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5-CT   5-carboxamidotryptamine 
AC  Adenylyl cyclase 
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CFP  Cyano fluorescent protein 
CM  Cardiomyocyte 
Epac  Exchange protein directly activated by cAMP 
EF  Ejection fraction 
FRET  Fluorescence resonance energy transfer 
FRAP  Fluorescence recovery after photobleaching 
GEF  Guanine nucleotide exchange factor 
GPCR  G-protein-coupled receptor 
GDP  Guanosine-5’-diphosphate 
GFP  Green fluorescent protein 
GTP  Guanosine-5’-triphosphate 
HEK  Human embryonic kidney 
HF  Heart failure 
HFrEF  Heart failure with reduced ejection fraction 
HFmrEF Heart failure with mid-range ejection fraction 
HFpEF  Heart failure with preserved ejection fraction 
Iso  Isoprotenolol 
ICL  Intracellular loop 
LTCC  L-type calcium channel 
cMyBP-C cardiac myosin binding protein C  
N-terminal Aminoterminal 
PDE  Phosphodiesterase 
PKA  Protein kinase A 
PKC  Protein kinase C 
PLC   Phospholipase C 
PLD  Phospholipase D 
REM  Rapid eye movement 
RGS  Regulators of G protein signaling  
RyR  Ryanodine receptor 
SR  Sarcoplasmic reticulum 
SERCA  SR Ca2+-ATPase 
TM  Transmembrane 
TnI  Troponin I 
TnT  Troponin T 
YFP  Yellow fluorescent protein 
WT   Wild type 
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Preface 

The research group of Finn Olav Levy focuses on serotonin receptor-mediated signaling and 

signal transduction in normal and failing hearts. Specifically, the group is engaged in cellular 

signaling mechanism of 5-HT7 receptors, 5-HT4 receptors, β-adrenoceptors and natriuretic 

peptides receptors (NPR). One of the primary research goals for our group is to understand 

the signal transduction and coupling mode of 5-HT7 and 5-HT4 receptors. We have previously 

reported that signaling properties of the two Gs-coupled serotonin receptors 5-HT4 and 5-HT7 

differ fundamentally 1. While the potency of 5-HT4 receptors to stimulate AC increased with 

increasing receptor densities, the potency of 5-HT7 receptors was unaltered 1. This indicates a 

lack of spare receptors for the 5-HT7 and is consistent with a model where the 5-HT7 receptors 

are preassociated with Gs in the absence of ligand. In addition, the 5-HT7 receptors differ from 

most other receptors, in that the high affinity agonist binding is insensitive to the destabilizing 

effect of GTP analogs, possibly indicating formation of a tight receptor-G protein complex 2, 3. 

In Paper I and II  we investigated the receptor-G protein interaction of 5-HT4 and 5-HT7 

receptors directly using a combination of chimeric receptor construction, intermolecular 

FRET and antibody-immobilized FRAP techniques.  

Another research goal for the group is receptor signaling in the heart. Our group has 

previously found that stimulation of the 5-HT4 receptor in failing, but not normal hearts, 

elicited an inotropic and lusitropic response of the same magnitude as the β-AR. However, 

this response was accompanied with a substantially lower increase in total cAMP compared to 

the β-AR-stimulated cAMP increase. These findings suggest that the cAMP produced after 5-

HT4 receptor stimulation is tightly compartmented and presumably localized close to the 

contractile machinery. In Paper III we investigated the subcellular localization of cAMP 

produced by 5-HT in failing hearts using FRET-based sensors for cAMP, targeted to specific 

anchoring and structural proteins.  
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Background 

G-protein-coupled receptors 

G-protein-coupled receptors (GPCRs), also known as seven-transmembrane receptors (7TM 

receptors), constitute the largest family of membrane proteins, with more than 800 genes 

identified encoding different receptors 4. They convey a large variety of different extracellular 

signals, including light photons, odorants, neurotransmitters, calcium ions and hormones, into 

intracellular responses both through coupling to heterotrimeric G proteins and through G-

protein-independent signaling pathways. Since the receptors mediate the physiological 

responses of such a multitude of different stimuli, they have great potential as therapeutic 

targets for a broad spectrum of diseases, and currently over 30% of the drugs on the market 

work through GPCRs 5-7. 

General structure and subfamilies of the GPCRs 

All GPCRs share a conserved tertiary structure with 7 membrane-spanning α-helices, 3 intra- 

and extracellular loops connecting the transmembrane regions, an extracellular N-terminal 

extension and a C-terminal intracellular tail (Fig.1). The length of the N-terminal segment is 

highly variable, from relatively short and often unorganized in the Rhodopsin family, to 

forming a large globular domain which are important for ligand binding and receptor 

activation in other GPCR families 8. The intracellular parts of the receptor, including the C-

terminal tail, interact with transducers such as G proteins and arrestins 9. The first part of the 

C-terminal tail consists of a short amphipathic helical segment which runs parallel to the 

membrane, often referred to as helix 8. After helix 8, the C-tail is often anchored to the 

membrane by palmitoylation of one or two cysteine residues and this first part of the C-tail is 

sometimes referred to as a fourth intracellular loop (ICL) 8. We still lack precise information 
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regarding the secondary and tertiary structure of the subsequent part of the C-terminal tail 

which often is deleted in the receptor constructs used for crystallization 10. However, the C-

tail is generally believed to be rather loosely organized in agreement with its function as 

binding site for various adaptor and scaffolding proteins 10. The C-tail is often subject to 

phosphorylation which is of special importance for interaction with adaptor proteins such as 

arrestins, but is also involved in G protein coupling 10, 11. 

 

 

Figure 1: Representation of the amino acid sequence of a GCPR: shown here is a serpentine model of the 

human 5-HT7 receptor (Figure adapted from Paper II). 

 

The GPCR superfamily is divided into 5 main families based on their sequence and structural 

homology: rhodopsin, secretin, glutamate, adhesion and frizzled/taste2 4. The rhodopsin 

family is by far the largest class, including receptors for peptides, glycoprotein hormones and 

small molecular weight ligands such as serotonin and adrenaline. This family is characterized 
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by several conserved motifs such as the DRY motif at the intracellular end of transmembrane 

helix 3 (TM3) and the NPxxY motif in TM7. Residues in these conserved motifs have been 

identified as micro-switches involved in the overall receptor activation mechanism 12. 

 

In the past decade there has been a major breakthrough in the field of GPCRs, as the crystal 

structures of several receptors in the rhodopsin family has been determined, most of them in 

their inactive state bound to antagonists or inverse agonists (reviewed in 9). Recently, high 

resolution crystal and cryo-EM structures of active receptors in complex with the C-terminal 

fragment of the Gα subunit, or even with a full trimeric G protein, have been instrumental in 

deciphering GPCR signal transduction at a molecular level 13-21. These structures have 

provided much information about the receptor epitopes at the intracellular ends of the TMs 

and in the intracellular loops involved in G protein binding, as well as the conformational 

changes that occur between the inactive and the active receptor conformation. For example, a 

large-scale outward movement of the intracellular segment of TM6 and an associated 

rearrangement of other helices opens a large pocket at the intracellular face of the receptor 

where the C-terminal segment of the Gα subunit binds in the active conformation to form a 

functional signaling complex 9,22.  

Much information about binding of agonists, antagonists or inverse agonists at the 

extracellular face of the receptors is also available today. However, although a number of 

micro-switches have been identified in the middle and intracellular parts of the receptors 12, 

the exact mechanism of how agonist binding is associated with the large-scale conformational 

changes at the intracellular face of the receptors which allows for G protein binding and 

activation is still unclear. Nevertheless, despite that the GPCRs are highly versatile membrane 

sensors binding a large variety of agonists, they are believed to share a common overall 



12 

 

activation mechanism, with similar changes within the 7TM domains which opens the binding 

pocket for the G protein as described above 14. 

Pharmacological models of GPCR activation and signaling  

Prior to structures being available, a number of mathematical models were proposed to 

explain the results that were obtained in binding and functional assays. One of the first models 

of GPCR activation was Katz’ two-state model 23. This model suggested that the receptor 

exists in equilibrium between inactive (R), and active (R*) states to which antagonists bind 

indiscriminately, while agonists prefer the R*. This model, however, failed to explain one of 

the key issues of molecular pharmacology of GPCRs, namely the high and low affinity state 

classically observed for agonist binding in competition with radiolabeled antagonists. The 

ternary complex model explained this high and low affinity state of the receptor with an 

allosteric interaction between the binding site for agonists and G protein on the extracellular 

and intracellular face of the receptor, respectively 24. G protein binding to the receptor was 

required for the high affinity agonist binding, and agonist binding was associated with an 

alteration of receptor conformation that displayed higher affinity towards G protein, thus 

favoring coupling and formation of a ternary complex consisting of the receptor, G protein 

and agonists 24, 25. This model also explained the elimination of the high affinity component of 

the agonist binding, and the shift towards a single low affinity site upon treatment with GTP 

analogs, since addition of GTP analogs uncouple the receptor from the G protein and 

subsequently abolish the ternary complex, and thereby also the allosteric effect of G protein 

binding on agonist affinity. The ternary model, as first proposed, allowed for agonist binding 

to either a free receptor or a precoupled receptor-G-protein complex 24. The ternary complex 

model assumed that agonist binding was necessary to induce the active conformation of the 

receptor. However, the discovery that GPCRs may exhibit constitutive activity, i.e. 

spontaneous receptor activation and signaling in absence of agonist binding 26, lead to the 
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formulation of the extended ternary complex model 27. This model combined the two-state 

model and the ternary complex model, and thereby included the interaction with active 

receptor and G protein in absence of agonist (Fig. 2A). According to this model, the receptor 

exists in equilibrium between inactive (Ri) and active state (Ra), where only the latter can 

interact with and activate G proteins (RaG). Inverse agonists are here classified as ligands 

with high affinity for the inactive state which are able to shift the equilibrium towards inactive 

conformations, leading to decreased constitutive activity 28. 

The extended ternary complex model, however, is thermodynamically incomplete, and an 

extension of the model, the cubic ternary complex model, was proposed as an attempt to make 

the system energetically correct (Fig. 2B) 29-31. The cubic ternary complex model allows the 

inactive receptor to interact and form complex with the G protein (preassociation). Although 

the formation of a stable complex between the inactive receptor state and G protein remains to 

be fully proven (RiG or ARiG) there is experimental support that at least some receptors 

exhibit a non-signaling ternary complex 1, 32-46. See also “Coupling mode of receptors and G 

proteins” below).  

 

 

 

 

 

 

 

Figure 2: Two models used to describe agonist binding, G protein coupling and constitutive activity. A) The 

extended ternary complex (ETC-) model and B) The cubic ternary complex (CTC-) model. While the ETC model 

assumes that only Ra can form a complex with G protein, the CTC model incorporate the existence of RiG. Ri - 

inactive-state receptor, Ra - active-state receptor, A - agonist, G - G protein. The association constants are Ka 

A B 
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(ligand to receptor) and KG (receptor to G protein). L is the equilibrium constant determining the distribution of 

receptors between Ra and Ri. Figure from 28.  

 

The models described above provide a simplified view of the action of different types of 

ligands on GPCRs activation and signaling. It is increasingly evident that GPCRs do not 

behave like simple two-state switches, but rather represent dynamic entities that can exhibit 

multiple conformations 9, 47. Receptors alternate between different conformations, even in the 

absence of agonists, and different ligands stabilize a specific set of conformations that engage 

different transducers to form functionally distinct signaling complexes 48. The fact that two 

agonists towards one receptor can activate different downstream effectors has been 

demonstrated for multiple receptors including the 5-HT7 receptor 49, 50. This highly topical 

concept is known as signaling bias/biased agonism or functional selectivity48, 51 . 

Heterotrimeric G proteins 

Although the importance of G-protein-independent signaling is becoming increasingly 

evident, heterotrimeric G-protein-mediated signaling is still considered the primary signal 

transduction pathway for GPCRs 48. The heterotrimeric G proteins consist of a nucleotide 

binding α subunit and an obligate βγ dimer. The α subunit consists of the Ras-like GTPase 

domain and a small globular α-helical domain (AHD). The nucleotide binding pocket is 

localized in the interface between these two domains 14. 

All types of heterotrimeric G proteins are activated by the same mechanism. In the inactive 

heterotrimeric state, GDP is bound to the α subunit. The activated receptor, either via 

constitutive activity or in response to agonist, acts as a nucleotide exchange factor and 

facilitates GDP-release from the α subunit. Replacement of GDP with GTP promotes the 

functional dissociation of the G protein complex, whereupon the Gα and Gβγ are free to 

interact with downstream effectors 52. Whether this represents a physical dissociation or rather 
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a subunit conformational rearrangement is still debated 38, 53-55. Hydrolysis of GTP to GDP 

leads to a reassembly of the heterotrimeric G protein, and subsequent inactivation of the G 

protein. Moreover, the G protein activity can be regulated by internalization or by Regulators 

of G protein Signaling (RGS) which augment the intrinsic GTPase activity of Gα and thereby 

accelerate the inactivation of G proteins 56-58. 

G proteins can be classified in four principal families (Gs, Gi/o, Gq/11, G12/13), based on 

structural homology of their α subunits and preferred effector regulation: Gαs stimulates 

adenylyl cyclase (AC); Gαi/o inhibits AC and have been implicated in regulation of ion 

channel activity; Gαq/11 regulates activation of Phospholipase Cβ (PLCβ); Gα12/13 activates 

small GTP-binding proteins as well as Phospholipase D (PLD) 59. Downstream effectors of 

Gβγ include PLCβ, adenylyl cyclase, G protein-coupled inwardly-rectifying potassium 

(GIRK) channels, and a variety of tyrosine and serine/threonine kinases 60, 61. 

The published crystal structures of active ternary complexes, consisting of agonist-occupied 

receptors and the heterotrimeric Gs proteins, revealed that the receptor engages both the C- 

and N-terminus of the α-subunit, mediating the conformational change that is propagated to 

the GDP binding site 14. Surprisingly, the first crystal structure of an active ternary complex of 

the β2-adrenergic receptor and Gs uncovered no direct interaction between the receptor and the 

βγ-dimer in the class A receptors 14. However, more recent cryogenic Electron Microscopy 

(cryo-EM) structures have found an interaction between the β-subunit and ICL1 and/or helix 

8 of several GPCRs 15, 16, 18. In all structures, G protein interaction with the active GPCR was 

shown to be associated with a large conformational change between the two domains of the 

Gαs subunit which opened up and allowed for the nucleotide release 14.  
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Coupling mode of receptors and G proteins 

Although the protein-protein interaction between the GPCR and G protein thoroughly studied, 

the dynamics and basis for specificity in this interaction remains elusive 62. A key question, 

still unresolved, is to what extent GPCR and G protein interact in the absence of agonist. 

There are two main models to describe the dynamic interaction between GPCRs and G 

protein. According to the classical “collision coupling” model, the receptor and G protein 

diffuse randomly in the membrane and only interact transiently after receptor activation 63, 64. 

The alternative theory states that the receptor and G protein exist in a preassembled complex, 

even in the absence of agonist 65-67. Receptor activation results in activation of G protein 

through conformational changes in the receptor-G protein complex. After activation of the G 

protein, it may or may not dissociate from the receptor. 

Figure 3: Main models for receptor/G protein coupling: collision coupling (A) and preassociation or 

preassembly (B). Figure adapted from 68 

 

To account for the rapid and specific effector activation seen with most GPCRs it was 

postulated, and later demonstrated, that the receptors, G proteins and effectors are 
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compartmented in microdomains where they can diffuse freely and interact after agonist 

stimulation of the receptor 69. Whether the inactive receptor and G protein form a complex in 

microdomains is still a matter of debate 68. Many studies have investigated the receptor-G 

protein interaction with Fluorescence or Bioluminescence Resonance Energy Transfer 

(FRET/BRET) techniques 38, 39, 43-46, 70-72. These are methods suitable for real-time 

measurement of protein-protein interaction in living cells, because they allow for monitoring 

of distance between two labeled proteins in a nanometer scale. Typically, this involves 

attachment of a fluorescent (FRET) or bioluminescent donor (BRET) to a receptor and a 

fluorescent acceptor to one of the G protein subunits, or the other way around. Experiments 

are performed by either exciting the donor fluorophore and measuring donor and acceptor 

fluorescence for FRET-based assays, or by adding a substrate in the bioluminescent assays 

and measuring its luminescence and the fluorescence from the acceptor fluorophore 68. 

FRET/BRET is highly dependent on the distance between the donor and the acceptor and only 

occurs when the two molecules lie within close proximity (within 10 nM/100 Å). Antibody-

immobilized Fluorescence Recovery After Photobleaching (FRAP) has also been frequently 

employed to study stable protein-protein interaction in living cells 40-42, 73, 74. Immobilizing the 

receptor and subsequently measuring the mobility of both proteins to see if the immobilization 

affects the lateral mobility of the G protein, is a suitable method to study stable protein-

protein interaction in living cells. However, the results from these studies using FRET/BRET 

and FRAP are contradictory. While some studies report preassembled receptor-G protein 

complexes in which activation rather represents rearrangement of these preassembled 

complexes 38-46, 75, other studies found no interaction between G protein and receptor under 

resting conditions, but increased FRET upon agonist stimulation, indicating coupling after 

receptor activation only 70, 71, 74. These conflicting observations, even performed on the same 
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receptor subtype 38, 40, 72, 74, may indicate that coupling is differentially organized depending 

upon the specific receptor, G protein subtype, and cellular system investigated 68. 

Production and degradation of cAMP 

The prototypical second messenger cyclic adenosine monophosphate (cAMP) is involved in 

regulating a multitude of cellular processes 76. Adenylyl cyclases (ACs) are enzymes that 

catalyze conversion of ATP to cAMP, upon activation by heterotrimeric G proteins or other 

regulators. The G-protein-sensitive, membrane-bound, form of AC consists of 9 isoforms, 

characterized by distinct expression patterns, biochemical and regulatory properties 77. In 

addition, one soluble isoform has been identified, which is unresponsive to G proteins and 

other regulators of the membrane-bound enzyme 78. All membrane-bound ACs contain two 

cytoplasmic domains, together forming the catalytic site, and two large transmembrane 

clusters consisting of 6 TM α helices each 79. The ACs are susceptible to many modes of 

regulation. The primary regulation of AC is through G proteins where Gαs stimulate and Gαi 

inhibits AC. In addition, the Gβγ can both exhibit a positive and negative effect on the activity 

of different AC subtypes. Ca2+/Calmodulin, protein kinase C (PKC) and protein kinase A 

(PKA) are also able to modulate the catalytic activity of some of the AC isoforms 77. 

Additional layers of complexity are added by specific subcellular localization of different 

isoforms within defined microdomains (such as caveolae) and/or macromolecular signaling 

complexes, which provides a mechanism whereby different ACs can respond selectively 

within a single cell type 77. In addition to ACs, phosphodiesterases (PDEs) are important in 

regulating the intracellular pools of cAMP, by hydrolysis of cAMP to inactive AMP 77. They 

constitute the main route of lowering cyclic nucleotide levels, although there is an additional 

mechanism for extrusion of cyclic nucleotides. So far 11 PDE families have been identified 

and classified based on their primary structure, catalytic and regulatory properties and 
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substrate specificity (cAMP versus cGMP) 80, 81. Three are selective for cAMP (PDE4, PDE7 

and PDE8), three are selective for cGMP (PDE5, PDE6 and PDE9) whereas the remaining 

PDEs can degrade both cyclic nucleotides (PDE1, PDE2, PDE3, PDE10 and PDE11) 82. The 

contribution of PDEs to compartmented signaling are described in more detail below. 

Effectors of cAMP 

The second messenger cAMP plays a key role in signal transduction, and can activate several 

effector proteins: cAMP-dependent protein kinase (PKA), cyclic-nucleotide-gated (CNG) ion 

channels, Exchange protein directly activated by cAMP (EPAC) and the most recently 

identified cAMP effectors, the Popeye domain containing proteins 83, 84. Epac functions as a 

Guanine nucleotide Exchange Factor (GEF) for small G proteins such as Rap, by catalyzing 

the exchange of GTP for GDP and consequently activating the G proteins 85. The main 

effector, PKA is a tetrameric holoenzyme consisting of two regulatory subunits (RIα, RIβ, 

RIIα and RIIβ) in a dimer formation and two catalytic subunits (Cα, Cβ and Cγ) 86. According 

to the classical theory, binding of cAMP to the regulatory subunits causes the release of the 

activated catalytic subunits, which are free to phosphorylate serine and threonine residues in 

target proteins 87-91. However, recent evidence indicates that complete subunit dissociation is 

not required for catalytic activity. Active PKA has been shown to remain intact as a 

holoenzyme within macromolecular assemblies, thereby limiting the range of PKA action to 

the substrates in the immediate vicinity 92.  

PKA is sequestered to specific subcellular compartments by different PKA anchoring 

proteins, so-called A-kinase anchoring proteins (AKAPs) 93. The interaction with AKAP is 

mediated by an A-kinase binding domain, a structurally conserved amphipathic helix of the 

AKAPs, that docks into a hydrophobic groove formed by an N-terminal dimerization/docking 

domain (D/D) in the regulatory subunit 83.  
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Two types of the PKA holoenzyme can be formed, designated by their R subunit isoform, and 

referred to as PKA-I (composed of RI dimers) and PKA-II (composed of RII dimers) 

respectively. 

PKA I was initially thought to be predominantly cytoplasmic, whereas PKA II was anchored 

to specific cellular structures and organelles by AKAPs 94. Even though most AKAPs bind 

PKA RII subunits, dual specific AKAPs capable of binding both RI and RII, as well as 

selective RI AKAPs are now increasingly reported 83. AKAPs are involved in 

compartmentation and their role is described in more detail under “Cardiac compartmentation 

of cAMP ”. 

Expression levels of the different PKA subunits vary between tissues. In mice, RIα and RIIα 

are highly expressed in the heart and central nervous system (CNS), whereas RIβ is more 

restricted to CNS, and RIIβ is predominantly expressed in CNS, liver, fat tissue, testis and 

ovaries 95. In Paper III we utilized FRET-based biosensors targeted with the D/D-domain 

from RIα and RIIβ to study compartmented cAMP signaling in the heart.  

Serotonin and classification of serotonin receptors 

Serotonin (5-HT) is a neurotransmitter and vasoactive substance found abundantly both in the 

central and peripheral nervous system of many species, including humans. It was first isolated 

from enterochromaffin cells in gastrointestinal mucosa in 1937 as “enteramine”96. A decade 

later, a long sought for vasoactive substance suspected to be contained in platelets, was 

identified in bovine serum and named serotonin owing to its constricting action on vessels 97. 

The chemical structure of serotonin was soon identified as 5-hydroxytryptamine (5-HT) and 

subsequently enteramine was found to be identical to serotonin 96-98.  
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 About 60-90% of all 5-HT in the body is found in enterocromaffin cells in the 

gastrointestinal mucosa. These cells are also the main source of circulating 5-HT, although it 

is quickly eliminated from the plasma via uptake into platelets 99, 100. Serotonin is also 

synthesized and released by a small group of neurons within the raphe nuclei in the brain 

stem, which have extensive axonal projections throughout the CNS. 5-HT modulates and 

controls a wide range of physiological and behavioral processes including cognition, 

learning/memory, perception of pain, nausea, thermoregulation, aggression, depression and 

anxiety 101. Similar to its role in the CNS, peripheral 5-HT has important modulatory actions 

affecting physiological processes such as gastrointestinal motility, mammary gland function, 

hematopoiesis and platelet aggregation 102, 103. The effects in the cardiovascular system are 

described under “Effects of serotonin in the cardiovascular system”. 

 

5-HT mediates its diverse physiological effects through 14 different receptor subtypes, each 

encoded by a separate gene 101. With the exception of the 5-HT3 receptor, which is a ligand-

gated ion channel, all of the 5-HT-receptors are GPCRs. Adding to the diversity, some of the 

receptors are subject to alternative splicing and RNA editing, resulting in different isoforms 

104. The 14 different receptors can again be subdivided into seven distinct families (5-HT1-7) 

based on their molecular structure, pharmacological properties and coupling preference 101, 105 

(Fig. 4). Among these, the 5-HT4, 5-HT6 and 5-HT7 receptors couple to Gs, which activates 

AC 106.  
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Figure 4: Serotonin receptor subtypes, G protein coupling and effect on downstream signaling. All except 5-

HT3 are G-protein-coupled receptors 

5-HT7 receptors 

The 5-HT7 receptor is the most recent of the serotonin receptors to be identified, and was 

initially shown to couple positively to AC through Gs stimulation 107-109. Later it has been 

established that the receptor additionally can activate G12, leading to activation of the Rho 

family of small GTPases 110. Three isoforms have been identified in human (a, b and d), 

which all differ in the length and sequence of the C-terminal tail 111, 112. The alternative 

splicing of the 5-HT7(b) isoform results in a premature stop codon, hence a C-terminal tail 

which is 13 amino acid shorter than the 5-HT7(a) isoform. The third human isoform, 5-HT7(d), 

contains an extra 98-base-pair exon cassette in its C-terminal tail 104, 111. Currently, the 

functional significance of the different splice variants remains unknown. So far, no major 

pharmacological or functional differences have been demonstrated for these isoforms agonist 

3, 113, 114. Also, the tissue distribution of the different splice variants is overlapping 3, 114. 

 

 In general, the 5-HT7(a) is the most abundantly expressed, followed by the 5-HT7(b). The 5-

HT7(d), is not as widely distributed as the other splice variants, but predominantly expressed in 
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the gastrointestinal tract 104. Hypothalamus, thalamus, hippocampus and cortical regions have 

the highest expression of 5-HT7 receptor in CNS 109, 115-118. The 5-HT7 receptors have also 

been identified in numerous tissues outside the CNS; such as the spleen, lung, small intestine, 

colon, skeletal muscle, placenta, ovary, testis, prostate and thymus tissue, 3, 114, 119, but which 

cells in each of these tissues and organs express the receptors remains for the most part to be 

determined. 

 5-HT7 receptor function 

Multiple physiological roles have been proposed for the 5-HT7 receptor, such as regulation of 

circadian rhythm 107, 120, thermoregulation 121-123, endocrine regulation 124-127 and regulation of 

mood 128-133. There is substantial evidence supporting a role of 5-HT7 receptor in depression. 

Antagonizing the receptor has been shown to promote antidepressant-like profile in models of 

depression, either alone or in combination with a Selective Serotonin Reuptake Inhibitor 

(SSRI) 131, 134. In line with this. the antidepressant effect of the SSRI vortioxetine is apparently 

partly mediated through an additional 5-HT7 antagonism 135-137. There are also indications that 

the receptor might be involved in the pathophysiology of schizophrenia 134, 138-142. In fact, 

several atypical antipsychotics (e.g, lurasidone and clozapine) exhibit high affinity for the 5-

HT7 receptor, and it has been proposed that this interaction might account for some of their 

therapeutic effects 133, 134, 143, 144. In addition to acting as inverse agonists, both clozapine and 

olanzapine function as biased agonists of the 5-HT7 receptor promoting internalization and 

degradation, thus severely limiting the activation by the endogenous agonist 5-HT 49, 50, 113, 145. 

Moreover, studies using knock-out mice and selective agonist/antagonist have also shown that 

the 5-HT7 receptors are involved in both modulation of rapid eye movement (REM)-sleep as 

well as learning and memory, although the results are somewhat contradictory 146-149. 

The 5-HT7 receptor mediates relaxation of blood vessels, including cranial vasculature, 

coronary arteries and veins, although not yet shown in humans 149-152. Based on this 
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vasodilatory effect in cranial vasculature, the receptor has been implicated in the 

pathophysiology of migraine, but this needs to be further elucidated 149, 150. 

In the gastrointestinal tract, 5-HT7 receptors expressed on dendritic cells in lamina propria 

stimulate proinflammatory cascades and has therefore been implicated in the pathophysiology 

of Inflammatory Bowel Disease (IBD) 102, 153, 154. However, the results from studies 

investigating the effect of 5-HT7 antagonists and 5-HT7 knock out on chemical induced colitis 

in mice are contradictory 155, 156. In the mammary gland, the 5-HT7 receptor is involved in a 

biphasic regulation of lactation and involution with different effects of low and high levels of 

5-HT, although both apparently mediated through cAMP 157-159.  

5-HT4 receptors 

The 5-HT4 receptor was first described in mouse collicular neurons 160 and in mammalian 

atrial myocardium 161-163. The receptor was first cloned in 1995, exists in several different 

splice variants (a-i and n) which all differ in their C termini, except the 5-HT4(hb) which has 14 

extra amino acids inserted in the second intracellular loop 164-172. All 5-HT4 splice variants 

preferentially couple to Gs and promote cAMP formation, although both 5-HT4(a) and 5-HT4(b) 

receptors exhibit dual coupling, and additionally activate G13 and Gi/o, respectively 173, 174. 

Additionally, 5-HT4(a and b) stimulation can activate Extracellular signal Regulated Kinase 1/2 

(ERK 1/2)175-177. All 5-HT4 splice variants display constitutive activity, but ligand-

independent activity seems to decrease with increasing length of the carboxy tail, possibly 

indicating that the distal C-terminal tail participates in constraining the receptor in an inactive 

confirmation 171, 172, 178. 

The 5-HT4 receptors are highly expressed in several brain structures, including structures 

involved in the memory process such as the hippocampus and prefrontal cortex 179. This 

receptor is also widely distributed in peripheral organs, particularly in the gastrointestinal tract 

and the myocardium 168, 172.  
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5-HT4 receptors located on cholinergic nerve terminals both in CNS and in the periphery 

stimulate transmitter release 104, 180, 181. This enhancement of acetylcholine release in the CNS, 

combined with reduced amyloid pathology in animal models of Alzheimers Disease (AD) 

upon 5-HT4 stimulation, makes the 5-HT4 receptor a promising target in treatment of AD 182, 

183. In accordance, several studies have shown a beneficial effect of 5-HT4 receptor 

stimulation in mouse AD disease models 184-186. 

 

In the gastrointestinal tract 5-HT4-induced acetylcholine release from cholinergic neurons 

promote smooth muscle contraction in longitudinal muscle bands (taenia coli). In combination 

with a relaxation of circular smooth muscle, as a direct effect of 5-HT4 stimulation on smooth 

muscle cells, this will facilitate colonic propulsion 187, 188. In accordance, 5-HT4 receptor 

agonists have been shown to be effective in treating motility disorders such as Irritable Bowel 

syndrome (IBS) and constipation 189. Moreover, 5-HT4 receptors have also been proposed to 

have anti-inflammatory effects and stimulation of these receptors may be beneficial in 

Inflammatory Bowel Disease (IBD) 190.  

The role of 5-HT4 receptors in the myocardium are described in detail under “Effects of 

serotonin in the cardiovascular system”.  

Coupling mode of the 5-HT7 and 5-HT4 receptors 

Although both 5-HT4 and 5-HT7 receptors preferentially couple to Gs, our group has 

previously established that their signaling properties differ fundamentally. While the potency 

of the 5-HT4(b) receptor to stimulate adenylyl cyclase (AC) increased with increasing receptor 

densities (indicating spare receptors), the potency of the 5-HT7(a) receptor was unaltered 1. In 

addition, at high receptor densities, partial agonists did not become full agonists for the 5-HT7 

receptor, in contrast to the 5-HT4 receptor where, due to spare receptors, partial agonists 

displayed full agonism at high receptor densities 191. The lack of spare receptors of the 5-HT7 
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receptor implies that the potency of 5-HT for AC activation is independent of receptor-Gs 

stoichiometry, consistent with a model where the 5-HT7 receptors are preassociated with Gs in 

the absence of ligand. Paper I and II  directly investigate the coupling mode of 5-HT4 and  

5-HT7 receptors. 

Heart failure 

Heart Failure (HF) can physiologically be defined as inadequate cardiac output to meet the 

body’s demands, or adequate cardiac output secondary to compensatory neurohumoral 

activation and at the expense of increased filling pressure 192. HF, a common end stage of 

cardiovascular disease (table 1), affects millions of patients worldwide and represent one of 

the largest health burdens in modern society 193. The prevalence of HF in developed countries 

is between 1-2%, rising dramatically with age to ≥ 10% among people above 70 years 194. 

Due to the aging population, improvements in treatment of acute cardiovascular disease as 

well as HF, the total prevalence is expected to increase in the near future 195. Despite 

significant advances in therapies and prevention, the mortality and morbidity are still higher 

than most malignancies 194, 195. Hence, further knowledge of the pathophysiology of HF is 

needed, in order to develop new treatment strategies.  

HF is in principle a clinical syndrome, characterized by symptoms of both volume overload 

(ankle swelling, dyspnea) and inadequate tissue perfusion (impaired exercise tolerance, 

fatigue) and often accompanied by signs such as pulmonary crackles, peripheral edema and 

elevated jugular venous pressure 194. Clinically, the functional classification of progression 

and severity of HF is often categorized by the New York Heart Associations heart failure 

classification, NYHA functional class (table 2) 

HF has recently been classified into three subtypes, namely HF with reduced ejection fraction 

(HFrEF), HF with preserved ejection fraction (HFpEF) and HF with mid-range ejection 
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fraction (HFmrEF), according to the ejection fraction, symptoms and sign of HF, natriuretic 

peptide levels, and the presence of structural heart disease 194 (table 3). HFpEF, which 

represents at least 50% of all HF cases, has similar morbidity and mortality as HFrEF, but in 

contrast to HFrEF, in which several well-established treatments have substantially reduced 

mortality (see below), evidence-based treatment of HFpEF is still lacking 194. In the current 

work, we use the term HF to refer to chronic HFrEF if not otherwise specified.  

 

Table 1. Common causes of HF 

Ischemic heart disease 
Hypertension 
Valvular heart disease 
Cardiomyopathies 
Endocrine disorders (e.g. diabetes, hypo/hyperthyroidism) 
Congenital conditions 
Arrythmias 
Other causes (e.g. illicit drugs, sarcoidosis, rheumatic heart disease, HIV, lupus) 

 

 

Table 2: The New York Heart Association’s functional classification of HF 

NYHA Class I NYHA Class II NYHA Class III NYHA Clas s IV 

The patient has no 
limitation of activities. 
No symptoms from 
ordinary daily activity 

Slight limitation of 
activity, no symptoms 
at rest 

Marked limitation of 
activity, no symptoms 
at rest 

Symptoms at rest, 
increased symptoms at 
any physical activity 

The NYHA classification that primarily functions to measure the severity of symptoms and loss of 
functions in patients with HF. Modified from American Heart Association 
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Table 3: Definition of HF with preserved (HFpEF), mid-range (HFmrEF) and reduced ejection 
fraction (HFrEF) 
Type of HF HFrEF HFmrEF HFpEF 

C
rit

er
ia

 

1 Symptoms ± signs Symptoms ± signs Symptoms ± signs 

2 LVEF ≤ 40% LVEF 40-49% LVEF ≥ 50% 

3 - 1. Elevated levels of 
natriuretic peptides 
2. At least one additional 
criterion: 
a) relevant structural heart 
disease 
b) diastolic dysfunction 

1. Elevated levels of 
natriuretic peptides 
2. At least one additional 
criterion: 
a) relevant structural heart 
disease 
b) diastolic dysfunction 

LVEF= Left ventricular ejection fraction.  
Modified from ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure, 
2016 194 

 

Typically, in the initial phases of disease progression, the heart will be able to compensate for 

the underlying stressor (e.g. hypertension, valve disease, myocardial infarction) by 

remodeling of the left ventricle, driven by neurohumoral activation. Such compensatory 

responses might temporarily offset reduced cardiac performance, but in the long term 

remodeling represents a maladaptive mechanism resulting in decline in ventricular function 

and often progression to chronic HF 192. Although not fully elucidated, remodeling includes 

hypertrophy, increased fibrosis, re-expression of cardiac fetal genes, cardiomyocyte apoptosis, 

alteration in cardiac excitation-contraction coupling, changes in signal transduction and 

changes in the energetic state of the cardiomyocytes 196. Modern drug treatments, such as 

Angiotensin Converting Enzyme (ACE)-Inhibitors, AT1 receptor antagonists, β-adrenergic 

receptor antagonists and mineralocorticoid receptor antagonists are therefore aimed at 

reversing or limiting these maladaptive biological changes. Recently, a new drug class 

emerged in the HF therapy, Angiotensin receptor/neprilysin inhibitors (ARNI), combining an 

AT1 receptor antagonist with an inhibitor of neprilysin (NEP, an enzyme that plays a crucial 
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role in degradation of natriuretic peptides), and this drug was shown to be superior to the ACE 

inhibitor enalapril in the treatment of HFrEF in a large-scale clinical trial 197. 

The therapeutic concept of ARNI is based on the established inhibition of the Renin-

Angiotensin-Aldosterone System (RAAS) combined with an increase in endogenous 

natriuretic peptides, by blocking their degradation. Natriuretic peptides, released in response 

to increased filling pressures and stretch of the atrial and ventricular walls, have several 

beneficial hemodynamic effects in HF such as vasodilation and increased water and sodium 

excretion, resulting in reduced preload and afterload. Additionally, natriuretic peptides have 

been shown to have antihypertrophic properties and therefore might counteract some of the 

remodeling involved in progression of HF 198.  

Cardiac contractility  

The heart consists of 4 chambers, the right atrium and ventricle which pumps venous blood 

into the pulmonary circulation and the left atrium and ventricle which pump blood form the 

pulmonary circulation into the systemic circulation. The ventricles are partially emptied 

during contraction (systole) and filled during relaxation (diastole).  

Cardiomyocytes, the cells responsible for the contraction, account for most of the myocardial 

mass, but 70% of the cell number are non-cardiomyocytes such as fibroblasts, endothelial 

cells, and vascular smooth muscle cells 199. The contractile machinery in the cardiomyocytes, 

the myofilaments, are comprised of thick and thin filaments organized in a parallel array in 

contractile units called sarcomeres. The contraction is driven by the relative sliding of the 

actin containing thin filaments along the myosin containing thick filaments, in an ATP and 

Ca2+ dependent crossbridge cycling, resulting in sarcomere shortening. In addition to actin, 

the thin filaments include tropomyosin and a troponin complex consisting of Troponin T 

(TnT, tropomyosin-binding subunit and a dual specific AKAP) 200, Troponin C (TnC, Ca2+-
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binding subunit) and Troponin I (TnI, inhibitory subunit, which also binds actin). At rest, 

tropomyosin, through its interaction with the ternary troponin complex, covers the active sites 

on actin to which the myosin heads bind. When Ca2+ binds TnC, a series of conformational 

changes in the Troponin complex occurs, displacing tropomyosin from the myosin binding 

sites on actin, allowing myosin to attach to the thin filaments and produce contraction and 

subsequent sarcomere shortening 201. 

 

Cardiomyocytes contract in a synchronized, cyclic pattern to allow continuous pumping of 

blood. The sinus node initiates the heart beat by generating an electrical signal, which is 

conducted through the cardiac muscle, the myocardium, by the electrical conduction system 

and intercellular gap junctions. At a single cell level, contraction is initiated by an action 

potential (AP) causing electrical excitation through a process referred to as excitation-

contraction coupling (ECC). In the ventricular cardiomyocytes the AP is initiated by opening 

of voltage gated Na+ channels, which leads to rapid influx of Na+ ions and subsequently 

depolarization, before the Na+ channels are inactivated. This depolarization activates the 

voltage gated L-type Ca2+-channels (LTCC) causing an influx of Ca2+. The LTCC are mainly 

located in special invaginations of the sarcolemma, the transverse tubules (T-tubules), 

juxtaposed to sarcoplasmic Ca2+ release channels, the ryanodine receptors (RyR).  

This local Ca2+entry, triggers a much larger release of Ca2+ from the sarcoplasmic reticulum 

(SR) through the opening of RyR (Ca2+-induced Ca2+ release). Cytosolic Ca2+ levels are 

increased by simultaneous influx from both extracellular space and SR, resulting in high 

intracellular Ca2+ concentration which allows binding of Ca2+ to TnC 202.  

Eventually, SR will at least be partially depleted for Ca2+ and the RyR and LTCC will become 

inactivated, thereby terminating the Ca2+ release. 
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For relaxation to occur, the intracellular Ca2+concentration must decline, allowing Ca2+ to 

dissociate from TnC. Ca2+ is extruded from the cytosol via four mechanisms; the reuptake of 

Ca2+ into the SR by the SR-Ca2+ ATPase 2 (Serca2), the uptake in the mitochondria by a 

mitochondrial Ca2+ uniport, and the removal of Ca2+ over the sarcolemma by the Na+/Ca2+-

exchanger (NCX) or a Ca2+ ATPase. In humans, SR-reuptake through Serca2 is responsible 

for removing about 70% of the Ca2+, and the NCX is responsible for removing about 28%, 

whereas the SR-reuptake is somewhat higher (appr. 92%) and NCX activity somewhat lower 

(7%) for rats. To ensure steady state, it is expected that the amount of Ca2+ influx through the 

LTCC reflects the amount of Ca2+ removed by the NCX and the amount of Ca2+ influx 

through RyR reflects the amount of Ca2+ sequestered by Serca2 203.  

The contractility can be modulated in two main ways, either by altering cytosolic [Ca2+] or 

altering the sensitivity of the myofilaments towards Ca2+. Myofilament Ca2+ sensitivity can be 

dynamically enhanced by sarcomere stretching following increased preload, leading to  

increased force of contraction (Frank Starling mechanism) 202. Also, PKA mediated 

phosphorylation of several of the proteins involved in excitation-contraction coupling (ECC), 

can modulate the contractility. Ca2+ sensitivity can be reduced by phosphorylation of 

Troponin I, resulting in faster dissociation of Ca2+ from the myofilament and subsequently 

faster relaxation 204. Phosphorylation of the sarcomeric thick filament protein, Myosin 

Binding Protein C (cMyBP-C), presumably increases Ca2+ sensitivity and the rate of force 

development, by relieving its structural constraint on the myosin filament and promoting 

increased cooperative crossbridge-recruitment 205, 206. Moreover, PKA phosphorylation of 

LTCC (and probably also RyR) results in increased cytosolic [Ca2+] and subsequent increased 

contractility 202.  

Phospholamban (PLB) is a transmembrane protein located in the SR that, in its 

unphosphorylated state, functions as an endogenous inhibitor of Serca2 207. Upon 
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phosphorylation by PKA, the inhibition on Serca2 is relieved, thus enhancing the re-uptake of 

Ca2+ in SR, resulting in faster relaxation. Increased Serca2 activity will also result in 

increased SR Ca2+ load, and thereby secondarily increased force of contraction due to 

increased Ca2+ induced Ca2+ release.  

 

In HF, Ca2+ uptake in the SR is impaired and SR Ca2+ levels are subsequently decreased. This 

can limit the SR Ca2+ release and thus presumably contribute to the systolic dysfunction and 

reduced contractile force which characterizes HF 203. These changes have been attributed to a 

downregulation of the Serca2 pump, reduced levels of PLB phosphorylation and depletion of 

SR Ca2+ through leaky RyR2 channels 192. There are indications that RyR are 

hyperphosphorylated in HF, as opposed to the presumably hypo-phosphorylated PLB 207, 

potentially resulting in increased diastolic leak of Ca2+ 208, 209. The PKA-dependent 

hyperphosphorylation was proposed to be due to a combination of hyperadrenergic HF state 

and lower RyR-associated phosphatases and PDEs 208-210. However, this hypothesis is still 

controversial (reviewed in 203).  
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Figure 5: β-AR/5-HT4 receptor activation and phosphorylation targets relevant to excitation-contraction 

coupling. The entry of Ca2+ through L-type Ca2+ channels (LTCC, in blue) stimulates the release of Ca2+ from 

the sarcoplasmic reticulum (SR) through the SR Ca2+ release channel, the Ryanodine receptors (RyR, in yellow), 

leading to activation of myofilaments. Resting Ca2+ concentrations are restored mainly through re-uptake of 

Ca2+ into the SR by the Ca2+ uptake pump Serca2 (green), which is regulated by phospholamban (PLB). Agonist 

binding to β-AR or 5-HT4 receptors results in Gs activation, cAMP production by adenylyl cyclase (AC), binding 

of cAMP to the regulatory subunits of PKA and subsequently PKA activation. PKA can phosphorylate L-type 

Ca2+ channels, RyR, PLB and sarcomeric proteins such as Troponin I, resulting in increased contractility and 

relaxation through the delivery of more Ca2+ to the myofilaments (increased contractility) and improved SR Ca2+ 

re-uptake and desensitization of the myofilaments to Ca2+ (faster relaxation). 
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β-adrenergic signaling in normal and failing hearts 

The autonomous nervous system ensures that the contractile force and relaxation rate are 

finely tuned to match the cardiac output to varying circulatory demands, on a beat to beat 

basis. Activation of the sympathetic nervous system (mediated by catecholamines) results in 

positive inotropic (increased contractile force), chronotropic (increased heart rate) and 

lusitropic (faster relaxation) effects in the heart, primarily through β-adrenergic GPCRs (β-

ARs). The β1-AR, the predominant subtype in the ventricular cardiomyocyte (reviewed in 211 

and recently documented at single cell level in 212), stimulate cAMP generation and 

subsequent PKA activation. PKA in turn mediates phosphorylation of a variety of proteins 

involved in contractility regulation, such as the LTCC, RyR, PLB, TnI and MyBP-C. This 

process increases both cellular contractility and relaxation, through the delivery of more Ca2+ 

to the myofilaments and improved re-uptake of Ca2+, respectively. The β2-AR similarly 

stimulate cAMP production, although the response is spatially confined in contrast to the far-

reaching, propagating cAMP response produced by β1-AR stimulation 213. This difference is 

likely to reflect different distribution of the receptor subtypes. Whereas β2-AR were found to 

be enriched in the T-tubules, the β1-AR are more evenly distributed in the plasma membrane. 

In HF, however, the β2-AR redistribute from t-tubules to detubulated membrane, with 

subsequent loss of the restricted nature of the cAMP response 214. 

 

Sympathetic hyperactivity is one of the hallmarks of HF 215, 216 The enhanced and sustained 

cardiac adrenergic drive contributes to the progression of left ventricular dysfunction and 

remodeling 217 and the levels of circulating catecholamines in HF patients are inversely 

correlated with survival (reviewed in 218). In addition, cardiac overexpression of β1-AR and 

Gαs in transgenic mice promotes cardiac hypertrophy, ventricular dysfunction and eventually 

HF, indicating that prolonged high activity in the cAMP dependent pathway is detrimental for 
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the failing heart 192, 219-221. Although long considered contraindicated in HF, today β-AR 

antagonists are established as one of the cornerstones in treatment of chronic HF 194, 218.  

Continuous β1-AR stimulation results in downregulation and desensitization of the receptors 

with diminished responsiveness to circulating catecholamines and marked attenuation of the 

inotropic response 222, 223. Desensitization probably involves uncoupling of receptors from Gs 

mediated by receptor phosphorylation by PKA and/or GPCR kinases (GRKs), receptor 

downregulation and increase in the level of Gi proteins (which can couple to β2-AR) 

(reviewed in 218). Most likely, this reflects a protective compensatory response, and β-AR 

antagonists in HF act by further inhibiting the deleterious effects of remaining β1-AR 

signaling. However, it has also been proposed that the desensitization contributes to the HF 

pathogenesis and that some of the effects of β-AR antagonists could be resensitizing of 

downstream signaling pathways 218.  

Effects of serotonin in the cardiovascular system 

Serotonergic stimulation evokes complex responses in the cardiovascular system due to the 

diverse distribution of 5-HT receptors, e.g. causing both vasorelaxation and vasoconstriction 

depending on the vessel site and condition of the intima wall 99, 224. The majority of 5-HT, 

originally released from the GI-tract, is taken up through SERT and stored in platelets, but 5-

HT can also be taken up by sympathetic neurons and released as a false transmitter 225. There 

is also evidence of cardiac 5-HT production, thus providing several possible sources of 

serotonin to stimulate cardiovascular receptors 226-228. Furthermore, the effects of 5-HT in the 

cardiovascular system can also be indirect, as 5-HT receptors in sympathetic and 

parasympathetic nerve terminals probably can promote release of norepinephrine and 

acetylcholine, respectively 225, 229.  

Serotonin receptors are present in many parts of the cardiovascular system and their effect 

depends on distribution of the receptor subtypes. 5-HT2A- and 5-HT1B-receptors are the most 
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important mediators of vasoconstriction, whereas vasodilation is mediated through 5-HT4 and 

5-HT7 receptors 225. In the heart, stimulation by 5-HT has been shown to elicit chronotropic, 

lusitropic and inotropic effects 225. Already in the late 50’s Harris et al. showed a serotonin 

induced bradycardia followed by hypotension in humans 230. The response was probably 

mediated through activation of 5-HT3 receptors on epicardial vagal nerve endings increasing 

transmitter release and thereby muscarinic receptor activation. Remarkably, serotonin was 

also shown to induce tachycardia in healthy volunteers 231. This response, in contrast to the 

bradycardia observed by Harris et al., is probably a direct effect on the heart mediated through 

sinoatrial 5-HT4 receptors 225. 5-HT4 receptors are also present on regular human atrial cells 

where they induce a cAMP-mediated positive inotropic and lusitropic response through PKA-

mediated phosphorylation of TnI, PLB (relieving the inhibition of Serca) and LTCC 162, 232, 

233. A functional role of 5-HT receptors has not been found in ventricles from healthy hearts 

without concurrent PDE inhibition 234, 235. 

5-HT receptors are involved in several cardiac diseases. Plasma serotonin levels increase in 

humans with HF 236, 237, coronary artery disease 238, 239. and Tako-Tsubo Cardiomyopathy 240. 

5-HT-mediated coronary vasoconstriction may play a role in coronary artery disease and the 

thrombotic process leading to myocardial infarction as 5-HT is released from platelets upon 

activation and infusion of 5-HT causes coronary artery constriction in patients with 

atherosclerosis 224. A potential role for 5-HT4 receptors in atrial fibrillation has also been 

suggested, and supported by the antiarrhytmic effect of antagonizing the receptor 241-243. 

However, this hypothesis requires further clinical verification.  

Our group has previously shown that functional 5-HT4 and 5-HT2A receptors appear in the 

cardiac ventricle coinciding with an emerging 5-HT responsiveness during transition to HF 

244-246. The 5-HT2A receptor elicits a positive inotropic response, without shortening of the 

contraction–relaxation cycle, i.e. without a lusitropic response 247. This effect is cAMP-
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independent, mediated through Gq and subsequent Myosin Light Chain (MLC) 2 

phosphorylation, resulting in increased myofilament Ca2+ sensitivity (resembling the inotropic 

response of the Gq-coupled α1-adrenergic receptors). The 5-HT2A-mediated inotropic effect is 

pronounced in the acute and early stages of HF, whereas the 5-HT4-mediated inotropic effect 

is small in the acute phase after myocardial infarction but dominates in the chronic situation 

characterized by hypertrophy and left ventricular dilation. 5-HT4 receptor signaling resembles 

that of β-AR and causes inotropic effects through a pathway involving cAMP and PKA-

mediated phosphorylation of proteins involved in Ca2+ handling, resulting in enhanced 

contractility through increased Ca2+ availability and shortening of the contraction-relaxation 

cycle through faster Ca2+ removal from the cytosol (positive lusitropy) 247, 248. cAMP 

generated through 5-HT4 receptor stimulation seems more efficiently coupled to increased 

contractility than cAMP generated through β-AR stimulation, as 5-HT4 stimulation is 

accompanied with only a slight increase in total cAMP compared to β-adrenergic stimulation 

despite the contractile responses being of similar magnitude in failing heart. Prolonged 

stimulation of the cAMP pathway, e.g. through to β-AR stimulation is, as mentioned above, 

considered deleterious in HF due to activation of processes leading to increased energy 

expenditure and calcium overload. Accordingly, in line with treatment with β-AR antagonists, 

treatment with a 5-HT4 receptor antagonist has shown beneficial effects in rats with HF 249. 

Moreover, treatment with piboserod, a 5-HT4 receptor antagonist, was shown to increase left 

ventricular ejection fraction in patients with HF, although its clinical relevance remains 

uncertain 250. 
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Cardiac compartmentation of cAMP  

The cAMP-PKA pathway is one of the most versatile signaling pathways in eukaryotic cells, 

stimulated by a vast variety of hormones and neurotransmitters through Gs-coupled receptors. 

This ubiquitous pathway is involved in regulation of cellular function in almost all tissues in 

mammals and must therefore be tightly regulated at several levels to maintain specificity for 

the plethora of signaling inputs. The first indication of localized cAMP signaling was 

observed in the heart several decades ago, where stimulation of EP receptors with 

Prostaglandin E1 (PgE1) and β-AR with catecholamines produced similar increase in cAMP, 

yet only β-AR stimulation increased glycogen phosphorylase activity and cardiac contractility 

251-255. Later, Jurevicius and Fischmeister demonstrated that local elevations in cAMP 

modulated adjacent, but not distant, Ca2+ channel activity in the heart, whereas PDE inhibition 

eliminated the diffusion barriers 256. Today, there is a large body of evidence supporting that 

the specificity of different stimuli is ensured through compartmentation of cAMP, wherein 

subcellular confined cAMP pools are formed, in close proximity to the molecular components 

of a specific signaling pathway 86, 257-259. The exploration and understanding of 

compartmentation has developed rapidly with advances in FRET-based imaging utilizing 

genetically encoded cAMP reporters able to detect local increases in cAMP or PKA activity 

213, 258-266. 

Local cAMP pools are achieved by localized cAMP synthesis (subcellular localized receptors 

and ACs), PDEs creating diffusion barriers and insulating cAMP from other PKA enzymes 

and through formation of multiprotein complexes, placing PKA near preferred substrates 

orchestrated by AKAPs 83.  
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Multiprotein complex formation and the role of AKAPs 

AKAPs constitute a structurally diverse family of proteins defined by their PKA-binding 

domain, through which the AKAPs anchor the regulatory dimer of the PKA holoenzyme to 

particular regions in the cell, typically close to important PKA targets. In addition to 

providing spatial control by positioning PKA close to specific substrates, AKAPs also serve 

as scaffolding proteins that assemble GPCRs, phosphatases and PDEs into multiprotein 

signaling complexes or signalosomes. Scaffolding of PDEs and phosphatases, enzymes that 

oppose the action of PKA, in immediate vicinity also provides a temporal control and means 

of terminating the cAMP signal 94, 95. Moreover, PKA-mediated phosphorylation of some of 

the PDEs known to be scaffolded by certain AKAPs results in augmented PDE activity, 

establishing local negative feedback loops 267-270. Connecting PKA to specific modulators and 

targets, e.g. through such multivalent signal transduction complexes, would seem particularly 

efficient at achieving targeted signaling if the PKA holoenzyme does not dissociate in vivo, as 

recent studies have suggested 92. In the heart, several AKAPs are expressed and have 

important functions, e.g. AKAP79 (AKAP5), mAKAP (AKAP6), AKAP18 (AKAP7) 

(reviewed in 83, 271). AKAP79 has been shown to be associated with β-ARs, AC5/6 and LTCC 

272-274. mAKAP is localized to the junctional sarcoplasmic reticulum, scaffolding both RyR 

and PDE4, in addition to its anchoring at the nuclear envelope 268, 275-277. AKAP18α is 

localized to plasma membrane and presumably also interacts with the L-type Ca2+ channels, 

whereas AKAP18δ is bound to PLB and SERCA in a protein complex and is responsible for 

regulating SERCA activity 278-282. It has been shown that disruption of the AKAP18δ-PLB 

interaction leads to decreased PLB phosphorylation and hence reduced β-AR-stimulated Ca2+ 

re-uptake into the sarcoplasmic reticulum 278. Even though most AKAPs bind PKA RII 

subunits, several dual specific AKAPs capable of binding both RI and RII, as well as selective 

RI AKAPs have been identified 200, 283-291. 
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Spatiotemporal confinement of the cAMP response by PDEs 

At least 5 families of the cAMP-degrading PDEs are expressed in the heart (PDE1-4 and 8) 82. 

They regulate the amplitude and duration of the cAMP responses, constrain diffusion of 

cAMP and thus dictate which signalosome is engaged in a signaling event at any given time. 

It has also been proposed that PDEs also can act as local sinks that drain cAMP concentration 

and thus preventing homogenous distribution of second messenger292. 

The different PDEs exhibit different modes of regulation: The dual specificity PDE2 isoform 

(able to degrade both cGMP and cAMP) is activated by binding of cGMP to an allosteric site 

on the enzyme. Conversely, cGMP inhibits PDE3 by competing with cAMP at the catalytic 

site 81. Moreover, PKA phosphorylation enhances the activity of both PDE3 and PDE4 in a 

negative feedback loop. Some of the PDEs also display specific targeting domains to specific 

locations within the cells 81. Knowledge of microdomain control by PDEs have developed 

rapidly with the advances of genetically encoded FRET reporters able to measure local cAMP 

concentration. E.g. PDE3 and PDE4, both shown to be complexed with Serca2 293, 294, were 

the main regulators of cAMP levels in the SERCA2-containing microdomain in healthy 

cardiomyocytes, whereas PDE2 is more important and PDE4 less important in early HF 263. 

Many of the PDEs exhibit reduced cardiac expression in HF, which could lead to 

disorganization of the cAMP compartment and thus possible contribute to the 

disadvantageous effects of cAMP in HF 295.  
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Aims of the present study:  

The main purpose of this thesis was to elucidate the Gs interaction and cAMP signaling of the 

two Gs-coupled serotonin receptors 5-HT4 and 5-HT7. The more specific aims were to: 

 

• Determine the coupling mode of 5-HT4 and 5-HT7 receptors  

• Determine the intracellular segments of the 5-HT7 receptor responsible for 

preassociation through the construction and analysis of a series of chimeric receptor 

constructs in which intracellular segments of the 5-HT7 receptor are exchanged with 

corresponding parts of the 5-HT4 receptor. 

• Elucidate how these chimeric exchanges influence cAMP signaling, particularly the 

characteristic two-component Gs activation pattern 

• Examine if the segments identified as determinants for preassociation in the 5-HT7 

receptor could convert a collision-coupled receptor into a preassociated receptor, by 

constructing reverse 5-HT4 chimeric constructs 

• Elucidate the effects of 5-HT4 receptor stimulation in failing rat hearts by direct 

measurements of subcellular cAMP responses with FRET sensors targeted to different 

subcellular domains. 

• Investigate the suppressing effect of PDE3 and PDE4 on the localized cAMP response 

to 5-HT in the myofilament (measured with the TnI-CUTie biosensor) and Serca-

compartment (measured with the AKAP18δ-CUTie biosensor). 
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Summary of results 

Paper I and II  

In Paper I we found that the 5-HT7 serotonin receptor, as opposed to the 5-HT4 and the β1 

adrenergic receptor, was preassociated with the G protein and that exposure to agonist 

resulted in a relatively slow dissociation of the Gγ2 subunit from the receptor which was 

paralleled by a similar dissociation of the Gγ2 subunit from Gαs. Additionally, the FRET 

experiments indicated that agonist binding results in an initial change in the receptor 

interaction with the Gα subunit, probably reflecting a conformational change between the two 

preassociated proteins, followed by a dissociation of Gβγ subunit from both the receptor and 

Gα.  

 

Through the construction of a systematic series of chimeric receptors in which intracellular 

segments of the 5-HT7 receptor were exchanged with the corresponding segments of the 5-

HT4 receptor we elucidated the structural determinants for this preassociation in Paper II. We 

found that the amino terminal part of ICL3 and C-tail were responsible for preassociation 

based on the observation that exchange of these sections with the corresponding parts of the 

5-HT4 converted the 5-HT7 to behave like the 5-HT4 receptor and probably the majority of 

other GPCRs, i.e. a collision-coupled receptor that associates with G protein upon agonist 

activation. Moreover, although the construction of chimeric receptors had only minor effects 

on ligand binding, exchange of the same constructs that abolished preassociation selectively 

eliminated a low potency component of a characteristic two-component agonist-induced Gs 

signaling of the WT 5-HT7 receptor. 



44 

 

Paper III 

In Paper III we investigated localized cAMP responses to 5-HT4 receptor stimulation in 

failing rat cardiomyocytes compared to Sham. Employing FRET sensors targeted to different 

subcellular compartments, we found that 5-HT increased cAMP in the myofilament 

compartment, measured by the TnI-targeted CUTie sensor, in a similar manner as β-AR in 

HF, whereas no such cAMP increase was observed in Sham cardiomyocytes. Further, in 

normal cardiomyocytes we found that PDE4 was the main regulator of the β-AR-evoked 

cAMP response in the vicinity of TnI. In contrast, both PDE3 and PDE4 are important for 

regulating the cAMP response in HF, possibly due to a concomitant PDE4 downregulation in 

HF. 

In addition, PDE4-inhibition revealed an increase in cAMP upon 5-HT stimulation in the 

Serca compartment, measured by the AKAP18δ -targeted CUTie sensor, in HF comparable to 

that of β-AR stimulation. In addition, we found a subcellular augmented Iso response in HF, 

probably reflecting the previously observed increased potency of β-AR stimulation to elicit an 

inotropic response in HF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



45 

 

Methods and methodological considerations 

HEK293 cells and protein expression 

HEK293 cells were used to express the different receptors and G proteins investigated in 

Papers I and II  and for expressing the AKAP18δ CUTie sensor for in vitro assay in Paper III. 

The HEK293 cell line was established by Graham and co-workers in 1977 296. There are 

several advantages in using HEK293 cells. They grow well in both serum and serum-free 

medium and are largely used to study signal transduction mechanisms. The cells are easy to 

transfect with wild-type, mutated or tagged proteins and offer the possibility to transfect 

several plasmids simultaneously to study the interaction between proteins. Additionally, 

signaling below detection limits in endogenous systems can be studied in overexpressing 

cells. There are also several disadvantages related with the use of HEK293 cells. Most 

importantly, conclusions drawn from HEK293 cells are not always transferable to endogenous 

systems. One explanation can be the possibility of non-specific interactions due to protein 

overexpression in transfected HEK293 cells. The tendency for proteins to associate will 

increase with increasing concentrations. Although our Paper I and II  clearly supports the 

concept of receptor-G-protein preassociation, the conclusion was based on experiments 

performed on overexpressing HEK293 cells, which implies that some caution needs to be 

applied in interpretation of results. Still, several findings contradict that the inactive 

association between Gs and 5-HT7 observed in Paper I and II  is a consequence of very high 

receptor and Gs expression levels: First, we found no such preassociation between the 5-HT4 

receptor and Gs although the expression levels were similar. Also, we used the same levels of 

overexpression as other groups who found no such preassociation between the receptor and G 

protein combination they studied 70. Second, the receptor expression was not substantially 

higher than that observed in membranes prepared from guinea-pig hypothalamus, if the 
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cellular heterogeneity in these preparations is considered 297. Based on these observations, we 

concluded that preassociation most likely is caused by intrinsic properties of the 5-HT7 

receptor, and not dependent on unphysiologically high receptor levels.  

Serum and serotonin receptors  

HEK293 cells are usually cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal calf serum. Measurements in our laboratory showed that fetal 

calf serum contained ~25 µM 5-HT 113. Culturing cells with this concentration of 5-HT would 

interfere with concentration-response curves and could cause desensitization of the receptors. 

We therefore cultured cells in UltraCULTURETM general purpose serum-free medium, shown 

to be devoid of 5-HT by HPLC measurements with a detection limit of < 2 nM 113. HEK293 

cells generally grow faster and spread more when cultured in DMEM supplemented with fetal 

calf serum than UltraCULTURETM, so the former was chosen for maintenance of 

untransfected cells. Under the transfection procedure, the cells were washed and incubated 

with Opti-MEM (without fetal calf serum) which was later replaced with UltraCULTURETM . 

Any residual 5-HT present after incubation with fetal calf serum would be degraded in the 

medium, as we previously determined that 10 nM 5-HT was rapidly oxidized in 

UltraCULTURETM 113. 

Probing coupling mode with chimeric receptors 

Paper II is based upon systematic functional examination of a series of chimeric receptors. 

Construction of such hybrid GPCRs, an approach whereby a domain of one “parent” receptor 

is exchanged with a corresponding (but possibly functionally distinct) domain of another 

“parent” receptor, is a useful approach for elucidating structure and function relationships. It 

has provided a considerable amount of information about structural elements determining 
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several aspects of GPCR signaling, and been instrumental for delineation of domains involved 

in ligand binding, G protein specificity and receptor internalization 298, 299. The aim of 

chimeric receptor studies is usually to correlate replacement of a particular structural domain 

with acquisition or alteration of a particular function. It is usually more straightforward to 

interpret data from gain-of-function studies, where one examines whether substitution of a 

specific region, from a donor receptor into an acceptor receptor, results in transfer of a 

functional property that is characteristic for the donor (in our case collision coupling and 

preassociation for the 5-HT4 and 5-HT7, respectively). In contrast, when examining loss-of-

function changes, such as loss of ligand binding, it is important to keep in mind that such 

outcomes also could result from folding deficits 298.  

 

In Paper I, we established that the 5-HT7 exhibited preassembly with Gs in contrast to 5-

HT4R and β-AR, which were both collision coupled. In Paper II, we employed a chimeric 

receptor approach to investigate the structural domains involved in preassociation of the 5-

HT7 receptor. 

 

The 5-HT4 receptor was chosen as the “donor receptor” for construction of 5-HT7-chimeras, 

for several reasons. Most importantly, the 5-HT4 receptors belong to the same subfamily of 

GPCR, bind the same endogenous agonist, and couple to the same G protein as the 5-HT7 

receptors. Also, the amino acid sequence between the two receptors displayed a considerable 

similarity (appr. 60% in TM homology and appr. 40% in overall sequence homology), making 

it likely that they would be sufficiently compatible to form stable functional chimeric 

receptors with proper folding. Although the β-adrenergic receptor also exhibited the same 

degree of sequence similarity, the fact that it did not share the same endogenous agonist and 

had a weaker phylogenetic relationship, made it less suitable to utilize for chimeric 
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construction with the 5-HT7 receptor. One of the most common problems when constructing 

chimeric constructs are improper receptor folding, especially when the domain replacements 

are carried out between members of different subclasses of GPCR, lacking high degree of 

sequence homology 298. Also, the likelihood of obtaining functional receptors is strongly 

dependent on the chimeric junctions 298. In the first attempt to create 5-HT4/5HT7 chimeras, 

we placed the chimeric junctions in the extracellular loops. These constructs were, although 

expressed in the membrane, not able to bind 5-HT, probably because of improper folding 

and/or changes in the binding pocket by combining large segments of both receptors. In the 

next attempt, we restricted the chimeric exchanges to the intracellular parts, the parts likely to 

be involved in preassembly with Gs, leaving the binding pocket unaltered. These substitutions 

resulted in functional chimeric receptors that, with one exception, bound agonists and 

activated adenylyl cyclase. The ICL1 chimeric receptor probably suffered from folding 

deficits and was not expressed on the surface, when visualized with fluorescence microscopy. 

Consequently, this construct was excluded from further studies.  

A frequent problem with chimeric receptors is that they are often expressed at levels 

considerably lower than the corresponding wild type levels 298. This can be due to a variety of 

factors including reduced receptor stability and/or impaired trafficking of the receptor to the 

cell surface. To compensate for this, we increased the amount of transfected chimeric DNA 

but kept the total amount of plasmid DNA constant in each transfection by adding the 

appropriate amount of vector DNA. In addition, in both FRAP and FRET experiments we 

chose cells with similar receptor fluorescence intensity for both WT and chimeric receptors, 

and thereby compensated for the difference in expression. Even with increased amount of 

plasmid DNA, several of the chimeric receptors exhibited significantly reduced expression 

compared to the WT 5-HT7 in the membrane preparation used for radioligand binding and 

adenylyl cyclase assay. The low expression led to an analogous low efficacy in cyclase assay, 
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which precluded a meaningful differentiation between high and low potency activation in 

some of the constructs. The EC50 obtained from monophasic curve analysis did nevertheless 

give us an indication of the presence or absence of low potency activation.  

Antibody-immobilized FRAP experiments 

In Paper I and II  we implemented a FRAP approach that allowed simultaneous assessment of 

lateral mobility of two fluorescently tagged proteins, in our case the different WT or chimeric 

receptors and Gs. HEK293 cells co-expressing CFP-labeled receptors and YFP/Venus-labeled 

G protein subunits were treated with immobilizing antibodies against the receptors. Next, in a 

confocal microscope, a selected area in the cell membrane were bleached by a high intensity 

laser, destroying all fluorescence in that specific area, whereas we recorded fluorescent 

recovery of both receptors and G proteins from the surroundings. If the receptor and G protein 

exist in a stable complex, antibody-immobilization of the receptor would restrict movement of 

the G protein, detected as reduced fluorescence recovery.  

With antibody-immobilized FRAP, a primary antibody against one of the proteins being 

investigated is crosslinked by a secondary antibody, leading to specific immobilization of that 

particular protein partner 73. This is in contrast to the immobilization procedure used in 

several other studies of receptor-G protein interaction, avidin-biotin-crosslinking. That 

approach immobilizes all transmembrane proteins, increasing the need for appropriate control 

experiments to exclude unspecific effects on G protein lateral diffusion by the surface 

crosslinking and/or by immobilization of another endogenous receptor. In our setup, we 

verified that the observed effects were not influenced by the immobilizing procedure itself, by 

expressing the G protein alone with and without antibody treatment and observed no 

difference in G protein mobility. Also, the mobile fraction of G protein was not affected by 

immobilizing 5-HT4 receptors, expressed at comparable levels as the 5-HT7 constructs and 
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interacting with the same G protein, indicating that the apparent preassembly is not due to 

overexpression. It is unlikely that fast receptor internalization affects the FRAP measurements 

within the time-frame of the experiments as the receptors investigated show little agonist-

independent internalization and as we previously have shown that labeling the 5-HT7 receptor 

with GFP at the C-terminus renders it resistant to internalization 50, 300. 

A somewhat surprising finding was that antibody immobilization was less effective in both 

the WT 5-HT7 receptor and the chimeric constructs based on 5-HT7 receptor, compared to the 

5-HT4 receptor constructs and also compared to findings from other studies 73. The less 

efficient immobilization was not due to the antibody employed as two different antibodies, 

against epitopes in the receptor or against an N-terminal HA-tag, gave similar degrees of 

immobilization, and the latter antibody was able to highly immobilize the 5-HT4 receptor. 

Nevertheless, in the experiments with the WT 5-HT7 the recovery of Gs rather closely 

followed the recovery pattern of the 5-HT7 receptor, reaching the same degree of 

immobilization, whereas the Gs recovery was unaltered in combination with the highly 

immobilized 5-HT4 receptor.  

The main limitation with FRAP is the inability of the method to distinguish between direct 

interactions or indirect interactions mediated by a scaffolding protein or a membrane 

microdomain. As FRAP lacks single molecule sensitivity, we complemented our FRAP 

studies with FRET (fluorescence resonance energy transfer) studies, an approach suitable to 

investigate the dynamics of the interaction and which, based on the distance-limitation for 

FRET to occur, can indicate a direct interaction.  
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FRET technology 

FRET (fluorescence resonance energy transfer) technology was employed in all three papers 

of this thesis. FRET, first described by Förster in 1948, is the process of energy transfer from 

a donor fluorescent molecule to an acceptor fluorescent molecule in a non-radiative manner, 

through dipole-dipole interactions 301. Excitation of the donor molecule will lead to an 

emission of light in a characteristic spectrum of wavelengths. Subsequent energy transfer to 

the acceptor occurs if the following prerequisites of FRET are present: (1) The acceptor must 

have an excitation spectrum which significantly overlaps the emission spectrum of the donor 

(Fig. 6). (2) Furthermore, FRET is highly dependent on the distance between the donor and 

the acceptor and it occurs only when the two molecules lie within close nanometric proximity 

(less than 100 Å/10 nm apart). (3) In addition to close proximity, the relative orientation of 

the two fluorophores involved is crucial for FRET to occur 302. In our FRET experiments we 

used the most common FRET pair, CFP (donor) and YFP (acceptor) (Fig. 6).  

 

 

 

Figure 6: The spectroscopic properties of CFP (donor) and YFP (acceptor). A suitable FRET pair has 

sufficient separation in the excitation spectra for selective stimulation of the donor, an overlap (> 30%) between 

donor emission spectrum and excitation spectrum of the acceptor to achieve efficient energy transfer, and 

satisfactory separation in emission spectra between donor and acceptor to allow independent measurement of 

the fluorescence of each fluorophore 303. YFP and CFP fulfil these requirements.  
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In Paper I and II , we employed FRET technology to investigate the dynamics of 5-HT7 

receptor-G protein coupling. FRET is a sensitive method to detect and monitor protein-protein 

interaction as well as conformational changes of individual proteins and has been widely 

applied for studying different aspects of GPCR signaling, such as conformational changes, G 

protein activation and receptor-G protein interaction 62. To investigate coupling mode of 

different receptors and Gs, we co-expressed receptors labeled with a fluorescent donor 

together with either Gα or Gγ labeled with a fluorescent acceptor, or the other way around. 

Experiments were performed by exciting the donor fluorophore and measuring the donor and 

acceptor fluorescence, in real time, then calculate a change in FRET ratio (YFP/CFP) after 

agonist stimulation. If the donor and acceptor is, or become, in close proximity (within 10 nm 

/100 Å), this will lead to a transfer of energy from the donor to the acceptor, leading to a 

quenching of the donor emission and a simultaneous increase in acceptor emission, as energy 

is transferred (Fig.7).  

 

Figure 7: Basic principle of intermolecular FRET: If FRET occurs, the donor excitation will be quenched and 

the acceptor signal will increase.  

 

The main advantage of FRET is that it allows monitoring of dynamic changes, in living cells 

in real time. With intermolecular FRET studies, as the experiments in Paper I and II , an 

association or separation between the two proteins in the 1-10 nm range can be detected 62. 
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However, different methodological considerations must be considered before the results can 

be appropriately interpreted. 

FRET techniques generally require fluorescent labeling of the proteins investigated. As 

mentioned above, in Paper I and II , the receptor and G protein were labeled with one of the 

most common FRET pairs, i.e. two variants of GFP: CFP as a FRET donor and YFP as a 

FRET acceptor. A problem with GFP and its derivatives is that they are relatively large 

proteins (27 kDa) and hence there is a risk that the fluorophores alter the properties of the 

labeled proteins 304. Therefore, control experiments ensuring that the fluorescent molecule 

labeling does not affect the integrity of the protein under investigation, are crucial. In our 

study, we demonstrated that the CFP/YFP-labeled 5-HT7(b) receptor was unaltered both with 

regard to expression levels, ligand binding and AC activation compared to the WT 5-HT7(b) 

receptor 50 (Paper I/II). In addition, the YFP/CFP-labeled 5-HT4(b) receptor displayed 

pharmacological properties comparable to the WT 5-HT4(b) receptor. Since the C-terminal 

fusion of GFP did not alter the WT receptors it is unlikely that the changed pharmacological 

profiles seen in the chimeric receptors is due to fluorophore labeling, but rather caused by the 

chimeric exchanges in the receptor structure as such. The Gγ subunit is labeled with CFP at its 

N-terminus, while in the Gαs, where both the C- and N-termini are shown to be involved in 

receptor interaction 14, the fluorophore is positioned in the connecting loop between these 

domains. The labeled G protein subunits have preserved their GTPase activity, their ability to 

form βγ-dimers and a full heterotrimeric G protein and also to interact normally with 

receptors and effectors 62.  

 

Another important aspect of FRET technology is the need for appropriate control 

experiments, e.g. to control for non-specific FRET as a result of random distribution and 

collision of over-expressed fluorescent proteins. As we, in all our experiments, studied the 
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dynamic change upon agonist-stimulation, determination of non-specific FRET was of less 

importance, since it is the change from basal FRET which is of interest. However, it is 

important to rule out non-specific effects of the solution-changing process, by changing 

between two identical buffer solutions before adding agonist.  

An important limitation of intermolecular FRET is that the failure to observe a signal between 

two proteins does not necessarily imply absence of a specific interaction. As mentioned 

above, the energy transfer depends on both the distance between the proteins of interest and/or 

their relative orientation within protein complexes. A lack of FRET can therefore be a 

consequence of a perpendicular orientation of the dipoles of CFP and YFP. In addition, FRET 

experiments cannot definitively distinguish between direct protein-protein interactions and 

indirect interactions that bring the proteins of interest (or more precisely, the fluorophores 

they are labeled with) in close proximity.  

 

In Paper I and II , we measured FRET signals between GFP variants fused to two different 

proteins, either a receptor and a G protein subunit or two different G protein subunits as 

mentioned above. In such an intermolecular FRET setup, an increase in FRET signal would 

normally be interpreted as an association or movement of the two labeled proteins towards 

each other and a decrease in signal as dissociation or movement of the proteins away from 

each other. However, it should be kept in mind that similar changes in FRET signals could be 

obtained as a result of a major conformational change in one or both of the proteins which 

results in a change in the distance between the FRET donor and the FRET acceptor without 

the two labeled proteins actually being physically associating or dissociating. Moreover, a 

change in the orientation of the two fluorophores relative to each other could also result in a 

change in the FRET signal due to a change in the efficiency of energy transfer between the 

fluorophores. 
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FRET is also increasingly applied to study downstream effects of the receptor, such as cAMP 

production after receptor activation. In Paper III  we used FRET technology to investigate the 

5-HT-stimulated local increase of cAMP in adult rat cardiomyocytes. A FRET-based cAMP 

sensor requires a cAMP binding domain genetically fused to two fluorescent proteins (a 

FRET donor and acceptor). Moreover, cAMP binding must induce a conformational change 

resulting in rearrangement of the fluorescent proteins and thus either increasing or decreasing 

FRET (Fig. 8). In this way the efficiency of energy transfer varies in relation with the 

concentration of cAMP. There are several advantages of using FRET sensors for detecting 

cAMP concentrations. Because such sensors are genetically encoded, they can be expressed in 

living cells either by transfection or viral transduction and used to monitor dynamic changes 

in cAMP levels upon agonist treatment in real time. Traditional cAMP assays use e.g. 

homogenized cardiomyocytes and generate an average measurement of total cellular cAMP. 

However, cyclic nucleotides have been shown to be localized in discrete signaling 

compartments and the receptor-induced changes are not necessarily uniform across the whole 

cell. In fact, FRET-based cAMP sensors were instrumental in establishing that cAMP is 

generated in distinct microdomains 258, 259, 292, 305 263. Thus, the global concentration of cAMP 

within a cell might be irrelevant to the important regulatory pathways, and FRET-based 

cAMP reporters targeted to different subcellular domains increase the spatial resolution of 

cAMP detection and make it possible to e.g. measure the cAMP concentration responsible for 

contractile effects in cardiomyocytes 202. Localized FRET-based cAMP reporters have been 

targeted to different microdomains such as plasma membrane, nucleus, mitrochondria, 

different AKAPs, SERCA (phospholamban or AKAP18δ), and myofilaments (TnI) 259, 266, 292, 

305. However, when comparing a cAMP response between two targeted sensors, differences in 

the physicochemical properties resulting in different sensitivity or efficiency, might be 
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sources of artifacts262. To account for this, the FRET changes, in Paper III, were normalized 

to maximal FRET change for each sensor at saturation. The RI_epac and RII_epac sensors in 

Paper III were, however, normalized to basal as they have previously been shown to have 

identical EC50, Hill coefficients and maximal FRET changes and can therefore be directly 

compared 259. The untargeted Epac-1 sensor has higher efficiency, and thus we can not 

directly compare the changes in cAMP levels generated by Iso measured with this sensor to 

the cAMP response of identical stimulation measured by RI_ and RII_epac in Paper III, 

Fig.1.  

 

Figure 8: Illustration of a FRET-based cAMP sensor 

In the cAMP-free conformation of this sensor (e.g. Epac-1, RI_epac and RII_epac), CFP and YFP are in close 

proximity, resulting in a high basal FRET. Upon excitation of CFP, part of the energy of CFP will be transferred 

by resonance to YFP which in turn becomes excited and we can record emission of a quenched CFP and 

augmented YFP emission. Binding of cAMP to the cAMP binding domain (cAMP-BD) of the sensor induces a 

conformational change, which moves the fluorophores apart, abolishing FRET. 

Animal model  

In Paper III, the rat post-infarction model was used as a model for HF with reduced ejection 

fraction (HFrEF). In this model, an extensive anterior left ventricular infarction was induced 

in male Wistar rats by ligation of the left coronary artery. Rats with large infarction, clinical 

signs of HF, left ventricular dilation and either increased left ventricular end diastolic pressure 
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(LVEDP above 15 mmHg) or the corresponding measurement of increased left atrial 

diameter, 6 weeks after operation, were included in the study 306. 

Sham-operated animals underwent the same surgical procedure without the coronary artery 

ligation and served as controls. These animals displayed no signs of myocardial infarction or 

HF, but macroscopic examination revealed global pericardial fibrosis as a result of post-

operative inflammation. Accordingly, these cardiomyocytes could not be regarded as 

absolutely similar to the normal cardiomyocytes used in Paper III, Fig. 5A and C.  

Another commonly used model of HF is the aortic banding model, were constriction of the 

thoracic aorta results in hypertrophy and subsequent HF, due to pressure overload. There are 

several advantages to using the post-infarction model when studying HFrEF. One of the major 

underlying causes for HFrEF in humans is myocardial infarction, and the model is therefore 

pathologically relevant. Pressure overload, such as in hypertension or aortic stenosis, also 

represents a common cause of HF in humans, but contrary to the animal model of aortic 

banding, the increase in afterload develops gradually over time. It is therefore possible that 

the acute pressure overload by aortic banding might induce pathological changes different 

from those resulting from the slowly developing pressure overload of human hypertension or 

aortic valve obstruction, imposed over many years. Additionally, human hearts exposed to 

pressure overload have a higher probability of developing diastolic dysfunction and HFpEF 

than after a substantial left ventricle myocardial infarction. Therefore, aorta-banded HF 

animals might be a less clean model of HFrEF.  

One important difference between the coronary artery ligation model of HF and post-

infarction HF in humans is that the rats have normal myocardium and coronary arteries prior 

to ligation, while this is not usually true for humans. Moreover, HF in humans often have 

more than one cause. The Framingham Heart study showed that as many as 57% of those who 

had coronary heart disease as their primary cause of chronic HF also had a history of 
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hypertension 307. Finally, although HF is closely associated with aging, animal used for this 

model are relatively young. 

 

The main disadvantage of using small animals is that they are physiologically very different 

from humans, and their response to pharmacological treatment may not be reliably predicting 

that in humans. Larger animals are probably more comparable to humans 308. However, 

several studies show that results from experimental models using rats match findings in 

humans. Indeed, we have previously shown that human failing hearts displayed similar 

inotropic responses to 5-HT as hearts from HF rats. However, it is important to recognize that 

species-differences between human and rats exist, e.g. when it comes to degradation of cAMP 

by different PDEs. In rats PDE4 is the most important cardiac PDE responsible for up to 60% 

of total PDE activity, whereas it represents only 10% of total PDE activity in humans295. 

Thus, extrapolating results on PD E regulation from rats to humans might be problematic and 

indeed, care must always be taken when translating the outcome of any animal experiments to 

human medicine. The main advantage of smaller animals over larger animals is the economic 

considerations with laboratory animal housing and easier animal care. The advantage of using 

rats instead of mice is that rats are easier to work with considering their larger size. Also, the 

physiology of rat hearts in comparison to mouse hearts has closer resemblance to human 

hearts. The most important advantage of mouse models is that they are easy to genetically 

manipulate to generate transgenic strains 308.  

Confocal imaging to determine subcellular localization of cAMP sensors 

 In Paper III, we used confocal microscopy to verify the proper localization of the FRET-

based sensors in adult cardiomyocytes. The cardiomyocytes were transduced with the 

different sensors and concomitantly loaded with fluorescently labeled antibodies against α-
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actinin, visualizing Z-lines (for epac-1, RI_epac and RII_epac sensors) or Serca2 (for TnI- 

and AKAP18δ-CUTie). In general, a major concern about confocal imaging and evaluation of 

co-localization of proteins is operator bias. The operator must select the representative cells 

for inclusion in the evaluation. Ideally, the operator should have been blinded for the sensor 

being investigated. In the current investigation, this was not performed. Instead, to avoid bias 

in the choice of cells, many cells were investigated and one or two coauthors looked at all the 

pictures taken and agreed upon the conclusion drawn from confocal microscopy. Moreover, 

cardiomyocytes not transduced with a sensor were also analyzed to control for 

autofluorescence and the subcellular localization of the different sensors was investigated 

both in Sham and HF, without finding any difference.  

The repetitive pattern of sensor vs Z-line or Serca was examined by analysing profiles of 

region of interest (ROI) and these were collapsed to detect trends between cardiac myocytes. 

However, for clarity only a representative cell was shown. Surdo et al. had already 

demonstrated that the TnI- and AKAP18δ-CUTie displayed the correct localization in adult 

rat cardiomyocytes by confocal imaging and co-immunoprecipitation experiments266. We 

confirmed these findings in our failing adult rat cardiomyocytes in which we found co-

localization between AKAP18δ-CUTie and Serca2, whereas the TnI-targeted sensor did not 

co-localize with Serca, also demonstrating that the Serca2 fluorescence staining was specific. 

Also, when comparing our confocal images of adult rat cardiomyocytes with confocal images 

from neonatal rats 259, we found a similar subcellular localization of RII_epac and RI_epac. 

An important point to consider is whether the confocal imaging has a resolution sufficient to 

separate two objects in close proximity in cells. Under optimal conditions, and excluding 

super-resolution microscopes, the distance between two objects must be at least λ/2 to be 

separated from each other. Our sensors have an emission wavelength (λ) of about 500nm, and 

the distance between two objects therefore must be at least 250nm to be visualized as separate 
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locations 309. Even though RI_epac and RII_epac in part seem to be similarly localized 

between Z-lines, they could still have a different subcellular localization in-between Z-lines 

not detectable by a confocal microscope.  

Isolation and virus transduction of single cardiomyocytes 

In Paper III, isolated cardiomyocytes from adult rat hearts were used to measure subcellular 

cAMP levels in response to 5-HT. Isolated cardiomyocytes are widely used as a model and in 

contrast to e.g. ventricular strips or intact heart preparations, there are no neurotransmitters 

released from nerve endings or other non-myocytes (such as fibroblasts and endothelial cells) 

present that can interfere with the result. An advantage of this model is the possibility to have 

large experimental set-ups, and to manipulate protein expression via viral transduction, 

introducing transgenes. One disadvantage is the absence of cell-to-cell junctions and 

extracellular matrix, leading to a more unphysiological state compared to the in vivo 

environment, which is better preserved in ventricular strips and intact hearts.  

 

Cardiomyocytes were isolated from excised adult rat hearts by retrograde aortic perfusion  

and enzymatic digestion using collagenase. Cells were then plated in wells or on cover slips 

with laminin coating and incubated for two hours before the incubation medium was changed 

to remove dead cells.  

Cells were then stimulated with 5-HT and/or PDE inhibitors for phosphorylation studies or 

transduced with the specific viral constructs for FRET studies. After 24-48 h the cells were 

used for confocal microscopy or FRET experiments. After 48 hours of culture, it has been 

shown that the cardiomyocytes display a slight reduction in T-tubule density 310. A suitable 

method to overcome this potential problem would be to express the sensors in the heart of 

transgenic rats or mice, in which all cardiomyocytes would express the sensor already at 
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isolation. Indeed, sensor-expressing transgenic mice have been shown to be useful tools for 

measuring local cAMP changes in living cells 263. However, in Paper III, we were interested 

in the effect of 5-HT in rat heart, and transgenic rats (to introduce the sensors) are less 

commonly used, more expensive than transgenic mice and require considerably more time to 

establish.  

Three families of viruses are used for transduction of cardiomyocytes, adenovirus, adeno-

associated virus, and lentivirus. We used adenovirus, which are the most commonly used, as 

they can be easily manipulated, accepting a large insert up to 35 kilobases in size. 

Adenoviruses have a linear double-stranded DNA and no envelope. They can infect host cells 

with high efficiency and are capable of generating high levels of gene expression. The 

appropriate virus concentration was calculated based on the cell numbers and the multiplicity 

of infection (MOI) desired. To be able to compare the different viruses, encoding different 

proteins with fluorescent tags, we adjusted the MOI to result in about equal fluorescence. At a 

MOI of 200-1000, all the viruses displayed an efficient infection of adult cardiomyocytes 

after 24-48 hours and the cells showed good viability.  

Biphasic curve fitting 

The interpretation of the adenylyl cyclase data in Paper II is, to a large extent, based on the 

two-site AC activation curve of the WT5-HT7 receptor. All the concentration-response curves 

were best fitted to a biphasic model, but this does not necessarily imply that the curves in fact 

are biphasic. Since the biphasic model has an extra parameter and thus the curve has an extra 

inflection point, this model will always fit the data better than the one-site model. Before we 

accepted the more complicated model, we therefore needed to determine whether the 

improvement in goodness of fit was more than would be expected by chance. This was done 

by the Extra sum-of-squares F test that yields a P value that answers the following question: If 
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the one-site model actually were correct, what is the chance that randomly chosen data points 

would fit to a two-site model better than a one-site model. The more complicated biphasic 

curve was only chosen when the P-value was less than 0.05 and the high potency component 

contributed more than 10%. 
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Discussion paper I and II 

Early studies have described how an agonist occupied (and activated) receptor couples to its 

G protein as a function of lateral diffusion and subsequent random collision in the cell 

membrane 63, 64. The fact that each cell possesses a multitude of GPCRs, G protein subunits 

and effectors that are rapidly activated, suggested that plain random collision is not an 

adequate explanation of signal transduction. Therefore, it was suggested, and later 

demonstrated, that receptors, G proteins and effectors are compartmented in microdomains in 

which they can diffuse freely and interact after receptor activation 69, 311. Recently, however, 

several studies have suggested that some receptors preassociate with its G protein prior to 

activation 40-44, 46, 75. As described in the introduction, a number of basic molecular 

pharmacological measures indicate that the 5-HT7 receptor, as opposed to the 5-HT4 receptor 

and the majority of GPCRs, is preassociated with the G protein Gs 1, 191. Although the last 

decade has produced a considerable amount of information about the active state receptor-G 

protein complex 9, much less is known about the putative inactive state complexes. 

In Paper I we directly investigate the propensity of the two Gs-coupled 5-HT receptors, 5-HT4 

and 5-HT7, to associate with G protein prior to receptor activation, whereas in Paper II we 

further elucidate the molecular determinants of the inactive state between 5-HT7 and Gs.  

 

Inactive 5-HT7-G protein assembly  

The coupling mode of the 5-HT4 and 5-HT7 receptor with Gs was investigated by a 

combination of antibody-immobilized (AB)-FRAP and FRET techniques using fluorescently-

labeled receptors and G protein subunits. Both techniques have been utilized in several other 

studies of receptor-G protein interaction, although the results have been somewhat conflicting 

(See Coupling mode of receptors and G protein). In Paper I AB-FRAP experiments 

demonstrated that the inactive 5-HT7 receptor, as opposed to the 5-HT4 receptor, is 
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preassociated with the G protein in the absence of ligand (Paper I, Fig. 1). The immobilized 

5-HT7 receptor impeded lateral movement of the G protein, indicating a stable association 

between the proteins, whereas immobilizing 5-HT4 receptor had no influence on the lateral 

movement of the G protein subunits. The reduced lateral mobility when immobilizing the 5-

HT7 receptor was evident both for fluorescently labeled Gα and Gβγ and was not abolished by 

inverse agonists. Unexpectedly, we found a further decrease in lateral mobility of Gβγ when 

applying inverse agonist and thereby abolishing constitutive activity (Paper I, Fig. 1D). This 

indicates that the apparent preassembly was not due to ternary complex formation between a 

constitutively active immobilized receptor, which theoretically could reduce Gs recovery. In 

contrast, further inhibition of Gs mobility when adding inverse agonist suggests that 

constitutive activity masked some of the reduced Gβγ mobility, possibly due to dissociation of 

Gβγ upon activation and thereby increased mobility of the Gβγ subunit. 

To further explore the dynamic aspect of 5-HT7 receptor-G protein preassociation we 

complemented our FRAP experiments with FRET measurements. Similar FRET techniques 

have previously been applied for studying the dynamic interaction between receptor and G 

protein 70, 71. In these studies, agonist-induced increases in FRET signal was observed in 

several different GPCR and was interpreted as G protein recruitment to the activated receptor 

and formation of a ternary complex. In Paper I, we observed (as expected) a rapid increase in 

FRET upon agonist-activation between both the YFP-labeled β1AR and 5-HT4 receptor and 

CFP-labeled Gγ2 (Fig. 9 and Paper I, Fig. 2B,C). However, in cells transfected with the YFP-

labeled 5-HT7 receptor together with CFP-Gγ2, agonist stimulation rather resulted in a 

relatively slow, but substantial decrease in FRET signal (Fig. 9 and Paper I, Fig. 2A). 

Analogous results were also obtained when swapping the fluorophores (5-HT7-CFP and 

Venus-Gγ2) in Paper II, Fig. 2P and in Fig.10. 
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Figure 9: Effect of increasing concentrations of Iso (upper panel) and 5-HT (lower panel) on the interaction 

between receptor (β1-AR-YFP in upper panel and 5-HT7-YFP in lower panel) and Gγ2-CFP measured by FRET 

in a single representative cell (n=3-6). HEK293cells transfected with the indicated receptor and Gγ2-CFP, Gαs 

and Gβ1 were stimulated with a focal perfusion system and the change in FRET was reversible upon agonist 

washout. CFP was excited at 436 nm, fluorescence at 470 nm(FCFP) and 530 nm(FYFP) was measured by a dual 

emission photometric system, and FRET was calculated as described in Paper I. Data are normalized to that 

before stimulation. 
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Importantly, in cells expressing the unlabeled 5-HT7 receptor together with YFP-Gαs and 

CFP-Gγ2 subunits, a rapid, small and short-lived positive FRET signal was followed by a 

slow decrease in FRET paralleling the negative FRET signal between YFP-labeled 5-HT7 

receptor and the CFP-labeled Gγ2 (Paper I, Fig.2D). This coinciding decrease in FRET signal 

between the Gγ2 subunit and both the receptor and the Gαs subunit can be interpreted to 

reflect a dissociation of the heterotrimeric G protein and a simultaneous movement of the Gβγ 

subunit away from both Gαs and the 5-HT7 receptor. Whether the Gγ2 actually dissociates 

from the receptor or whether the decrease in FRET signal observed upon receptor-activation 

rather represents a conformational change in the receptor-G protein complex, as observed for 

Gi 54, remains elusive. Furthermore, the initially increased FRET observed between the two 

fluorescently labeled G protein subunits upon agonist binding indicates that G protein 

activation is associated with an initial decrease in distance, or a more favorable conformation, 

between the two fluorophores, probably reflecting a conformational change within the 

heterotrimeric G protein, followed by a dissociation of Gβγ subunit from both the receptor 

and Gα. 

In a preassociated complex where the receptor and G protein exist in a stable 1:1 complex, the 

time to activation should not be dependent on the concentration of Gα. Correspondingly, 

increasing the concentration of Gαs did not modify the activation kinetics between the YFP-

labeled 5-HT7 receptor and CFP-labeled Gγ2 (Paper I, Fig. 4D). This is in contrast to the 

collision-coupled α2A-adrenergic receptor, in which increasing the concentration of Gαi 

increased the likelihood of interaction between receptors and G proteins and thus reduced the 

time to activation 70.  

The fact that we, and others, found different coupling mode in different receptors (or with the 

same receptor and different G proteins) indicates that preassociation cannot be considered as a 
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general phenomenon involved in G protein-receptor coupling, but rather reflects a special 

feature for a subgroup of receptors 40, 43, 45, 46.  

 

Figure 10: Agonist-induced interaction between 5-HT7CFP and Venus-Gγ2. 

HEK293 cells expressing 5-HT7CFP, Venus-Gγ2, Gαs and Gβ1 were stimulated with 5-HT for the indicated time. 

In single cells, CFP was excited at 436 nm, fluorescence at 470 nm (FCFP) and 530 nm (FYFP) was measured by a 

dual emission photometric system, and FRET was calculated as described in Paper I. Data are normalized to 

that before stimulation and is representative of > 30 independent experiments. 

 

Preassociation reveals movement of Gα upon receptor activation 

Surprisingly, agonist stimulation of cells expressing YFP-labeled 5-HT7 and CFP-labeled Gαs 

gave a clear and rapid positive FRET signal, similar to that observed upon agonist stimulation 

of cells transfected with YFP-labeled β1AR or 5-HT4 receptor and the CFP-Gγ2 subunit 
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(Paper I, Fig. 4A). The simplest interpretation would be that the positive FRET signal was a 

result of an association event between the 5-HT7 receptor and the Gαs subunit - in analogy 

with the discussion above, concerning agonist-mediated association of Gγ2 with the β1AR and 

5-HT4(b) receptor. However, in contrast to the majority of other receptors tested, the 

corresponding experiment with CFP-Gγ2 and YFP-labeled 5-HT7 receptor resulted in a 

substantial negative FRET signal, indicating a dissociation instead of an association event. 

More importantly, the FRAP data mentioned above, in which receptor immobilization also 

reduced the mobility of Gαs (Paper I, Fig. 5), indicated that the 5-HT7 receptor is 

preassociated with the entire heterotrimeric Gs protein. Thus, the agonist-mediated, rapid 

positive FRET signal between the labeled Gαs and the 5-HT7 receptor likely reflects a major 

conformational change in either the receptor or the G protein, rather than G protein 

recruitment. Since the YFP in the receptor is fused to the end of the rather unstructured C-tail 

of the receptor, this change in FRET most likely results from conformational change in the 

well-ordered Gαs protein. Importantly, both X-ray crystallography, hydrogen-deuterium-

exchange mass spectrometry (DXMS) and single particle analysis have previously 

demonstrated a large scale movement between the two domains within the Gαs subunit where 

the whole helical domain turns towards the receptor while opening for the GTP for GDP 

exchange upon activation 14, 312, 313. We propose that the positive FRET signal observed 

between the YFP in the 5-HT7 receptor and the CFP in the Gαs subunit, which are 

preassembled in an inactive complex, is caused by the activation-mediated conformational 

change within Gαs. 

Notably, the rapid, small increase in FRET between fluorescently labeled Gαs and Gγ2 upon 

receptor activation, before the larger slow decrease conceivably representing subunit 

dissociation, coincides with the rapid increase in FRET seen between the receptor and Gαs 

(Paper I, Fig. 4). This could indicate that the conformational change in Gαs affects the energy 
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transfer between the fluorophores located in the two G protein subunits in a positive manner 

before the dissociation of the subunits leading to the negative FRET signal.  

Although such a conformational change in Gα could probably also increase FRET between 

Gα subunits and collision-coupled receptors, it would be impossible to distinguish this FRET 

increase from that caused by an association event between the receptor and G protein. Thus, 

an interesting consequence of preassociation between the 5-HT7 receptor and Gs is that it 

reveals a rapid conformational change in Gα, associated with GDP release, and provides a 

tool to study this in real time. Importantly, although receptor and G protein are preassociated 

before agonist binding, it is expected that they are found in a more or less inactive form until 

agonist binding and activation. The observed receptor-G protein preassembly or 

preassociation rather represents inactive state complexes prior to productive coupling and 

does not imply precoupling (basal activity). 

 

Chimeric receptors to determine structural elements involved in 5-HT7 preassociation  

Through a systematic series of chimeric receptor constructs in Paper II, in which intracellular 

segments of the 5-HT7 receptor were replaced with corresponding segments of the 5-HT4 

receptor, we identified the aminoterminal parts of both the ICL3 and C-tail to be critical for 

the preassociation of the 5-HT7 receptor. Employing the same type of AB-FRAP and FRET 

experiments as in Paper I, we found that replacement of these segments converted the 5-HT7 

receptor from apparently being preassociated with Gs, to behave like the 5-HT4 receptor and 

the majority of other GPCRs, i.e. to apparently recruit or associate with the G protein upon 

agonist stimulation (Paper II, Fig. 2 and 4). We also performed reciprocal domain swaps, in 

which ICL3, C-tail or both from 5-HT7 replaced the corresponding segments in a 5-HT4 

receptor. Based on its ability to inhibit diffusion of Gs upon immobilization, we concluded 

that the double chimeric 5-HT4 receptor bearing both ICL3 and C-tail from the 5-HT7 gained 
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the ability to form preformed complex with Gs, while the ICL3 or C-tail reciprocal chimeric 

constructs were collision coupled (Paper II, Fig. 3). This, together with the finding that 

replacing either domain in the 5-HT7 abolished preassociation, indicates that both the TM5 

extension of ICL3 and the helix 8 part of the C-tail are necessary for inactive state 

preassembly. Even though the double reciprocal swap was sufficient to change coupling mode 

of the collision-coupled 5-HT4 receptor in FRAP studies, we were not able to observe an 

agonist-induced dissociation of Gy in FRET experiments. The latter observation might be due 

to a different conformation of the double chimeric 5-HT4 receptor compared to WT 5-HT7 

receptors, changing the relative distance and/or the orientation of the fluorophores necessary 

for the high basal FRET. A common factor in several preassociated receptors is that 

introducing or removing a lipid anchor near the helix 8 domain seems to be of importance for 

preassociation 40-42, 314. In Paper II we found that the position of helix 8 of 5-HT7 in relation to 

the membrane was important for preassociation, as replacing the helix 8 sequence with that of 

5-HT4 or removing the palmitoylation moiety responsible for anchoring helix 8 to the 

membrane both resulted in a loss of preassociation.(Paper II Fig. S3) It is possible that the 

proximal C-tail of preassociated receptors interacts with membrane domains to impose a 

conformation necessary for inactive state complex formation, rather than binding the G 

protein directly.  

 

Preassociation differs from active-state coupling 

It is important to emphasize that the preassembled receptor-G protein interaction is not caused 

by constitutive activity and does not lead to immediate G protein activation, as demonstrated 

in Paper I (Fig.1D),by adding inverse agonist without increasing the recovery of the G 

protein to the bleached area. Instead, the preassociation assembles inactive receptors and G 

proteins prior to activation. In Paper II Fig.5, we modeled the interaction between WT 5-HT7 
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receptor and a chimeric 5-HT7 constructs containing both TM5 and Helix 8 from 5-HT4. Due 

to a lack of crystal structures consisting of an inactive preassembled receptor-G protein 

complex, we based or structure on the active ternary complex of β2-AR and Gs. Although this 

model revealed several interactions between TM5 from 5-HT7 and Gαs, the chimeric construct 

containing the TM5 from 5-HT4 displayed an even stronger interaction. This suggested that 

the model only predicted residues involved in the active state complex, perhaps not surprising 

given that the active state β2-AR-Gs structure was used as the template. Others have 

previously shown that the C-terminal part of the Gαi, although obviously essential for active-

state coupling, was not necessary for preassociation between Gi and the protease activated 

receptor-1 (PAR1) 45. To test if this were also the case for 5-HT7, we first constructed a C-

terminally truncated Gαs lacking the 14 C-terminal amino acids. However, this led to 

improper membrane localization and the construct could therefore not be used for FRAP 

experiments. Next, we constructed a GαsYFP containing a D381A mutation corresponding to 

the site in Gα interacting with the TM5 extension of 5-HT7 in the molecular modeling. We 

performed FRAP experiments with this mutated G protein together with immobilized WT 5-

HT7 receptor and found that the receptor still remained preassembled with the mutant Gs 

(Paper II, Fig. 5D-F) , supporting that the interaction depicted in Paper II , Fig. 5 rather 

represents active state coupling of the receptor. However, this does not rule out the possibility 

that common regions of the receptor are involved in both inactive state preassembly and 

active state coupling. 

 

High and low potency AC activation 

In general, Gs-coupled GPCRs display rather steep monophasic concentration-response curves 

for agonists with a Hill slope close to 1. However, for the 5-HT7 receptor, both 5-HT and 5-

CT activate Gs in a bimodal fashion, i.e. their dose-response curves are apparently comprised 
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of a high-potency activation component with a nanomolar EC50 value, providing between 15-

50% of the total agonist-stimulated activity, combined with a low-potency activation 

component with over 50-fold higher EC50 value (Paper II Fig, 8). This biphasic response was 

not due to activation of endogenous receptors, as mock-transfected cells exhibited no AC 

activation upon increasing amounts of 5-HT. As most cell types express several splice 

variants of Gαs, short and long versions, it cannot be excluded that the biphasic response 

could result from activation of different Gαs variants. However, the Gαs splice variants are 

currently supposed to be functionally equivalent 315 and overexpressing either the short or 

long splice variants in cells stably expressing the 5-HT7 did not change the fraction of high or 

low potency AC activation (data not shown). More likely, it could be speculated that the two 

components of 5-HT7-mediated AC activation may represent receptor interaction with 

different pools of Gs, some of which are preassociated with the receptor and some not. This is 

discussed below. 

 

Signal amplification 

A collision-coupled receptor can activate several G proteins in multiple coupling/uncoupling 

cycles as long as the receptor is in its active state. In contrast, a preassociated receptor would 

most likely operate in a 1:1 receptor:G protein ratio, thus generating a signal that is limited by 

the stoichiometry of the complex. Turnover of several G proteins within the lifetime of the G 

protein-active state will result in signal amplification and increased potency compared to a 

preassociated receptor, because fewer agonist-bound receptors are needed to activate the same 

number of G proteins 316. In Paper I, we found that the potency to activate AC was 

significantly higher than the potency for G protein association for 5-HT4 receptors, but not for 

5-HT7 receptors, indicating a fundamental difference in the ability of the receptors to amplify 

the signal, corresponding to our previous findings 1.  
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Low potency may correspond to the preassociated state 

In Paper II we report that exchange of either the aminoterminal part or whole ICL3 and C-tail 

of the 5-HT7 receptor with the corresponding segments of the 5-HT4 receptor apparently 

eliminated the large, low-potency activation component for both agonists 5-HT and 5-CT. In 

these chimeric 5-HT7 receptor constructs, agonists activated AC with high potency, similar to 

the high-potency component observed in the WT receptor, but with lowered efficacy 

(corresponding to reduced expression). The same chimeric exchange that eliminated the low 

potency agonist activation also eliminated the G-protein preassociation of the receptor. Thus, 

it is tempting to hypothesize that these two phenomena are related to each other, i.e. that the 

low-potency agonist-induced receptor signaling corresponds to the G-protein-preassociated 

state of the receptor. We and others have previously demonstrated that mutating the 

palmitoylation site of the 5-HT7 receptor, important for anchoring helix 8 to the membrane, 

increased the potency for 5-HT145, 317 and resulted in a concentration-response curve with 

striking resemblance to the collision-coupled chimeric receptors which eliminated low 

potency agonist activation, apparently without affecting the high potency145, 317. Therefore, to 

further investigate the presumed relationship between preassociation and low potency 

signaling, we constructed a CFP-labeled variant of this C401S-mutant receptor and found by 

FRAP, as mentioned above, that also this receptor had lost its preassociation.  

The observation that low potency activation corresponds with the preassociation might reflect 

that preassociated receptors do not display signal amplification in the G protein activation 

step, in contrast to collision-coupled receptors 1, 316. This further implies that the high potency 

component of the WT 5-HT7 receptor AC activation, that comprises approximately 30-40% of 

total 5-HT-stimulated AC activation, represents a subset of collision-coupled 5-HT7 receptors. 

Since collision coupling results in signal amplification, this implies that less than 30-40% of 

the 5-HT7 receptors are involved in collision coupling, although the exact number cannot be 
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determined. To further explore whether such a fraction of collision-coupled receptors could 

explain the high potency component of the concentration-response curve of the WT 5-HT7, 

we generated a mathematical model of receptor activation of a receptor population with two 

different G protein interaction modes, preassociation and collision coupling. When defining 

the collision-coupled receptor population to 36% in our simulations, the concentration 

response curve closely matched our experimental data (Paper II, Fig.7B). Whether a 

preassembled receptor, in complex with Gs, still can activate another Gs by collision coupling, 

as shown in some of the artificially fused GPCR-G protein constructs 318, or whether there 

exists two pools of 5-HT7 receptor, with a minority of the receptor being collision coupled, 

remains elusive. Interestingly, several other receptors have been shown to be able to activate 

both a preassociated and a collision-coupled G protein 43, 45, 46.  

Alternatively, another explanation for the low potency signaling in a preassociated receptor 

could be that the preassociated complex of 5-HT7 receptor and G protein might also include 

other proteins, which could impede receptor coupling and G protein activation.  

 

Potential physiological implications of preassociation and low potency signaling 

The physiological role of preassociation is at present unknown, although it has been proposed 

to restrict temporal and spatial aspects of the associated signal and to direct it to a particular 

pathway, thus ensuring specificity 40. In Paper II, based on the correlation between low 

potency signaling and preassociation, we propose an additional role in constraining the G 

protein turnover and thereby also the second messenger response to an external signal. 

Whether preassociation and/or the bimodal activation pattern is of true physiological 

importance could be addressed for example by constructing genetically modified knock-in 

mice in which the endogenous 5-HT7 receptor was substituted with the helix 8 or TM5 

construct of the present study (or with a double chimeric receptor). Phenotypic analysis would 
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then reveal to what extent 5-HT7-Gs preassociation and biphasic activation pattern modulates 

physiologically important functions involving 5-HT7 such as thermoregulation, regulation of 

circadian rhythm and regulation of mood. In addition, studies with such mice could also 

address the question whether pharmacological strategies to interfere with the complex 

formation between receptor and G protein would be of therapeutic benefit 319. 

Discussion paper III  

Real-time detection of 5-HT-stimulated cAMP with subcellularly targeted sensors  

Cardiomyocytes are complex, highly structured and compartmented cells and activation of 

Gs-coupled GPCRs and subsequent AC activation results in a cAMP response confined to 

defined subcellular locations. This compartmentation is obtained by distinct localization of 

receptors and AC within the cells, by PDEs controlling the amplitude and duration of the 

signal and by tethering proteins involved in a special signaling pathway in signalosomes to 

integrate, modulate and relay the signal to the appropriate targets 320. 

In Paper III, local changes in cAMP were monitored in living single cardiomyocytes using 

FRET-based cAMP sensors fused to the docking domain from PKA-RI and PKA-RII or 

targeted with either AKAP18δ or TnI.  

We have previously shown that 5-HT4 receptor responsiveness emerges during transition to 

HF in both rats and humans and that this contractile response bears a striking resemblance to 

the β-AR contractile effects 244, 245, 247. In particular, 5-HT4 receptor stimulation results in 

positive inotropic and lusitropic effects, typical characteristics of the contractile response of a 

receptor that increases contractility through cAMP and subsequent PKA-mediated 

phosphorylation. Moreover, the contractile response was enhanced by PDE inhibitors, further 

confirming that this was a cAMP-mediated response 235. As 5-HT4 mainly couples to Gs it is 

not surprising that the inotropic response of this receptor is mediated by cAMP. However, the 
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increase in total cAMP production upon 5-HT stimulation was considerably lower than the 

increase upon β-AR stimulation, even though the inotropic response of both receptors in 

failing hearts were comparable. The discrepancy between second messenger formation and 

inotropic response led to the hypothesis that the 5-HT4-elicited cAMP response was tightly 

compartmented and mainly coupled to the microcompartments in which important regulators 

of contractility resides. To test this hypothesis, we employed localized FRET-based cAMP 

reporters in single living adult cardiomyocytes from rats with HF or sham-operated rats.  

 

The appearance of an inotropic and lusitropic response from 5-HT4 receptors in HF is at least 

in part due an up-regulation of 5-HT4 receptors. This receptor up-regulation is dependent on 

the infarction size and is most pronounced after development of HF 244. Our cAMP 

measurements reflect this up-regulation through a significant increase of cAMP production in 

HF compared to Sham, both measured with the RI_epac, RII_epac and TnI CUTie sensors. 

However, we observed a large variability in the cAMP response in HF with a considerable 

group of low responders, especially with the RI_epac and RII_epac sensors, which may 

indicate a large diversity between the failing cardiomyocytes. This could be due to different 

distance from the infarcted area and/or the magnitude of infarction. Conceivably, there are 

two populations of HF cardiomyocytes, those that have a 5-HT-responsiveness similar to 

Sham and those closer to the infarction, which display increased levels of 5-HT-stimulated 

cAMP.  

Although the RII_epac sensor theoretically should be more closely associated with important 

regulators of contractility than RI_epac, due to AKAP tethering, we observed no difference in 

cAMP measurements between the two sensors upon 5-HT stimulation, neither in Sham nor 

HF. This did not readily fit with our hypothesis that the 5-HT4 response was closely confined 

near contractile proteins. However, both sensors have been shown to be tethered to AKAPs 259 
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and we and others 259 have found a partially overlapping localization for the RI_epac and 

RII_epac sensors between the Z-lines, presumably corresponding to the sarcomere. Although 

highly speculative, this could possibly be due to binding of the newly identified sarcomeric 

AKAP, TnT, a dual specific AKAP able to bind both RI and RII 200. The similar response 

with RI_epac and RII_epac might therefore reflect that both sensors, in addition to other 

locations, measure cAMP near the myofilaments. However, the observation that RI_epac and 

RII_epac detected lower cAMP response elicited by 5-HT than Iso, whereas the TnI-CUTie, 

presumably localized exclusively in the sarcomeric compartment, measured similar responses 

upon Iso and 5-HT stimulation, indicates that RI_epac and RII_epac are also tethered to other 

subcellular compartments, wherein Iso stimulates cAMP, but 5-HT does not. To further 

increase specificity in our subcellular cAMP measurements we employed CUTie (cAMP 

Universal Tag for imaging experiments) sensors targeted with either TnI or AKAP18δ. The 

TnI-targeted sensor presumably measures cAMP in the sarcomeric compartment, whereas the 

AKAP18δ CUTie would be complexed with PLB and Serca2 and measure cAMP responsible 

for controlling Serca2 activity. Having found both previously and in this study that 5-HT 

stimulated phosphorylation of PLB and TnI, we found these sensors suitable to reveal the 

presumably tightly confined cAMP response to 5-HT4 stimulation 248. When we conducted 

these experiments, the CUTie targeted with AKAP79, which measures cAMP near the 

membrane and LTCC, was not available. In future experiments it would be interesting to 

include this sensor, since we have previously demonstrated that 5-HT4 stimulation in failing 

rat hearts increase LTCC Ca2+ currents 248.  

 

When measuring cAMP with the TnI-CUTie we observed a similar cAMP response upon 10 

µM 5-HT stimulation as that of 10 nM Iso. Thus, we were finally able to unravel the tightly 
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regulated cAMP response to 5-HT4 stimulation presumably responsible for at least part of the 

contractile effects. A result of increased cAMP near TnI is PKA mediated 

TnI phosphorylation and subsequently reduced myofilament sensitivity to Ca2+. This results in 

faster Ca2+ dissociation from the myofilament and contribute to the enhanced relaxation 

observed after both β-AR and 5-HT4 receptor-stimulation. In addition, another important 

regulator of contractility and target for PKA phosphorylation, MyBP-C, is presumably also 

present in the same sarcomeric compartment and might be influenced by the same pool of 

cAMP as measured with the TnI-CUTie, contributing to positive inotropic effects. 5-HT 

stimulation did not elicit a cAMP response in Sham rats in neither the TnI-CUTie- or the 

AKAP18δ-CUTie sensors, corresponding to our previous findings that the inotropic and 

lusitropic response to 5-HT4 stimulation is absent in normal conditions in non-failing 

ventricle. 

In contrast to Iso-stimulation, we did not observe a 5-HT-induced cAMP increase in the Serca 

compartment, measured with the AKAP18δ-CUTie biosensor, in HF cardiomyocytes, except 

under PDE inhibition, except in 2 out of 13 cells. The lack of cAMP increase in the majority 

of cells corresponded well with the western blots where we found no significant 

phosphorylation of PLB without PDE-inhibitors, although it is not consistent with our 

previous findings of both increased PLB phosphorylation in failing rat hearts and increased 

SR Ca2+-content upon 5-HT stimulation 248. 5-HT stimulation after pre-treatment with a 

PDE4-inhibitor, however, yielded a cAMP response of similar magnitude as that of Iso-

stimulation, whereas concurrent pretreatment with PDE3- and PDE4-inhibition gave no 

additional increase in 5-HT-response.  

These results could indicate that the 5-HT4-induced cAMP in failing hearts does not normally 

reach the Serca2-compartment, due to constraining action of PDE4. However, we also 

stimulated with PgE1, a substance known to increase total cAMP levels in cardiomyocytes 
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without eliciting a contractile response, which yielded significantly less cAMP, even in the 

presence of dual PDE3 and PDE4 inhibition, indicating that the compartment is not totally 

disrupted. 

 Alternatively, the lack of response upon 5-HT stimulation without concurrent PDE4 

inhibition could reflect a tight regulation of the cAMP levels at this location, requiring a 

larger cAMP response than that elicited by 5-HT4 in order to detect an increase. The target 

sequence of the CUTie used to measure cAMP near Serca2 consists of the full AKAP18δ 

sequence, an organisational motif mediating assembly of both PKA and PDEs such as PDE4, 

known to be further activated by PKA phosphorylation 294, 321. The constellation where PDE4 

is tethered to the sensor might maintain low cAMP concentration, especially if overexpression 

of the targeted sensor brings additional PDEs and PKA to the targeting site. Although it has 

recently been shown that the PKA binding site of the AKAP79-CUTie had no impact on local 

cAMP levels measured by this sensor 322, the effect of PKA and PDEs binding to the 

AKAP18δ-CUTie remains elusive. 

From the present study it is, however, only clear that 5-HT stimulation, after pre-treatment 

with a PDE4 inhibitor, resulted in a cAMP response with similar amplitude as the Iso-induced 

response, significantly larger than the PgE1-elicited cAMP response even after inhibiting both 

PDE3 and PDE4, the two major PDEs regulating this microcompartment 263.  

 

Similar Iso-response in both RI_epac and RII_epac in Sham cardiomyocytes 

Although previous studies have found that Iso preferentially increased cAMP in the RII 

compartment, whereas PgE1 stimulation resulted in a higher cAMP response in the RI 

compartment, both in neonatal 259 and adult cardiomyocytes 262, we were unable to reproduce 

these differences in our adult Sham cardiomyocytes. The Iso-induced cAMP response in both 

RI_epac and RII_epac was, however, substantially higher than in the untargeted sensor in 
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both Sham and HF, when considering the higher signal amplitude of this sensor (maximal 

FRET changes of RI_epac and RII_epac were 19%, compared to approximately 40% with the 

untargeted epac-1 sensor) indicating that the RI and RII targeted sensors measured local 

microdomain cAMP levels. One possible reason for the discrepancy between our result and 

previous findings was more overlapping distribution of the two sensors in our Sham adult 

cardiomyocytes. The Iso response in the RI_epac in our Sham cardiomyocytes was higher 

than the RI_epac response to 100 nM Iso in normal adult cardiomyocytes in a study by 

Stangherlin et al. 262. This could be a result of higher overexpression of the RI_epac sensor, as 

RI subunits have been shown to bind to RII-specific AKAPs, but with substantially lower 

affinity than RII 283. Thus, the relative abundance of RI-sensor versus RII-subunits may 

determine which is tethered to AKAP. However, we observed no correlation in the magnitude 

of Iso-response and expression of the RI_epac sensor (measured as fluorescence intensity) 

(data not shown). Additionally, there was no obvious difference in the expression level, 

localization or Iso-response of RI_epac between Sham and HF cardiomyocytes, even though 

we detected a difference in Iso-induced cAMP response between the RI- and RII-sensors in 

the latter. Although the sensors showed a partially overlapping location between the Z-lines in 

Paper III, it was not substantially different than the previously reported distribution in 

neonatal cardiomyocytes 259, 262.  

 

Subcellular increase in cAMP response to β-AR stimulation in HF in the RII 

compartment 

In Paper III, we found an enhanced response to both low and high doses of Iso in the RII 

compartment in HF compared to Sham. This enhanced maximal response in RII in HF was 

somewhat surprising since the β1-AR is known to be downregulated and the inotropic 

response to β1-AR is blunted in failing hearts 218, 222, 223, 323. The larger cAMP responses to Iso 



82 

 

in RII_epac were not due to lower basal cAMP levels in HF cardiomyocytes as the dynamic 

range of the sensor was identical in Sham and HF. Moreover, neither the untargeted Epac-1, 

the RI_epac nor the TnI-CUTie sensor displayed a similar increase in HF, indicating a 

subcellular, rather than a general, cAMP enhancement. The increased cAMP response to low 

doses of Iso is in accordance with our previous findings where the attenuation of β1-AR-

mediated inotropic responses is accompanied by an unchanged lusitropic effect, as well as an 

increased potency for β-receptor agonists (increased sensitivity) 323-326. As Iso is a non-

selective β-AR agonist, the increase in Iso-elicited cAMP response in the RII compartment in 

HF might be due to stimulation of β2-AR. Nikolaev et al. has previously demonstrated a 

redistribution of β2AR from the t-tubules to the cell crest in HF, accompanied by a loss of the 

confined β2AR-induced cAMP response 265, which could possibly explain the increased 

cAMP response upon Iso-stimulation in RII_epac in HF. However, we found a similar 

sensitization in the RII_epac in HF upon stimulation with noradrenaline (NA) in combination 

with a β2-AR antagonist 326. Moreover, Nikolaev et al. found no decrease (rather a possibly 

analogous increase) in β1-AR-evoked cAMP response to 10µM Iso when added in 

combination with a β2-AR antagonist, in a post-MI model of HF identical to our model. Given 

the fact that β1-AR are known to be downregulated and desensitized in HF, it is tempting to 

speculate that the local increase in cAMP due to β-AR stimulation results from reduced 

cAMP degradation, possibly because of PDE4 downregulation as shown in Paper III. Further, 

the discrepancy between blunted inotropic response and increased cAMP response in 

compartments wherein crucial regulators of contractility presumably reside, indicates that the 

reduced inotropic response to β1-AR might not simply be a result of reduced cAMP 

production near contractile proteins, but probably includes a variety of perturbations in 

downstream signalling and/or effectors, such as loss of organization, detubulation, changes in 

PDE activities, increased global phosphatase expression and changes in AKAP-PKA 
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interactions 327-330. The hypothesis that the reduced β-AR responsiveness in HF resides 

downstream of cAMP signaling is consistent with our previous findings where PTX treatment 

of failing cardiomyocytes was able to restore total cAMP levels but still unable to restore the 

inotropic response to β-AR stimulation 331, 332. Also, our findings is consistent with previous 

findings that the lusitropic response, in sharp contrast to the inotropic response, is intact in our 

rat model of HF, indicating that, although downregulated, the β1AR can produce sufficient 

cAMP to preserve phosphorylation of important targets responsible for enhancing relaxation 

323-325. Both reduced and increased Iso-induced cAMP response near TnI has been described 

in HF 266, 333. We found similar Iso-response measured in the TnI-Cutie between Sham and 

HF, corresponding to the preserved lusitropic response to β1-AR in failing hearts.  

 

PDE3 and PDE4 shape cAMP signals in the vicinity of TnI 

Having identified a subcellular location in which 5-HT stimulation yielded comparable cAMP 

generation as Iso stimulation, we investigated the role of PDE3 and PDE4 in confining this 

microdomain. We found that PDE4 was the main regulator of the TnI microdomain in normal 

cardiomyocytes (upon Iso-stimulation), whereas a downregulation of PDE4 expression in HF 

led to an equal role for both enzymes in confining the local levels of cAMP upon 5-HT 

stimulation in this microdomain. As TnI is one of the important mediators of lusitropic 

effects, this was consistent with previous findings that the lusitropic effects were increased 

only during combined PDE3- and PDE4-inhibition. However, we have previously shown that 

PDE3 is the primary isoenzyme suppressing the inotropic response to 5-HT4 receptor 

stimulation, with a PDE4 contribution revealed only when PDE3 was inhibited both in HF 

rats and in human failing myocardium. Probably 5-HT4 receptors also increase cAMP in other 

microdomains, more important for the inotropic effects, wherein PDE3 is the main regulator. 

However, in the AKAP18δ compartment we found no additional effect of inhibiting PDE3 
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after PDE4 inhibition, suggesting that PDE3 is not the prevailing PDE regulating this 

compartment. It is tempting to speculate that the PDE3 is the predominant regulator of the 5-

HT induced cAMP response in some of the other subcellular domains important for increasing 

contractility such as in the vicinity of RyR and LTCC.  

In Paper III, we found a reduced expression of PDE4 in our HF model, corresponding to our 

previous findings of reduced PDE4 activity 334. This is in contrast to PDE3 expression and 

activity, which we have found to be unaltered in our HF model 323, 326. In addition to increased 

receptor levels, the increased responsiveness to 5-HT4 receptor stimulation in HF might 

possibly be due to reduced PDE4 activity.  

 
5-HT antagonist as treatment in HF 

It has been demonstrated that the levels of circulating 5-HT are increased during coronary 

heart disease and HF 236. Abnormal activation of cAMP-dependent signaling mechanisms in 

the heart is known to cause cardiac tissue damage including apoptosis, fibrosis and 

hypertrophy 335. Also, in clinical trials, cAMP enhancing agents in chronic HF, including 

PDE-inhibitors, have adversely affected survival 336, 337. Stimulation of β1-AR is known to be 

particularly deleterious to the heart as they elevate cAMP that activates processes leading to 

high energy consumption and possibly other harmful mechanisms 218. Similarly, it is 

reasonable to assume that 5-HT4 receptor stimulation with its accompanying inotropic and 

lusitropic effects may increase energy expenditure of the heart in the same manner and 

deleteriously affect cardiac tissue. Accordingly, animal studies with a 5-HT4 receptor 

antagonist have shown beneficial effects 249. Also in patients with HF a small increase in 

ejection fraction was observed, although the potential role of 5-HT4 receptor antagonism in 

patients with HF is still uncertain 250.  
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Main conclusions 
 

Paper I  

• 5-HT7 receptors preassemble with Gs prior to receptor activation, whereas 5-HT4 

receptors interact with Gs upon activation 

• Activation of 5-HT7 receptors is accompanied by a conformational change within the 

preformed complex, possibly reflecting the large conformational change between the 

α-helical domain and Ras-like domain of Gαs upon interaction with active receptors. 

This is followed by a slower dissociation/rearrangement of Gβγ from both the receptor 

and Gαs. 

 
Paper II 
 

• The TM5 extension of the ICL3 and helix 8 in the C-tail are responsible for 5-HT7 -Gs 

preassociation. These segments are both necessary as removing one of them abolished 

preassociation and both were needed in order to change the coupling mode of the 

collision coupled 5-HT4 receptor  

• The preassembled receptor-G protein complex differs from active state coupling 

• 5-HT7 receptors display an unusual biphasic concentration-response curve for AC 

activity with both a high and low potency component. 

• Preassociation is associated with low potency AC signaling, possibly reflecting lack of 

signal amplification of G protein activation 

 
Paper III 
 

• A 5-HT-mediated local increase in cAMP in the sarcomeric compartment, comparable 

to that of β-AR stimulation, emerges in HF 

• In normal hearts, PDE4 is the main regulator of both basal and Iso-induced cAMP 

levels in the myofilament compartment, near TnI.  
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• PDE4 is downregulated in our rat model of HF and PDE3 and PDE4 have equally 

suppressive functions on this 5-HT-mediated cAMP increase in vicinity to TnI 

• There is a subcellular sensitization and increased maximal cAMP response of Iso-

stimulation in the RII compartment in our failing rat cardiomyocytes.  
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Future perspectives 

In Paper II we identified two segments of the 5-HT7 receptor involved in preassociation. It 

would be interesting to further identify key individual residues in the TM5 and helix 8 by 

individual swap mutations. This could possibly provide further mechanistic insights into how 

the preassociation occurs and how it is linked to low potency signaling. Also, the molecular 

model of the Gs-5-HT7 receptor interaction revealed that intracellular loop 3 of the WT 5-HT7 

receptors was unusually highly structured. It would be interesting to further investigate the 

function of this secondary structure in ICL3. Finally, further elucidating which part of the 

heterotrimeric Gs protein that are involved in the inactive interaction with the receptor would 

be highly interesting and add greatly to our understanding of not only the 5-HT7 receptor 

preassociation, but GPCR pharmacology in general.  

Finally, a next step would be to investigate the importance of receptor-G protein 

preassociation in physiology or pathophysiology. The results presented in this thesis may 

facilitate the development of tools to empirically test the functional significance of GPCR-G 

protein preassembly in a native system.  

Whether preassociation is of true physiological importance could be addressed for example by 

constructing genetically modified knock-in mice in which the endogenous 5-HT7 receptor is 

substituted with the helix 8 or TM5 construct of the present study (or with a double chimeric 

receptor). Phenotypic analysis would then reveal to what extent 5-HT7-Gs preassociation 

modulates physiologically important functions involving 5-HT7 such as thermoregulation, 

regulation of circadian rhythm and regulation of mood. In addition, studies with such mice 

could also address the question whether pharmacological strategies to interfere with the 

complex formation between receptor and G protein would be of therapeutic benefit.  

However, the interpretation might be hampered by the fact that 5-HT7 functions are partly 

unknown and partly highly complex. Alternatively, one could also knock-in the preassociated 
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double chimeric 5-HT4 receptor to test if this would affect the positive inotropic response 

compared to transgenic mice expressing the WT-5-HT4, although also here the results might 

be hard to interpret since the exchanged segments in the chimeric receptor are quite large and 

can result in changes in signaling unrelated to preassociation. 

In Paper III, we demonstrated that the 5-HT4 receptor in failing rat cardiomyocytes elicited an 

increase of cAMP comparable to that of β-AR stimulation in the vicinity of important 

contractile regulators. However, a complete understanding of the subcellular cAMP increase 

and its regulation remains to be obtained. Previous functional studies have identified PDE3 to 

be the main regulator of the inotropic response. However, when measuring the localized 

cAMP responses in the myofilament compartment, PDE4 was found to be at least equally 

important as PDE3. Sensors targeted to proteins involved in regulating the inward Ca2+ 

current responsible for the positive inotropic response, such as L-type Ca2+ channels or the 

RyR, can be utilized to further explore the role of 5-HT in the heart, e.g. the AKAP79-CUTie 

sensor. We hypothesize that in HF, PDE3 will be the predominant regulator of cAMP 

responses from 5-HT stimulation near these proteins.  

Also, it would be interesting to target a sensor to the 5-HT4 receptor itself, or to use a 

membrane bound FRET-based cAMP sensor to investigate the cAMP levels near the 

production site and to measure the PDEs involved in regulating and limiting cAMP diffusion 

from this site. It would also be of interest to investigate the subcellular location of 5-HT4 

receptors and to see if they are specially enriched in e.g. T-tubular regions by measuring 

responses with an Scanning Ion Conductance Microscopy (SICM)/FRET approach 338 
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