M. Zhang, K. Braun, S. Westerholz, A. Herzog, K. Radyushkin, A. El-Kordi, 

H. Ehrenreich, D.W. Richter, D.A. Rusakov, and E. Ponimaskin, 5-HT7R/G12 signaling 

regulates neuronal morphology and function in an age-dependent manner. J Neurosci, 

2012. 32(9): p. 2915-30. 

70. Gregg, C.J., J. Steppan, D.R. Gonzalez, H.C. Champion, A.C. Phan, D. Nyhan, A.A. 

Shoukas, J.M. Hare, L.A. Barouch, and D.E. Berkowitz, beta2-adrenergic receptor-

coupled phosphoinositide 3-kinase constrains cAMP-dependent increases in cardiac 



 REFERENCES 114 

 

inotropy through phosphodiesterase 4 activation. Anesth Analg, 2010. 111(4): p. 870-

7. 

71. Woehler, A., J. Wlodarczyk, and E. Neher, Signal/noise analysis of FRET-based sensors. 

Biophys J, 2010. 99(7): p. 2344-54. 

72. Rivero-Muller, A., K.C. Jonas, A.C. Hanyaloglu, and I. Huhtaniemi, Di/oligomerization 

of GPCRs-mechanisms and functional significance. Prog Mol Biol Transl Sci, 2013. 

117: p. 163-85. 

73. Maggio, R., C. Rocchi, and M. Scarselli, Experimental strategies for studying G protein-

coupled receptor homo- and heteromerization with radioligand binding and signal 

transduction methods. Methods Enzymol, 2013. 521: p. 295-310. 

74. Klein, U., C. Muller, P. Chu, M. Birnbaumer, and M. von Zastrow, Heterologous 

inhibition of G protein-coupled receptor endocytosis mediated by receptor-specific 

trafficking of beta-arrestins. J Biol Chem, 2001. 276(20): p. 17442-7. 

75. Tian, X., D.S. Kang, and J.L. Benovic, beta-Arrestins and G Protein-Coupled Receptor 

Trafficking. Handb Exp Pharmacol, 2014. 219: p. 173-86. 

76. Holliday, N.D., S.J. Watson, and A.J. Brown, Drug discovery opportunities and 

challenges at g protein coupled receptors for long chain free Fatty acids. Front 

Endocrinol (Lausanne), 2011. 2: p. 112. 

77. Milligan, G., T. Ulven, H. Murdoch, and B.D. Hudson, G-protein-coupled receptors for 

free fatty acids: nutritional and therapeutic targets. Br J Nutr, 2014: p. 1-5. 

78. Kaczor, A.A., J. Selent, and A. Poso, Structure-based molecular modeling approaches to 

GPCR oligomerization. Methods Cell Biol, 2013. 117: p. 91-104. 

79. Beique, J.C., B. Campbell, P. Perring, M.W. Hamblin, P. Walker, L. Mladenovic, and R. 

Andrade, Serotonergic regulation of membrane potential in developing rat prefrontal 

cortex: coordinated expression of 5-hydroxytryptamine (5-HT)1A, 5-HT2A, and 5-HT7 

receptors. J Neurosci, 2004. 24(20): p. 4807-17. 

80. Goupil, E., S.A. Laporte, and T.E. Hebert, A simple method to detect allostery in GPCR 

dimers. Methods Cell Biol, 2013. 117: p. 165-79. 

81. Kaczor, A.A. and J. Selent, Oligomerization of G protein-coupled receptors: biochemical 

and biophysical methods. Curr Med Chem, 2011. 18(30): p. 4606-34. 

82. Vincent, P., L.R. Castro, N. Gervasi, E. Guiot, M. Brito, and D. Paupardin-Tritsch, PDE4 

control on cAMP/PKA compartmentation revealed by biosensor imaging in neurons. 

Horm Metab Res, 2012. 44(10): p. 786-9. 

83. Castro, L.R., E. Guiot, M. Polito, D. Paupardin-Tritsch, and P. Vincent, Decoding spatial 

and temporal features of neuronal cAMP/PKA signaling with FRET biosensors. 

Biotechnol J, 2014. 9(2): p. 192-202. 

84. Trifilieff, P., M.L. Rives, E. Urizar, R.A. Piskorowski, H.D. Vishwasrao, J. Castrillon, C. 

Schmauss, M. Slattman, M. Gullberg, and J.A. Javitch, Detection of antigen interactions 

ex vivo by proximity ligation assay: endogenous dopamine D2-adenosine A2A receptor 

complexes in the striatum. Biotechniques, 2011. 51(2): p. 111-8. 

85. Kobe, F., U. Renner, A. Woehler, J. Wlodarczyk, E. Papusheva, G. Bao, A. Zeug, D.W. 

Richter, E. Neher, and E. Ponimaskin, Stimulation- and palmitoylation-dependent 

changes in oligomeric conformation of serotonin 5-HT1A receptors. Biochim Biophys 

Acta, 2008. 1783(8): p. 1503-16. 



 REFERENCES 115 

 

86. Probst, W.C., L.A. Snyder, D.I. Schuster, J. Brosius, and S.C. Sealfon, Sequence 

alignment of the G-protein coupled receptor superfamily. DNA Cell Biol, 1992. 11(1): 

p. 1-20. 

87. Wirth, A., C. Chen-Wacker, Y.W. Wu, N. Gorinski, M.A. Filippov, G. Pandey, and E. 

Ponimaskin, Dual lipidation of the brain-specific Cdc42 isoform regulates its 

functional properties. Biochem J, 2013. 456(3): p. 311-22. 

88. Szepesi, Z., M. Bijata, B. Ruszczycki, L. Kaczmarek, and J. Wlodarczyk, Matrix 

metalloproteinases regulate the formation of dendritic spine head protrusions during 

chemically induced long-term potentiation. PLoS One, 2013. 8(5): p. e63314. 

 

 


