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ABSTRACT 

An Investigation into the Regulatory Mechanisms Associated with the Recombinant 
Human 5-hydroxytryptamineiA (5-HTia) Receptor 

Richard George Ruddell 

Classically, acute agonist challenge results in a concomitant loss of G protein-coupled 
receptor signalling function and high affinity membrane ligand binding sites. 
Expression of the human 5-HTia receptor in CHO-Kl cells allowed the study of a 
homogeneous receptor population expressed at high density. Exposure of CHO-Kl 
cells expressing the cloned 5-HTiA receptor to IfiM 8-hydroxy-2-(di-n-propylamino)-
tetralin (8-hydroxy-DPAT) resulted in receptor intemalisation (20% of receptors after 
20 minutes) to an undefined intracellular compartment. Receptor intemalisation was 
found to be sensitive to, hypertonic sucrose (0.7-0.8M) and Concanavalin A (0.5-
Img/ ml), both of which are inhibitors of clathrin-mediated endocytosis. Removal of 
8-hydroxy-DPAT from the incubation medium allowed 5-HTia receptors to recycle 
back to the plasma membrane, this process occurred in the presence of the protein 
synthesis inhibitor cycloheximide and in a time dependent fashion (40-50 minutes). 
Mutagenesis of the putative PKC phosphorylation motifs, KRTi^APR and 
RKT229AVK located in the second and third intracellular loops had an insignificant 
effect upon receptor binding characteristics however, complete abolition of receptor 
redistribution in response to acute agonist challenge was observed. In a similar 
manner conservative and radical mutation of the intemalisation motif NP VIY (Y400F 
and Y400A respectively) had no effect on receptor binding characteristics but they did 
abolish receptor intemalisation in response to short term agonist incubation. 
Conversely, mutation of the putative PKC phosphorylation site, KKS253GVN located 
in the third intracellular loop resulted in a significantly increased rate of receptor 
intemalisation (80% of receptors after 20 minutes) with no observable effect on 
receptor ligand binding affinity. Following removal of 8-hydroxy-DPAT from the 
incubation medium the S253G mutant 5-HTia receptors were observed to recycle to 
the plasma membrane in the presence of cycloheximide in a time dependent fashion 
(40-50 minutes). Short-term incubation (40 minutes) of CHO-Kl cells expressing the 
unmutated human 5-HTia receptor with 8-hydroxy-DPAT also resulted in 
translocation of the transcription factors NF-xfi and CREB to a nuclear environment 
in an active form. In conclusion, these data show that the human 5-HTia receptor is 
able to undergo clathrin-mediated endocytosis and recycle back to the plasma 
membrane independently of new protein synthesis, in response to acute agonist 
incubation. Putative PKC phosphorylation motifs KRT149PR and RKT229VK 
represent critical sites for the promotion of receptor intemalisation, as does the 
putative NPVIY intemalisation motif located in the seventh transmembranous 
domain. Conversely, the KKS253VN motif represents a novel attenuating signal that 
arrests receptor intemalisation in response to incubation with 8-hydroxy-DPAT. The 
human 5-HTia receptor is also linked to the activation of the transcription factors NF-
kB and CREB, suggesting a mechanism by which activation of the human 5-HTia 
receptor may modulate transcription of one or more genes including its own. 
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Chapter 1 

CHAPTER 1 

1.1. S-HYDROXYTRYPTAMINE (5-HT); SEROTONIN 

Studies performed during the mid nineteenth century led to the discovery of a serum-

borne factor which induced powerful contraction of smooth muscle. It wasn't until 

1948, that Rapport et al., identified and isolated serotonin, a vasoconstrictor released 

during blood clotting and platelet congregation (Rapport et al., 1948). Once the 

chemical structure of serotonin was elucidated, it subsequently became known as 5-

hydroxytryptamine (5-HT) although today both names are used interchangeably. 5-HT 

is mainly concentrated within the wall of the stomach and small intestine; with as 

much as 90% of total body 5-HT being found here. 5-HT is also located in the central 

nervous system where it has been shown to function as an important neurotransmitter, 

hi the blood stream, platelets actively take up 5-HT and it is here where it reaches 

relatively high concentrations. In response to tissue damage and trauma, platelet cells 

aggregate to form a clot and upon doing so release 5-HT which acts as a 

vasoconstrictor, reducing local blood flow. As a neurotransmitter 5-HT is found 

highly concentrated in localised regions of the midbrain, these include the cortex, 

caudate-putamen, limbic system and hypothalamus (Imai et ah, 1986; Molliver, 

1987). Recent studies have shown that 5-HT is often localised and released with other 

active peptide hormones and neurotransmitters. The co-release of neurotransmitters 

and peptide hormones is thought to be physiologically relevant in a process known as 

cross talk, a process by which co-released neurotransmitters modulate the neuronal 

responses to each other. Since 5-HT cannot cross the blood brain barrier due to its 

size and charged nature it must be synthesised de novo. Tryptophan is the precursor 

amino acid and is hydrolysed and decarboxylated in a two step, enzyme catalysed 

process to form 5-HT (Figure 1). 5-HT is rapidly deaminated to an aldehyde and this 

intermediate is oxidised to 5-hydroxyindoleacetic acid (Figure 1). 5-HT is known to 

play an essential role in many physiological functions and is implicated in a number of 

clinical conditions. 
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COOH COOH 

1 HO. HO. NH 

Tryptophan 5-hydroxytryptophan 

/CHiCOOH 

5-hydroxytryptamine 

CHiCHO 

5-hydroxyindoleacetic 
Acid 

5-hydroxyindoleacetaldehyde 

Figure 1: The biosynthesis and metabolism of 5-hydroxytryptamine (serotonin) 

The enzymes involved in each step of 5-HT synthesis and breakdown are (1) 
Tryptophan hydroxylase, (2) L aromatic amino acid decarboxylase, (3) Monoamine 
oxidase, and (4) Aldehyde dehydrogenase. 
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5-HT increases gut motility (by exciting smooth muscle), induces contraction of 

smooth muscle (aortic smooth muscle, bronchi), platelet aggregation, vasoconstriction 

(directly by activating arterial-sphincters) stimulation of peripheral nociceptors and 

excitation/inhibition of central nervous system neurones. Serotonin in conjunction 

with other neurotransmitters is thought to play a role in sleep (Koella, 1988), feeding 

(Curzon, 1990), biological rhythms (Wesemann & Weiner, 1990), thermoregulation 

(Myers, 1981) and endocrine secretion (Tuomisto & Mannisto, 1985). Disturbances 

in 5-HT function manifest in clinical symptoms such as migraine, carcinoid syndrome, 

mood disorders and anxiety (Rang et al, 1995). 

Recent advances in gene cloning techniques and selective ligand design have revealed 

the existence of multiple 5-HT receptor subtypes. Seven subtypes have been 

described to date and the are further subdivisions within these subtypes (Table 1). 

The reason for this receptor diversity is unclear, but it has been suggested that 

multiplicity of the receptors allows 5-HT to have its diverse effect in the nervous 

system and that different subtypes may be important at different times of foetal 

development (Saudou & Hen, 1994). 

1.2. 5-HT RECEPTOR BIOLOGY 

Gaddum & Picarelli (1957) were the first to report the existence of two separate 5-HT 

receptors on smooth muscle preparations. The receptors were named after the 

selective antagonists which blocked musculotropic (Dibenzyline) and neurotropic 

(Morphine) responses of the smooth muscle. This D and M" classification remained 

until 1979 when Peroutka & Snyder, described the selective binding of various 

tritiated ligands. They demonstrated that one receptor subtype (5-HTi) had a high 

affinity for [^H]-5-HT whereas the other receptor (5- HT?) had a comparatively low 

[^H]-5-HT affinity. The first unifying scheme for naming and classifying the rapidly 

growing number of 5-HT receptors was proposed by Bradley et al., (1986). Bradley 

was the first to look at and classify the receptors according to their second messenger 

coupling system (for example 3',5'-cyclic adenosine monophosphate (cAMP) and 

phosphoinositol turnover and ion channel modulation). 
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The most recent 5-HT receptor classification scheme has been proposed by the 

International Union of Pharmacology Committee on Drug Classification and Receptor 

Nomenclature (I.U.P.H.A.R.). I.U.P.H.A.R. divided the 5-HT receptors into seven 

subclasses (5-HT 1.7) based upon; operational, (actions of agonists and antagonists), 

transductional (coupling to second messenger systems), structural (amino acid 

sequence) and gene structure (introns and exons) characteristics (Martin & Eglen 

1998). When these criteria were applied to the 5-HT receptors some rearrangement 

and relocation of receptor subtypes resulted. In the case of the 5-HTic receptor it was 

reclassified as the S-HTac receptor on the basis of its' transductional and structural 

identity with the 5-HT2 receptor family. 

13. EVOLUTION OF THE 5-HT RECEPTOR FAMILY 

The rate of protein evolution can be determined by correlating the percentage amino 

acid homology between species and the dates of evolutionary divergence of each 

species. The established G protein-coupled receptor (GPCR) rate of evolution is 

approximately 1% for every 10 million years, making the primordial G protein-

coupled 5-HT receptor roughly 750 million years old (Peroutka & Howell, 1994). 

Yeast and moulds that contain GPCRs (Guan, 1994) are thought to have appeared 1 

thousand million years ago. 5-HT receptors have been identified in womis which are 

thought to have evolved from yeast about 700 million years ago. The early 5-HT 

receptor is thought to have evolved sometime around the differentiation of yeast and 

worms (Wilson et al., 1973). The primitive 5-HT receptor then appears to have 

differentiated into three major subtypes of 5-HT receptor, 5-HTi (including 5-HT5 and 

5-HT7 receptors), 5-HT2 receptors and 5-HT6 receptors (Table 1). The 5-HT5 and 5-

HT7 receptors both appeared to have differentiated before the evolution of vertebrates 

from invertebrates, which was around 650-700 million years ago (Erlander et al, 

1993; Peroutka & Howell, 1994). The 5-HT; receptor subtype was the first to begin 

divergence. The 5-HTIA receptor is thought to have branched at around 600 million 

years ago and evolved into 5-HTIB, 5-HT]D, 5-HTIE and 5-HT IF receptors. 



Table 1: 5-HT receptor phylogeny and pharmacology 

Sub-
Type 

Chromosomal 
Location 

Structure Effector Agonists Antagonists 

5-HT3 11 478aa, cation SR7227, granisetron, ondansetron. 
a-sub-unit channel m-chlorophenylbiguanide tropisetron 
homopentamer 

5-HT2A 13ql4-21 471aa, 7TM a-Me-5-HT ketanserin, MDL100907 

5-HT2C Xq24 458aa, 7TM G^u a-Me-5-HT mesulergine, SB242084, RSI02221 
2q36.3-2q37.1 481aa, 7TM Gg/11 BW723C86, a-Me-S-HT SB200646, SB204741 

5-HT,A 5qlL2<n3 422aa, 7TM Gi/o 8-hydroxy-DPAT WAY100635 
&«Tm 6ql3 390aa, 7TM Gi/o sumatriptan, L694247 GR55562, SB216641 
5-HT,D lp34.3-36.3 377aa, 7TM Gi/. sumatriptan, L694247 BRL15572 
5-HT|E 6ql4-15 365aa, 7TM Gi/o - -

5-HT,F - 366aa, 7TM Gi,. LY334370 -

S-htsA 7q36 357aa, 7TM unknown - -

2qlL.q13 370aa, 7TM unknown - -

5-HT7 10q23.3-24.3 445aa, 7TM Gs - SB258719 
5-HT4 5q3]-33 387aa, 7TM Gs BIMU8, RS67506, ML10302 GRl 13808, SB204070, RSI00235 
5-ht6 Ip3&j6 440aa, 7TM Gs - Ro046790^ 

* Rat receptor: potentially a pseudogene- no human equivalent has been identified. Lower case nomenclature is used for receptors for which no 

endogenous expression has been demonstrated (Martin & Eglen, 1998). 
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The 5-HTiD receptor is believed to have evolved &om the 5-HTiB receptor 400 

million years ago and the 5-HTIF receptor may have evolved from the 5-HTIE 

receptor, approximately 450 million years ago (Peroutka & Howell, 1994; Table 1). 

1.4. 5-HYDR0XYTRYPTAMmE]A RECEPTOR (5-HTiAR) 

1.4.1. History of the 5-HTiaR 

The 5-HTIA receptor was first described by Pedigo et ah, ( 1 9 8 1 ) , but the real break 

through did not occur until 1987, when the gene was cloned. Kobilka and colleagues 

who had originally set out to clone the human adrenergic receptor (^lAR) stumbled 

across a mysterious, intronless section of cDNA which they termed G-21 (Kobilka et 

al., 1987). Sequence analysis indicated that the G-21 gene encoded a membrane 

bound protein, which shared a high degree of sequence homology with the 

adrenergic receptor (j%AR) and other GPCRs. 

G-21 remained a mystery until Fargin et ai, (1988) provided experimental evidence 

showing that it encoded the human 5-HTIAR. Fargin and colleagues had expressed 

the G-21 gene in COS-7 cells and then screened the cell membranes for binding of 

various 5-HT receptor ligands. One such radioligand that bound was the selective p 

adrenergic receptor antagonist lodocyanopindolol; this was found to bind to the 

protein with an affinity that was more representative of a 5-HTi-type receptor (IQ 

approximately! OnM). The binding of the 5-HTIA selective agonist, [^H] 8-hydroxy-2-

(di-M-propylamino)-tetralin (8-hydroxy/OH-DPAT) provided evidence that the G-21 

gene encoded the human 5-HTIAR. 

1.4.2. Localisation of the 5-HTiaR 

Combinations of autoradiographic, in situ hybridisation, immunological techniques 

and radioligand binding studies have been used to define the anatomical distribution 

of the 5-HT]AR. Consistent in both animal and human models was the preferential 

distribution of radioligands to the limbic areas (i.e. hippocampus, lateral septum and 

frontal cortex) and the nucleus raphe dorsalis of the central nervous system. 

Messenger RNA (niRNA) transcripts for the 5-HTIAR have also been isolated in the 
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amygdala, hypothalamus, and medulla. The correlation of 5-HTiA R radioligand 

binding and mRNA distribution suggests a mainly postsynaptic location for the 

receptor. In a postsynaptic location (within for example, the hippocampus) the 5-

H T I A R acts to hyperpolarise pyramidal cells by opening channels, via 

heterotrimeric GTP binding proteins, resulting in the formation of an excitatory post 

synaptic potential. Distribution of the 5-HT]AR to the limbic areas of the brain is 

consistent with its hypothesised role in moods and anxiety. 

5-HTIARS are also located peripherally, on white blood cells (Hellstrand & 

Hermodsson, 1987), in the spinal cord (Daval et al, 1987) and the cardiovascular 

system (McCall & Clement, 1994). As a result of its' location on T lymphocytes 

(Aune a/., 1993), the 5-HTiAR is suspected to play an important regulatory role in 

the immune system. Although much work has been carried out on 5-HTIAR 

localisation in vivo, the function of the more peripherally located receptors is still 

relatively unexplored. 

1.4.3. 5-HTiaR pharmacology 

Radioligands allow a receptor to be labelled in a specific manner and from this, much 

information can be gained. In 1983, it was discovered that the tritiated tetralin 

derivative [^H] 8-hydroxy-DPAT bound with high affinity to the 5-HTIAR; this led to 

a revolution in receptor study. 8-hydroxy-DPAT was the first, and to date remains the 

only specific 5-HTIAR agonist (Figure 2), although other ligands are known to bind 

with a reasonably high affinity but with less specificity. Included within this list are 

other radiolabelled tetralin derivatives such as [^H] 5-MeO-DPAC and ['^^I] BH-8-

MeO-N-PAT, the latter has also proven useful as a specific 5-HTIAR agonist. Other 

non-tetralin derivatives that bind the receptor include 5-HT, ipsapirone, WB4101, 

buspirone and spiroxatrine. Non-tetralin derivatives can also be radiolabelled, but 5-

HT will bind to every 5-HT receptor type, whereas ipsapirone and WB4101 will bind 

the CC] -adrenergic receptor (aiAR) and spiroxatrine binds D2-dopamine receptors and 

/i-opioid receptors, thus rendering these ligands useless as 5 -HTIAR specific 

radioligands in mixed receptor populations. Another commonly used tritiated 5-

H T I A R ligand is spiperone. 
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8-hydroxy-DPAT WAY100635 

Figure 2: The structures of the 5-HTiaR specific agonist, 8-hydroxy-DPAT and 
antagonist WAY 100635 
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Spiperone displays antagonistic properties at the 5-HTiAR although it also binds 

antagonistically to the dopaminergic D2 and D3 receptor (Gardner et al, 1997; 

Sartania & Strange, 1999). 

Until quite recently (1990), no specific 5-HTIAR antagonists were available. 

Compounds that were once thought to possess antagonistic properties were also 

demonstrated to act as partial agonists in separate systems (for example, BMY 378 

and propranolol on somatodendric autoreceptor function; Fomal et al., 1994). The 

discovery of the first truly selective 5-HTIAR antagonist, (s)-n-tert-butyl-3-(4-(2-

methoxyphenyl)-piperazin-l-yl)-2 phenylpropanamide (WAY 100635; Figure 2) was 

made by Fletcher et al., (1993). This phenylpiperazine derivative has two 

enantiomers. The 5-HTIAR was found to be stereoselective for the (+) enantiomer, 

and is more functional in behavioural studies. Recent studies have also demonstrated 

that derivatives of WAY100635 such as l,3-dimethyl-9-[3-(4-phenyl-l-

piperazinyl)propyl]-2,4,8-trioxo-l,3,9-trihydropyrimidino[2,l-f]purine 8, as have 

specific 5-HTIA postsynaptic receptor antagonist characteristics (Chojnackawojcik et 

a/., 1998). 

Results presented by Sundaram et al., (1993) demonstrated the ability of spiperone to 

distinguish between G protein-coupled and G protein uncoupled forms of the receptor. 

5-HTIARS expressed in Ltk" fibroblasts were observed to have a lower affinity for the 

agonist 8-hydroxy-DPAT in the presence of guanine nucleotides (Sundaram et al., 

1993). Unexpectedly the affinity of the receptor for the antagonist spiperone was 

found to increase in the presence of guanine nucleotides. Guanine nucleotides (for 

example, guanosine 5'-0-(3-thiotriphosphate) GTPyS) are able to destabilise receptor/ 

G protein interactions, mimicking receptor desensitisation, which is often a result of 

phosphorylation of the receptor in response to agonist challenge (covered in depth in a 

later section). These findings present pharmacologists with a very useful device for 

differentiating receptors that are desensitised from those that are not. 

1.4.4. Clinical correlates of 5-HTiaR activity 

The serotonergic system has been implicated in a number of clinical disorders 

including, depression, pain sensitivity and anxiety. Benzodiazepine drugs which are 
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used in the regulation of anxiety and insomnia act directly on the GABA/ CI' channel 

and this action is known to be modulated by 5-HT. One the other hand 

benzodiazepines are also known to decrease the activity of central 5-HT neurones thus 

forming a negative feed back loop (Chopin & Briley, 1987). Non benzodiazepine 

anxiolytics (such as buspirone) also act directly on serotonergic neurones to modulate 

firing rate (Dourish et ah, 1987). Compounds mentioned here are also known to 

modulate other receptor types and a neuronal pathway (for example, dopaminergic) so 

it seems that serotonin may play an important co-ordinate role in physiological 

disorders. 

The serotonergic system is also implicated in the regulation of both ascending and 

descending nociceptive mechanisms. Serotonergic projections &om nucleus raphe 

magnus to the superficial layer of the dorsal horn are those thought to be involved in 

the descending control of nociception (Alhaider & Wilcox 1993). Autoradiographic 

studies in animals lacking nociception have demonstrated the presence of 5 - H T i a R on 

primary afferent fibres in the dorsal horn of the spinal cord (Daval et al., 1987). This 

evidence along with that demonstrating 8-hydroxy-DPAT and buspirone as having an 

analgesic effect (Eide et ah, 1988) would suggest the 5-HTiaR has an important role 

in the perception and response to pain. 

1.4.5. Signalling systems 

Surface bound receptors are vital in relaying extracellular messages into intracellular 

responses. The function of the surface bound receptor is respond to and amplify the 

initial signal into a large intracellular response, each step along the pathway involving 

proteins that exist in multiple copies. Intracellular responses can for example 

manifest as changes in metabolite concentration with concomitant widespread effects. 

To date numerous categories of signal transducer have been identified, these include; 

GPCRs, receptor tyrosine kinases, cytokine receptor activated kinases, ligand gated 

ion channels and receptor serine kinases. All of these signal transducers have 

complex mechanisms of action and intricate cellular consequences, which have yet to 

be fiilly elucidated. Matters are made even more complex by the ability of each 

10 
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receptor to interact with others of the same or different signalling type in a process 

known as "cross talk" (Hill, 1998; Selbie & Hill, 1998 for review). 

The human 5 - H T I A R is a member of the GPCR family and by definition, the receptor 

relays its intracellular signalling via a G protein. Such proteins are able to bind 

guanine triphosphate (GTP) molecules. One such class of G proteins exists as 

hetrotrimers in a membrane-associated cytosolic environment. Of the three subunits, 

the a subunit is the largest at approximately 40kDa on SDS PAGE and binds GTP. 

The P subunit is approximately 35kDa and the ysubunit is approximately 8kDa, p and 

y subunits coexist to form the complex (Alberts et ai, 1994). The second type of G 

protein are 20kDa monomeric proteins which also bind GTP and are thought to 

regulate processes central to normal gene expression, one example being Ras 

(Nathanson & Harden, 1989). 

G protein coupling can lead directly or indirectly to activation or inhibition of an 

effector enzyme, thereby directly affecting concentrations of second messenger 

molecules. Included in this list of second messenger molecules are for example 

cAMP, 3',5'-cyclic guanine monophosphate (cGMP), inositol phosphates and 

arachidonate. These second messengers then usually interact with a protein kinase, 

which results in phosphorylation of downstream proteins. Phosphorylation of cellular 

proteins plays an important role in the control of cell growth and differentiation. 

Numerous serine/threonine kinases have been identified that may be responsible for 

these phosphorylation reactions (Robinson & Cobb, 1997). 

Primary effector activities of heteromeric G proteins are ascribable to the GTP-bound 

a subunit. hi addition the various isoforms of the a, /? and 7 subunits have diverse 

effector profiles. There are at least 5 p subunit isofonns and 11 y subunit isoforms but 

the a subunit is the most diverse with 23 different isoforms identified to date (Sugden 

& Clerk, 1997). When inactive, G proteins form membrane bound a^yhetrotrimers, 

with GDP tightly bound to the a subunit. Upon activation by extracellular signals (for 

example 5-HT), the receptor catalyses the exchange of bound guanine diphosphate 

(GDP) for cytosolic GTP. The GTP-bound form of the heterotrimer exist in a less 

11 
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stable conformation and heterolytically dissociates to form active GTP-(% and 

complexes. Acting either co-ordinately or independently these two species bind and 

modulate the activity of downstream effector molecules. G proteins are released from 

the effector protein upon the hydrolysis of GTP that results from the slow intrinsic 

GTPase activity of the a subunit. The inactive a subunit then has a far higher affinity 

for the ^/complex and the two recombine. The reformed heterotrimer can then re-

associate with its receptor and undergo a new cycle of signal transduction (Coleman & 

Sprang, 1996; Figure 3). 

The multiplicity of a and ysubunits allows the formation of many heterotrimeric 

species that may confer increased specificity or flexibility of signalling to different 

GPCRs. For example Gg stimulates adenylate cyclase (AC; which converts ATP to 

cAMP, an important second messenger) and increased calcium channel activity 

(regulating intracellular Ca^^. Conversely, G, acts as an inhibitor of AC. Gq 

stimulates phospholipase Cp (PLC) leading to inositol phospholipid turnover, which in 

turn activates a downstream (Protein kinase C) PKC. GPCRs can also alter gene 

transcription via interaction with transcription factors such as the cAMP response 

element binding protein (CREB). CREB is activated by phosphorylation which can 

be mediated by either cAMP-dependant protein kinases. Protein kinase A (PKA) or 

Ca^^ /calmodulin dependant protein kinases. Multiple forms of AC, PLC, PKA and 

PKC have also been identified and it is possible that more than one isoenzyme is 

involved in the signal transduction of one receptor type (Coleman & Sprang, 1996). 

There are two signal transduction pathways, which have been shown to associate with 

the 5-HT]aR family: a multistep enzyme mediated pathway and a direct regulation of 

ion channels. 

12 



Resting state 
Receptor Target protein 

p a n p a 

< ••IIP 
I I :! I 

< # 3 

Receptor 
occupied 

GDP replaced with 
OTP 

UO 

GTP hydrolysed 

Figure 3: A current model of target protein activation by a GTP binding protein 

Effector protein targeted 

As long as the ligand remains bound to the receptor the G protein can continue to activate target enzymes 
such as AC. Once ligand dissociation occurs the GTP binding protein can continue to act upon its target 
proteins for a number of seconds. This being an important amplification process allowing a small signal 
to elicit a large response (adapted from Alberts et al., 1994). 
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The 5-HTiAR was shown to couple to a number of different effector systems, resulting 

in the inhibition (De Vivo & Mayani, 1986) or stimulation of AC (De Vivo & Mayani, 

1990), the opening of K"̂  channels (Andrade & Nicol, 1987), stimulation (Raymond, 

1991) or inhibition of PLC (Claustre et al., 1988) and decreased Ca^^ influx by 

closing voltage-gated Ca^^ channels (Colino & Halliwell, 1987). The most 

consistently observed pathway across all cell systems and species is the inhibition of 

forskolin stimulated AC activity (Newman-Tancredi et al., 1992). 

In addition to AC coupling, the 5-HTIAR expressed in rat atrial myocytes was also 

shown to be directly linked to an endogenous atrial rectifier current with no 

intervening second messenger signal, suggesting a role for the G protein. Go (Karschin 

et al., 1991). The dual coupling to AC and channels is recognised as the hallmark 

of Gi-linked receptors and also occurs with other members of the 5 -HTI receptor 

family (Sanders-Bush & Canton, 1995; Martin & Eglen 1998). In addition, 

expression of the 5-HTiaR in Ltk' fibroblasts, NIH-3T3 cells, Cos-7 cells, GH4C1 

pituitary cells SindXenopus oocytes all demonstrated a functional coupling of the 5-

H T i a R to PLC (Liu & Albert, 1991; Varrault et al., 1992; Fargin et al., 1989; Ni et 

al., 1997). Activation of PLC subsequently results in an increased hydrolysis of 

phosphatidylinositol 4,5-bisphosphate (PIP2) leading to an increase in cellular inositol 

1,4,5-triphosphate (IP3) and diacylglycerol (DAG) concentrations. The increased IP3 

concentration results in the release of Ca"^ from intracellular calcium stores and DAG 

activates PKC (Figure 4; Fargin et al., 1989; Claustre et al., 1991). However, based 

on the high concentrations of agonist required to stimulate PLC activity, it is unlikely 

that this pathway has a significant role with regard to the physiological consequences 

of 5-HTiA receptor activity (Harrington et al., 1994). 

The ability of the 5-HTIAR to regulate several active transport processes has also been 

documented. Raymond et al., (1989; 1990) demonstrated the ability of the 5-HTIAR 

expresses in HeLa cells to regulate NaV phosphate symport via a PKC mediated 

pathway. While Middleton et al., (1990) reported the regulation of an NaV K^ 

ATPase by the 5 -HTIAR through a Ca^^ mediated cascade also in HeLa cells. Both of 

these pathways probably depend upon activation of PLC by stimulation. 

14 
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Figure 4: The second messenger effector system linked to the human 5-MT,^R in various cell lines 

Agonist activation causes Gj„ mediated inhibition of adenylate cyclase causing a decrease in the production of cAMP, which in turn inhibits 
the activity of PICA. mediates the opening of channels allowing the efflux of K^. Gj .̂ mediated stimulation of PLC acts to increase 
the turnover of PIP2 to DAG and IP3. DAG in turn activates PKC which has direct stimulatory affects on the MAP kinase cascade. IP3 is 
responsible for the release of from intracellular calcium stores resulting in the activation of Ca^V calmodulin dependent kinases. PC-
PLC activation by GI^^also results in I-kB phosphorylation and NF-kB activation 
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In Chinese hamster ovary (CHO) cells the S-HTi^R has also been demonstrated to 

regulate an N"̂ / ion exchange channel through a pathway involving Gi% Src 

tyrosine kinase and PI3-K (Gamovskaya gf a/., 1997; 1998). These various processes 

would implicate the 5 - H T i a R in energy production as the exchange ofNa^ and 

along their respective concentration gradients results in the production of ATP 

(Raymond et al, 1993). There are number of conflicting reports as to the intracellular 

consequences of 5-HTIAR activation. An important question to ask is whether these 

different signal transduction pathways, which are mediated by Gi-like protein reflect 

multiple signalling mechanisms for a single receptor or multiple receptor subtypes that 

cannot be differentiated with available pharmacological techniques. One should also 

consider whether these results have been obtained from intact neurones or from 

transfected surrogate cell lines, where the receptor is unusually expressed at 

supraphysiological levels and may, therefore, promiscuously couple to many G 

proteins. 

Neurotransmitters are often released in conjunction with other neurotransmitters and 

can act as neuromodulators, amplifying the response to a co-released neurotransmitter 

(Bumstock, 1976; Asano & Hidaka, 1980). There are many examples of co-

localisation and co-release of chemical messengers resulting in an amplified response 

on target cells suggesting that such synergy may have an important regulatory function 

in normal physiological functions. These interactions may serve to modulate or fine-

tune multiple receptor-signalling pathways. Neurotransmitter release serves to 

activate GPCRs, but activation does not always lead to a direct effect on a particular 

signalling pathway but rather to amplification of the response produced by a separate 

simultaneous signal within the same cell or tissue. The interactions of signalling 

pathways, which originate from different sources, may result in the augmentation of a 

cellular response or an increase in the maximal response (Stupecky et al., 1986; 

Flavahan & Vanhoutte, 1988). Synergistic cross talk interactions between GPCRs 

specific for direct neurotransmitters can result in the augmentation of physiological 

responses such as smooth muscle contraction (Hill & Kendal, 1989; Dickenson & 

Hill, 1994). For example, blood vessels can be sensitised to noradrenaline by pre-

treatment with neuropeptide Y (NPY), or by co-stimulation with concentrations of 

NPY which on their own do not elicit potent contractile effects (Edvinsson et ah, 
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1984). The noradrenaline response is mediated through Gq-coupled receptors and the 

effect can be significantly augmented at low noradrenaline concentrations by 

activation of Q-coupled receptors by NPY. 5-HT is also known to act as an amplifier 

(Van Nueten gf a/., 1985). The amplifying effects of Gj coupled receptors on Gq 

stimulated PLC activity (which eventually leads to the release of Ca^^ from 

intracellular calcium stores) are often accompanied by a small direct stimulation of 

PLC by the G, coupled receptor. Both direct and indirect effects of these receptors are 

sensitive to pertussis toxin treatment, confirming a role for Gi/o proteins (Oilman, 

1987; Selbie et al., 1997; Felder et al., 1991; Selbie et al, 1995; Dickenson & Hill, 

1997). Following GPCR stimulation enhanced PLC activity leads to an increase in 

(Bumstock 1976; Lunberg & Hokfelt, 1993; Hokfelt, 1991) ip3 production and 

resultant increases in the release of Câ ^ from intracellular stores. Stimulation of NPY 

Gi-coupled receptors results in the augmentation of noradrenaline induced increase in 

ip3 (Oilman, 1987; Megson et ah, 1995; Selbie et ah, 1995; Dickenson & Hill, 1997). 

Contractions of smooth muscle cells are regulated by the concentration of cytosolic 

Ca^^, which activate myosine light chain kinases (Somlyo & Somlyo 1994; Kitazwa et 

al., 1991). Generally the larger the intracellular calcium concentration the greater the 

contractile force. 

OPCRs also interact with other receptor classes such as tyrosine kinase receptors (e.g. 

insulin receptors). The actions of receptor tyrosine kinase signalling pathways can 

result in effects on cellular proliferation and cytoskeletal rearrangement such as 

contraction. For example NPY and 5-HT receptors have conserved tyrosine residues 

which, if phosphorylated, are putative binding sites for a number of proteins involved 

in the transmission of signals from receptor tyrosine kinases to the nucleus: these 

include Src, She, Grb2 and tyrosine kinase growth factor receptor sites (Baltensperger 

et al., 1996). There is evidence that intrinsic tyrosine kinase growth factor receptors 

can phosphorylate OPCRs at these putative binding sites both in vivo and in vitro 

(Karoor oA, 1995; Baltensperger ez' a/., 1996). Stimulation of GPCRs may also 

result in cross talk regulation of receptor tyrosine kinase (RTK)-mediated signal 

transduction at the level of the receptor and at downstream sites. Stimulation of 

endothelin 1 and thrombin receptors (both GPCRs) results in tyrosine phosphorylation 
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of the epidermal growth factor receptor and subsequent transactivation of the mitogen-

activated protein kinase (MAPK) pathway (Van Biesen g/ a/., 1996; Daub e/ a/., 

1996). 

Receptors linked to Gi, Gq and Gs, G proteins have all been shown to stimulate MAPK 

activity (or extracellular signal regulated kinases [ERKs]) as well as other kinases 

leading to changes in gene expression (Van Biesen et al, 1996; Crespo et ah, 1994; 

Hawes et al., 1995; Faure et al., 1994; Cadwallader et al, 1997). The 5-HTIAR has 

been shown to regulate MAPK activity (Gamovskaya et al., 1996) in cell culture but it 

remains unclear whether this occurs in a physiological {in vivo) context. Gq-mediated 

effects on MAPK are distinct and are sensitive to inhibition of PKC activity, but 

unlike Gi mediated MAPK activation, are not inhibited by the expression of the G^y 

subunit scavenger ^adrenergic receptor kinase (Hawes et al., 1995; Faure et al., 

1994). 

The potent ability of GPCR to cross talk with the tyrosine kinase pathway also results 

in synergistic effects on receptor tyrosine kinase function. Co-expression of Gpy 

subunits results in significant synergy of MAPK activity, suggesting that the 

dependant G, stimulated MAPK activation may augment MAPK activity stimulated 

by other GPCR and receptor tyrosine kinases (Hawes et al., 1996). Importantly, the 

downstream proliferation effects of receptor tyrosine kinase activation are modulated 

by GPCR activation. It appears that relatively small changes in the production of 

second messengers can be amplified by coincident receptor activation. Such signals 

can converge at sites further downstream with signalling pathways stimulated by other 

receptor classes. The expanding numbers of GPCRs that are being identified by gene 

cloning and the availability of more discriminatory pharmacological agents are being 

matched by an increasing awareness of the modulatory role of these GPCRs. 

1.4.6. Protein structure of the human 5-HTIAR 

The 5-HTIAR belongs to a superfamily of protein receptors that share structural, 

functional and sequence characteristics with the j%AR, rhodopsin, and the chloride 

channel involved in cystic fibrosis. The 5-HTIAR was originally estimated to be 421 
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amino acids in length based on primaiy sequence analysis (Kobilka ef a/., 1987). Full 

re-sequencing of the G-21 clone in our laboratory and by other authors (Page et al, 

1996; Chanda et al., 1993) has confirmed the receptor is actually 422 amino acids in 

length. 

The amino acid sequence encoding the 5-HTiaR has seven distinct regions each 

composed of approximately 25 hydrophobic amino acids. These are believed to be the 

membrane spanning segments of the protein, which are arranged into a helices. 

Separating the membrane spanning segments are eight hydrophilic regions, which are 

believed to form the intracellular and extracellular domains involved in receptor 

function. The long amino terminus, which is thought to be extracellular, has a number 

of potential sites for asparagine-linked glycosylation at positions Nio, Nn and N24. 

On the other hand the carboxyl terminal is relatively short (19 amino acids) and is 

orientated intracellularly. The 5-HTiaR has a proposed molecular weight of 46kDa 

when unmodified and possesses a single disulphide bond between positions C109 and 

C186 (El Mestikawy et al., 1991 and citations therein; Figure 5). Evidence derived 

from deletion mutants, fii/fijAR chimeric receptors, and rhodopsin suggest the 

5-HT binding site is likely to be located within a deep pocket comprised of the 

transmembrane domain (Strange, 1996). New evidence also indicates that the first 

and third extracellular loops may have a role in the discriminatory binding of selective 

receptor ligands, by controlling their entry into the transmembrane binding site 

(Dietrich <3/., 1998). 

The 5-HT]aR has a long third intracellular loop (128 amino acids) that is a common 

feature of receptors coupled to the inhibition of AC. Regions bordering the plasma 

membrane in the second and third intracellular loops are extremely well conserved 

amongst GPCR. This is thought to be because these areas interact with G proteins, 

and G proteins are known to bind with some promiscuity to various receptors, thus a 

common signal is needed. The first intracellular loop has a non-conserved sequence 

of amino acids, and it probably plays an important structural role. Contained within 

second and third intracellular loops are putative substrate amino acid sequences for 

interaction with PKC and PKA (Figure 5). Within the third intracellular loop are also 

found multiple G protein-coupled receptor kinase (GRKs) targets (Zhang et al., 1997). 
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The consensus sequences are based around serine or threonine (S/T) residues which 

facilitate the binding of PKC, PKA and GRKs which may be subject to 

phosphorylation (KRTPR, position 147-151, RKTVK, position 227-231, KKS, 

position 251-253 and RKTVK, position 341-345; Figure 5). Raymond has shown 

PKC activation via agonist binding to the 5-HTIAR and receptor phosphorylation at 

two sites (Raymond, 1991). Receptor phosphorylation by PKC, PKA and GRKs is 

though to play an important role in receptor regulation by uncoupling the receptor 

from its G protein and facilitating receptor desensitisation and/ or intemalisation. 

1.4.7. Structure of the 5-HTIAR gene 

The structure of the rat, human and mouse 5-HT]aR genes have been described. In 

addition, those transcription factors important in the regulation of 5-HTIAR gene 

expression have been studied in rat, human and mouse-derived cell lines.. The use of 

both receptor positive and negative cells has also allowed for study of specific and 

non-specific transcription regulatory elements. 

The initial work into 5-HTiaR gene structure by Parks & Shenk (1996) was performed 

on the mouse and human 5-HTiaR gene. They demonstrated using three separate 

techniques (RNA 5' end mapping, DNA protein interaction and transient expression 

studies) that the 5 '-flanking DNA sequence lacked a typical TATA box element and 

was rich in guanine and cytosine. This guanine-cytosine rich DNA motif in the 5-

HT,AR gene was related to the 5'-GGGG(C/A)GGGG-3' (Parks & Shenk 1996). 

Crude HeLa cell nuclear extracts were used to try to identify proteins that may interact 

with this 5' sequence. A cDNA was subsequently cloned and identified as that 

encoding a protein known as "Maz". DNase I footprinting of the 5' flanking region of 

the 5-HTIAR gene demonstrated the existence of four Maz sites of which three were 

found to bind the SP-1 transcription factor (Figure 6). When transiently expressed 

both SP-1 and Maz were found to increase the expression of the 5-HTIAR gene 

directed by the human 5' flanking sequence (Parks & Shenk 1996). Conflicting 

findings came from more detailed reports on the rat 5-HTIAR gene structure. 
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Stoiring er a/., (1999) using 5-HTiAR positive (rat raphe RN46A and septal SN-48) 

and negative (pituitary gh4c1 l 6 myoblast and c 6 glioma) cell lines dissected out 

those base pairs (bp) involved in 5-HTIAR gene regulation. Nine hundred and sixty 

seven bp upstream of the 5-HTiAR-gene start codon was found a site of transcriptional 

initiation which appears to be brain-specific. 

The site of transcription initiation was 58bp downstream from a consensus TATA 

box, suggesting TATA driven transcription of the rat 5-htIAR (Stoning et al, 1999). 

However, in almost every case of genes containing a TATA box it is located between 

25-30bp from the transcription start site a distance set by the locality of various 

proteins involved in transcription (Alberts et al., 1994). This might suggest that the 

authors have misinterpreted the data or have misplaced the transcriptional initiation 

site. The possible existence of a TATA box in the upstream region of the rat 5-HTIAR 

would be in stark contrast to both the mouse and human 5 - h t i a R upstream regions 

which as already mentioned lacked a consensus TATA element (Parks & Shenk 

1996). Located within the upstream 426-1 ITbp fragment of the rat 5-HTIAR is an 

enhancer region, which was only active in 5 -h t i aR positive cell lines (rat RN46A and 

SN-48; Storring et al., 1999). Also located in the upstream region (1519-426bp) of 

the rat 5 -h t i aR gene are non-specific enhancer/ promoter elements, containing 

consensus TATA, CCAAT, SP-1 and AP-1 elements which are active in receptor 

negative cell lines (Figure 6; Storring er oA, 1996). 

A repressor element has also been located in the upstream 1590-1519bp fragment of 

the rat 5 -h t i aR gene (Figure 6; Storring et al., 1999; Ou et al., 2000). Deletion of a 

71 bp segment between -1590 and l-519bp resulted in a 10-fold enhancement of 

transcriptional activity in rat 5-HTiaR positive and negative cell lines. Of the 

same? 1 bp fragment of the rat 5-HTIAR gene 3 Ibp were protected from DNase I 

digestion by rat RN46A and L6 crude nuclear extracts (Ou et al., 2000). Further 

analysis of the 3 Ibp fragment demonstrated a single protein complex that bound a 

novel 14bp DNA element in rat 5-ht]AR positive cells. Also contained within the 

same 3 Ibp fragment adjacent to the 14bp fragment was a 12bp fragment that 

conferred non-specific 5-HTIAR gene repression in receptor negative cell lines (Ou et 

aA,2000^ 
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In summaiy, results demonstrate the human and mouse S-HTi^R gene lack a TATA 

element but do contain four novel guanine-cytosine rich domains that bind MAZ, of 

these four domains, three also bind SP-1 (Parks & Shenk 1996). Both MAZ and SP-1 

enhanced transcriptional activity of the human and mouse 5-HTiaR gene but MAZ 

was substantially more effective (Figure 6; Parks & Shenk 1996). However, the rat 5-

HTiaR gene does contain a TATA box, 1025bp from the start codon suggesting 

TATA driven gene expression (Storring et al, 1999). Other specific enhancer 

elements for the rat 5-HTIAR gene are located between nucleotides 426 and 117 (still 

to be identified). Non-selective enhancer elements (including CCAAT SP-1 and AP-

1) in the rat 5-HTIAR gene are located upstream of the start codon between 

nucleotides 1519 and 426 (Figure 6; Storring et ah, 1999). Also located between 

1590-1519bp upstream from the rat 5-HTiaR gene are two repressor elements, the 

first 14bp unit confreres specific regulation to the gene whereas the adjacent 12bp unit 

confers non-specific gene regulation (Ou et al., 2000). 

1.4.8. Surrogate expression systems 

The 5-HT]AR has been studied in a wide range of cell systems; some of those 

endogenously express the receptor, whilst the majority of cells used, are receptor 

negative. Cell expression systems are used for a wide range of applications including 

pharmacological profiling, G protein coupling to effector systems, and regulation of 

receptor gene expression. Once isolated and cloned, the G-21 clone was expressed in 

Cos-7 cells thus becoming the first artificial expression system for the 5-HTiaR 

(Fargin et al., 1988). Cells that are known to naturally express the 5-HTIAR include 

rat raphe RN46A cells, septal SN-48 cells and Jurkat T lymphocytes, (Storring et al., 

1999; Aune ef a/., 1993). 

The cell lines that have been used to study the recombinant 5-HTIAR include, pituitary 

gh4c1 cells, L6 myoblast cells, C6 glioma cells, Ltk" fibroblasts, Xenopus oocytes, rat 

atrial myocytes, CHO cells, HeLa cells and NIH-3T3 cells (Storring et al., 1999; Liu 

& Albert, 1991; Ni e/ al., 1997; Karshin et al., 1991; Newman-Tancredi et al., 1992; 

Harrington o/., 1994; Varrault er a/., 1992). 
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The main reason for using cell lines and artificial expression systems is convenience, 

cells are relatively easy to grow and maintain. In addition, they provide for optimal 

quality control, growth can be quickly scaled up, they reduce the requirement for 

animal use for some types of experiment and offer a reductionist approach to the study 

of receptors. In the case of receptor negative lines, they offer the chance to introduce 

a homogenous population of receptors (if expressed at high levels) that can, easily be 

isolated. However, there are drawbacks of artificially expressing a receptor in a cell 

line, which is normally receptor negative. The cost of setting up and maintaining cell-

culture facilities can be large and the day-to-day maintenance of cell lines that can be 

time consuming, expensive and wasteful. In addition, because the receptor is 

expressed in a foreign environment usually at supraphysiological levels it is not 

necessarily going to respond in a manner that is comparable to the m Wvo situation. 

Careful characterisation of receptors in surrogate lines is essential and the 

interpretation of the data should always be considered carefully. The use of cells that 

are receptor positive helps to overcome some of these problems but the expression of 

the receptor tends to be much lower i.e. at more physiologically relevant levels. In 

these cell lines, responses may often be below the level of sensitivity of many 

analytical techniques (including radioligand analysis). 

1.5. RECEPTOR REGULATION AT TBE PROTEIN LEVEL 

Regulation of receptor function is a vital cellular role as it results in the termination of 

a set of sequential reactions set in motion by an extracellular stimulus. Receptor 

function can be regulated at several levels from the transcription of new receptor 

mRNA to translation of receptor mRNA to new protein (long-term), through to direct 

modification of the existing receptor protein (short-term). The long-term regulation of 

receptor function is normally achieved via the induction or inhibition of various 

transcription factors. Such transcription factors that are influenced by the human 5-

HTIAR include CREB and nuclear factor kappa B (NF-KB) (Nishi & Azmitia, 1999; 

Cowen et al., 1997). CREB and NF-xB have also been demonstrated as having a role 

in directly regulating the expression of the 5-HTIAR thus forming a postulated 

autoregulatory feedback loop (Nishi & Azmitia, 1999; Cowen et al., 1997). 

Regulation of receptor function that occurs within seconds to minutes after ligand 
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challenge is known as short-term receptor regulation. Short-term receptor regulation 

is transient and enables the cell to effectively switch off the response to the 

extracellular stimulus. The mechanism involved may include phosphorylation of the 

receptor thus disabling its' ability to interact with G proteins. The agonist promoted 

phosphorylation of GPCRs is termed desensitisation and will be discussed in greater 

depth in later sections. 

The regulation of the signalling event also requires a fine balance between 

mechanisms contributing to the initiation and switching off, of the signalling cascade. 

Whereas the mechanisms by which the initiation of signal transduction through 

GPCRs have been fairly well defined, the relative physiological importance of the 

mechanisms involved in the turning off and re-establishment of signalling has not 

been fiilly resolved. 

1.5.1. GPCR desensitisation 

G protein signalling is regulated by a receptor/ G protein-uncoupling event that 

follows receptor phosphorylation upon ligand binding. The process of receptor 

phosphorylation, is mediated by either second messenger-dependent protein kinases 

such as PKA or G protein receptor kinases (GRKs) and occurs within seconds to 

minutes of agonist stimulation (Pronin & Benovic, 1997). GRKs are intracellular 

enzymes targeted to their substrate residues by heterotrimeric G proteins. They have 

an intrinsic ability to phosphorylate GPCRs (Inglese et al., 1993; Pitcher et ai, 

1995a). 

Receptor phosphorylation mediated by GRKs is dependent upon agonist occupation 

and serves to regulate activated receptors. Phosphorylation mediated by second 

messenger dependant kinases is not necessarily dependent upon receptor occupancy. 

Phosphorylation of the receptor by GRKs, increases the affinity of the receptor protein 

for cytosolic "arrestin" proteins, which discriminate between receptors that have been 

activated and those which have not (Fremont et al., 1995). Arrestin proteins have an 

inhibitory role in regulating receptor function, effectively preventing the receptor from 

interacting with G proteins and facilitating further interactions with the intemalisation 
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machineiy (Alberts a/., 1994). Of the six potential members of the airestin family, 

only four full length clones have been identified, these include visual arrestin, cone 

arrestin, /?-arrestin 1 and /3-arrestin 2. Visual and cone arrestin are limited to cells 

involved with vision, whereas ^arrestin 1 and /3-arrestin 2 demonstrate a more 

generalised pattern of expression (Ferguson et al., 1996b). 

Families of six individual GRKs (GRK 1-6) have been isolated to date including /5-

adrenergic receptor kinase 1 and 2 (now known as GRK2, 3; Fremont et al., 1995). 

These kinases (localised to the cytosol) share 53-93% sequence homology and are 

known to phosphorylate multiple serine/ threonine residues found on the third 

intracellular loop and carboxyl-terminus of activated GPCR, one such example being 

the EES296SSS299 motif located within the third intracellular loop of the ^Aadrenergic 

receptor (Eason et al., 1995). The catalytic domains of these two GRKs share strong 

structural and sequence homology, whereas the flanking amino and carboxyl domains 

share little homology and are thought to play a role in substrate targeting and 

specificity (Fremont et al., 1995). The list of Gj-coupled receptors that become or are 

suspected to be phosphorylated by GRKs in response to agonist challenge includes, 

%a-adrenergic, %c-adrenergic receptor the 5-HTiAR and adenosine; a receptor 

(Garcia-Sevilla et al., 1999; Lembo et al., 1999; Nie et al., 1997; Nebigil et al., 1995). 

Non-ligand induced receptor desensitisation can also be achieved with compounds 

that activate intracellular proteins responsible for receptor phosphorylation. One such 

class of compounds that have been reported to cause receptor desensitisation are 

phorbol esters. The phorbol ester 4)9-phorbol-myristate-acetate (PMA) has been 

demonstrated to cause desensitisation of the (^-adrenergic receptor in rat pancreatic 

islets by direct activation of PKC (El-Mansoury & Morgan 1998). The desensitisation 

of the ^-adrenergic receptor resulted in a significant reduction in the inhibition of 

glucose-induced insulin secretion (El-Mansoury & Morgan 1998). 

The desensitisation of the human 5-HTiaR is a well-documented event and to date 

three proteins are thought to mediate receptor desensitisation, these include; PKC, 

PKA and GRK. Four putative PKC phosphorylation sites and two putative PKA sites 

are contained within the human 5-HTiaR sequence and all of them are located on the 
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intracellular loops of the receptor (Figure 5). The phosphorylation of the receptor is 

associated with uncoupling of several signals in several cell types. In CHO cells 

transfected with the human 5-HTIAR, activation of PKC by phorbol esters resulted in 

rapid receptor phosphorylation and uncoupling of AC inhibition (Raymond, 1991). In 

rat PI 1 pituitary cells, activation of PKA also resulted in the uncoupling of the 5-

HTiaR from AC inhibition (Hensler et ai, 1996). In contrast, pre-treatnient of Ltk" 

fibroblasts and gh4c1 cells (transfected with the 5-HTIAR) with phorbol esters 

resulted in no uncoupling of the receptor from the inhibition of AC (Lembo & Albert, 

1995; 1997; Liu & Albert, 1991). The stimulation of Ltk" fibroblast with phorbol 

esters did however result in the uncoupling of the receptor from the activation of PLC 

and the resulting increase in intracellular Ca^^ concentrations (Lembo et al., 1995). 

This study also showed that mutations to the third intracellular loop resulted in no 

uncoupling of the 5-HTIAR from PLC (Lembo et al, 1995), suggesting that in HeLa 

cells transfected with the 5-HTiaR phorbol ester pre-treatment also induced rapid G 

protein uncoupling which was blocked by PKC inhibitors (Harrington et ah, 1994). 

Liu & Albert (1991) were the first to document the ability of PKA to enhance the 

desensitisation of the 5-HTIAR induced by phorbol ester treatment in Ltk' fibroblasts. 

Harrington et al., (1994) also demonstrated that the activation of PKA resulted in 

rapid AC uncoupling and a substantial loss of [^H] 8-hydroxy-DPAT high affinity 

binding sites in HeLa cells expressing the 5-HTIAR. The pre-treatment of HeLa cells 

with 8-hydroxy-DPAT also resulted in the rapid uncoupling of the 5-HTIAR from AC 

inhibition (Harrington et ah, 1994). The stoichiometry of the phosphorylation of the 

receptor mediated by PKA is believed to be one mole of phosphate to one mole of 

receptor (Raymond et al., 1999). 

Pre-treatment of Sf9 insect cells expressing the 5-HTIAR with 5-HT lead to rapid 

receptor phosphorylation at serine and threonine residues and an uncoupling of AC 

inhibition (Nebigil et al., 1995). The phosphorylation of the 5-HT]AR expressed in 

Sf9 cells was attenuated by heparin but not blocked by inhibitors of PKC and thus was 

attributed to GRKs (Nebigil et al., 1995). Closer inspection of the human 5-HTIAR 

amino acid sequence reveals 17 potential substrate residues for the GRK (Raymond et 
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al., 1999). Therefore, desensitisation in neurones is likely to involve more than one 

kinase. 

1.5.2. Internalisation 

Mammalian cells have evolved a variety of mechanisms to internalise small 

molecules, macromolecules, and other membrane bound proteins and target them to 

specific intracellular compartments. This whole process is termed endocytosis; under 

its broad definition, endocytosis includes various methods of uptake of extracellular 

material by cells, including phagocytosis, pinocytosis, clathrin-dependent receptor-

mediated endocytosis, and clathrin-independent endocytosis. Phagocytosis and 

clathrin dependent endocytosis are the best-characterised intemalisation mechanisms. 

Receptor-mediated endocytosis takes place in all nucleated vertebrate cells and plays 

an important role in many physiological processes. Phagocytosis, which involves the 

uptake of large particles, takes place in many cell types but is most important in 

specialised cells such as macrophages, where it plays an important role in cellular 

immunity. 

Endocytosis is involved in uptake of extracellular nutrients, regulation of cell-surface 

receptor function, cellular cholesterol homeostasis, maintenance of cell polarity, 

antigen presentation, and many other physiological processes. Irregularities in 

endocytic processes play a role in several diseases including atherosclerosis and 

diabetes, and it follows therefore, that abberations in 5-HT receptor regulation may 

have implications for the development of disease states of the central nervous system. 

Common fates awaiting internalised receptors include degradation (Protease-activated 

receptor-1 (PARI); Trejo et al., 2000) recycling back to the cell surface Q%AR; 

Szekeres et al., 1998), trafficking to organelles (for example, Golgi apparatus) or the 

cytosol (Di dopamine receptor; Dumartin et al., 2000). Similar processes occur in 

other (non-mammalian) cell types, and specific aspects of those systems, especially in 

yeast (Schekman, 1992), have been utilised to understand the molecular mechanisms 

of membrane traffic. 

Receptor mediated endocytosis (RME) via clathrin coated pits is an intemalisation 

pathway for numerous varieties of receptor-ligand complexes. The coated pits and 
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vesicles in mosquito oocytes were first described in 1964 by Roth and Porter (Roth & 

Porter, 1964), who postulated that these structures help in yolk formation by taking up 

adsorbed proteins from the extracellular fluid. Kanaseki and Kadota (1969) were the 

first to describe the basket type structure now known as the clathrin coat. Structures 

such as the low-density lipoprotein (LDL) receptor are actively concentrated in coated 

pits (Anderson et al, 1977; Anderson et al, 1982), whereas some demonstrate 

random incorporation (various phospholipids and glycosphingolipids; Pagano, 1990, 

Dawidowicz, 1993), or even active exclusion from the coated pits (the influenza virus 

heamagglutinin protein. Roth et al., 1986). Concentration of 60 - 70 %, of such 

proteins in these coated pits leads to an efficient clearance from the cell surface 

(Anderson et al., 1977). Each coated pit is approximately 150nm in depth from the 

plasma membrane (Willingham et al., 1981) and in the case of human fibroblasts and 

rat hepatocytes, they occupy about 2% of the plasma membrane surface (Anderson 

a/., 1977; Carpentier ef oA, 1985). Although these values can range from 0.4% 

(Goldberg ef a/., 1987) to 3.8% (Nilsson a/., 1983) depending on the cell type being 

studied. 

Of the receptor proteins that are actively concentrated in coated pits, some are done so 

constitutively, for example the LDL receptor (Anderson et al., 1982; Anderson et al., 

1977), and some become concentrated upon ligand binding, for example the 

epidermal growth factor receptor (Dunn & Hubbard, 1984). The targeting of receptors 

to coated pits, is thought to be due to interactions between so called "intemalisation 

motifs" in the receptor and intracellular clathrin coat assembly proteins (Schmid, 

1992; Kirchhausen, 1993). Intemalisation motifs are also thought to be multi-

functional. In addition to promoting intemalisation, the motifs are thought to act as 

targeting sequences to various intracellular compartments (Voorhees et al., 1995). 

Initial experiments on the regulation of the human 5-HT]aR expressed in HeLa cells 

demonstrated a rapid PKC induced reduction of high affinity binding sites upon 8-

hydroxy-DPAT incubation (Harrington et al., 1994). These data indicate that the 

large loss (approximately 80%) of high affinity [^H] 8-hydroxy-DPAT binding sites 

might be due to intemalisation, thus warranting further investigation (See Aims and 

Objectives, section 1.7. and 1.8.). 
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1.5.2.:. Internalisation sequences 

1.5.2.i.a. Peptide intemalisation motifs 

Entry to the cell via RME is a very rapid process (10-50% of total receptors per 

minute) suggesting that receptor concentration in the clathrin-coated pit is an efficient 

process. Evidence suggesting that so-called "intemalisation" motifs play an important 

role, has been obtained from studies employing the site directed mutagenesis approach 

to study receptors. The first analytical work on residues important in intemalisation 

was performed on a natural mutation of the human LDL receptor (cysteine replaced by 

a tyrosine; Dawidowicz, 1993) and this demonstrated a possible role for receptor 

residues located in the cytoplasmic domain as intemalisation motifs (Goldstein et al., 

1985). Since then, systematic single site mutagenesis has been performed on a range 

of GPCRs and other receptors, indicating that a tyrosine or another aromatic amino 

acid is required at the membrane/ cytosol interface of the seventh/ final 

transmembranous domain for concentration into coated pits (Bohm et ah, 1997; 

Chuang et al., 1997; Laporte et al., 1996; Barak et al., 1995; Hsu et al, 1994). 

Although this residue is vital for the sequence to remain functional, there is also a 

requisite for a second important bulky hydrophobic group at a more membrane 

proximal location (Lazarovits & Roth, 1988; Chen et al., 1990). Comparison of a 

number of GPCRs (including the human 5-HT]AR) from various species indicates that 

the conserved sequence is a common motif and is necessary although not vital for 

intemalisation (Wang et al., 1997). Work on truncated mutants demonstrated that 

receptors lacking the cytoplasmic tail internalised at 23-50% of the wild-type receptor 

rate (Hukovic et al., 1998; Huang et ah, 1995). Studies performed on the transferrin 

receptor which also contains an NPXnY intemalisation motif in the N-temiinal 61 

amino acid cytoplasmic portion, demonstrated the Y3]XRF34 tetrapeptide of the 

transferrin receptor, was able to form a functional signal at several positions in the 

cytoplasmic domain. The intemalisation motif was however only functional if it was 

separated from the membrane by at least seven amino acid residues (Collawn et al., 

1990; Collawn et al., 1993). 

Studies by Barak et al., 1995 provided evidence that the common motif NPXnY 

maybe a vital component for maintaining normal GPCR conformation, rather than 

acting as a general sequestration motif. Development of NPXnY receptor mutants has 
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made it possible for the molecular mechanisms of GPCR intemalisation to be 

elucidated and has given an insight into the role of GRKs and j8-arrrestins in GPCR 

trafficking. The Y326A mutation in the ^ A R tail not only impaired sequestration but 

also greatly reduced GRK mediated phosphorylation of the receptor implying, that the 

proposed intemalisation motif may have a more complex role than at first thought. 

This reduction in receptor phosphorylation and sequestration was reversed by the 

over-expression of GRK2 in HEK 293 cells, returning the receptor to unmutated 

characteristics (Ferguson et al., 1995). Mutations to GRK2 (K220M) had a similar 

affect as direct receptor mutation, in that it impaired both phosphorylation and 

intemalisation of the unmutated /^AR (Ferguson et ah, 1995). These findings clearly 

demonstrated that in the case of the j%AR, receptor phosphorylation by GRK2 is vital 

for effective receptor intemalisation. GRK mediated receptor phosphorylation and 

subsequent intemalisation has been reported for a number of other GPCRs including 

the M2 muscarinic receptor and the D2 dopamine receptor (Tsuga et ah, 1994; Itokawa 

et al., 1996). GRK mediated phosphorylation is not limited to a specific type or class 

of GPCRs as receptors coupled to Gia (M2 muscarinic receptor D2 dopamine receptor) 

and Gsa (j%AR) effector systems are both phosphorylated. This would suggest that 

phosphorylation might play a more general role in agonist promoted GPCR 

sequestration. 

Contained within the 5-HTiaR sequence are several consensus amino acid motifs that 

are thought to play a role in receptor intemalisation. In the seventh transmembrane 

domain and the cytoplasmic carboxyl tail of the receptor is the NPVIY motif which, 

based on work performed on tyrosine kinase receptors, may play a direct role in 5-

HTiaR intemalisation. Consensus PKA and PKC phosphorylation motifs located in 

the 2"̂  and 3"̂  intracellular loops of the receptor (see Figure 5) may also have a role 

in receptor endocytosis. Phosphorylation of the 5-HTIAR at the consensus 

phosphorylation motifs is believed to result in uncoupling of the receptor from its' G 

protein and facilitate interactions with intemalisation machinery. 

Early indications were that )%AR lacking an ability to undergo phosphorylation by 

GRK, could internalise in response to agonist binding: this might suggest that receptor 

phosphorylation is not a total requirement for intemalisation (Hausdorff et al., 1989). 
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/?-arrestin is an intracellular protein that interacts with phosphorylated proteins and is 

thought to play an important role in receptor sequestration. The importance of ^ 

arrestin in receptor endocytosis was illustrated by Ferguson et al., (1996a) who 

demonstrated that the ^AR-Y326A mutant and other carboxyl terminus truncation 

mutants of the same receptor could internalise, if /J-arrestin was over-expressed. It is 

thought that the role of receptor phosphorylation is to allow /3-arrestin to interact with 

the receptor, hi support of this evidence, unmutated jQzAR intemalisation was shown 

to be inhibited by the over-expression of a ^arrestin mutant (jS-arrestin I-v53d) 

which is a non-functional form of /3-arrestin. This loss of intemalisation could not be 

recovered by the over-expression of GRK2, which was able to recover the j^AR-

Y326A mutants ability to sequester. Over expression of the ^-arrestin 1-v53d mutant 

and GRK resulted in the recovery of /32AR-Y326A mutant phosphorylation, without 

recovering its intemalisation defect (Ferguson et al., 1996a). These findings being 

consistent with studies that demonstrated GRK phosphorylation is not compulsory for 

jSiAR intemalisation (Hausdorff er al., 1989; Lohse et al., 1990). In summary, it 

would seem that GRKs and )S-arrestins have intercessory roles in both G protein 

uncoupling and ligand induced sequestration, with ^-arrestins acting as adapter 

proteins mediating interactions with endocytic machinery. 

Apart from the tyrosine-based intemalisation signals, various leucine-based 

(Gabilondo et al., 1997) and lysine-based (Itin et al., 1995) cytoplasmic sequences 

also function as signals for coated pit concentration and lysosomal targeting. Proteins 

that lack the tyrosine motif but that still take part in RME (including CD4 receptor 

and human j%AR) are thought to use leucine-based intemalisation motifs (Miettinen et 

al., 1989; Gabilondo et al., 1997). The maimer in which the leucine-based motif 

interacts with the intemalisation machinery remains unclear. 

1.5.2.i.b Ubiquitination 

Ubiquitination of a protein involves the linkage of the 76 residue, protein ubiquitin, to 

the amino groups of lysyl residues contained within the carboxy-terminal of the target 

protein. Once ubiquitinated the protein is specifically targeted for degradation by a 

26S protease termed aproteasome (Ciechanover, 1994). Recent studies also suggest 
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ubiquitination of cell surface proteins as a possible prerequisite for intemalisation and 

degradation via lysosomal targeting (Hicke & Riezman, 1996). 

When yeast a-factor binds to the GPCR Ste2p, it activates the signalling pathway 

associated with the receptor and, induces endocytosis of the receptor-ligand complex. 

Ligand binding also instigates the ubiquitination of the cytoplasmic portion of the 

Ste2p receptor. Mutants lacking the ubiquitination machinery or the lysine residues 

found within the cytoplasmic tail demonstrate a much lower rate of intemalisation. 

Ubiquitination of other receptors upon ligand binding (Mori et al., 1992; Yee et al., 

1994) and work done on growth hormone receptors transfected into CHO cell lines 

presented by Strous et al., (1996) would lead to speculation that ligand-induced 

ubiquitination might be an important event leading to receptor intemalisation and 

lysosomal degradation. Interestingly in the case of the Penela et ah, (1998) 

demonstrated that after GRK2 mediated phosphorylation GRK2 ubiquitination was 

markedly increased leading to GRK2 degradation via the proteasome pathway. This 

inactivation of GRK2 lead to an alteration in signalling and intemalisation 

indicating another important mechanism for modulating the cellular response to 

agonist challenge acting through GPCRs (Penela et al., 1998). 

1.5.2.i.e. Lipid domains and lipid-linked proteins 

The endocytic process involves intemalisation of proteins bound to the cell surface 

membrane and therefore, by definition, may involve the uptake of components 

intrinsic to the membrane. In many cases, this lipid uptake occurs in a non-selective, 

passive manner. It is however apparent that in several cases, lipid and lipid-linked 

proteins do not randomly congregate in clathrin coated pits or other endocytic 

stmctures, they may be selectively included or excluded. The toxin produced by 

Shigella dysenteriae demonstrates Receptor mediated endocytosis (RME) via a 

glycosphingolipid receptor on the plasma membrane. When the toxin binds to the 

glycosphingolipid receptor it induces aggregation of the receptor in the clathrin coated 

pits which can then undergo RME (Sandvig et al., 1989). The possible explanations 

for this concentration within the coated pits may be that the glycosphingolipid is 

interacting with a membrane bound protein that contains an intemalisation motif. 
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Alternatively, the glycosphingolipids may form aggregates upon ligand binding that 

have a preference for a coated pit localisation. However at this current time there is 

no evidence in the literature that GPCRs utilise this route of intemalisation. 

1.5.2.ii. Cellular pathways of GPCR internalisation 

Dynamin is a large (100 kDa) GTPase first isolated as a microtubule binding protein 

and is now recognised as a major component in the clathrin-mediated RME pathway 

(reviewed by De Camilli et al., 1995). The functional role of dynamin is to catalyse 

the pinching of membrane invaginations in a OTP dependent reaction. Consequently 

mutant dynamin proteins, lacking OTP binding abilities (dynamin I-k44a), block 

clathrin mediated RME (Van der Bliek ef oA, 1993). Development of the )̂ -arrestin 

mutant and dynamin 1 mutant (k44a), both of which selectively block sequestration, 

has allowed the study of different endocytic mechanisms of different GPCRs in 

different cell type. 

To look at the preferential intemalisation pathways utilised by GPCRs upon agonist 

activation the role of dynamin and /3-arrestin in the intemalisation of two typical 

GPCRs (jSzAR and the angiotensiniA receptor [ATIAR]) in both HEK 293 and COS-7 

cells was examined (Zhang et al., 1996). Sequestration of in HEK 293 cells 

was effectively inhibited by the over-expression of the dynamin 1-k44a mutant, but 

had no effect on ATiaR intemalisation, suggesting the two receptors internalise via 

two distinct pathways. Intemalisation of the j%AR was also found to be inhibited by 

expression of the ^-arrestin I-v53d whereas ATiaR sequestration remained 

unchanged, this was found to be the case in both cell types (Zhang et al., 1996). It is 

therefore apparent that the j%AR receptor internalised via a dynamin dependant 

pathway (clathrin mediated RME) and ATiaR internalised via an altogether separate 

pathway. 

The exact sequestration pathway utilised by the ATiaR remains unclear, but there are 

several other possibilities, including the caveolae-mediated pathway, a non clathrin-

coated vesicle pathway or perhaps a pathway, which is yet to be discovered. It is 

however apparent that GPCR receptor intemalisation can occur through two separate 

pathways. 
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1.5.2.ii.a. Endocytosis via nonclatbrin-coated pathways 

Cells treated with inhibitors of clathrin mediated endocytosis (mentioned below) still 

demonstrate bulk membrane intemalisation and the ability to uptake fluid phase 

markers (such as the enzyme horseradish peroxidase). This lead to the conclusion that 

there must be some other form of intemalisation that does not involve clathrin coated 

pits, hi studies, using human fibroblast cells it was calculated that approximately 50% 

of fluid was internalised via a non-clathrin mediated route (McKinley & Wiley, 1988). 

Methods that have been employed to selectively block clathrin mediated endocytosis 

include, incubation with hypertonic and hypotonic media (Daukas & Zigmond, 1985; 

Novak ez' oA, 1988), potassium depletion (Carpentier ef a/., 1989), cytosol 

acidification (Sandvig et al., 1987), anti-clathrin antibodies (Doxsey et al, 1987), and 

expression of a temperature sensitive mutant of dynamin (Damke et al., 1995). 

Recent studies using dynamin temperature sensitive mutants demonstrated that upon 

shifting to a non permissive temperature, RME was blocked within five minutes 

(Damke et al., 1995), with fluid phase marker uptake continuing at a much reduced 

level. However, if these cells were held at the non-permissive temperature for a 

further thirty minutes, then fluid phase marker uptake returned to wild type levels 

while RME uptake remained inhibited. This would suggest the balance between 

clathrin mediated and nonclathrin mediated endocytosis is fluid with each being able 

to compensate each other to a large degree. 

1.5.2.ii.b. Role of caveolae in endocytosis 

Caveolae are regular flask shaped invaginations (50-80mii in diameter) of the cell 

membranes that provide another possible route of cell entry which is not mediated by 

clathrin coated pits (Van Deurs et al., 1993). They are known to exist in a large 

number of different cell types for example, fibroblasts and adipocytes (Goldberg et 

al., 1987; Severs, 1988). It has been suggested that the resulting sealed vesicle may 

play a role in membrane transport processes (Palade & Bmns, 1968; Schnitzer et al., 

1994). It has been postulated that caveolae selectively endocytose macromolecules in 

specialised cells such as endothelia (Schnitzer et al, 1995), but this point remains 

open to debate (Van Deurs et al., 1993; Mayor et al., 1994). The cytoplasmic face of 

the caveolae are often associated with a protein coat consisting in part of caveolin 

(Rothberg et ah, 1992) and being arranged into striations (Peters et al., 1985). 
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A number of receptor-ligand complexes in transfected cells have been reported to 

localise in caveolae, at least in certain cell types, but this may be an artefact of over-

expression. Included within this list are insulin receptors (Goldberg et al, 1987) p-

adrenergic receptors (Raposo et al, 1989) as well as non-receptor bound ligands such 

as cholera and tetanus toxins (Montesano et ah, 1982; Morris et al., 1993). Caveolae 

are thought to contain high concentrations of certain lipids such as glycolipids, 

cholesterol and sphingomyelin, as these remain insoluble when the membrane 

components are treated with detergents such as Triton X-100 (Brown & Rose, 1992). 

Signalling molecules such as members of the Src-family, kinases and GTP binding 

proteins are also known to associate with caveolae invaginations. (Sargiacomo et al., 

1993; Stefanova et al., 1991). Proteins and lipids associated with the caveolae have 

been reported to be specifically excluded from the coated pits and to be endocytosed 

by alternate mechanisms (Bretscher et al., 1980; Rothberg et al., 1990b). The 

organisation of the caveolar coat is disrupted by sterol-binding agents (Rothberg et al., 

1992) and the number of caveolae is reduced in cholesterol depleted cells (Rothberg et 

al., 1990a). This evidence demonstrates that cholesterol is found at high 

concentrations within these structures and may have a functional role. To date, it is 

not known whether this mechanism is employed by the 5-HTIAR or receptors with 

high sequence homology to the 5-HTIAR-

1.5.3. GPCR resensitisation 

Receptor resensitisation is the process that follows desensitisation and allows 

receptors to re-establish a response to extracellular stimuli. It is presumed that this 

process involves the intemalisation, dephosphorylation and recycling of the receptor, 

and as yet, the mechanism(s) involved are poorly understood. One proposed 

mechanism thought to be important, is receptor endocytosis. This process also known 

as sequestration or intemalisation and is thought to be induced by agonist activation of 

the receptor. The receptor is relocated to an intracellular environment by endosomes 

where it is dephosphorylated and recycled back to the surface plasma membrane 

(Ferguson et al., 1996b). These receptors are then deemed resensitised, and are 

receptive to extracellular signals again. Evidence suggesting that this is the case has 

been presented by Pippig et al., (1995) Blockade of sequestration with 

Concanavalin A (a lectin isolated from the jack bean plant which has a high affinity 
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for termmal cr-D-maimosyl and ce-D glucosyl residues) or 0.6 M sucrose (both 

hypertonic sucrose and ConcanavaHn A prevent the formation of clathrin coated pits 

and thus inhibit endocytosis) prevented receptor dephosphorylation as well as receptor 

resensitisation. Inhibition of protein phosphatases with calyculin A (an inhibitor of 

protein phosphatase types 1 and 2A) caused a similar blockade of resensitisation in the 

muscarinic M3 receptor in SH-SY5Y human neuroblastoma cells (Szekeres et al., 

1998). Monensin (an inhibitor of endosomal acidification) impaired recycling of 

desensitised )%AR to the cell surface and prevented receptor resensitisation.. In the 

case of the fijAR, it has been suggested that endosomal vesicle acidification results in 

a conformational change in the receptor structure that is an essential event in the 

dephosphorylation and resensitisation of the receptor (Krueger et al., 1997). All of 

this data would indicate that protein kinases promote desensitisation and phosphatases 

relieve it. 

1.6. RECEPTOR REGULATION AT THE LEVEL OF GENE 

TRANSCRIPTION 

GPCRs have the ability to regulate their own expression, the expression of other genes 

involved in cellular homeostasis, immunity and genes involved in short term receptor 

function. As a result of the wide-ranging transcriptional activity mediated by GPCRs, 

the regulation of transcriptional cascades is an area of keen scientific interest. 

The 5-HTIAR has been directly linked to three signalling pathways, which result in the 

regulation of gene transcription. Firstly the activation of the Extracellular regulated 

kinase (ERK) family MAPK (Gamovskaya et al:, 1996), secondly the transcription 

factor NF-KB (Cowen et ah, 1997), and finally CREB (Nishi & Azmitia 1999). 

1.6.1. Kinases 

Several groups have demonstrated the role of the 5-HTIAR in activating ERK in CHO 

cells and have identified several intermediary molecules involved in the pathway. The 

5-HTIAR has been documented as using a complex signalling pathway, which is also 

utilised by growth factor receptors (Cowen et al., 1996; Gamovskaya et al., 1996). 

Receptor activation results in pertussis toxin-sensitive induction of ERK by a Gpy 
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protein. This directly leads to She phosphorylation, which then in turn recruits a lipid 

kinase and an adapter protein (Grb2), to the signalling complex. The Grb2 complex 

binds the Ras activating protein Sos leading to Ras activation and sequentially Raf 

activation. Raf functions by phosphorylating and activating mitogen and extracellular 

signal regulated kinase, resulting in the eventual phosphorylation and activation of 

ERK (Figure 7; Gamovskaya et al., 1996). Reactive oxygen intermediates (ROI) also 

have a proposed role in the activation of ERK by the 5-HTIAR- It is thought that an 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase enzyme is probably 

responsible for the production of ROI but the underlying mechanisms remain 

unknown (Raymond et al., 1999). 

The PLC thought to play a part in mediating 5-HTiAR triggered ERK activation uses 

phosphatidylcholine (PC) as a substrate (Cowen et al., 1996). Evidence in support of 

this theory showed that 8-hydroxy-DPAT elicited the release of [^H] choline from 

preloaded CHO cells. Both the release of [^H] choline and ERK activation was 

attenuated using a PC-PLC inhibitor (tricyclodecan-9-yl-xanthogenate; Cowen et ah, 

1996). Based on the available data, it appears that the 5-HTIAR activates ERK, via 

two separate mechanisms that converge to activate Ras (Figure 7). ERK activation 

results in the activation of a number transcription factors, including NF-xfi, AP-1 

(Dieter et al., 1999), and SP-1 (Chupreta et al., 2000). Other receptors that couple to 

Gi (for example the human somatostatiruj receptor and the prostaglandinpaa receptor) 

have demonstrated a proliferative response upon activation of ERK (Sellers 1999; 

Caverzasio et ah, 2000). However, the exact consequences of ERK activation by the 

5-HTiaR have yet to be explored. 
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Figure 7: Proposed mechanism of ERK activation mediated by the human 
5-HT,^R 

Ligand challenge of the S-HTj^R results in the liberation of G^^and which 
in turn activate NADPH Oxidase and PC PLC. The two separate pathways activated 
converge on the protein Ras which in turn promotes a chain reaction of 
phosphorylation ending in the phosphorylation of ERK. ERK in turn is able to activate 
various transcription factors including NF-xG, SP-1 and AP-1 
(Dieter et al., 1999; Chupreta et al., 2000). 
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f.6.2. 

NF-KB is a eukaryotic transcription factor that exists in virtually all cell types. It was 

first described in 1986 as a nuclear factor necessary for transcription of the 

immunoglobulin kappa light chain in B-lymphocytes (Sen & Baltimore 1986). In 

mature B cells and plasma cells, NF-KB is localised to the nucleus where it binds a 10 

base pair region of the kappa intronic enhancer and activates transcription. NF-KB 

was initially only thought to exist in mature B cells because sensitive gel-shift assays 

using the immunoglobulin kappa DNA binding site had failed to bind NF-KB. It was 

subsequently discovered that the ability of NF-KB to bind DNA was being blocked by 

an unknown inhibitor (Baeuerle & Baltimore, 1988a; Baeuerle & Baltimore 1988b). 

It is now known that NF-KB exists in the cytoplasm of most cells in an inactive form 

bound to the inhibitor protein I-KB. When the complex receives an appropriate signal, 

NF-KB is unbound from I-KB and translocates to the nucleus where it can influence 

gene transcription. NF-KB responsive sites have now been found to exist in promoters 

and enhancers of numerous genes including cytokines, acute phase response proteins 

and cell adhesion molecules (Grilli et al., 1993; Kopp & Ghosh, 1995). Active NF-

KB molecules have been found in mature B cells, plasma cells, macrophages, hepatic 

stellate cells and CHO cells (Cowen et al., 1997) and some neurones. 

1.6.2.1. Structure of NF-kB 

NF-KB exists as a dimer and is a member of the "rel" family of proteins. Each family 

member contains an N-terminal 300 amino acid conserved region known as the rel 

homology domain (RHD). The region is crucial in DNA binding, dimerisation, 

nuclear localisation, and interaction with the inhibitory I-KB protein family. The first 

NF-KB heterodimers described were the p50 and p65 subunits (Kopp & Ghosh, 1995; 

Verma et al., 1995). These components are still commonly thought of as the 

archetypal NF-KB despite the diversity of the proteins which belong to the rel family. 

Two rel proteins make up the motif that contacts with the DNA and it is the slight 

variations in the 10 base pair consensus sequence, ^ GGGGYNNCCY^ that is thought 

to confer selectivity on different rel combinations. 
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Figure 8: Proposed mechanism for the induction of NF-kB proteins 

The NF-KB molecules exist in the cytoplasm in an inactive state, bound to I-KB. 
Stimulus of an I-kB kinase results in the phosphor lation, polyubiquitionation 
and eventual break degradation of the I-KB protein. Once activated NF-KB 
translocates to the nucleus where it can upregulate or downregulate gene 
transcription depending on the NF-KB dimer involved. 
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Members of the rel family include, Dif^ Dorsal and Relish (all found in Drosophila), 

v-rel, c-rel, p52 and rel-B. The transcription factor nuclear factor of activated T cells 

(NFAT) is also homologous in the RHD and is therefore sometimes considered a 

member of the rel family (Nolan, 1994). Although most of the NF-xB complexes are 

transcriptionally active (p50/p65, p50/c-rel, p65/p65 and p65/c-rel), some 

combinations are thought to act as repressors of transcription (p50/p50 and p52/p52). 

Because p50 and p52 lack a variable C-terminal domain found in the activating rel 

proteins this domain is suspected to be responsible for transactivation of NF-/dB 

responsive genes. 

The first clues as to how rel factors bound DNA was provided by x-ray 

crystallography (Ghosh et al., 1995; Muller et al, 1995). Each p50 molecule is 

comprised of two domains linked by a flexible joint. The core of these two domains 

is made up of y3-strands that are similar in pattern to immunoglobulin domains. The 

p50 subunits dimerise via the C-terminal domain, which has a high number of 

hydrophobic residues. Both N and C-terminal domains are responsible for DNA 

binding which is performed by the loops that connect the j3-strands. The C-terminal 

comprises a continuous interface that locks the p50/p50 NF-xB homodimer into the 

major grove of the DNA (Liu et al., 1994a; Liu et al., 1994b; Toledano et al., 1993). 

Recently the DNA binding characteristics and structure of the p65 RHD have also 

been elucidated. The overall layout is quite similar to that of p50, but the are a few 

slight differences in that it is not symmetrical. It is also believed that the low 

sequence specificity of this particular subunit may explain the reason why NF-KB 

recognises such a wide range of DNA sequences. 

1.6.2.ii. Biogenesis 

When p50 was eventually cloned, the mRNA was found to encode a much larger 

protein (approximately 105kDa) than the mature protein. This was also found to be 

the case with p52, where the mRNA encoded a protein around lOOkDa (Bours et al., 

1992; Neri et al., 1991; Schmid et al., 1991). Structural analysis of the proteins found 

that the N terminal regions of the 105kD (pi 05) and lOOkDa (pi 00) proteins were 
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identical to p50 and p52 respectively. However the C-terminus was found to contain 

several ankyrin repeats (areas of protein/ protein interaction) similar to those found in 

I-Kfi. It was later demonstrated that pi05 and pi00 proteins were post-translationally 

modified in an ATP dependent step to yield p50 and p52 (Blank et ah, 1991; Fan & 

Maniatis, 1991; Mellits et ah, 1993; Mercurio et al, 1993). This step may represent 

another method by which the cell regulates the function of NF-xfi, as the immature 

molecules are held at the cell membrane by the ankyrin repeats until cleaved. At 

which point they become active and increase the levels of cytosolic p50 and p52 to 

bind p65 allowing gene transcription to be regulated (Thanos & Maniatis, 1995). 

1.6.2.iii. I-kB and its degradation 

Activation of NF-kB is largely regulated by the cytoplasmic inhibitor I-kB. I-kB is 

able to bind to NF-kB and mask its nuclear localisation signal, thus keeping NF-xG in 

the cytoplasm (Vemia et al., 1995; Baldwin 1996). Similar to NF-KB, I-kB is also a 

member of a larger family of proteins. This family includes I-kBcu, I-kB^, I-kBe and 

I-tByin higher vertebrate cells, and cactus in Drosophila. The I-kB protein subunits 

are similar to the immature p50 and p52 subunits in that they contain within their 

sequence, numerous ankyrin repeats. The ankyrin sequences interact with the RHDs 

to stabilise the complex. Each I-kB differs in the number of ankryin repeats and this 

number is thought to influence the I-KB selectivity for various RHDs (Gosh et al., 

1998). 

I-xBa was the first member of the I-KB family to be cloned and the niRNA yielded a 

protein of approximately 37kDa (Haskill et al., 1991). The amino terminal of the 

protein is phosphorylated in response to an extracellular signal and the middle portion 

of the protein consists of a number of ankyrin repeats. The carboxy terminal region of 

I-KB is involved in the basal turnover of the protein (Verma et al., 1995). As already 

mentioned the physiological role of I-KB is rapid regulation of NF-KB activity. This is 

achieved by the participation of I-KB in an autoregulatory feedback loop (Brown et 

al., 1993). Activation of NF-KB leads to an increase in transcription of a number of 

genes including the I-xBagene which has contained within its' own promoter an NF-
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KG site (de Martin ef a/., 1993). This increase in I-KBcK levels has the effect of 

binding any free NF-KB and thus switches off the signal. 

I-KB/3 was cloned after I -xBa and as a result, less is known about it (Thompson et ah, 

1995). Immunoprecipitation studies and biochemical purification have shown that the 

majority of p50/p65 and p50/c-rel complexes are regulated by I-KBOT and I-/dB/3 

(Thompson et al., 1995; Whiteside et al., 1997). It was thought that the differences in 

the two proteins would result in a different selectivity for the NF-KB proteins. I-KBa 

and I-KB/? were however found to have identical binding characteristics. It was later 

discovered that the point of selectivity was at the incoming signal and at the timing of 

the onset and the duration of the response (Thompson et al., 1995). Degradation of I-

KB subunits leads to activation of NF-KB, in the case of I-xBor the gene encoding this 

subunit is also activated and the free NF-KB molecules are bound. I-KB^ on the other 

hand does not contain an NF-KB site within its promoter which has the effect of 

prolonging the activity of NF-KB until it is attenuated via another means (Ghosh et al., 

1998). 

1.6.2.iv. Induction of NF-kB activity 

Induction of NF-KB activity is initiated by a wide range of extracellular messengers. 

As mentioned previously, inducing agents lead directly to the degradation of the 

inhibitory I-KB molecule, leaving the NF-KB dimer free to interact with the nuclear 

DNA. This list of inducing agents include those which physically damage the cell, 

(ROI and ultra violet light) infections (bacterial lipopolysaccaride (LPS), viral 

transactivating proteins and double stranded RNA) and activators of intracellular 

signal cascades (e.g. interleukin-1, tumour necrosis factor a (TNFa), sphingomyelin, 

products of membrane turnover and calcium ionophores). 

In the case of the human 5-HTIAR, it has been shown that human T lymphocytes 

endogenously express the receptor, and the receptor has a demonstrated role in T cell 

function (Aune et al 1993 & 1994). Cowen et al., (1997) demonstrated that agonist 

activation of the 5-HTIAR in CHO cells resulted in the degradation of 1-KBA, but not 
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leading to an increase in activity of an NF-xB chloramphenicol acetyl 

transferase (CAT) reporter system (Cowen ef oA, 1997). To date, no direct link, has 

yet been shown between NF-kB, the 5-HTiaR and the immune system. Nevertheless, 

work has been conducted demonstrating that LPS stimulated B lymphocyte 

proliferation can lead to an increase in the number of plasma membrane 5-HTIARS. In 

turn these newly expressed 5-HTIARS can upregulate LPS stimulated B lymphocyte 

proliferation (Iken et ah, 1995). Since LPS is a strong activator of NF-kB activity, 

this may therefore suggest that 5-HTIAR expression may be regulated by NF-KB. It 

has been previously shown that CHO cells express endogenous p50 and p65 subunits 

which functionally bind DNA (Kravchenko et ah, 1995). 

Protein degradation within a cell, is a very tightly regulated multistage process. It is 

believed to be initiated and site directed by protein ubiquitination. In the case of I-

Kfia it is also dependent upon protein phosphorylation. PMA activates PKC which in 

turn phosphorylates the I-KBO: subunit, resulting in the activation of NF-KB (Baeuerle 

et al., 1988; Sen & Baltimore, 1986b). In vitro studies have demonstrated that direct 

treatment with PKC and PKA resulted in the release of NF-KB (Ghosh & Baltimore, 

1990) and translocation of NF-KB to the nucleus (Beg et al., 1993; Miyamoto et al., 

1994). Phosphorylation of I-KBCU occurs at two serine residues at positions 32 and 36. 

Site directed mutagenesis studies showed that mutations at these sites prevented 

protein phosphorylation and subsequent protein break down (Traenckner et al., 1995; 

Whiteside et al., 1995). The I-KB kinase involved in the phosphorylation processes is 

as yet, unknown, but PKA, raf-1, PKC and RNA dependant kinase have all been 

proposed to fill this role as they have been shown to cause dissociation of the NF-KB: 

I-KB complex in vitro (Ghosh & Baltimore, 1990; Diaz-Meco et al., 1994; Kumar et 

al., 1994; Finco & Baldwin, 1993). 

Ubiquitin is a small protein (8.5kDa) present in all eucaryotic cells. This, as already 

mentioned is a molecular tag for the degradation of proteins. On the I-KBA molecule 

lysine residues at positions 21 and 22 are ubiquitinated (Chen et al., 1995; Scherer et 

ah, 1995). The actual degradation of ubiquitinated proteins is carried out by a 

multicatalytic ATP dependent proteasome complex (Ghosh et al., 1998). It is 
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important to note that phosphorylation and ubiquitination alone are not enough to lead 

to NF-xB activation, both processes are required for NF-xB activation (Ghosh er a/., 

1998; see Figure 8 for overview of NF-KB regulation). 

1.6.3. cAMP response element binding protein (CREB) 

1.6.3.1. Identification and cloning 

The responsiveness of genes to cAMP was discovered in 1986 when Montniiny et ah, 

undertook studies examining the regulation of the neuropeptide hormone, 

somatostatin. Deletion studies in the upstream region of the somatostatin gene 

identified the 5'-TGACGTCA-3' element as conferring cAMP-inducible 

transcription. CREB was then purified and identified as a 43kDa cAMP response 

element (CRE) binding protein (Montminy & Bilezikjian 1987). The isolated CREB 

protein was able to initiate transcription of somatostatin-CAT fusion gene reporter 

assay, in rat pheochromocytoma PCI2 cells (Andrisani et al, 1989). The findings of 

Andrisani et al., (1989) provided conclusive proof that the 43kDa CREB protein plays 

an important role in the activation of the somatostatin gene. CREB is particularly 

relevant to the study of GPCR regulation as many couple to AC thus each GPCR 

therefore has an intrinsic ability to regulate CREB activity and hence gene 

transcription. 

Two separate approaches were used to clone CREB. The first reported isolation of the 

CREB cDNA clone involved the screening of a placental cDNA library using the CRE 

binding site as a radioactive probe (Hoeffler et al., 1988). The second approach 

isolated the CREB clone from a PCI2 cDNA library. Oligonucleotide probes were 

synthesised from amino acid sequence information obtained from tryptic digest 

fragments of purified CREB protein (Gonzalez et al., 1989). 

Structural and functional studies performed, demonstrated CREB to be a member of 

the leucine zipper family of transcription factors (Hoeffler et al., 1988, Gonzalez et 

al., 1989). The C-terminus of the leucine zipper is involved in homodimerisation, 

whilst the adjacent basic region is involved in DNA interactions (Santiago-Rivera et 
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aA, 1993). The N-terminal domain encodes the transcriptionally active areas of CREB 

containing two glutamine rich regions (Quinn, 1993). These two regions are 

contained within an area know as the kinase inducible domain which is the substrate 

domain for a range of protein kinases (Gonzalez et al., 1989). The glutamine-rich 

domains are important in basal transcription and interaction with the hTAFniso region 

of TFIID (Quinn, 1993) 

1.6.3.ii. Subcellular localisation of CREB 

CREB is found in the nucleus in both the phosphorylated and unphosphorylated states. 

Transport of CREB into the nucleus is meditated by a nuclear localisation signal 

(NLS) contained with in the basic region of the protein (Waeber et al., 1991). It is 

however, unknown if the movement of CREB into and out of the nucleus is in 

association with other factors. The method of protein degradation would appear to be 

similar to I-KB in that CREB is first ubiquitinated by the hUBC9 enzyme resulting in 

S26 proteasome targeting and degradation (Firestein & Feuerstein, 1998; Figure 9). 

1.6.3.iii. Regulation of CREB DNA binding activity 

Within the N-terminus of CREB is the KID domain which allows CREB to be 

phosphorylated in response to a stimulus. The evidence for CREB phosphorylation in 

response to a stimulus came 6-om both m vf/ro a n d v f v o studies. Studies using 

forskolin stimulated PC 12 cells demonstrated CREB phosphorylation in the presence 

of [^^P] orthophosphate (Montminy & Bilezikjian 1987). However, CREB 

phosphorylation was not observed in mutant PC 12 cells lacking endogenous PKA 

activity (Montminy & Bilezikjian, 1987). Studies using CRE affinity purified CREB 

also showed that CREB was efficiently phosphorylated in vitro by PKA (Montminy & 

Bilezikjian 1987). The range of protein kinases that are now known to phosphorylate 

CREB include, GSK-3, (Fiol et al., 1994) Ca^V calmodulin dependent protein kinase, 

types II and IV (Sun et al., 1994) and casein kinase II (deGroot et al., 1993; Figure 9). 

Relatively few reports exist on the ability of GPCRs to directly modulate CREB 

activity. However, those that do exist indicate that those receptors coupled to the 

inhibition and activation of AC both have the ability to regulate CREB. Receptors 
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that have the ability to regulate AC also have the ability to regulate PKA and therefore 

CREB. Nishi & Azmitia (1999) demonstrated that pre-treatment of foetal rat 

hippocampal cell cultures with 8-hydroxy-DPAT blocked the forskolin stimulated 

increase in phosphorylated CREB immunoreactivity. The results also demonstrated a 

significant (33%) decrease in 5-HTIAR mRNA levels and protein expression (Nishi & 

Azmitia, 1999). The results indicated that the decrease in 5-HTIAR mRNA and 

protein levels were perhaps a direct result of the increase in CREB phosphorylation, 

suggesting expression of the 5-HTIAR is under the direct regulation of CREB. These 

changes in receptor mRNA and protein levels could also be reversed by cellular 

incubation with WAY 100635. 

Receptors that couple an extracellular stimulus to the activation of PLC like the 5-

HT2aR via Gq and the 5-HTiaR via G^^also have the potential to modulate CREB 

activity (Chalecka-Franaszek ef a/., 1999; Aime e/ oA, 1993). As already mentioned 

PLC hydrolyses membrane bound PIP2 to DAG and ip3. ip3 acts directly on 

intracellular calcium stores resulting in an increase in cytosolic Ca^^concentrations. 

The increased Ca^^ concentration activates calmodulin and Ca^V calmodulin-

dependent kinases. As already mentioned both Ca^V calmodulin dependent kinase 

types II and IV are able to phosphorylate CREB at position Serisa. In the case of the 

rat 5-HT2aR, incubation with the specific agonist (±)-(2,5-dimethoxy-4-iodophenyl)-

2-aminopropane resulted in a time dependent increase in CREB phosphorylation and 

CREB binding activity (Chalecka-Franaszek et al., 1999). Along with the observed 

increase in CREB phosphorylation, activity, and binding, an increase in receptor 

mRNA and protein levels was also noted. These changes could be antagonised by 

incubating the cells with the 5-HT2aR specific antagonist ketanserin and inhibitors of 

calmodulin and Ca^V calmodulin-dependent kinases (Chalecka-Franaszek et al., 

1999). 

As well as being regulated by GPCRs as in the case of the 5-HT2aR, CREB is also 

regulated by mitogen-activated signalling pathways (MASP). These MASP are 

activated by a number of stimuli, including growth factors, mitogens and cellular 

stress. Activation of the ERK pathway, the stress activated protein kinase pathway 

and the p38 stress related pathway (Fanger et al., 1997, Treisman, 1996) are cellular 
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consequences. The first evidence that CREB was activated by MASP was provided 

by Ginty et ah, (1994). This group demonstrated in PC 12 cells that neural growth 

factor induced c-fos transcription as a direct result of CREB phosphorylation at 

position Seri33. Ginty et al, (1994) also demonstrated a role for a lOSkDa CREB 

kinase in CREB phosphorylation, which was found to be ras dependant. Another 

protein also found to be important in c-fos activation by neural growth factor was 

MAPK, this was found to regulate the activity of transcription factors already bound 

to the serum response element. The 105kDa CREB kinase was discovered to be 

identical to the ser/thr kinase rsk-2 (Xing et al., 1998; Figure 9). 

Recent work has also identified a link between CREB activation and cellular stress. 

Stresses such as TNFa, lL-1, and UV radiation all result in the activation of the p38 

pathway (Han et a/., 1994, Xing et al., 1998). Studies of CREB phosphorylation 

found that inhibitors of PKA and expression of mutant forms of Ras did not inhibit 

the phosphorylation of CREB. The specific inhibitor of the p38 MAPK-activated 

protein (MAPKAP) kinase-2 pathway, SB203580 was however found to inhibit 

CREB phosphorylation (Lee et ah, 1994). This would suggest that p38 is able to 

activate a MAPKAP-kinase-2, which is, then in turn responsible for CREB 

phosphorylation (Figure 9). 

Evidence for the role of a new 108kDa CREB kinase pathway came from experiments 

exposing HeLa cells to UV light. Firstly, CREB was identified as activating c-fos by 

mutating the CRE sites in the c-fos promoter. The compound SB203580, which 

blocks CREB phosphorylation, was also found to act on both the MAPKAP-kinase-2 

and the 108kDa CREB kinase. It was demonstrated that the MAPKAP-kinase-2 was 

relatively ineffective at CREB phosphorylation in vitro, but it remains to be shown if 

the 108kDa CREB kinase can phosphorylate CREB in vivo (lordanov et al., 1997; 

Figure 9). 

1.6.3.iv. The role of CREB in cellular function 

CREB is thought to play an important role in cell function because if its ability to 

regulate the expression of c-fos in response to mitogenic activation (Piechaczyk & 

Blanchard, 1994). 
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Figure 9: Signalling pathways that activate CREB by phosphorylation at 
position Ser,33 

GPCR activation results in either stimulation or inhibition of AC. Changes in 
cAMP turnover can either activate or inhibit PKA mediated phosphorylation 
of CREB. Activation of PLC by GPCRs results in an increase in IP3 turnover 
which in turn elevates cytosolic concentrations, activating Ca^V 
calmodulin dependent kinases, resulting in CREB phosphorylation. Ligand 
binding to growth factor receptors results in a cascade of protein 
phosphorylation eventually leading to activation of a serine/threonine kinase , 
this enzyme is then able to phosphorylate CREB. Cellular stress such as UV 
light activates p38 kinase and MAPKAP-kinase 2 which eventually 
phosphorylates CREB. 
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The role of c-fos in cell proliferation and oncogenic transformation is well-

documented (Piechaczyk & Blanchard, 1994). Contained within the c-fos promoter 

are three cis acting CRE that are responsive to CREB activation. A mutant form of 

CREB, that demonstrated no DNA binding characteristics, was able to form 

heterodimers with wild-type CREB (Ahn et ah, 1998). When this mutant form of 

CREB was transacted into PCI2 cells, it attenuated c-fos expression. Other mutant 

forms have also been shown to retard tumour growth and metastatic potential human 

melanoma cells (Xie et al., 1997). These data suggest that CREB is important in 

immediate early gene expression. Evidence also exists for the ability of CREB to 

regulate the expression of various GPCRs. As mentioned previously CREB activity 

can be regulated by the 5-HTIAR and the 5-HT2AR- In turn, CREB has the ability to 

regulate receptor transcription (Nishi & Azmitia 1999; Chalecka-Franaszek ef a/., 

1999). The close relationship between receptor and transcription factor may form a 

negative feedback loop resulting in careful regulation of receptor expression. 
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1.7. PROJECT AIMS 

In 1989 Fargin et ah, and subsequently Harrington et al, (1994) explored the 

intracellular signalling machinery associated with agonist activation of the 

recombinant human 5-HTIAR receptor. These two studies were a prelude to an 

investigation into the general principles governing the ways in which "inhibitory" 

GPCRs might attenuate their signalling processes. Raymond (1991) was the first to 

show that stimulation of endogenous PKC with phorbol esters could be correlated 

with phosphorylation of the receptor protein. This result suggested that receptor 

phosphorylation may represent one mechanism by which the "activity" of this 

particular receptor could be effectively "switched o f f . Harrington et ah, (1994) took 

the story one step further by attempting to dissect the signalling pathways responsible 

for activation of PKC in response to 5-HTIAR agonists. Brief pre-exposure of the 

recombinant human 5-HTIAR to 8-hydroxy-DPAT had two main consequences; a 

functional desensitisation characterised by a reduced inhibition of forskolin stimulated 

AC activity and an apparent decrease in the number of high affinity binding sites 

(Bmax)- Lembo and Albert (1995) used the recombinant rat 5-HTIAR to explore the 

mechanistic basis of desensitisation using a site-directed mutagenesis approach. The 

study employed the use of receptors that had mutations in the putative PKC 

recognition sites. It was found that the mutations engineered into the 2"^ and 3"̂  

intracellular loops of the 5-HTIAR could affect the receptors ability to interact with G 

proteins and abolished receptor phosphorylation. 

1.7.1. Aims 1 

Develop an assay that allows the further study of recombinant 5-HTiaR 

intemalisation characteristics when expressed in a CHO-Kl surrogate cell line. 

To define the response of the 5-HTIAR to short term agonist incubation in terms of 

changing Bmax and the cellular pathways involved. 

To define the role of putative phosphorylation sites located on the second and 

third intracellular loops and 7^ transmembrane intemalisation motif (NPVIY) in 

the cellular redistribution of the 5-HTIAR. 
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It is of course recognised that receptor availability at the plasma membrane may not 

be due to a transitory receptor redistribution phenomenon. Alterations in gene 

transcription may reduce the overall pool of receptor protein available to the cell. 

1.7.2. Aim 2 

To further define the ability of the unmutated 5-HTiaR expressed in CHO-Kl 

cells to regulate the activity of the transcription factors NF-kB and CREB in 

response to short term ligand challenge. 

1.8. OBJECTIVES 

In order to fulfil Aims part 1, it was important to establish whether the decrease in 

Bmax was a consequence of receptor phosphorylation or whether the decrease in 

number of binding sites occurred via an alternative mechanism. A series of 

recombinant human 5-HTIAR were generated containing independent mutations in 3 

PKC recognition domains. In addition, receptors with residue substitutions in the 7*̂  

transmembrane domain were also used in the study since this region of GPCRs has 

been postulated to play a role in receptor intemalisation. It was not known whether 

the 5-HTIAR could internalise or whether intemalisation could occur independently of 

receptor phosphorylation. 

To fulfil aim 2 the approach was to focus on the way in which 5-HTIAR ligands may 

influence the activity of two ubiquitous transcription factors; NF-kB and CREB. 

Previous studies have shown the ability of the 5-HTIAR to modulate the activity of the 

transcription factors NF-kB (Cowen et al., 1997), and CREB (Nishi & Azmitia 1999). 

However, these studies did not directly link the activation of the receptor to changing 

transcription factor levels. It was therefore reasoned that the use of 5-HT]AR ligands 

might help in defining the downstream signalling events that may modulate 

transcription of the 5-HTiaR gene. In summary, it was hoped that this study would 

contribute towards an understanding of the mechanisms involved in short and long-

term regulation of the cellular availability of 5-HTIAR. 
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2.1. CELL CULTURE 

2.1.1. Maintenance of Chinese hamster ovary cells (CHO-K1) cells 

expressing recombinant human 5-HTIARS 

CHO-Kl cells (American Type Culture Collection, USA) were seeded in 90 mm 

dishes and grown at 37°C in humidified air containing 5% CO2 under sterile 

conditions. The adherent cell cultures were grown in Hams F-12 medium 

supplemented with 5% foetal bovine serum, and 50/ig/ ml gentamicin. CHO-Kl cells 

were stably transacted with plasmid DNA (G-21 clone) encoding both wild type and 

mutated forms of the human 5-HTIAR (Newman-Tancredi et al., 1992; Page et al., 

1996). After the initial transfection of the plasmid cells were grown under high 

selection pressure (described in the next paragraph) until stably transfected clones 

remained. The individual clones were isolated with a small rubber ring and picked 

from the plate and transferred to a separate well and allowed to reach confluence. 

Radioligand binding analysis was then performed (as described later) to determine the 

existence of the receptors. Cells were then maintained under a selective pressure to 

ensure good expression of transfected plasmid DNA. 

Each cell line required a separate selection method in order to discriminate between 

those cells that had been successfully transfected with the foreign DNA and those 

which had not. The CHO-Kl cells transfected with the unmutated receptors were 

selected by omission of hypoxanthine and thymidine from the growth medium. The 

expression plasmid as well as encoding the full-length receptor also encoded the 

enzyme dihydrofolate reductase (DHFR). This plasmid copy of DHFR is to 

compensate the CHO-Kl cell line, which has had its endogenous DHFR deleted from 

the genome. Thus any cell, which has taken up the plasmid encoding DHFR, could 

grow successfully in medium lacking hypoxanthine and thymidine and was likely to 

be expressing the 5-HTIAR on the cell surface. The separate selection method 

employed by Page et al., (1996) involved the use of a toxic eukaryotic antibiotic 

Geneticin (G418). The expression plasmids incorporating modified forms of the 5-
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HTiAR also encoded a gene conferring G418 resistance to those cells that had 

successfully taken up the plasmid. 

In order to allow continued cell growth, cells were diluted and re-seeded through no 

more than five passages before they were discarded. Cells were re-seeded by first 

washing the confluent monolayer with 10ml of warmed phosphate buffered saline 

(PBS, containing in mM: NaCl, 136; KCl, 2.68; Na2HP04,10; IC2HPO4,1.76; pH 7.4) 

to ensure that all serum bound trypsin inhibitors were removed. 1ml of warmed 

trypsin-EDTA solution (IX) was added to the dish, which was then placed in a 

humidified incubator at 37°C. After 2 minutes, the trypsin was promptly deactivated 

by the addition of 9 volumes of warmed serum-containing growth medium. The cell 

suspension was then distributed between new 90mm dishes for re-growth. 

Several modified forms of the G-21 clone were engineered into CHO-Kl cells; these 

mutant recombinant receptor DNA were engineered to express receptors containing a 

single amino acid mutation, or receptors containing mutations of more than one amino 

acid. The mutations induced were specifically designed to interrupt amino acid 

sequences thought to be involved with regulation of receptor function or to allow 

antibody binding (Table 2). To generate the mutations in the 5-HTiaR as outlined in 

Table 2 the following methods were utilised. Briefly, site directed mutagenesis was 

performed using a modified, two-step polymerase chain reaction (PGR) method (Page 

et al., 1996). Primers were used to introduce substitution mutations into the motifs of 

interest along with a primer designed to flank one of the coding regions of the human 

5-HTIAR. Reactions were conducted initially with Taq DNA polymerase (Promega) 

and later with Pfu DNA polymerase (Stratagene) using conditions recommended by 

the manufacturers. PGR products were then subjected to a second round of PGR 

reactions in order to produce full length mutant 5-HTIARs. Reactions were all 

performed for 20 cycles at 95°G (Imin), 51°C (Imin) and 72°G (2min). 

The final PGR products were purified, digested and ligated into a eukaryotic 

expression vector pcDNA3® (Invitrogen). Recombinant constructs were used to 

transform competent DH5CK& coli cells. The entire 5-HTiaR DNA of each positive 

clone was sequenced in order to verify that the desired mutation had occurred. The 
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mutated and wild-type receptor constructs were then stably transfected in CHO-Kl 

cells using the Lipofectin® (Gibco-BRL) transfection system. 

2.2. RADIOLIGAND BINDING ANALYSIS 

2.2.1. Preparation of whole cell extracts and a membrane enriched 

fraction. 

Each dish of cultured CHO cells (approximately 1x10* cells per dish) was washed 

with 2x2ml of PBS at room temperature after first having had all growth medium 

removed. A further 2ml of PBS was added to the dish and the cells were then 

harvested using a cell scraper. The cell suspension was placed on ice and the dish 

was washed with a further 2ml of PBS to ensure a maximal cell harvest. The cell 

suspension could then be used directly or further homogenised. To generate a 

membrane enriched fraction; the homogenate was centrifuged at 12,000xg for 20 

minutes at 4°C. After such treatment, the proteins which were extracted into the 

supernatant were retained and frozen at '80°C or discarded; the pellets were 

resuspended in a small volume of ice cold PBS (not more than 2ml) and placed on ice 

to prevent protein degradation. 

2.2.2. Protein estimation 

Estimation of the protein concentration of a membrane-enriched fraction was 

performed using the bicinchoninic acid protein assay (PIERCE, USA). Bovine serum 

albumin (BSA) of known concentrations (0.2, 0.4, 0.6, 0.8, l.Omg/ ml) was used to 

construct a standard curve from which unknown protein concentrations could be 

estimated. Assays were performed in a final volume of 210/il, at 60°C for 30 minutes 

according to the manufacturers instructions. The absorbance of samples in the micro-

titre plate was read at 562nm and the concentrations of unknowns was extrapolated 

from the standard curve and expressed in terms of mg protein per ml. After the 

protein concentration had been estimated, a suitable volume of binding buffer 

(containing in mM: HEPES, 20; MgS04, 5; pH 7.4) was added to the protein sample 

to obtain final protein concentrations of 150/ig/ml for [^H] 8-hydroxy-DPAT 

experiments or in the case of [^H] spiperone binding assays, 500/ig/ ml. 
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Table 2: Location of the modifications to the human 5-HT, \R and their intended purpose (please also refer to Figure 5) 

Amino acid sequence and location Mutation induced Purpose 

KhtRTPR (2nd intracellular loop) T149A Disrupt phosphorylation of receptor 

R227KTVK (3rd intracellular loop) Disrupt phosphorylation of receptor 

K251KSVN (3rd intracellular loop) S253G Disrupt phosphorylation of receptor 

R340KTVK (3rd intracellular loop) T342A Disrupt phosphorylation of receptor 

N395PVIY (7th transmembrane domain Y400F Disrupt receptor internalisation 

N396PVIY (7th transmembrane domain) YjwA Disrupt receptor internalisation 

P15PAPFE (N terminal extracellular domain) A17E, F19E, E20T Create antibody recognition site 
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2.2.3. Incubation conditions 

750^1 (either 150/zg total protein in [^H] 8-hydroxy-DPAT assays or SOOjug of total 

protein in [^H] spiperone assays) of a membrane-enriched fraction was incubated in 

the presence of [^H] 8-hydroxy-DPAT for 1 hour at 30°C or with [^H] spiperone for 

2.5 hours at 25°C. The optimal incubation time and temperature was obtained in 

limited pilot experiments. Non-specific binding was defined by the inclusion of 

10//M 5-HT (in incubations using [^H] 8-hydroxy-DPAT) and lOO^uM unlabelled 

spiperone (in incubations using [^H] spiperone). For saturation binding analysis [^H] 

8-hydroxy-DPAT (125-127Ci/ mmol) was used at final concentrations of 0.625, 1.25, 

2.5, 5 and lOnM and [^H] spiperone (15Ci/ mmol) was used at final concentrations of 

3.75, 7.5,15, 30aiid60nM. 

2.3. COMPETITION ANALYSIS 

Competition analysis was performed in the presence of the non-radiolabelled ligands 

8-hydroxy-DPAT, WAY 100635, 5-HT and spiperone at final concentrations of 

1x10'%, IxlO'^M, IxlQ-^M, IxlO'^M, IxlQ-^Mand IxlO'^M. 

Experiments were performed using either [^H] 8-hydroxy-DPAT or [^H] spiperone. 

During incubations with the non-hydrolysable OTP analogue guanosine 5'-0-(3-

thiotriphosphate) (GTP)S), [^H] 8-hydroxy-DPAT was used at a final concentration of 

2.5nM. 

In experiments using [^H] 8-hydroxy-DPAT as the radioligand, reactions were 

terminated with 5ml of ice-cold PBS and tubes were then placed on ice. Reaction 

mixtures were immediately filtered under vacuum using 25mm GF/C filters 

(Whatman), which had been pre-treated with 0.3% (v/v) polyethylenimine solution for 

1 hour to reduce non-specific binding. Filters were subsequently washed three times 

with 5ml of ice-cold PBS and then placed in scintillation vials with 4ml of liquid 

scintillation cocktail (toluene containing 0.4% (w/v) PPO and 0.03% (w/v) POPOP). 

Samples were initially counted for 1 minute in a liquid scintillation counter (1219 

Rackbeta, WALLAC) on a suitable tritium programme followed by a repeat count for 

5 minutes per sample. 
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For experiments using [^H] spiperone as the radioligand, a separate method of 

terminating the reaction was used since it was impractical to filter such a large amount 

of protein. Microcentrifuge tubes containing the reaction mixture were first 

centrifiiged for 2 minutes at 12,000xg at 4°C. The supernatant was then discarded 

and the microcentrifuge tubes were then washed twice with ice-cold PBS without 

disturbing the pellet. This step was to reduce the amount of radioactivity bound to the 

sides of the microcentrifuge tubes. The bottom of the microcentrifuge tubes 

(containing the protein pellet) were then cut off and placed in scintillation vials with 

4ml of scintillation cocktail. Samples were vortexed then counted for radioactivity in 

a liquid scintillation counter. Data obtained from the liquid scintillation counter as 

disintegrations per minute (dpm) were permanently recorded using Microsoft Excel 

97 for Windows 98 (Microsoft Corporation). 

2.4. RECEPTOR REDISTRIBUTION ANALYSIS 

2.4.1. Optimisation of assay conditions 

Three separate methods were tested in an attempt to design an appropriate assay to 

measure receptor redistribution. For initial studies, [^H] 8-hydroxy-DPAT was used 

at a final concentration of 2.5nM. For the final strategy (see 3.4.1 .iii), a range of [^H] 

8-hydroxy-DPAT and [^H] spiperone concentrations were used in order to construct 

complete saturation curves. 

2.4.l.i. Method 1 

Confluent plates of CHO-Kl cells growing in monolayers were washed in warmed 

PBS and treated in situ with 1/iM 8-hydroxy-DPAT, at 37°C, for varying periods of 

time ranging from 0-60 minutes to attempt to initiate receptor "intemalisation" as 

specified in detail in the legends to Figure 17. Reactions were terminated by rapid 

aspiration of the unlabelled agonist, 8-hydroxy-DPAT followed by incubation in ice 

to retard the intemalisation process. Cells from each plate were then manually 

harvested and a membrane-enriched fraction was prepared for radioligand binding, as 

described previously (Sections 2.2). 
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2.4.1.ii. Method 2 

In this case, cells were harvested from confluent plates by trypsinisation (as described 

previously) and pooled. The intact cell suspension was treated with 1 fiM 8-hydroxy-

DPAT for l o r 15 minutes to initiate intemalisation. At specified time points, aliquots 

(3ml) were removed and placed on ice prior to membrane preparation and radioligand 

binding analysis. In some cases, cells were preincubated in the absence or presence of 

450mM hypertonic sucrose solution (10ml total volume) for 20 minutes prior to 

agonist incubation in an attempt to prevent receptor redistribution. 

2.4.1.iii. Method 3 

This final strategy involved some modifications to Method 2. Cells were first 

manually harvested using a cell scraper and pooled. Intact cells were then treated 

with 1 /JM 8-hydroxy-DPAT for 20 minutes. After this time, the cell suspension was 

washed twice with 10ml of ice-cold PBS; after each wash, the suspension was 

centrifiiged and the supernatant was discarded. After the final, wash the pellet was 

resuspended in a small volume of PBS and a membrane fraction was prepared. A full 

saturation analysis was then performed using either [^H] 8-hydroxy-DPAT or [^H] 

spiperone. This method was used for all subsequent studies. 

2.5. WESTERN ANALYSIS 

This technique involves the use of an electrical current to separate proteins on 

polyacrylamide gels according to their molecular weights and charge. Boiling 

samples for three minutes in a solution containing Sodium dodecyl sulphate (SDS) 

and Dithiothreitol (DTT) denatured the proteins. The purpose of SDS is to confer a 

negative charge onto the proteins whilst DTT breaks disulphide bonds. The resultant 

polypeptide chains have approximately equal mass to charge ratios and are therefore 

separated solely based on their molecular weight. Antibodies raised to the specific 

amino acid sequences of the 5-HTiaR were used to probe the proteins bands 

following their transfer to nitrocellulose membranes. 
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Whole cell extracts were prepared from wild type CHO-Kl cells and CHO-Kl cells 

expressing the unmutated 5-HTiaR by disrupting the cells in "SDS sample buffer" 

containing (SDS 2% (w/v); DTT lOOnM; Tris 60nM; bromophenol blue 0.01%, (v/v); 

pH6.8). Samples were passed through a 21-gauge needle (in order to disrupt the 

viscous genomic DNA) and boiled for 3 minutes to break down secondary and tertiary 

protein structures. Samples (10-30^g protein) were then loaded onto a 4% "stacking 

gel" (containing 1.2ml 40% acrylamide stock, 3ml 0.5M Tris-HCl (pH 6.8) 0.6 ml 

20% SDS 7.26ml H2O, 100/xl 10% APS and 10/il Tetramethylethylenediamine 

(TEMED)) and resolved on 9% polyacrylamide gels (6.5x9cm; containing 2.7ml 40% 

acrylamide stock, 3ml 1.2M Tris-HCl (pH 8.8), 0.6mls 20% SDS, 5.7ml H2O, IOO/2I 

10% ammonium persulphate (APS) and 10/il TEMED). The protein samples were 

run under reducing conditions (constant 30mA) using a running buffer (containing in 

mM: Tris, 27; SDS, 3.8; glycine, 213) until the dye front had reached the bottom of 

the gel. The stacking gel was cut away and proteins in the resolving gels were 

transferred to a pre-activated PVDF membrane (Millipore) via a wet transfer process. 

Non-specific binding sites on the membrane were blocked overnight in "blocking 

buffer" (containing in mM: NaCl, 150; Tris, 50; Tween, 0.1% (v/v); 3% bovine serum 

albumin (w/v) pH 7.5) at 4°C. 

Polyclonal anti 5-HTiaR antibodies raised in goat (Santa Cruz) were used to probe the 

proteins on the PVDF membrane, for one hour (diluted to 0.5/ig/ml of blocking 

buffer) at room temperature with gentle agitation. After removal of the primary 

antibodies, membranes were thoroughly washed for 1 hour with Tris Tween Buffered 

Saline (TTBS; containing in mM; NaCl, 150; Tris, 50; Tween, 0.1% (v/v); pH 7.5), 

with changes every 10 minutes. Membranes were then incubated with a secondary 

antibody (rabbit anti-goat-HRP conjugate; Santa Cruz) diluted 1:8000 in blocking 

buffer, for 45 minutes at room temperature. The membranes were again thoroughly 

washed and protein bands were detected using an enhanced chemiluminescent 

detection system (ECL, Amersham) according to the manufacturers instructions. 
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2.6. ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA) 

2.6.1. Preparation of nuclear extracts for EMSA 

Adherent CHO-Kl cells expressing the unmutated recombinant human 5-HTiaR were 

washed with 2x2ml ice cold PBS, scraped into 1ml of cold PBS and centrifuged for 1 

minute at 10,000 rpm; the supematants were discarded. Each pellet was then 

resuspended in 50//1 of "Dignam buffer A" (Dignam, 1990; containing in mM HEPES 

7.9, MgClz 1.5, KCl 10 and DTT 0.5) with 0.2% (v/v) NP40). The pellet was the 

resuspended by agitating the tube and then microfuged for 30 seconds at 10,000xg. 

The supernatant was discarded and the pellet was resuspended in 20/il "Dignam 

buffer C" (Dignam, 1990; containing in mM HEPES 20, NaCl 0.42, MgClz 1.5, DTT 

0.5, EDTA 0.2, and glycerol 25%) and incubated on ice for 10 minutes, with agitation 

every 2 minutes during the incubation period. The samples were then microfuged for 

30 seconds at 10,000rpm. The supernatant was removed to a clean eppendorf tube, 

1/zl of the sample was retained separately for protein estimation and the remainder 

was stored at "80° C. 

2.6.2. Preparation of radiolabelled oligonucleotide probes 

The oligonucleotides used (NF-xB 5'-AGT TGA GGG GAC TTT CCC AGG-3' and 

CREB 5'-AGA GAT TGC CTG ACG TCA GAG AGC TAG-3'; Promega) were 

supplied with the sense strand bound to an antisense strand. The double stranded 

ohgonucletide was 5'-end radiolabelled in a 10/il reaction containing 2.5pmoles 

oligonucletide, 5jil [y-^"P] ATP (300Ci/ mmol at lOmCi/ ml), 1.6^1 lOX forward 

exchange buffer (containing in mM Tris-HCl 500 pH 7.5, MgCli 100, DTT 50 and 

spermidine 1) and 10 units T4 polynucleotide kinase (Biolabs) incubated at 37°C for 

15 minutes. Phenol chloroform extraction and ethanol precipitation were used to 

purify radiolabelled oligonucleotide. The probe was diluted to 0.1 ng/ /il with distilled 

water and stored at "20° C for up to two weeks. 
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2.6.3. EMSA incubation conditions and separation of protein-DNA 

complexes 

The electrophoretic mobility shift assay is used to determine the relative 

concentrations of DNA binding proteins specific to the radiolabelled oligonucleotide 

used. A radioactive double-stranded oligonucleotide probe containing, a consensus 

protein-binding motif is incubated with nuclear extract to allow proteins to interact 

with the probe. The DNA-protein complexes are then resolved by electrophoresis in a 

non-denaturing polyacrylamide gel to ensure that the complexes remain intact. The 

bound protein retards the migration of the probe in the gel and the radioactive 

intensity of each band is proportional to the amount of DNA binding protein. 

Nuclear extract of a known protein concentration was diluted in "Dignam C buffer" 

such that the sample contained approximately 5^g of protein; control samples 

contained no protein. A mix of 4/il of water and 1 fil non-specific DNA competitor 

(poly dl-dC) for each sample was prepared and added to the nuclear extracts and 

control sample. Each sample was incubated on ice and after 15 minutes 2/iI of 

radiolabelled oligonucleotide probe (lOpg/ ml) was added. All tubes were incubated 

for a further 15 minutes on ice. 3/jl of 6X DNA loading dye (containing 0.25% 

Bromophenol blue (w/v), 0.25% xylene cyanol FF (w/v), 0.25% Orange G (w/v) and 

15% Ficoll type 400 (w/v), was added to each sample and they were loaded onto an 

8% non-denaturing gel acrylamide gel (15cm x 15cm). 

50ml of 8% gel mix was prepared (containing 10 ml 40% acrylamide stock, 2.5ml 5X 

TBE 37.5ml distilled water, 500/zl 10% APS and 50/il of stock TEMED) and samples 

were resolved using a IX Tris-Boric acid-EDTA (TBE) running buffer (containing in 

mM Tris base 450, boric acid 450 and EDTA 10). Gels were pre-run for 20 minutes 

under a constant current of 20mA. Samples were loaded and resolved under the same 

conditions until the dye front had reached the bottom of the gel. 

Gels were mounted on Whatman blotting paper and dried for one hour at 80°C under 

vacuum. Dried gels were exposed to X-ray film and left overnight at '80°C. This first 

exposure gave an indication of the optimum time needed for subsequent exposures. 
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2.6.4. Supershift analysis 

In some cases, samples were subject to "supershift analysis" in order to confirm the 

identity of the protein. This method involves initially incubating the nuclear protein-

DNA complexes with a specific antibody. When subject to resolution on 

polyacrylamide gels, those complexes that have bound the antibody become retarded 

on the gel due to the relatively high molecular weight. This strategy therefore allows 

a visual distinction to be made between samples that were incubated in the presence 

or absence of the antibody. For supershifit assays 1/il of antibody (Ing/ ml) was added 

to the relevant tubes and incubated on ice for 30 minutes. 

2.7. DATA ANALYSIS 

All results were expressed as a mean ± standard error of the mean (SEM). Where 

appropriate, statistical significance was calculated using a two-tailed Students t-test. 

The degree of confidence interval was set to 95 % in all cases and three levels of 

significance were employed f<0.05 (*) , f<0.01(':*r f <0.001 where the 

latter value was considered the most significant. Saturation curves were transformed 

to scatchard plots using Microsoft Excel 97 (Microsoft Corporation) and from this 

transformed data, Bmax (an estimation of the number of receptors expressed as fmol/ 

mg) and Kd (an estimation of receptor affinity for the radioligand in nM) values were 

calculated. In assays where unlabelled ligands were competed with [^H] agonists or 

antagonists an inhibition constant was calculated (Ki). Ki is defined as the 

concentration of competing ligand in a competition assay, which would occupy 50% 

of the receptors if no radioligand were present. In assays where GTP]8 was used to 

inhibit 8-hydroxy-DPAT binding, the results were expressed as an ECgo- EC50 is 

defined as a concentration of drug that causes 50% of the maximum possible 

inhibition of a response of a given drug. Data obtained using the EMS A was analysed 

visually and therefore, non-quantitatively. 
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CHAPTER 3 

3.1. OPTIMISATION OF CONDITIONS FOR STANDARD RADIOLIGAND 

BINDING ANALYSIS 

3.1.1. Introduction 

After the wild-type and mutated variants (see Table 2 for exact details) of the G-21 

clone had been transfected into CHO-Kl cells (as discussed in the methods section 

2.1.1.) the characteristics of the 5-HTIARs in this particular expression system needed 

to be assessed and experimental conditions optimised. In order to assess the 

expression of the various receptor types (including wild-type) at least 10 cell colonies 

(growing under high selection pressure i.e. G418 sulphate) for each receptor type were 

rapidly screened for their ability to bind the radioligand, [^H] 8-hydroxy-DPAT 

(2.5nM). The presence of the receptor type under scrutiny in the CHO-Kl-expression 

system was accepted if the observed non-specific radioligand binding was less than 

10% of the observed total ligand binding. This process allowed for an assessment of 

the success of the transfection process in terms of receptor expression at the plasma 

membrane. Observations indicated that the level of receptor expression between cell 

populations exposed to the same construct varied markedly as did the level of 

expression between cell populations exposed to different constructs. Despite 

screening over 20 cell colonies, ligand binding could not be detected following 

transfection with the construct engineered to generate the T342A mutation. Once 

receptor expression had been established, conditions for further receptor study were 

optimised (ligand concentrations, incubation time periods and protein concentrations) 

and the receptor was also characterised in terms of its pharmacological profile and G 

protein effector coupling. 

3.1.2. Optimisation of initial radioligand binding conditions 

The aim of the first experiment was to determine the concentration of protein in each 

assay that would give a suitably high number of counts for a minimal concentration of 

protein. 
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Figure 10: Effect of protein concentrations on binding of [^H] 8-hydroxy-DPAT 
to the unmutated human 5-HTjaR 

Whole cell extracts were prepared from CHO-Kl cells expressing the unmutated 
human 5-HTiaR- The specific binding of 2.5nM [^H] 8-hydroxy-DPAT was assessed 
in the presence of increasing protein concentration. Non specific binding was defined 
with 10/̂ M 5-HT. Extracts were subjected to radioligand binding analysis as 
described in detail in section 2.2. Data points are mean values of three separate 
experiments ± SEM. 
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An increase in the concentration of CHO-KI cell protein (lO^g/ ml to 150^g/ ml) in 

the binding assay resulted in an increase in [^H] 8-hydroxy-DPAT binding in a linear 

manner (Figure 10). The protein concentration, which provided approximately 

100,000dpm specific binding, was considered reasonable. Consequently, future-

binding assays for this receptor employed 100-200;ig/ml protein. Once the optimal 

protein concentration was calculated it was then used in all future experiments 

including further optimisation experiments. With the optimal protein concentration 

(giving the most counts per minute for an economically viable amount of protein) 

known the next experiment performed was aimed at investigating the optimal 

incubation time period with [^H] 8-hydroxy-DPAThydroxy-DPAT (i.e. that time taken 

to give suitably high counts per minute in the shortest possible time). 

The optimal incubation period was assessed by taking whole cell extract of CHO-Kl 

cells expressing the human 5-HTiaR (150/xg/ ml total protein) and incubating them in 

the presence of [^H] 8-hydroxy-DPAT for differing time periods (as indicated in the 

legend to Figure 11). Unlabelled 8-hydroxy-DPAT (10/iM) was used to define non-

specific binding. 

During the shorter incubation periods (up to 10 minutes), specific binding increased 

with time in a linear fashion. During longer periods of incubation (15, 30 and 60 

minutes) binding equilibrium was reached. The 30 minute time point was noted as the 

threshold incubation period required for equilibrium binding (Figure 11). With both 

the optimal protein concentration and optimal incubation period known we were then 

able to proceed with saturation binding studies to determine receptor expression levels 

and ligand binding affinity. 

3.1.3. Determination of B^ax and AQ values for unmutated receptors 
under optimal binding conditions 

Receptor expression and ligand affinity can be assessed using a simple radioligand 

saturation experiment where eventually the amount of radioligand bound does not 

increase upon further ligand concentration increases. 
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Figure 11: Effect of incubation time on binding of [ H] 8-hydroxy-DPAT to the 
unmutated human 5-HTiaR 

ISOjUg/ ml of whole CHO-Kl cell extracts expressing the unmutated human 5-HTiaR 
was incubated with 2.5nM [^H] 8-hydroxy-DPAT for increasing periods of time. 
lO/iM 8-hydroxy-DPAT was used to define non-specific binding. Extracts were 
subjected to radioligand binding analysis according to section 2.2. Each data point is 
the mean value of three separate experiments ± SEM. 
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As mentioned previously and reported by (Simdaram er oA, 1993) whole cell extracts 

of CHO-Kl cells (150//g/ ml) expressing the full length unmutated human 5-HTiaR 

demonstrated binding site saturation at final [^H] 8-hydroxy-DPAT concentrations of 

between 5 and lOnM (Figure 12). Non-specific binding (as defined by 10//M 5-HT) 

was never more than 10% of total binding. Subtracting non-specific [^H] 8-hydroxy-

DPAT fi-om total [^H] 8-hydroxy-DPAT at each concentration point giving an 

indication of specific receptor binding levels. The calculated Bmax and K j (Bmax = 

2027.9 ± 149.0finol/ mg and IQ = 1.89 ± 0.14nM) values indicated a high level of 

expression in the presence of agonist [^H] 8-hydroxy-DPAT (Figure 12). The results 

also indicated that an adequate range of [^H] 8-hydroxy-DPAT concentrations was 

employed this particular saturation analysis. 

Using the 5-HTIAR antagonist spiperone, whole cell extracts of CHO-Kl cells 

(500/lg/ ml) expressing the full length, unmutated human 5-HTiaRs were again 

subjected to radioligand binding analysis. This was deemed and important experiment 

as in order to be thought of as fully functional the 5-HTiaR expressed in the CHO-Kl 

surrogate cell system must also be able to bind antagonsists. Using a range of [^H] 

spiperone concentrations between 3.125 and 50nM as described previously (Methods 

section 3.2.). The results obtained, demonstrated binding site saturation at [^H] 

spiperone concentrations of between 25 and 50nM (Figure 13). Non-specific binding 

(as defined by lOO^M unlabelled spiperone) was never more than 10% of total 

binding. The calculated Bmax and K j values were 3316.5 ± 239.8finol/ mg and 15.3 ± 

1.5nM respectively (Figure 13). 

These initial observations that the 5-HTIAR expressed in the CHO-Kl surrogate 

system bound the agonist, 8-hydroxy-DPAT and the antagonist, spiperone with high 

affinity the way was paved for the next round of more detailed experiments 

investigating the pharmacological profile and effector coupling of the 5-HTIAR-

70 



Chapte r 3 

90000 

80000 

i . 70000 
•D 

60000 

I 50000 

40000 

30000 

20000 

10000 

[ H]8-OH-DPAT concentration (nM) 

B 

1200 

1000 

g 800 

O 
E 

"D 
C g 
CO 

600 

400 

200 

500 1000 1500 

Bound (fmol/mg) 

2500 

Figure 12: (A); Saturation plot for binding of [^H] 8-hydroxy-DPAT to CHO-Kl 
cells transfected with the unmutated 5-HTiaR and (B); scatchard transformation 

(A) Cells transfected with the human 5-HTiaR were incubated in the presence of [^H] 
8-hydroxy-DPAT (0.625-lOnM) as described in the Methods section 2.2. Specific 
[^H] 8-hydroxy-DPAT binding (®) was calculated by subtracting non-specific [^H] 8-
hydroxy-DPAT binding (0 defined using 10/iM 5-HT) from total [^H] 8-hydroxy-
DPAT binding ( ^ ) . All data points are mean values of three separate experiments ± 
SEM. (B) The saturation plot was then linearly transformed (where line gradient 
represents receptor Kd (nM) and line X-axis intercept represents receptor B^ax 
(fmol/mg)). Bmax = 2027.9 ± 147.0finol/mg, and = 1.89 ± 0.14nM 
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Figure 13: (A); Saturation plot for binding of [ H] spiperone to CHO-Kl cells 
transfected with the unmutated 5-HTiaR and (B); scatchard transformation 

(A) Cells transfected with the unmutated 5-HTiaR were incubated in the presence of 
[^H] spiperone (3.125-50nM) as described in the Methods section 2.2. Non-specific 
[^H] spiperone binding was defined with lOO^M cold spiperone. All data points are 
the average value of three separate experiments ± SEM. (B) The saturation plot was 
then linearly transformed (where line gradient represents receptor Kd (nM) and line X-
axis intercept represents receptor Bmax)- B^ax was calculated to be 3316.5 ± 
239.7fmol/ mg and ICd = 15.2 ± 1.5nM. 
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3.1.4. Pharmacological profiling of the unmutated 5-HTIAR 

A range of unlabeled 5-HTiaR ligands (5-HT (agonist), 8-hydroxy-DPAT (agonist), 

and WAYl 00635 (antagonist)) were found to have a concentration dependent, 

competitive effect on the binding of 2.5nM [̂ H] 8-hydroxy-DPAT to the full length 

unmutated 5-HTiaR (Figure 14). For all three ligands, complete abolition of [^H] 8-

hydroxy-DPAT binding was achieved at concentrations above 1 /zM. No competitive 

effect was observed on [^H] 8-hydroxy-DPAT binding at concentrations of InM and 

below for WAY 10063 5 or lOOpM and below for both 5-HT and 8-hydroxy-DPAT 

(Figure 14). The agonists tested were found to have almost identical Ki values 

1.29nM (+ 0.15nM for 5-HT and ± 0.22nM for 8-hydroxy-DPAT). The affinity of 

WAY 100635 for the 5-HTiaR, was found to be 10 fold less with a calculated K, value 

of 13.80 ± 3.00nM (Figure 14). 

Unlabelled spiperone was found to have a concentration dependent, competitive effect 

on the binding of 2nM [^H] spiperone to recombinant 5-HTiaR (Figure 15). At 

higher concentrations, (10/fM) spiperone was found to exert its maximal competitive 

effect on [^H] spiperone binding. However, [^H] spiperone binding was never 

abolished even when the unlabelled spiperone concentration was 10/iM. No 

competitive effect was observed on [^H] spiperone binding at concentrations of InM 

and below for unlabelled spiperone (Figure 15). The calculated Ki for unlabelled 

spiperone was 28.27 ± 3.00nM. 
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Figure 14: Pharmacological characterisation of recombinant unmutated 5-
HTiaR expressed in CHO-Kl cells 

A range of unlabeled 5-HTiaR ligands 8-hydroxy-DPAT (®), 5-HT ( • ) , 
WAY100635 (®), at various concentrations (IpM-lO^M), were competed with [^H] 
8-hydroxy-DPAT (2.5nM) for 5-HTiaR binding sites in the standard binding assay 
described in Methods section 2.3. K, values were 1.29nM (5-HT ± 0.15nM, 
imlabelled 8-hydroxy-DPAT± 0.22nM) and 13.80nM (WAY100635 + 3.00nM). Data 
points are the mean values of three separate experiments ± SEM. 
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Figure 15: Pharmacological characterisation of unlabelled spiperone competition 
kinetics on recombinant unmutated 5-HTiaR expressed in CHO-Kl cells 

Unlabelled spiperone (lOOpM-10/iM) was competed with [^H] spiperone (2nM) on 
whole CHO-Kl cell extract, expressing recombinant 5-HTiaR as described in the 
Methods section 2.3. The calculated Kj = 28.27 ± 3.00nM. All data points are mean 
values of three separate experiments ± SEM. 
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3.1.5. Analysis of coupling of the 5-HTIAR, to heterotrimeric G proteins 

The aim of this experiment was to determine whether the 5-HTiaR was able to couple 

to intracellular heterotrimeric (effector) G proteins. We hypothesised that mutations 

engineered into intracellular regions would have no effect on receptor/ G protein 

coupling although they may have an important role in any desensitisation event that 

occurs after receptor ligand binding and G protein uncoupling. The epitope-tagged 

receptor was also presumed not to interfere with receptor/ G protein coupling and 

receptor desensitisation, as the mutations were located extracellularly. It was 

important to assess the G protein binding characteristics of the unmutated and mutated 

forms of the receptor to ensure the receptor was functioning in a physiologically 

relevant manner. 

For all three receptor types, the non-hydrolysable GTP analogue, GTP^S appeared to 

have a competitive effect upon specific [^H] 8-hydroxy-DPAT binding which 

decreased in a manner that was dependent on GTPyS concentration (Figure 16). In 

the case of unmutated and Y400F mutated 5-HTi aR, specific binding was maximally 

reduced at 10 and 1/xM respectively (Figure 16), whereas the epitope-tagged 5-HTiaR 

demonstrated no abolition of [^H] 8-hydroxy-DPAT binding at higher GTPyS 

concentrations (>100/fM). The calculated EC50 values for each receptor type was as 

follows; wild type 0.223 + 0.003jUM, Y400F intemalisation mutant 0.117 ± 0.005/iM 

and epitope-tagged 1.841 ± 0.195/xM (Figure 16). 
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Figure 16: Pharmacological effects of GTP)S on [̂ H] 8-hydroxy-DPAT binding 
to the unmutated or epitope-tagged 5-HTiaR expressed in CHO-Kl cells 

The specific binding of [^H] 8-hydroxy-DPAT (2.5nM) to unmutated ( # ) , 
intemaUsation mutant Y400A (H) and epitope-tagged mutant ( # ) 5-HTiaR was 
determined in the presence of GTPyS (lnM-100/xM). Non specific binding was 
defined using lO^M 5-HT. The data points are the mean values of three separate 
experiments ± SEM. 
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3.2. d e t e r m i n a t i o n o f bm.% a n d kd v a l u e s f o r m u t a t e d 

r e c e p t o r s u n d e r o p t i m a l b i n d i n g c o n d i t i o n s 

3.2.1. Epitope-tagged 5-HTIAR 

Site directed Mutagenesis of the G-21 clone was performed at multiple sites in order 

to obtain a receptor that expressed an epitope-tag (AjyE, F19E, E20T). The 

substitutions were made in the extracellular amino terminal domain (PPA17PF19E20) in 

order to provide for an antibody recognition site. The reason for selecting such an 

epitope was because of the availability of a rabbit monoclonal antibody produced 

within the University of Southampton (Dr H. Barton) being supplied at no extra cost. 

This region of the receptor has no known function in terms of its ability to respond to 

agonist challenge and it was therefore hypothesised that mutating the receptor at these 

sites would have a limited effect on receptor characteristics. 

Radioligand binding analysis was performed exactly as described in Methods section 

2.2. on membrane enriched fractions of CHO-Kl cells expressing the epitope-tagged 

5-HTiaR (A17E, F19E, E20T). Linear transformation of saturation data enabled a 

calculation of Bmax and Kj. For cells treated with PBS alone (control), the Bmax was 

estimated at 155.8 + 8.3fmol/ mg. The IQ was calculated to be 12.1 ± 0.6nM (Table 

3). 

3.2.2. "Phosphorylation mutants" 

Site directed mutagenesis of the G-21 clone was performed in order to obtain a 

receptor that expressed an amino acid substitution in the second intracellular loop 

(T149A). The substitution was made in one of the domains (KRT149PR) recognised as 

a substrate for PKC. 

Radioligand binding analysis was perfonned exactly as described in Methods section 

3.2. on membrane enriched fractions of CHO-Kl cells expressing the mutated (T149A) 

5-HTiaR. Linear transformation of the saturation data enabled a calculation of Bmax 

and Kd. For cells treated with PBS alone (control), the Bmax was estimated at 303.0 ± 

10.6fmol/mg. The IQ was calculated to be 0.9 + O.lnM. 
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A second independent mutation resulted in a receptor that expressed an amino acid 

substitution in the third intracellular loop (T229A). The substitution was made in one 

of the domains (RKT229VK) recognised as a substrate for PKC (and possibly PKA). 

Radioligand binding analysis was performed exactly as described in Methods section 

3.2. on membrane enriched fractions of CHO-Kl cells expressing the mutated (T229A) 

5-HTiaR. Linear transformation of saturation data enabled a calculation of Bmax and 

Kj. For cells treated with PBS alone (control), the Bmax was estimated at 384.5 + 

26.5fmol/ mg. The K j was calculated to be 2.0 ± 0.5nM. 

A third, independent mutation gave rise to a receptor that expressed an amino acid 

substitution in the third intracellular loop ( S 2 5 3 G ) . The substitution was made in one 

of the domains (KS253L) recognised as a substrate for PKC. 

Radioligand binding analysis was performed exactly as described in Methods section 

3.2. on membrane enriched fractions of CHO-Kl cells expressing the mutated (S253G) 

5-HTiaR. Linear transformation of saturation data enabled a calculation of Bmax and 

Kj. For cells treated with PBS alone (control), the Bmax was estimated at 545.8 ± 

31 .Ofmol/ mg. The Ky calculated to be 7.9 ± 2.4nM. A summary of all values 

obtained using the phosphorylation mutants can be seen in Table 3. 

3.2.3. "In ternalisa tion mutants" 

Site directed mutagenesis of the G-21 clone was performed in order to obtain a 

receptor that expressed a conservative amino acid substitution in the seventh 

transmembrane domain (Y400F). The substitution was made in one of the domains 

(NPVIY400) recognised as a putative intemalisation motif (NPXnY). 

Radioligand binding analysis was performed exactly as described in Methods section 

3.2. Using membrane enriched fractions of CHO-Kl cells expressing the mutated 

(Y400F) 5-HTiaR. Linear transformation of saturation data enabled a calculation of 

Bmax and Kj. For cells treated with PBS alone (control), the Bmax was estimated at 

104.5 ± 6.4finol/mg. The Ka was calculated to be 2.7 ± 0.3nM. 
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A second independent mutagenesis of the G-21 clone was performed in order to 

obtain a receptor that expressed as non-conservative amino acid substitution in the 

seventh transmembrane domain (Y400A). The substitution was made in the same 

domain as the conservative mutation in the putative intemalisation motif (NPVIY400). 

Radioligand binding analysis was performed exactly as described in section 3.2. using 

membrane enriched fractions of CHO-Kl cells expressing the mutated (Y400A) 5-

HTjaR. Linear transformation of saturation data enabled a calculation of Bmax and 

Kj. For cells treated with PBS alone (control), the B âx was estimated at 78.6 ± 

O.Sfmol/ mg. The IQ was calculated to be 5.8 ± 0.6nM. A summary of all values 

obtained using "intemalisation defective" receptors is provided in Table 3. 

3.3. d i s c u s s i o n 

To allow us to study functional characteristics of the 5-HTiaR and the mechanism 

involved in its regulation it was necessary to optimise the experimental conditions for 

use of the CHO-Kl cell line. It should be noted that the CHO-Kl cell line has been 

previously used for studies of 5-HTiaR signalling mechanisms (Fargin et ah, 1989) 

and their associated desensitisation characteristics (Raymond, 1991). However, it is 

important to note that these data provide a framework for understanding whether 

receptor-based systems undergo desensitisation rather than the receptor themselves. 

Moreover, a valid reason for the cautious interpretation of early receptor signalling 

data is the important finding that CHO-Kl cells also express endogenous 5-HTibRs 

which adds a further level of complexity to data interpretation (Kemp et al., 1999; 

George a/., 1997). 

Since one of the objectives of this study was to determine the mechanistic basis of a 

decrease in Bmax following pre-exposure to agonist, strategies were employed which 

would allow for quantification of residual receptors at the plasma membrane and 

possibly visualisation of redistributed receptors after exposure to agonist. In this way, 

we hoped to assess the contribution of special intra-receptor amino acid sequences to 

their agonist-mediated fate. 
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Table 3: A summary of Bmax and Kj values calculated from [^H] 8-hydroxy-
DPAT binding studies 

Mutation type j Bmax (Gnol/mg) 1 Kd(nM) 

Unmutated 
2027.9 ± 147.0 1.9 ±0.1 

Phosphorylation Loop 2 
T149A 

303 + 10.6 0.9 ±0.1 

Phosphorylation Loop 3i 
T229A 

384.5 + 26.5 2.0 ±0.5 

Phosphorylation Loop 3ii 
S253G 

545.8 + 31.0 7.9 ± 2.4 

hitemalisation 
NPVIY400F 

104.5 + 6.4 2.7 ±0.3 

1 Intemalisation 
78.6 ±0.5 5.8 ±0.6 

NPVIY400A 
78.6 ±0.5 5.8 ±0.6 

1 Epitope-Tagged 
155.8 + 8.2 12.1 ± 0.6 
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3.3.1. Determination of BMAX AND AQ for full length recombinant 5-HTIARS 

The initial experiments using the radioligands [^H] 8-hydroxy-DPAT and [^H] 

spiperone both demonstrated receptor saturation kinetics, when using optimal protein 

concentrations and incubation times, as concluded from other experiments. These 

findings provided further proof that the receptor expressed in the CHO-Kl cell line is 

expressed at acceptable concentrations (high B^ax) for this study and with good ligand 

affinities (IQ in low nanomolar range). 

3.3.2. Competition analysis 

Using the non-hydrolysable analogue of GTP (GTP)S) we were also able to 

demonstrate the coupling of the unmutated S-HTjaR, the epitope tagged receptor, and 

the Y400F mutant receptor to heterotrimeric G proteins. As the concentration of 

GTPyS increased it directly inhibited the binding of [^H] 8-hydroxy-DPAT to the 5-

HTjaR by occupation of the G protein GTP binding pocket. GTP7S causes the 

uncoupling of the receptor from its target G protein, mimicking receptor 

desensitisation resulting in decreased affinity of the receptor for the ligand (Sundaram 

et al., 1993). In this study, the exact nature of the receptor/ G protein coupling was 

unknown but it is likely to be GJ Go based on the evidence presented by numerous 

research groups (Newman-Tancredi et al., 1992; Harrington et al., 1994; Albert et al., 

1996). The involvement of the putative Gi/o heterotrimer could be further investigated 

by testing the ability of the 5-HTiaR to inhibit forskolin stimulated cAMP. If the 

inhibition were indeed sensitive to pertussis toxin, the coupling of the 5-HTiaR to Gi/o 

would be confirmed. Further analysis of the receptors pharmacological profile also 

provided further evidence of receptor functionality. 

Competition of unlabelled ligands with both [^H] 8-hydroxy-DPAT and [^H] 

spiperone demonstrated that the receptor was able to bind a range of ligands with 

nanomolar affinities for both agonists and antagonists. The high receptor affinity for 

the ligands indicates that the receptor was likely to be correctly inserted in the plasma 

membrane resulting in the correct structure of the ligand-binding pocket. These 

findings presented are not novel in terms of scientific discoveries but it was vital to 

establish that they were in agreement with data already published on the 
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characteristics of the 5-HTiAR. (Simdaram ef aA, 1993; El Mestikawy g/ a/., 1991; 

Newman-Tancredi et ah, 1992). The results demonstrate clearly the ability of the 

receptor to bind a range of ligands including agonist and antagonist to saturation and 

that the 5-HTiaR also is able to couple to G proteins to modulate an intracellular 

effector system. The early experiments also allowed familiarity with culture 

techniques and cell growth periods. The latter was important in planning the 

experiments, i.e. the number confluent dishes of cells that were required for each 

experiment. 

It is important to note that large cell yields were required for each experiment and 

since cells were grown through a limited number of passages, every experiment 

involved considerable planning. With the experimental conditions optimised and the 

CHO-Kl cell line expressing the 5-HTiaR at high levels and with acceptable binding 

characteristics, we could begin to look in detail at the regulation of availability of 

receptors at the plasma membrane following short-term agonist pre-incubation. 
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4.1. DEVELOPMENT OF AN ASSAY TO MEASURE RECEPTOR 

REDISTRIBUTION 

4.1.1. Introduction 

With the initial experiments aimed at optimising experimental condition for the study 

and characterising the recombinant 5-HTiaR expressed in CHO-Kl cells complete, 

the early forays into the study of receptor regulation could begin. Previous studies by 

Raymond (1991) and Harrington et al., (1994) suggested that stimulation of 

endogenous PKC by phorbol esters resulted in 5-HT]aR phosphorylation and 

consequently desensitisation, blockading further signalling activities. Harrington et 

al., (1994) also showed an apparent loss of high affinity [^H] 8-hydroxy-DPAT 

binding sites upon agonist incubation. The putative PKC and PKA residues thought 

to play a role in receptor desensitisation as demonstrated by Raymond (1991) and 

Harrington et ah, (1994) were investigated further by Lembo & Albert (1995). They 

demonstrated using site-directed mutagenesis, a role for putative PKC and PKA sites 

(located in the 2"'̂  and 3̂ ^ intracellular sequences of the 5-HTiaR), in receptor/ G 

protein interaction. The compelling evidence presented by these three studies 

warranted further study of the 5-HTiaR. In this study we set out to investigate the role 

of the aforementioned PKA and PKC sites in receptor regulation especially 

intemalisation. In order to successfully complete this task, an accurate assay to 

measure the redistribution of the 5-HTiaRs upon agonist activation needed to be 

devised. This chapter is concerned with the early attempts to log receptor 

redistribution. Exact methodological details can be found in sections 3.2. and 3.4.1.i-

ii. 

4.1.2. Method 1 

Initial experiments were aimed at testing the effectiveness of the first receptor 

intemalisation assay for a range of receptor types (unmutated, epitope-tagged and 

Y400F intemalisation mutant) as outlined in the methods section 3.4.1.i. Briefly, 

confluent plates of CHO-Kl cells growing in monolayers were washed in warmed 

PBS and treated in situ with IjjM 8-hydroxy-DPAT, at 37°C, for varying periods of 
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time ranging 6om 0-60 minutes. This agonist incubation step was performed in order 

to initiate receptor "intemalisation". Reactions were terminated by rapid aspiration of 

the unlabelled agonist, 8-hydroxy-DPAT followed by incubation on ice to retard the 

intemalisation process. Cells from each plate were then manually harvested and a 

membrane-enriched fraction was prepared for radioligand binding, as described in 

section 3.2. Membrane-enriched fraction of CHO-Kl cells expressing unmutated or 

epitope-tagged modifications of the 5-HTiaR demonstrated a significant time-

dependent decrease in [^H] 8-hydroxy-DPAT binding to 51.4 ± 4.6 % (P<0.05) and 

28.8 ± 2.7 % (P<0.001) of control, in response to l/iM 8-hydroxy-DPAT 

preincubation (Figures 17A and 17B respectively) after 5 minutes. These two 

receptor types reached a maximum decrease in specific [^H] 8-hydroxy-DPAT binding 

within 15 minutes (19 0 ± 9.3 %, P<0.05 and 15.3 ± 8.1%, P<0.05 ; of control 

respectively). In contrast for those cells expressing the Y400F intemalisation mutant 5-

HTiaR, the time taken for [^H] 8-hydroxy-DPAT to decrease by 30% was 

approximately 20 minutes, while the maximum decrease in specific binding was 

achieved after a 60 minute incubation period (35 ± 12.8%; P<0.05; Figure 17C). 

It proved necessary to modify the method outlined in section 3.4.l.i. as the standard 

error of the mean observed at each data point was greater than 20% in most cases 

hence the lack of error bars in Figure 17A, B, and C. However, the initial trend lines 

did indicate a redistribution of receptor proteins from the cell surface to an 

intracellular compartment. Due to the large standard error, modifications were made 

to Method 1 (3.4.1.i.) resulting in the evolution of Method 2 (3.4.1.ii.) 
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Figure 17: Time dependent decrease in specific binding of [Ml] 8-hydroxy-DPAT to the 5-11 FiaR expressed in CHO-Kl cells, in 
response to preincubation with 8-hydroxy-DPAT 

CHO-Kl cells expressing unmutated (A), epitope-tagged (B) or putative "intemalisation defective" (C) receptors were first preincubated 
m situ with 1/iM 8-hydroxy-DPAT for periods up to 60 minutes. Cell extracts were subjected to binding analysis as described in section 
3.2. Data were normalised a percentage of control values (cells incubated with PBS for the exact same time course) and are expressed as 
mean values of three separate experiments. 
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4.Y.3. Method 2 

In this case, cells were harvested &om confluent plates by trypsinisation (as described 

previously) and pooled. The intact cell suspension was treated with l/iM 8-hydroxy-

DPAT for lor 15 minutes to initiate intemalisation. At specified time points, aliquots 

(3ml) were removed and placed on ice prior to membrane preparation and radioligand 

binding analysis. In some cases, cells were preincubated in the absence or presence of 

450mM hypertonic sucrose solution (10ml total volume) for 20 minutes prior to 

agonist incubation in an attempt to prevent receptor redistribution. Antagonism of 

receptor redistribution was deemed an important experiment, as it would provide 

further evidence in the case for receptor intemalisation. 

4.1.3.1. "Pooled" preincubation of CHO-Kl cells expressing the unmutated 5-
HTiaR (Method 2) 

As with experiments described earlier preincubation of CHO-Kl cells expressing the 

unmutated S-HTjaR with 1/iM 8-hydroxy-DPAT resulted in a significant decrease in 

specific binding at both 1 (to 37.8% of control) and 15 (to 38.7% of control) minute 

time periods (f<0.001 and f <0.001 respectively; Figure 18). The decrease in [^H] 8-

hydroxy-DPAT binding upon short-term agonist incubation was thought to represent 

receptor redistribution. Hypertonic sucrose solutions were then used in an attempt to 

reverse the observed decrease in specific [^H] 8-hydroxy-DPAT receptor binding in 

response to agonist preincubation. 

Hypertonic sucrose solutions are thought to elicit their effect due to an increased 

external solute concentration, disrupting the osmotic potential of the cell causing a net 

loss of water and therefore disrupting of subcellular machinery. In experiments 

looking at the effects of hypertonic sucrose in conjunction with agonist challenge on 

the unmutated 5-HTiaR no significant difference in specific [^H] 8-hydroxy-DPAT 

binding was observed when cells were incubated with PBS (control) for either 1 or 15 

minutes (in the absence or presence of 450mM sucrose solution). These data were 

therefore normalised with respect to specific [^H] 8-hydroxy-DPAT binding with PBS 

(in the absence or presence 450mM sucrose) 1 minute. All absolute control values 

were set to 100% ± SEM and the remaining results could be expressed as a percentage 
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of this allowing direct comparison of various cell treatments. This was the case for all 

receptor types (unmutated, epitope-tagged and the Y400F mutant 5-HTiaR). 

For those cells preincubated in the presence of 450mM sucrose the specific [^H] 8-

hydroxy-DPAT binding significantly decreased to 43.4 % (P<0.01) at 1 minute and 

48.6 % (F<0.001) at 15 minutes compared to control (Figure 18). These values were 

higher and significantly different (f<0.05 and f<0.01 respectively) from those 

obtained for 8-hydroxy-DPAT preincubations alone (Figure 18). Decreases in 

specific binding for those cells preincubated with 8-hydroxy-DPAT in the presence of 

sucrose were not significantly different from each other at 1 and 15 minutes. In 

conclusion, it was found that sucrose significantly attenuated the decrease in [^H] 8-

hydroxy-DPAT binding in response to preincubation with the unlabelled agonist 

(Figure 18). 
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Figure 18: Effect of unlabelled agonist on time-dependent redistribution of the 
unmutated 5-HTiaR 

CHO-Kl cells expressing the unmutated 5-HTiaR were treated with PBS in the 
absence or presence of 450mM sucrose for 20 minutes. Cells were then incubated 
with PBS in the absence or presence of 1/iM 8-hydroxy-DPAT to stimulate receptor 
redistribution and in the absence or presence of 450mM sucrose for 1 or 15 minutes. 
After such time, washing the cells with ice cold PBS stopped the reaction and specific 
[^H] 8-hydroxy-DPAT binding was determined as described in Methods section 3.2. 
Data were normalised by expressing them as a percentage of the corresponding PBS 
control value. The data points are mean values of three separate experiments ± SEM. 
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4.I.3.U. "Pooled" preincubation of CHO-Kl cells expressing the epitope-tagged 
5-HT,AR (Method 2) 

Preincubation with 1 8-hydroxy-DPAT resulted in a significant decrease in 

specific binding at both 1 (46.8 %) and 15 (29.1 %) minute time periods (f <0.001 and 

f <0.001 respectively; Figure 19), when compared to control (PBS for 1 minute). A 

significant decrease in [^H] 8-hydroxy-DPAT binding (17.8%) between 1 and 15 

minutes was also noted upon 8-hydroxy-DPAT incubation (P<0.05). For those cells 

preincubated in the presence of 450mM sucrose the specific [^H] 8-hydroxy-DPAT 

binding significantly decreased at 1 minute (42.3 %) and at 15 minutes (47.1 %; 

compared to control; f<0.05). The value obtained at 15 minutes (in the presence of 

450mM sucrose) was significantly higher (39.3 %; P<0.05) than that obtained for cells 

incubated with 8-hydroxy-DPAT alone for 15 minutes (Figure 19). The increase in 

specific binding for those cells preincubated with 450mM and 8-hydroxy-DPAT was 

not significantly different from each other at 1 and 15 minutes. In summary, it was 

found that sucrose preincubation significantly attenuated the decrease in [^H] 8-

hydroxy-DPAT binding in response to l^M 8-hydroxy-DPAT incubation for 15 

minutes (Figure 19). 

4.1.3.iii. "Pooled" preincubation of CHO-Kl cells expressing the Y400F mutant 5-
HTixR (Method 2) 

Preincubation of Y400F mutant 5-HTiaRs with l^iM 8-hydroxy-DPAT resulted in a 

significant decrease in specific binding for both 1 (53.2%) and 15 (41.8%) minute 

time periods (P<0.01 and P<0.001 respectively; Figure 20), when compared to 

control (PBS 1 minute). A significant decrease in [^H] 8-hydroxy-DPAT binding 

(11.4 %) between 1 and 15 minutes was also noted upon 8-hydroxy-DPAT treatment 

(P<0.05). 

For those cells preincubated in the presence of 450mM sucrose, the specific [^H] 8-

hydroxy-DPAT binding significantly decreased to 51.8 % of control (P<0.001) at 1 

minute and 62.1 % of control (P<0.001) at 15 minutes (Figure 20). Only the value 

obtained at 15 minutes from cells treated with both sucrose and 8-hydroxy-DPAT was 

significantly different from those cells treated for 15 minutes with 8-hydroxy-DPAT 

alone (P<0.05; Figure 20). 
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Figure 19: Time dependent effects of specific [ H] 8-hydroxy-DPAT binding to 
epitope-tagged S-HTiaR expressed in CHO-Kl cells in response to 8-hydroxy-
DPAT in the absence or presence of hypertonic sucrose solution 

Initially CHO-Kl cells expressing epitope-tagged 5-HTiaR were treated with PBS in 
the absence or presence of 450niM sucrose for 20 minutes. Cells were then incubated 
in the presence or absence of 1 /xM 8-hydroxy-DPAT to stimulate receptor 
intemalisation and in the absence or presence of 450niM sucrose for 1 or 15 minutes. 
After such time intemalisation was stopped, using ice cold PBS and specific [^H] 8-
hydroxy-DPAT binding was determined as described in the Methods section 3.2. 
Data were normalised by expressing them as a percentage of the corresponding PBS 
control value. The data points are mean values of three separate experiments + SEM. 
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The increase in specific binding between 1 and 15 minutes (an increase of 10.3%) for 

those cells preincubated with 450mM and 8-hydroxy-DPAT was found to be 

significantly different (P<0.01). In summary, it was found that sucrose preincubation 

significantly attenuated the decrease in [^H] 8-hydroxy-DPAT binding in response to 

1//M 8-hydroxy-DPAT incubation after 15 minutes (Figure 20). 

In general it was found that cell preincubation with 450mM sucrose significantly 

attenuated the decrease in [^H] 8-hydroxy-DPAT binding, upon treatment with 1 /iM 

8-hydroxy-DPAT for 15 minutes (this was the case for all receptor variants). 

Mutation of the 5-HTiaR (Y400F) also significantly (P<0.05) attenuated the decrease 

in [^H] 8-hydroxy-DPAT instigated by treatment with 8-hydroxy-DPAT for 1 minute. 

The combination of both the Y400F mutation and 450mM sucrose treatment 

significantly attenuated the decrease in [^H] 8-hydroxy-DPAT binding instigated by 8-

hydroxy-DPAT at both 1 and 15 minutes time points. The unmutated and epitope-

tagged 5-HTiaR were found to undergo significantly different rates of intemalisation 

upon treatment with 8-hydroxy-DPAT during a 1 minute period. Moreover there was 

no significant difference between wild type and epitope-tagged receptors upon 

treatment with PBS in the presence of 450mM sucrose compared to IfiM 8-hydroxy-

DPAT. A direct comparison of all three 5-HTiaR types can be see in Figure 21, 

indicating relative levels of receptor redistribution in the presence or absence of 

450mM sucrose. 

4.1.4. Effect of CH0-K1 cell harvesting methods on receptor binding. 

Cells harvested using trypsin EDTA (IX) were found to undergo a significant 

decrease (75%; f<0.001) in specific [^H] 8-hydroxy-DPAT binding when compared 

to those cells harvested by manual cell scraping (Figure 22). 

These data indicated that to obtain a maximum protein yield and reproducible results, 

all future "redistribution/ intemalisation" assays omitted trypsin from the harvesting 

method. 
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Figure 20: Time dependent decrease in specific [ H] 8-hydroxy-DPAT binding to 
Y400F internalisation mutant 5-HTiaR expressed in CHO-Kl cells in response to 
8-hydroxy-DPAT, in the absence or presence of hypertonic sucrose solution 

Initially CHO-Kl cells expressing the Y400A intemalisation mutant 5-HTiaR were 
treated with PBS in the absence or presence of 450mM sucrose for 20 minutes. Cells 
were then incubated in the presence or absence of 1//M 8-hydroxy-DPAT to stimulate 
receptor intemalisation and in the presence or absence of 450mM sucrose for 1 or 15 
minutes. After such time intemalisation was stopped, using ice cold PBS and specific 
[^H] 8-hydroxy-DPAT binding was determined as described in Methods section 3.2. 
Data was nomialised by expressing it as a percentage of the corresponding PBS 
control value. Each data point is the mean value of three separate experiments ± 
SEM. 
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Figure 21: Direct comparison of the effects of 5-HTiaR mutations (PBS = 
control; IM = internalisation mutant Y400F; ETM = epitope-tagged receptor; 
wild-type = unmutated receptor) incubation with 450mM sucrose, on the 
decrease in [̂ H] 8-hydroxy-DPAT binding upon activation with 1/zM 8-hydroxy-
DPAT 

In absence of hypertonic sucrose solution (A) or in the presence of hypertonic sucrose 
solution (B). All data points are mean values of three separate experiments + SEM. 
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Figure 22: Effects of trypsinisation on specific [̂ H] 8-hydroxy-DPAT binding to 
CHO-Kl cells expressing the recombinant 5-HTiaR 

Cells grown in 100mm culture dishes were harvested using trypsin a standard 
trypsinisation procedure (Section 3.1.) or a manual cell scraper. The cell suspension 
was then incubated in a reaction that included 2.5nM [^H] 8-hydroxy-DPAT and 
specific binding was determined by liquid scintillation counting. All data points are 
mean values of three separate experiments + SEM. 
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4.2. DISCUSSION 

4.2.1. Development of an assay to measure receptor redistribution 

events 

The development of an intemalisation assay was an important task in helping to 

address the aims and objectives set out in section 2.1. There are relatively few tools 

available that allows the study of receptor redistribution in vivo. Those that do exist 

often require expensive equipment. The initial receptor engineering and transfection 

into CHO-Kl cells was performed in 1994. Although not a vital part of the 

discussion, it is important to map the development of the intemalisation assay and 

why each change was undertaken. The foliowiag sections will be dedicated to the 

earlier research undertaken with emphasis being placed on results obtained and why 

these led to assay changes. 

4.2.l.i. Intemalisation method 1 

The first intemalisation assay employed demonstrated that intemalisation of the 

unmutated receptor was stimulated by incubation in the presence of the specific 

agonist 8-hydroxy-DPAT for 20 minutes at 37 °C. For those cells transfected with the 

unmutated and epitope-tagged receptor, the rates of receptor sequestration appeared to 

be almost identical. This was demonstrated by a time dependent increase in the 

specific binding of the radioligand [^H] 8-hydroxy-DPAT to CHO-Kl plasma 

membranes after agonist incubation. These finding also provided an early indication 

that the epitope-tag engineered in to the amino extracellular terminus of the receptor 

had in no way affected the receptors ability to internalise. Conversely, the 

conservative Y400F mutation engineered into the seventh transmembranous region of 

the 5-HTiaR had greatly slowed the rate of intemalisation by 50%. This was 

demonstrated by a much-reduced rate of decreasing [^H] 8-hydroxy-DPAT binding 

triggered by 8-hydroxy-DPAT. After an incubation period of 20 minutes, the Y400F 

mutation had attenuated receptor sequestration to 66% where as the wild type and 

epitope-tagged receptors had fallen to 33 and 11% respectively, of original binding. 

This initial method indicated that the receptor types studied were able to respond to 

agonist incubation and that the assay used was partially successful in quantifying 
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receptor intemalisation. However the standard error of the mean at each data point 

was too large to acceptable (hence the lack of error bars in Figure 17). Each dish of 

cells demonstrated a different Bmax that varied by as much as 10% per dish. The 

variation of Bmax from dish to dish led to a wild difference in the levels of specific 

[^H] 8-hydroxy-DPAT binding recorded. Although there was a recognisable trend in 

the decrease in [^H] 8-hydroxy-DPAT binding the error bars proved to be very large. 

These findings led to the pooling of cell populations prior to agonist incubation in an 

attempt to reduce the variation observed when plates of cells were analysed separately. 

Attempts at attenuating the intemalisation of the 5-HTiaR using hypertonic sucrose 

solutions were also unsuccessful. This again was deemed an important experiment, as 

it would help to further prove and define actual receptor intemalisation, and will be 

discussed in more depth in a later section. In summary the early attempts at 

quantifying receptor intemalisation using this first method were partially successful 

and led to the pooling of cell populations in order to reduce the observed Bmax 

variation observed between individual cell dishes. 

4.2.1.ii. Internalisation method 2 

The minor adjustments made to strategy 1 as described above led to the development 

of strategy 2. The results obtained using this method again demonstrated 

intemalisation of three types of 5-HTiaR (unmutated, epitope-tagged and Y400F) upon 

agonist incubation. As with strategy one receptor intemalisation was represented by a 

time dependent decrease in [^H] 8-hydroxy-DPAT binding to the isolated CHO-Kl 

plasma membranes. In addition to pooling cells to reduce to error of the results, the 

specific binding of [^H] 8-hydroxy-DPAT to CHO-Kl plasma membrane preparations 

was only defined at 1 and 15 minutes. These two time points were selected because at 

these time points in strategy one the 1 minute time point represented a small decrease 

in receptor number where as at 15 minutes maximal receptor loss had occurred. It was 

also at this point that it was realised that the main aim if these experiments was not 

absolute definition of receptor intemalisation but the development of a strategy to 

allow study of other receptor types. 

The unmutated receptor demonstrated the most rapid kinetics of all the three-receptor 

types studied, with a 62.2% decrease in specific [^H] 8-hydroxy-DPAT binding within 
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1 minute of 8-hydroxy-DPAT incubation. In contrast, the Y400F mutant 5-HTiAR 

again demonstrated the slowest kinetics with a 46.8% decrease at 1 minute and 58.2% 

decrease after 15 minutes of agonist incubation. It should be noted that even after 15 

minutes the Y400F intemalisation mutant 5-HTiaR did not reach the degree of 

intemalisation achieved by the wild type receptor after 1 minute of agonist incubation. 

In the case of the epitope-tagged receptor, similar intemalisation kinetics was 

observed to those demonstrated by the unmutated receptor. The only slight 

differences observed was the slightly lower rate of intemalisation after 1 minute of 

agonist incubation when compared to the unmutated rate of intemalisation and the 

continued intemalisation after 15 minutes of agonist incubation. 

4.2.2. Attenuation of unmutated, epitope-tagged and Y400F muatant 5-

HTIAR internalisation using hypertonic sucrose solution (Method 2) 

In an attempt to attenuate receptor intemalisation, CHO-Kl cells were incubated in 

PBS containing 450mM sucrose for 20 minutes prior to agonist incubation. Here 

preincubation of CHO-Kl cells expressing mutated and wild type versions of the 5-

HTiaR with a hypertonic sucrose solution significantly attenuated receptor 

sequestration. This was demonstrated by an increase in [^H] 8-hydroxy-DPAT 

binding when compared to cells treated with 8-hydroxy-DPAT alone. The effect 

elicited by hypertonic sucrose being more apparent at 15 minutes. Experiments 

performed on various GPCRs (for example, the M4 muscarinic acetylcholine 

receptors) have demonstrated that pre-treatment of cells with a hypertonic sucrose 

buffer prior to agonist incubation totally abolished receptor intemalisation 

(Bogatkewitsch et al., 1996). Our findings were in conflict with these data, which 

reported the complete blockade of RME by hypertonic sucrose (Bogatkewitsch et al., 

1996). The 5-HTiaR may be internalising via a pathway that is only partially sensitive 

to hypertonic sucrose preincubation at this concentration. However, the effects of 

sucrose and other agents used to attenuate receptor intemalisation will be covered in 

greater depth in a latter section. 

Whilst performing the experiments described above one important flaw in the 

experimental design became clear. The flaw being that the 8-hydroxy-DPAT used to 

trigger receptor intemalisation had not been washed from the cell incubation medium. 
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As a result of this Gnding an extra wash step was included in the protocol that allowed 

the cell suspension to be washed with PBS in an attempt to remove all unbound 8-

hydroxy-DPAT. The theory behind this step was that in the subsequent radioligand-

binding assay the unlabelled 8-hydroxy-DPAT would act as a competitor to [^H] 8-

hydroxy-DPAT resulting in a phantom decrease in specific radioligand binding. 

Another important observation was the effect of trypsin on receptor 8-hydroxy-

DPAT binding after cell harvesting. Trypsin was found to significantly decrease the 

radioligand binding observed, when compared to those cells that had been manually 

harvested. Thus the cells were no longer harvested by trypsinisation and manual 

harvesting was included in the experimental protocol. 

Again, these results were similar to those obtained using strategy one in that they 

demonstrated the ability of various receptor types to internalise in response to agonist 

challenge. Two important steps were added to the experimental protocol and the 

initial studies using this completed method suggested it was ready for use in more 

detailed studies. Thus, the next strategy (3) was employed to help address the aims 

given in section 1.7.1. 
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CHAPTER 5 

5.1. DEVELOPMENT OF AN INTERNALISATION ASSAY: METHOD 3 

5.1.1. Introduction 

The culmination of all the methodology development led to the third and final strategy 

aimed at quantification of 5-HTiaR redistribution in response to agonist pre-

incubation. Briefly, cells were first manually harvested using a cell scraper and 

pooled. Intact cells were then treated with IfiM 8-hydroxy-DPAT for 20 minutes. 

After this time, the cell suspension was washed twice with 10ml of ice-cold PBS; after 

each wash, the suspension was centrifiiged and the supernatant was discarded. After 

the final wash the pellets was resuspended in a small volume of PBS and a membrane 

fraction was prepared. A ftill saturation analysis was then performed using either [^H] 

8-hydroxy-DPAT or [^H] spiperone. This method was used for all subsequent studies. 

5.1.2. Pre-incubation of cells in vitro (Method 3) 

In order to gauge the degree of unmutated receptor redistribution upon agonist 

incubation a standard intemalisation assay was used as described briefly above. The 

degree of unmutated receptor redistribution was then used as a comparison for all 

resulting intemalisation assays using various receptor mutants. A decrease in specific 

radioligand binding at plasma membrane bound receptors in response to incubation 

with unlabelled agonist was assumed to be an indication of redistribution of the 5-

HTiaRs to an intracellular compartment. Membrane enriched fractions were prepared 

as described previously in section 2.2. and then subjected to radioligand binding 

analysis (Figure 23i). Linear transformation of saturation data for both control and 

agonist-treated samples (Figure 23ii) enabled a calculation of Bmax in terms of fmol 

radioligand bound per mg protein and K j in terms of nM. For host cells treated with 

PBS alone (control), the Bmax was estimated at 805.0 + 22.7finol/mg. 
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Figure 23i: Saturation analysis of specific |̂ H] 8-hydroxy-DPAT binding to the 
unmutated human S-HTjaR expressed in CHO-Kl cells 

CHO-Kl cells expressing the unmutated 5-HTiaR were incubated for 20 minutes in 
the absence ( ^ ) or presence (®) of l̂ uM 8-hydroxy-DPAT. Membrane enriched 
fractions were subject to radioligand binding analysis in the presence of [^H] 8-
hydroxy-DPAT as described in detail in sections 2.2. Each data point is the mean 
value of three separate assays ± SEM. 
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Figure 23ii: Scatchard analysis of saturation data for the unmutated human 5-
HTiaR expressed in CHO-Kl cells 

Key; cells incubated in the absence ( • ) or presence ( • ) of 1 JJM 8-hydroxy-DPAT. 
The X-axis represents the conversion of [^H] 8-hydroxy-DPAT specific binding in 
dpm to fmol/ mg protein. The Y-axis is a ratio; this is calculated as bound radioligand 
as a function of the original "free" radioligand concentration. The Bmax (fmol/ mg) 
was calculated from the X-axis intercept; the IQ (nM) was derived from the gradient 
of each line. Data points are the mean values of three separate assays ± SEM. 
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The Kj was calculated to be 2.5 ± 0.7nM. For those cells treated with 8-hydroxy-

DPAT (l^M) the Bmax was estimated at 663.4 ± 19fmol/mg while the Kd was 

calculated to be 5.5 ± 0.3nM (Figure 23ii). The decrease in Bmax and increase in IQ 

for agonist treated cells were found to be significant (f<0.05) compared to control. 

Results presented by Sundaram et ah, (1993) demonstrated the ability of [^H] 

spiperone to recognise receptors, which were both coupled to and uncoupled from 

their G protein. Hence, any decrease in [^H] spiperone binding after the incubation of 

CHO-Kl cells with 1//M 8-hydroxy-DPAT would represent a true decrease in the 

number of receptors from the plasma membrane and not just the transition of the 

receptor to a lower agonist affinity state. In the context of this type of information, 

this experiment was considered to be a definitive test of whether the receptors were 

redistributing away from the plasma membrane following pre-exposure to agonist. 

CHO-Kl cells expressing the unmutated 5-HTiaR were incubated (for 20 minutes at 

37°C) in the absence or presence of unlabelled agonist 8-hydroxy-DPAT (1/iM). 

Membrane enriched fractions were prepared as described previously (Methods section 

2.2.) and then subjected to radioligand binding analysis in this case [^H] spiperone 

was the radioligand used at concentrations between 3.125nM and 50nM. This range 

was pre-determined in pilot experiments (Figure 24i). 

Linear transformation of the saturation data for both control and agonist-treated 

samples enabled the calculation of Bmax in terms of the number of fmol of radioligand 

bound per mg of protein and receptor Ky in nM (Figure 24ii). For host cells treated 

with PBS (control) alone the Bmax was estimated as 2927.1 ± 79.6fmol/ mg. The Ka 

was calculated to be 8.9 ± 0.6nM. For those cells treated with l^M 8-hydroxy-DPAT 

the Bmax was calculated to be 2128.4 ± 213.4fmol/ mg and the IQ as 8.7 ± 0.7nM 

(Figure 24ii). The decrease in specific ligand binding observed when cells were 

incubated in the presence of 1 }iM 8-hydroxy-DPAT when compared to those 

incubated in the absence of 1//M 8-hydroxy-DPAT was found to be significant 

(f<0.05). 
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Figure 241: Saturation analysis of specific ( h ] spiperone binding to the 
unmutated 5-HTiaR expressed in CHO-Kl cells 

CHO-Kl cells expressing the unmutated 5-HTiaR were incubated for 20 minutes in 
the absence ( ^ ) or presence (®) of 1/iM 8-hydroxy-DPAT. Membrane enriched 
fractions were then subjected to radioligand binding analysis in the presence of [^H] 
spiperone as described in detail in sections 2.2. Each data point is the mean value of 
three separate assays ± SEM. 
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Figure 24ii: Scatchard analysis of saturation data for the unmutated 5-HTiaR 
receptor expressed in CHO-Kl cells 

Key; cells incubated in the absence ( • ) or presence ( • ) of 1/iM 8-hydroxy-DPAT. 
The X-axis represents the conversion of [^H] spiperone specific binding in dpm to 
fmol/ mg protein. The Y-axis is a ratio; this is calculated as bound radioligand as a 
function of the original "free" radioligand concentration. The Bmax was calculated 
from the X-axis intercept (frnol/mg); and the K j (nM) is derived from the gradient of 
each line. Data points are the mean values of three separate assays ± SEM. 
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In summary, both ligands used to define receptor redistribution ([^H] 8-hydroxy-

DPAT and [^H] spiperone) demonstrated a comparable decrease in specific binding 

upon agonist challenge. However the relative change in Kj (in the case of spiperone 

incubation it stayed the same and in the case of 8-hydroxy-DPAT it increased) upon 

agonist incubation may reflect the ability of the ligands to bind 5-HTiaRs' in a 

phosphorylated form. 

5.2. u s i n g m o d i f i e d r e c o m b i n a n t 5 - h t i a r s t o s t u d y r e c e p t o r 
r 2 d i s t i u b u t t 0 n 

The level of receptor expression and the receptor-ligand affinity were established for 

all transfected cell lines under optimal radioligand conditions (Chapter 3). Thereafter, 

it was possible to begin to look at whether the Bmax and IQ of each modified receptor 

could be influenced by preincubation of intact cells with the unlabelled agonist 8-

hydroxy-DPAT. The proposed role of each individual receptor modification will be 

outlined and investigated below. 

5.2.1. Epitope-tagged receptors 

As previously mentioned the epitope-tag mutation (AnE, F19E, E20T) was engineered 

into the amino terminus of the 5-HTiaR in order to allow antibody recognition and 

binding to an extracellular site of the receptor using an antibody already in existence. 

It was therefore deemed necessary to investigate the validity and characteristics of 

such an epitope-tagged (mutated receptor) in future intemalisation studies using 

antibodies conjugated to fluorescent labels. In order to generate the specified 

mutations site directed mutagenesis of the G-21 clone (as described in the Methods 

section 2.1.1.) was performed. The substitution was made in the N-terminus 

extracellular domain (PPA17PF19E20) which was proposed to have no important role in 

receptor function. 

Incubations in the absence or presence of 1//M 8-hydroxy-DPAT were performed 

exactly as described in section 2.4.1.iii. Membrane enriched fractions of CHO-Kl 

cells expressing the epitope-tagged 5-HTiaR (A^E, F19E, E20T) were subjected to 

radioligand binding analysis (Figure 25i) as described in section 2.2. 
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Linear transformation of saturation data for both control and agonist-treated samples 

(Figure 25ii) enabled a calculation ofB^ax and IQ. For host cells treated with PBS 

alone (control), the Bmax was estimated at 155.8 ± 8.2fmol/ mg. The Kj was 

calculated to be 12.1 ± 0.6nM. 

For those cells treated with 8-hydroxy-DPAT (1/iM) the Bmax was estimated at 127.8 

+ 1.5fmol/mg while the Kd was calculated to be and 9.9 + 0.6nM (Figure 25ii). The 

change in Bmax for agonist treated cells were found to be significant (P<0.05) when 

compared to control. These data suggested that this series of modifications to the 

amino terminal region did not compromise the ability of the receptor to undergo 

agonist promoted redistribution. 

The levels of the epitope-tagged receptor expression (Bmax) were observed to be much 

lower than those recorded for unmutated receptor. The receptor was expressed at 

almost the limits of ligand binding study sensitivity however the receptor was 

expressed at a much more physiologically relevant levels. The observed Kd was also 

considerably higher than that observed for the unmutated receptor, however it was in 

the low nanomolar range and deemed acceptable. The increase in PQ or reduction in 

epitope-tagged receptors' affinity for 8-hydroxy-DPAT may also reflect the limitations 

of the ligand binding studies at such low receptor concentrations. 
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Figure 25i: Saturation analysis of specific [̂ H] 8-hydroxy-DPAT binding to the 
epitope-tagged 5-HTIAR expressed in CHO-Kl cells 

5-HTiaRs expressing an N-terminus epitope-tag were incubated for 20 minutes in the 
absence ( ^ ) or presence (®) of 1/iM 8-hydroxy-DPAT. Membrane enriched fractions 
were subject to radioligand binding analysis in the presence of [^H] 8-hydroxy-DPAT 
as described in detail in Method section 2.2. Each data point represents the mean 
values of three separate assays ± SEM. 
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Figure 25ii: Scatchard analysis of saturation data for the epitope-tagged 5-
HTjaR expressed in CHO-Kl cells 

Key; cells incubated in the abscnce ( • ) or presence ( • ) of 1 juM 8-hydroxy-DPAT. 
The X-axis represents the conversion of [^H] 8-hydroxy-DPAT specific binding in 
dpm to frnol/ mg protein. The Y-axis is a ratio; this is calculated as bound radioligand 
as a function of the original "free" radioligand concentration. The Bmax (fmol/ mg) 
was calculated from the X-axis intercept. The (nM) was derived from the gradient 
of each line. Data points are the mean values of three separate assays ± SEM. 
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5.2.2. Phosphorylation defective mutants 

5.2.2.i. Effect of agonist pre incubation on the 7,49A phosphorylation mutant 
As previously mentioned the T^gA mutation was engineered into the second 

intracellular loop of the 5-HTiaR (KRT149PR) in one of the domains recognised as a 

substrate for PKC. The disruption of the putative phosphorylation site at this position 

was proposed to play a role in the short-term regulation of receptor function in 

response to agonist incubation, therefore helping us to address one of the aims of this 

project outlined in section 1.7.1. In order to generate the specified mutations site 

directed mutagenesis of the G-21 clone (as described in the Methods section 2.1.1.) 

was performed. 

Incubations in the absence or presence of 1//M 8-hydroxy-DPAT were performed 

exactly as described in the Method section 2.4.1 .iii. Membrane enriched fractions of 

CHO-Kl cells expressing the mutated (T149A) 5-HTiaR were subjected to radioligand 

saturation binding analysis (Figure 261) as described in Methods section 2.2. 

Linear transformation of the saturation data (Figure 26i) for both control and agonist-

treated samples enabled a calculation of Bmax and Kd (Figure 26ii). For cells treated 

with PBS alone (control), the Bmax was estimated at 303.0 + 10.6fhiol/mg. The Kd 

was calculated to be 0.9 ± 0.1 nM. For those cells treated with 8-hydroxy-DPAT 

(1/iM) the Bmax was estimated at 330.1 + 34.4fmol/mg while the K j was calculated to 

be 1.7 ± 0.7nM (Figure 26ii). The changes in B^ax and Kd were both found not to be 

significant when compared to the control values suggesting that this mutation 

attenuated the ability of the receptor to undergo redistribution. 
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Figure 26i: Saturation analysis of specific |^H] 8-hydroxy-DPAT binding to the 
T149A phosphorylation mutant 5-HTiaR expressed in CHO-Kl cells 

5-HTiaRs expressing the T149A mutation were incubated for 20 minutes in the 
absence ( ^ ) or presence (®) of l̂ uM 8-hydroxy-DPAT. Membrane enriched fractions 
were subjected to radioligand binding analysis in the presence of [^H] 8-hydroxy-
DPAT as described in detail in Method section 2.2. Each data point is the mean 
values of three separate assays ± SEM. 
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Figure 26ii: Scatchard analysis of saturation data for the T149A phosphorylation 
defective 5-HTiaR expressed in CHO-Kl cells 

Key; cells incubated in the absence ( • ) or presence ( • ) of 1 JJM 8-hydroxy-DPAT. 
The X-axis represents the conversion of [^H] 8-hydroxy-DPAT specific binding in 
dpm to fmol/ mg protein. The Y-axis is a ratio; this is calculated as bound radioligand 
as a function of the original "free" radioligand concentration. The Bmax (fmol/ mg) 
was calculated from the X-axis intercept. The (nM) was derived fi-om the gradient 
of each line. Data points are the mean values of three separate assays ± SEM. 
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5.2.2.U. Effect of agonist pre incubation on the T229A phosphorylation mutant 

As previously mentioned the T229A mutation was engineered into the third 

intracellular loop of the 5-HTiaR (RKT229VK) in one of the domains recognised as a 

substrate for PKC/ PKA. The disruption of the putative phosphorylation site at this 

position was proposed to play a role in the short-term regulation of receptor function 

in response to agonist incubation, therefore helping us to address one of the aims of 

this project outlined in section 1.7.1. In order to generate the specified mutations site 

directed mutagenesis of the G-21 clone (as described in the Methods section 2.1.1.) 

was performed. 

Incubations in the absence or presence of 1 juM 8-hydroxy-DP AT were performed 

exactly as described in the sections 2.4.1.iii. Membrane enriched fractions of CHO-

K1 cells expressing the mutated (T229A) 5-HTiaR were subjected to radioligand 

saturation binding analysis (Figure 27i) as described in section 2.2. 

Linear transformation of saturation data for both control and agonist-treated samples 

(Figure 27ii) enabled a calculation of B^ax and IQ. For host cells treated with PBS 

alone (control), the Bmax was estimated at 384.5 ± 26.5fmol/mg. The IQ was 

calculated to be 2.0 ± 0.5nM. For those cells treated with 8-hydroxy-DP AT (1//M) 

the Bmax was estimated at 380.9 ± 36.3fmol/mg while the K j was calculated to be 2.2 

± 0.5nM (Figure 27ii). The changes in B^ax and IQ were not significant when 

compared to the control values suggesting that this mutation attenuated the ability of 

the receptor to undergo redistribution. 

5.2.2.iii. Effect of agonist pre incubation on the S253G phosphorylation mutant 

As previously mentioned the S253G mutation was engineered into the third 

intracellular loop of the 5-HTiaR (KKS253VN) in one of the domains recognised as a 

substrate for PKC/ PKA. The disruption of the putative phosphorylation site at this 

position was proposed to play a role in the short-term regulation of receptor function 

in response to agonist incubation, therefore helping us to address one of the aims of 

this project outlined in section 1.7.1. 
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Figure 27i: Saturation analysis of specific [̂ H] 8-hydroxy-DPAT binding to the 
T229A phosphorylation defective 5-HTiaR expressed in C H O - K l cells 

5-HTiaRs expressing the T229A mutation were incubated for 20 minutes in the 
absence ( # ) or presence (H) of 1//M 8-hydroxy-DPAT. Membrane enriched fractions 
were subject to radioligand binding analysis in the presence of [^H] 8-hydroxy-DPAT 
as described in detail in sections 2.2. Each data point represents the mean of three 
separate assays ± SEM. 
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Figure 27ii: Scatchard analysis of saturation data for the T229A phosphorylation 
defective 5-HT, \R expressed in CHO-KI cells 

Key; cells incubated in the absence ( • ) or presence ( • ) of 1 /iM 8-hydroxy-DPAT. 
The X-axis represents the conversion of [^H] 8-hydroxy-DPAT specific binding in 
dpm to fmol/ mg protein. The Y-axis is a ratio; this is calculated as bound radioligand 
as a function of the original "free" radioligand concentration. The Bmax was calculated 
from the X-axis intercept. The (nM) was derived from the gradient of each line. 
Data points are the mean values of three separate experiments ± SEM. 
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In order to generate the specified mntations site directed mutagenesis of the G-21 

clone (as described in the Methods section 2.1.1.) was performed. Incubations in the 

absence or presence of 1//M 8-hydroxy-DPAT were performed exactly as described in 

the sections 2.4.1.iii. Membrane enriched fractions of CHO-Kl cells expressing the 

mutated (S253G) 5-HTiaR were subjected to radioligand binding analysis (Figure 28i) 

as described in section 2.2. 

Linear transformation of saturation data for both control and agonist-treated samples 

(Figure 28ii) enabled a calculation of Bmax and IQ. For cells treated with PBS alone 

(control), the Bmax was estimated at 545.8 ± 31 .Ofmol/mg. The Kd was calculated to 

be 7.9 ± 2.4nM. For those cells treated with 8-hydroxy-DPAT (1 /iM) the Bmax was 

estimated at 131.2 ± 24.3finol/mg while the Ky was calculated to be and 4.4 ± 1.8nM 

(Figure 2811). The decrease in Bmax for agonist treated cells was found to be highly 

significant (f<0.001) compared to control values suggesting that the mutation 

promoted receptor redistribution. The increase in receptor affinity (represented by a 

decrease in IQ) was not statistically significant. A summary of the data obtained 

when the phosphorylation mutants were incubated in the presence of l/iM 8-hydroxy-

DPAT is included in Table 4 (page 126). 
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Figure 28i: Saturation analysis of specific [̂ H] 8-hydroxy-DPAT binding to the 
S253G phosphorylation defective 5-HTiaR expressed in CHO-Kl cells 

5-HTiaRs expressing the S253G mutation were incubated for 20 minutes in the 
absence ( ^ ) or presence (H) of 1/iM 8-hydroxy-DPAT. Membrane enriched fractions 
were subjected to radioligand binding analysis in the presence of [^H] 8-hydroxy-
DPAT as described in detail in sections 2.2. Each data point represents the mean of 
three separate assays ± SEM. 
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Figure 28ii: Scatchard analysis of saturation data for the S253G phosphorylation 
defective 5-HTiaR expressed in CHO-Kl cells 

Key; cells incubated in the absencc ( • ) or presence ( • ) of 1 //M 8-hydroxy-DPAT. 
The X-axis represents the conversion of [^H] 8-hydroxy-DPAT specific binding in 
dpm to fmol/ mg protein. The Y-axis is a ratio; this is calculated as bound radioligand 
as a function of the original "free" radioligand concentration. The Bmax (fmol/ mg) 
was calculated from the X-axis intercept. The IQ (nM) was derived from the gradient 
of each line. Data points are the mean values of three separate assays ± SEM. 
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5.2.3. "Internalisation motif" mutants 

5.2.3.i. Effect of agonist preincubation on the Y400F "internalisation motiP 
mutant 

As previously mentioned the Y400F conservative mutation was engineered into the 

seventh membrane spanning domain of the 5-HTiaR (NPVIY400) in a domain 

recognised as a putative intemalisation signal. The disruption of the intemalisation 

motif at this position was proposed to interrupt receptor redistribution in response to 

agonist incubation. Therefore any observable changes in receptor redistribution rates 

in response to agonist would help us to address one of the aims of this project outlined 

in section 1.7.1that being "To define the role of putative phosphorylation sites 

located on the second and third intracellular loops and 7^ transmembrane 

intemalisation motif (NPVIY) in the cellular redistribution of the 5-HTiaR". In order 

to generate the specified mutations site directed mutagenesis of the G-21 clone (as 

described in the Methods section 2.1.1.) was performed. Incubations in the absence or 

presence of 1/iM 8-hydroxy-DPAT were performed exactly as described in the 

sections 2.4.1.iii. Membrane enriched fractions of CHO-Kl cells expressing the 

mutated (Y400F) 5-HTiaR were subjected to radioligand binding analysis (Figure 29i) 

as described in section 2.2. 

Linear transformation of saturation data for both control and agonist-treated samples 

(Figure 29ii) enabled a calculation of Bmax and IQ in terms of nM. For host cells 

treated with PBS alone (control), the Bmai was estimated at 104.5 + 6.4fmol/mg. The 

Kj was calculated to be 2.7 ± 0.3nM. For those cells treated with 8-hydroxy-DPAT 

(ljUM) the Bmax was estimated at 99.7 + 31.9fmol/mg while the K j was calculated to 

be and 5.7 ± 2.9nM (Figure 29ii). The changes in Bmax and IQ were not significant 

when compared to the control values suggesting that this mutation attenuated the 

ability of the receptor to undergo redistribution. 

5.2.3.ii. Effect of agonist pre incubation on the Y400A "internalisation motif" 
mutant 

As previously mentioned the Y400A non-conservative mutation was engineered into 

the seventh membrane spanning domain of the 5-HTiaR (NPVIY400) in a domain 

recognised as a putative intemalisation signal. 
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Figure 29i: Saturation analysis of specific [ H] 8-hydroxy-DPAT binding to the 
Y400F internalisation motif mutant 5-HTiaR expressed in CHO-Kl cells 

5-HTiaRs expressing the Y400F mutant were incubated for 20 minutes in the absence 
( ^ ) or presence (H) of 1/iM 8-hydroxy-DPAT. Membrane enriched fractions were 
subject to radioligand binding analysis in the presence of [^H] 8-hydroxy-DPAT as 
described in detail in sections 2.2. Each data point represents the mean of three 
separate assays ± SEM. 
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Figure 29ii: Scatchard analysis of saturation data for the Y400F internalisation 
defective 5-HTiaR expressed in CHO-Kl cells 

Key; cells incubated in the absence ( • ) or presence ( • ) of 1 jlM 8-hydroxy-DPAT. 
The X-axis represents the conversion of [^H] 8-hydroxy-DPAT specific binding in 
dpm to finol/ mg protein. The Y-axis is a ratio; this is calculated as bound radioligand 
as a function of the original "free" radioligand concentration. The Bmax (fmol/ mg) 
was calculated from the X-axis intercept. The IQ (nM) was derived from the gradient 
of each line. Data points are the mean values of three separate assays ± SEM. 
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The disruption of the intemalisation motif at this position was proposed to interrupt 

receptor redistribution in response to agonist incubation. Therefore any observable 

changes in receptor redistribution rates in response to agonist would help us to address 

one of the aims of this project outlined in section 1.7.1., that being "To define the role 

of putative phosphorylation sites located on the second and third intracellular loops 

and 7^ transmembrane intemalisation motif (NPVIY) in the cellular redistribution of 

the 5-HTiaR". In order to generate the specified mutations site directed mutagenesis 

of the G-21 clone (as described in the Methods section 2.1.1.) was performed. 

Incubations in the absence or presence of 1 /JM 8-hydroxy-DPAT were performed 

exactly as described in the sections 2.4.1.iii. Membrane enriched fractions of CHO-

K1 cells expressing the mutated (Y400A) 5-HTiaR were subjected to radioligand 

binding analysis (Figure 30i) as described in section 2.2. 

Linear transformation of saturation data for both control and agonist-treated samples 

(Figure 30ii) enabled a calculation of Bmax and Kd in terms of nM. For host cells 

treated with PBS alone (control), the Bmax was estimated at 78.6 ± O.Sfinol/ mg. The 

Kd was calculated to be 5.8 + 0.6nM. For those cells treated with 8-hydroxy-DP AT 

(I/zM) the Bmax was estimated at 94.3 ± 3.0fmol/mg while the Ky was calculated to be 

and 8.7 ± 0.5nM (Figure 3011). Changes in Bmax and Kd for agonist treated cells were 

found to be significant (f<0.05 and P<0.05 respectively) when compared to control. 

These data suggest that the substitution of an aromatic residue for a non-aromatic 

amino acid at this site had the effect of increasing the availability of receptors at the 

plasma membrane whilst maintaining a low nanomolar affinity for the agonist. 

A summary of the values obtained for all "intemalisation mot i f mutant receptor types 

is included (Table 4; page 126). 
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Figure 30i: Saturation analysis of specific [̂ H] 8-hydroxy-DPAT binding to the 
Y400A internalisation defective 5-HTiaR expressed in CHO-Kl cells 

5-HTiaRs expressing the Y400A mutation were incubated for 20 minutes in the 
absence ( • ) or presence (ffl) of l/iM8-hydroxy-DPAT. Membrane enriched fractions 
were subject to radioligand binding analysis in the presence of [^H] 8-hydroxy-DPAT 
as described in detail in sections 2.2. Each data point represents the mean of three 
separate assays + SEM. 
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Figure 30ii: Scatchard analysis of saturation data for the Y400A internalisation 
defective S-HTjaR expressed in CHO-Kl cells 

Key; cells incubated in the absence ( ^ ) or presence (H) of I fjM 8-hydroxy-DPAT. 
The X-axis represents the conversion of [^H] 8-hydroxy-DPAT specific binding in 
dpm to fmol/ mg protein. The Y-axis is a ratio; this is calculated as bound radioligand 
as a function of the original "free" radioligand concentration. The B^ax (finol/ mg) 
was calculated from the X-axis intercept. The K<j (nM) was derived from the gradient 
of each line. Data points are the mean values of three separate assays ± SEM. 
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Table 4: Summary of calculated B,„AX and Ky values for 5-HTJ ARS incubated in 
the presence of the specific agonist 8-hydroxy-DPAT 

1 (Gnol/ mg) 

8-hydroxy-
DPATKd 
(nM) 

8-hydroxy-
DPATBmax 
(% PBS) 

8-hydroxy- j 
DPAT Kd 
(94PBS) 1 

Unmutated 663.4 ± 19.0 5.5 ± 0.3 82.4 ± 0.3 ^ 220 ± 5.4 * 

Phosphorylation 
Loop 2 T149A 

330 + 37/4 1.7 ±0.7 109 ± 11.3 189 ±40 

1 Phosphorylation 
1 Loop 3i T229A 

380.9 ±36.3 2.2 ± 0.5 99 ± 9.5 I00±2Z7 

IPhosphaqdaUon 
Loop 3ii S253G 

13L2 
± 2 4 J 

4.4+1.8 24 ±18.5 
-k -k k 5 6 ± 4 0 

Intemalisation 
NPVIY400F 

99.7 + 31.9 5.7 + 2.9 95 ± 3 2 211 ±50 

1 Intemalisation 
NPVIY400A 

94.3 ±3 .0 8.7 ±0.3 120 ±3 .0 ^ 150 ±0.3 * 

1 Epitope 
1 Tagged | 

127.8 +1.5 9.9+ 0.6 80.3 + 0.1 * 81.4 ± 4.5 

* Indicates level of data significance using students t-test. 

-k'k 
•k -k -k 

=f<0.05 
=f<0.01 

<0.001 
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5.3. i n h i b i t i o n o f r e c e p t o r r e d i s t r i b u t i o n 

5.3.1. Introduction 

The experimental data presented in this section provide further evidence for the 

phenomenon of receptor intemalisation. To help us address this question it was 

hypothesised that compounds shown to prevent receptor intemalisation in the hands of 

other authors (see for example Pippig et al., 1995) such as hypertonic sucrose 

solutions and concanavalin A, may in our system also be effective in attenuating 

receptor redistribution. To test this idea various concentrations of sucrose and 

Concanvalin A were used to pre-treat CHO-Kl cells expressing the human 5-HTiaR 

prior to agonist exposure. 

5.3.2. Effect of hypertonic sucrose 

As already discussed in earlier chapters hypertonic sucrose is thought to exert its 

effect due to an increased external solute concentration, disrupting the osmotic 

potential of the cell causing a net loss of water. Exposure to hypertonic medium and 

intracellular potassium depletion has also been shown to induce the loss of plasma 

membrane-associated clathrin lattices and disappearance of clathrin-coated pits 

(Hansen et al., 1993). The experimental methods used here were very similar to those 

outlined in section 2.4.1.iii. except that cells were incubated in the absence or 

presence of the specified compound whilst still adherent to the culture dish. The cells 

were then washed with PBS in a similar fashion to those described in section 2.4.1.iii. 

and then pooled prior to [^H] 8-hydroxy-DPAT binding studies. In this case pre-

incubation of CHO-Kl cells expressing the 5-HTiaR with l ^ M 8-hydroxy-DPAT 

resulted in a significant decrease (72.5 %; P<0.05) in 2.5nM [^H] 8-hydroxy-DPAT 

binding when compared to the control cells incubated in PBS indicating the levels of 

receptor redistribution under normal conditions. CHO-Kl cells were briefly pre-

incubated (for 20 minutes at 37°C) in a range of hypertonic sucrose solutions (from 

0.4M to 0.8M) prior to incorporation of unlabelled agonist in the reaction mixture. 

126 



Chapter 5 

•D 
C 
15 

s i 
00 O 

% 

140 

120 

100 

U P B S 

gB-OH-DPAT 
B Sucrose 

&5 &6 0^ 
Sucrose Concent ra t ion (M) 

Figure 31: Effect of pre incubation with hypertonic sucrose on the specific 
binding of |'H] 8-hydroxy-DPAT to CHO-Kl cells expressing the unniutated 5-
HTiAR 

CHO-Kl cells expressing the human 5-HT]aR were incubated in the absence or 
presence of hypertonic sucrose solutions (0.4-0.8M) for 20 minutes prior to incubation 
with PBS in the absence or presence 1/xM 8-hydroxy-DPAT. Key; PBS = cells treated 
with PBS alone, 8-hydroxy-DPAT = cells treated with PBS in the presence of 1 //M 8-
hydroxy-DPAT and Sucrose = cells treated with PBS in the presence of 1/iM 8-
hydroxy-DPAT and hypertonic sucrose at specified concentrations. All reactions were 
then terminated using an ice-cold PBS wash and membrane fractions were prepared as 
described previously (Methods section 2.2.). Radioligand binding was performed 
using 2.5nM [^H] 8-hydroxy-DPAT. All data points represent the mean value of three 
separate assays ± SEM. * indicates level of significance (P<0.05) for results which 
were significantly different from each other. 

127 



Chapter 5 

Following radioligand binding analysis, the results showed a significant inhibition in 

the decrease of [^H] 8-hydroxy-DPAT specific binding induced by 1 /xM 8-hydroxy-

DPAT. It was however apparent that at all sucrose concentrations tested, specific 

binding of [^H] 8-hydroxy-DPAT was submaximal when compared to control cells. 

At the two highest concentrations tested (0.7 and 0.8M) a significant (P<0.05) 

attenuation of the decrease in [^H] 8-hydroxy-DPAT initiated by 1/xM 8-hydroxy-

DPAT was observed (72.9 ±12.7 and 87.0 ± 15.1% respectively; Figure 31). When 

lower concentrations of sucrose were used (0.4, 0.5 and 0.6M) reduction in specific 

binding (35.9 ± 2.7, 24.8 ± 4.1 and 23.3 ±8.7% respectively; Figure 31) were 

observed but the changes were not significant upon analysis. Incubation of the CHO-

Kl cells with PBS in the presence of all hypertonic sucrose solutions had no 

observable effect on the specific binding of 8-hydroxy-DPAT (results not 

shown). 

5.3.3. Effects of Concanavalin A (Con A) 

As already discussed in previous chapters Con A is a lectin isolated from the jack 

bean plant which has a high affinity for terminal a-D-mannosyl and cc-D glucosyl 

residues found within surface glycoproteins and impairs their mobility within the 

membrane bilayer (Luttrell et al., 1997). The experimental methods used here were 

very similar to those outlined in section 2.4.1.iii. except that cells were incubated in 

the absence or presence of the specified compound whilst still adherent to the culture 

dish. The cells were then washed with PBS in a similar fashion to those described in 

section 2.4.1.iii. and then pooled prior to [^H] 8-hydroxy-DPAT binding studies. In 

this case incubation of CHO-Kl cells expressing the unmutated 5-HTiaR with 1/zM 

8-hydroxy-DPAT resulted in a significant mean decrease (79.3 ± 5.38%, P<0.01) in 

[^H] 8-hydroxy-DPAT binding when compared to the control cells incubated with 

PBS alone (control values were set to 100%). 

CHO-Kl cells were pre-treated with Concanavalin A (Con A) within the range 50 //g/ 

ml to Img/ ml for 20 minutes at 37°C prior to incorporation of unlabelled agonist in 

the reaction mixture. 
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F i g u r e 3 2 : E f f e c t o f p r e i n c u b a t i o n w i t h C o n c a n a v a l i n A ( C o n A ) o n s p e c i f i c 

b i n d i n g o f | ' H j 8 - h y d r o x y - D P A T to C H O - K l cel ls e x p r e s s i n g t h e u n m u t a t e d 5-

HTiAR 

CHO-Kl cells expressing the unmutated human 5-HTiaR were incubated in the 
absence or presence of Concanavalin A (50 jug/ ml-lmg/ ml) for 20 minutes prior to 
incubation in the absence or presence l/iM 8-hydroxy-DPAT. Key; PBS = cells 
treated with PBS alone, 8-OH-DPAT = cells treated with PBS in the presence of 1/iM 
8-hydroxy-DPAT, Concanavalin A = cells treated with PBS in the presence of l/^M 8-
hydroxy-DPAT plus Concanavalin A at specified concentrations. All reactions were 
then terminated using an ice-cold PBS wash and membrane fractions were prepared as 
described previously (Methods section 2.2). Radioligand binding analysis was 
performed in the presence of 2.5nM [^H] 8-hydroxy-DPAT. All data points are the 
mean value of three separate assays ± SEM. * indicates level of significance 
(P<0.05) for results which were significantly different. 
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With all C o n A concentrations tested, 8 - h y d r o x y - D P A T spec i f i c binding was 

found to be submaximal (i.e. less than 100% of the control cell binding) when 

compared to those cells incubated with PBS alone. At the two highest concentrations 

of Con A used (SOOfig/ ml and Img/ ml) a significant (P<0.05) attenuation of the 

decrease in [^H] 8-hydroxy-DPAT triggered by IjiM 8-hydroxy-DPAT was observed 

(61.4 ± 14.7% and 83.6 ± 10.3% respectively; Figure 32). The lower concentrations 

of Con A (50fig/ ml 100/ig/ ml and 250fig/ ml) tested, also resulted in an increase of 

[^H] 8-hydroxy-DPAT specific binding but when these results were compared to those 

obtained following treatment with IfiM unlabelled 8-hydroxy-DPAT they were not 

significant. Incubation of the CHO-Kl cells with PBS in the presence of all Con A 

concentrations had no observable effect on the specific binding of [^H] 8-hydroxy-

DPAT (results not shown). 

5.3.4. Receptor recycling and the effects of cycloheximide 

In these experiments we aimed to demonstrate that once the 5-HTiaR had internalised 

upon agonist incubation, it was able to recycle to the cell surface even in the presence 

of the protein synthesis inhibitor cycloheximide (Obrig et al., 1971). We reasoned 

that if, after agonist challenge an increase in [^H] 8-hydroxy-DPAT was recorded even 

in the presence of cycloheximide, that the increase in specific binding could be 

uncoupled from new receptor synthesis and therefore could only be receptor recycling. 

All experiments were performed as outlined in section 2.4.1 .iii. except that instead of 

full receptor saturation analysis being performed, only the binding of 2.5nM [^H] 8-

hydroxy-DPAT was defined. 

The intact CHO-Kl cells expressing the unmutated 5-HTiaR were incubated in the 

absence or presence of the protein synthesis inhibitor cycloheximide {20figj ml) fori 

hour followed by incubation for 20 minutes in the absence or presence of l^M 8-

hydroxy-DPAT at 37°C. Membrane enriched fractions were then prepared and 

subjected to radioligand binding analysis in the presence of 2.5nM [^H] 8-hydroxy-

DPAT as previously described (Methods section 2.2). 

130 



Chapter 5 

9 •§ 
X E 

2 X 

00 O 

- : r 

II 
o 

O ^ 
Q. 
CO 

130.0 

120.0 

110.0 

10&0 

90.0 

8&0 

7&0 

6&0 

5&0 

-#— PBS alone (control) 

-®— Control + Cyclohexamide 

-A—S-hydroxy-DPAT + Cycloheximide 

10 20 30 

Time (minutes) 

40 50 

Figure 3 3 : E f f e c t of the protein synthes i s inhibi tor; c y c l o h e x i m i d e on t ime-

dependent redistribution of the unmutated 5-HTiaR 

Intact CHO-Kl cells expressing the unmutated 5-HTiaR were incubated in the 
absence or presence of 20/ig/ml cycloheximide for 1 hour before incubation in the 
absence or presence of l^M 8-hydroxy-DPAT (at 37°C for time periods indicated 
above). At 1, 10 and 20-minute intervals, aliquots of cell suspension were removed 
from all reaction tubes and divided in half. One half an aliquot was washed with 
room temperature PBS, and returned to the incubator in the absence of 8-hydroxy-
DPAT for periods up to 50 minutes. The remaining half aliquots were used to prepare 
a membrane enriched fraction which was subjected to radioligand binding in the 
presence of [^H] 8-hydroxy-DPAT (2.5nM). All data points are the mean values of 
three separate assays ± SEM. 
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There w a s an observed decrease in spec i f i c 8 - h y d r o x y - D P A T binding for ceUs 

incubated with PBS in the presence of cycloheximide and 1 / /M 8-hydroxy-DPAT of 

29.6% to 70.4 ± 2.9% that of the control values (PBS in the presence of 

cycloheximide) and 23.1% to 76.9 ± 3.5% that of the control values at time points 10 

and 20 minutes respectively. All values were found to be significant when compared 

to cells incubated with PBS in the presence of cycloheximide alone (in all cases 

f<0.05; Figure 33). 

Early indications also suggested that the S253G mutant version of the 5-HTiaR was 

able to internalise upon agonist challenge. This led us to question if the receptor 

mutant Was also able to recycle in the presence of cycloheximide. hi order to test this 

hypothes is intact C H O - K l cel ls express ing the S253G mutant f o r m o f the S -HTi^R 

were preincubated with PBS in the absence or presence of cycloheximide (20/ig/ ml) 

for 1 hour prior to incubation for 20 minutes in the absence or presence of 1 fiM 8-

hydroxy-DPAT at 37°C. Membrane enriched fractions were prepared and then 

subjected to radioligand binding analysis with 2.5nM [^H] 8-hydroxy-DPAT as 

described previously (2.2.). 

The observed decrease in specific [^H] 8-hydroxy-DPAT binding for cells incubated 

in the presence of cycloheximide and l^M 8-hydroxy-DPAT was 28.0 ± 3.6% and 

15.3 ± 3.2% at time points 10 and 20 minutes respectively. All values were found to 

be significant when compared to the specific [^H] 8-hydroxy-DPAT binding of those 

cells incubated in the presence of cycloheximide alone (in all cases f<0.01; Figure 

34y 
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F i g u r e 3 4 : T h e e f f e c t of t h e p r o t e i n synthes i s inh ib i tor , c y c l o h e x i m i d e o n t i m e 

d e p e n d e n t r e d i s t r i b u t i o n o f t h e S253G m u t a n t 5 - H T , \ R 

CHO-Kl cells expressing the S253G mutant 5-HTiaR were incubated in the absence or 
presence of 20/ig/ml cycloheximide for 1 hour before incubation in the absence or 
presence of 1 8-hydroxy-DPAT (at 37°C for time periods indicated above). At 
periods of 1, 10 and 20-minutes, aliquots of cell suspension were removed from all 
reaction tubes and divided in half One half an aliquot was washed with room 
temperature PBS, and returned to the incubator in the absence of 8-hydroxy-DPAT for 
periods up to 50 minutes. The remaining half aliquots were used to prepare a 
membrane enriched fraction which was subjected to radioligand binding in the 
presence of 2.5nM [^H] 8-hydroxy-DPAT. All data points are the mean values of 
three separate assays ± SEM. 
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5.4. d i s c u s s i o n 

5.4.1. Internalisation strategy 3 

This section of the discussion will be entirely dedicated to reviewing the evidence 

provided suggesting that the 5-HTIAR is subject to endocytosis using the third 

intemalisation protocol. This first section will be concerned with the unmutated 5-

HTiaR and will cover findings indicating that the receptor is able to internalise, 

recycle and the pathways involved. Once covered it should provide a basis for the 

comparison of results obtained using mutated variants of the 5-HTIAR. The 

comparison of unmutated and mutated receptor variants will help to address the 

hypothesis that mutations created in consensus phosphorylation and intemalisation 

motif (NPVIY) would abolish agonist-mediated intemalisation. 

5.4.2. Definition of the unmutated 5-HTiAR internalisation 
characteristics 

After 20 minutes of agonist incubation at 37°C, approximately 20% of unmutated 5-

HTjaRs were observed to internalise to an intracellular compartment of the CHO-Kl 

cell. Again as with other experiments described earlier, receptor intemalisation was 

defined by the loss of specific [^H] 8-hydroxy-DPAT and [^H] spiperone from isolated 

CHO-Kl plasma membranes. However, in these experiments rather than just the 

specific binding of one [^H] 8-hydroxy-DPAT concentration (i.e. 2.5nM) being 

defined, complete saturation analysis was performed on the isolated cell plasma 

membranes. Complete saturation analysis allowed the definition of the actual loss of 

receptors in terms of Bmax and the change in ligand/ receptor affinity (Kd) if any. 

Unmutated 5-HTIARs were observed to internalise after 20 minutes of incubation with 

8-hydroxy-DPAT at 37°C. Except in this experiment intemalisation was defined by 

the loss of specific [^H] spiperone binding to isolated CHO-Kl plasma membranes. 

The specific binding of [^H] spiperone was observed to decrease by 28% when 

compared to CHO-Kl cells incubated with PBS (control). This was an important 

experiment because it demonstrated that the decrease in receptor [^H] 8-hydroxy-

DPAT binding observed for all other experiments was not due to receptor 
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desensit isat ion and receptor/ G protein uncoupl ing. Resul ts presented b y Sundaram e/ 

al., (1993) demonstrated the decrease in specific [^H] 8-hydroxy-DPAT binding and 

the increase of [^H] spiperone binding upon receptor activation. In other words 

activation of the receptor by 8-hydroxy-DPAT leads to the desensitisation of the 

receptor decreasing the receptor affinity for [^H] 8-hydroxy-DPAT and increasing the 

affinity for [^H] spiperone. Thus, the decrease in [^H] 8-hydroxy-DPAT specific 

binding upon agonist treatment was not just the transition of the receptor to a lower 

agonist affinity state (desensitised) but an actual loss of receptors from the cell plasma 

membrane. 

Comparison of this unmutated rate of intemalisation (20-28% receptor intemalisation 

after 20 minutes) with rates reported by other research groups for other receptor types 

demonstrated the rate presented here to be considerably slower. Ten minutes after 

agonist addition >50% of )%-ARs expressed in HEK 293 cells were internalised 

(Moore et al., 1995). Intemalisation of 80-90% of human muscarinic2 (M2) receptors 

expressed in CHO-Kl cells occurred within 19 minutes (Tsuga et al., 1998). Results 

presented by Hasbi et al., (2000) also demonstrated that after 15 minutes of agonist 

incubation, 60 to 70% of human 5-opioid receptors (also coupled to G; and Go) had 

undergone intemalisation. The findings presented here were in agreement with those 

presented by Harrington et ah, (1994), regarding the 5-HT]aR expressed in HeLa 

cells. They were able to demonstrate an 80% decrease in receptor numbers in 

response to short term agonist incubation. However, data published by Cowen et al., 

(1997), suggested that the 5-HTiaR was unable to internalise in CHO cells after 10 

minutes of agonist incubation (or at any time). There is no obvious reasons why the 

results of Cowen et al., (1997) were so different from these presented here and by 

Harrington et al., (1994). Possible explanations for the difference in results might be 

the use of a different radioligand ([^H]-MPPI) to define receptor binding and slightly 

different methods for membrane preparation employed in their study. 

The unmutated 5-HTiaR was also observed to recycle from an intracellular 

compartment to the plasma membrane once the agonist had been removed from the 

incubation medium. When the CHO-Kl cells were incubated with the agonist, the 

receptors were observed to be maximally internalised within 10-20 minutes. The 

135 



Chapter 5 

mtemal i sat ion and recycl ing o f the receptor w a s indicated b y a n initial decrease in 

[^H] 8-hydroxy-DPAT binding followed by a recovery in the amount of radioligand 

binding. To ensure that the recovery of radioligand binding was not due to the 

synthesis of new receptors, the cells were incubated for 1 hour in the presence of the 

protein synthesis inhibitor, cycloheximide. Unmutated 5-HTIARS were still observed 

to recycle in the presence of cycloheximide, consequently, new receptor synthesis 

could be divorced from the observed increase in [^H] 8-hydroxy-DPAT binding 

suggesting an actual recycling event. 

Recycling has been described for a number of receptors and has been suggested as a 

mechanism by which the cell can regulate the function of a specific receptor. As with 

receptor intemalisation and blockade of receptor intemalisation, recycling of receptors 

is a well-documented event. The list of receptors that are known to recycle include, 

the M3 muscarinic receptor (Szekeres et ah, 1998), the ^ A R (Pippig et ah, 1995; 

Morrison et al, 1996.), the 5-opioid receptor (Hasbi et ah, 2000) and the //-opioid 

receptor (Segredo et al, 1997). 

The intemalisation of the 5-HTIAR was also susceptible to the actions of Con A and 

hypertonic sucrose solutions. Both Con A and hypertonic sucrose solutions were 

observed to block receptor intemalisation in a dose dependent manner. This blockade 

of receptor intemalisation was represented by a gradual attenuation of the decrease in 

[^H] 8-hydroxy-DPAT binding triggered by the unlabelled agonist. In other words, at 

the higher concentrations of Con A and sucrose used, almost complete blockade of 

receptor intemalisation was observed. 

Hypertonic sucrose solutions and Con A are compounds that are commonly used to 

block the intemalisation of a wide range of receptor types. The blockade of receptor 

intemalisation by hypertonic sucrose and Con A have been reported for among others 

the 5-opioid receptor (Law et al., 2000; Hasbi et al., 2000), the angiotensin2 type 1 

receptor (Tang et ah, 2000), the M3 muscarinic receptor (Edwardson & Szekeres, 

1999) and the ^ A R (Pippig et al., 1995). 

136 



Chapter 5 

The regulation o f surface b o u n d receptors is an important f u n c t i o n in cel l homeostas i s 

and as presented here CHO-Kl cells demonstrate the ability to regulate 5-HTiaR 

function through intemalisation. Intemalisation of the receptor is an integral part of 

the desensitisation process involved in the short-term regulation of receptor function. 

Initially receptor desensitisation occurs, which can be defined as the addition of 

phosphate groups to serine and threonine residues within consensus sequences, in an 

intracellular environment, although this is not an absolute requirement. The three 

proteins that are implicated in 5-HT]aR phosphorylation are, PKC (Raymond, 1991), 

PKA (Harrington et al, 1994) and GRKs (Nebigil et al., 1995). Four putative PKC 

phosphorylation sites, two putative PKA sites and 17 potential substrate residues for 

GRKs (Raymond et al., 1999) are contained within the 2"^ and 3"̂  intracellular loops 

of the receptor (Figure 5). The phosphorylation of the receptor is associated with 

uncoupling of several signals in several cell types including AC and PLC (Harrington 

et al., 1994; Raymond, 1991). After the receptor has been phosphorylated the next 

proposed step is association of the receptor with arrestin proteins and eventual 

receptor intemalisation (Fremont et ah, 1995; Law et al., 2000). Arrestins are known 

to bind the receptor with high affinity but Lee et al., (2000) proposed that receptor 

phosphorylation "facilitates the removal of an inhibitory constraint that precludes 

receptor-arrestin association in the absence of receptor phosphorylation". The arrestin 

proteins block the ability of the receptor to continue activating intracellular cascades 

(Alberts et ah, 1994). Phosphorylation of the GPCR at the consensus phosphorylation 

sequences is thought to be the precursor for receptor intemalisation. Further evidence 

for the requirement of receptor phosphorylation in intemalisation was provided by 

Hipkin et al., (2000). Results presented by Hipkin et al, (2000) showed that 

activation of PKC by PMA led to the phosphorylation and intemalisation of the 

somatostatiniA receptor GPCR by a mechanism, which was sensitive to PKC 

inhibitors (GF109203X) but insensitive to hypertonic sucrose. 

The recycling and resensitisation of several receptors has been reported, but perhaps 

the best characterised of these are the j%AR (Ferguson et ah, 1996b, Krueger et al., 

1997) and the muscarinic Mg receptor expressed in SHSY5Y neuroblastoma cells 

(Szekeres et al., 1998). Of the various intemalisation pathways utilised by GPCRs it 

is unclear as to what factors regulate the exact pathway of receptor intemalisation. It 

137 



Chapter 5 

has b e e n reported that G P C R s can use a number o f in temal i sa t ion pathways including 

the clathrin-mediated pathway (jSzAR; Zhang et al, 1996), caveolae mediated pathway 

(^AR; Raposo et al., 1989) and non-clathrin mediated pathway (Damke et al, 1995). 

The list of agents used to study receptor intemalisation, resensitisation and recycling 

included; inhibitors of protein phosphatases, (calyculin), agents that disrupt 

endosomal vesicle acidification (NH4CI), agents that prevent receptor recycling 

(nigericin) and agents that prevented receptor endocytosis (hypertonic sucrose solution 

and concanavalin A). The use of such compounds has showed that receptor 

intemalisation is important in the function of resensitisation. Resensitisation can be 

defined as the dephosphorylation of an internalised receptor resulting in receptor 

reactivation. Resensitisation is known to occur in intracellular vesicles and is 

performed by protein phophatases (Ferguson et al., 1996b). The actual resensitisation 

of a receptor also precedes receptor recycling (Innaniorati et al., 1999). Another 

function of the endosomal vesicle is thought to be the uncoupling of the receptor from 

its ligand which occurs when the pH of the vesicle is lower by a proton pump 

(Ferguson et al., 1996b). Once both processes of receptor dephosphorylation and 

ligand uncoupling have finished, the receptor is free to recycle to the cell surface in a 

functional state. 

The function of receptor intemalisation has therefore been proposed as a mechanism 

by which the cell can dephosphorylate/ resensitise the receptor or in the case of 

prolonged receptor activity (>3hrs), downregulate receptor protein (Hasbi et al., 

2000). In the case of the 5-HTIAR, desensitisation and phosphorylation has been 

reported (Harrington et al., 1994; Raymond, 1991; Nebigil et al., 1995) and 

intemalisation and recycling of the 5-HTIAR has been shown in this study. It is 

therefore reasonable to assume judging by the evidence presented by other authors 

that 5-HTIAR phosphorylation is an important precursor to the intemalisation of the 

receptor. 

The data shown in Figures 31 and 32 show the ability of hypertonic sucrose and Con 

A to interfere with 5-HTiaR redistribution in response to agonist incubation, 

suggesting that the 5-HTiaR is indeed undergoing intemalisation. The exact 

mechanism by which hypertonic sucrose solutions act to disrupt cellular 
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intemalisation is unknown, but it is thought to induce the l o s s o f plasma membrane-

associated clatlirin lattices and disappearance of clathrin-coated pits (Hansen et ah, 

1993). This loss and disruption of the cells intemalisation machinery is thought to 

retard receptor redistribution. Concanavalin A is also a specific antagonist of 

endocytosis, specifically clathrin-mediated endocytosis. Again relatively little is 

known of its mechanism of action but it is thought that its high affinity for terminal a-

D-mannosyl and a-D glucosyl residues found within surface glycoproteins, impairs 

their mobility within the membrane bilayer (Luttrell et al, 1997). The loss of 

membrane fluidity caused by Con A is thought to inhibit clathrin-dependent endocytic 

vesicles formation and thus clathrin mediated endocytosis. The ability of both 

compounds to specifically inhibit clathrin mediated endocytosis pathway indicates 

that one route of 5-HTiaR intemalisation in CHO-Kl cells is via the clathrin-mediated 

pathway. These findings present here are in agreement with results presented for the 

human 5-opioid receptor (Hasbi et al, 2000) the human M3 muscarinic receptor 

(Edwardson & Szekeres 1999) and the human ^ A R (Pippig et al., 1995) and the 

opioid receptor (Segredo et al., 1997). 

In summary, the 5-HTiaR has been shown in this study to internalise and recycle via a 

clathrin mediated pathway. Phosphorylation of the receptor has been implicated in 

receptor desensitisation. To investigate if these phosphorylation sequences are as 

important in regulation of receptor intemalisation a series of mutation were 

engineered in to the intracellular loops of the 5-HTiaR. In work presented here and 

by other groups the NPXY motif found in the seventh transmembrane domain of the 

5-HTiaR and other receptors has also been implicated in receptor intemalisation. 

Two mutations were engineered into the receptor at position 400 to see if the NPXnY 

motif also had a role in 5-HTiaR intemalisation. With these mutated variants of the 

5-HTiaR it is hoped that we can address the hypothesis, which suggests the important 

role for consensus phosphorylation sequences and the NPXnY motif in 5-HTiaR 

intemalisation. 
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5.4.3. Characteristics of the epitope-tagged 5-HTIAR in terms of 
internalisation 

An epitope-tag was engineered into the extracellular amino-terminus of the S-HTiaR 

and the response of this modified receptor to radioligand binding (section 3.2.1.) and 

GTP}S (section 3.1.5.) were described earlier in discussion section 3.3. In brief, the 

epitope tagged receptor was able to interact with G proteins (showed using GTPyS), 

and was, able to bind [^H] 8-hydroxy-DPAT with an affinity in the low nM range. 

The epitope-tagged 5-HTiaR internalised at a rate that was comparable to the 

unmutated receptor. The intemalisation of the receptor was indicated by a 20% 

decrease in specific [^H] 8-hydroxy-DPAT binding to isolated CHO-Kl plasma 

membranes after agonist incubation when compared to control. This would indicate 

that the engineered epitope-tag had not affected the receptor conformation and hence 

the ability to interact with cellular intemalisation apparatus. Pharmacological analysis 

suggested a normal coupling to G proteins. The results presented here were in 

agreement with the literature. Several groups have successfully engineered epitope 

tags into the amino terminal of the ^-opioid receptor (Segredo et ah, 1997; Arden et 

ah, 1995), and the amino-terminal of the j%AR (Morrison et al., 1996; Von Zastrow & 

Kobilka, 1992). All of which reported that the mutations induced did not affect 

receptor characteristics, as assessed by tracer binding studies in the case of the fi-

opioid receptor and flow cytometry and radioligand binding assays in the case of the 

/kAR. 

Since the epitope-tagged receptor was found to display similar characteristics to the 

unmutated receptor, it was deemed suitable for use in studies aimed at, visually 

tracking receptor intemalisation in a time dependent fashion. During this study, the 

epitope-tagged receptors were subjected to a limited feasibility test using FITC 

conjugated antibodies (data not shown), time constraints precluded a thorough study. 

That said, real time visualisation of receptor movement in response to agonist 

exposure would be an interesting and useful subject for further study. 
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5.4.4. Mutant 5-HTIARS displaying accelerated rates of internalisation 

Perhaps the most novel finding from this investigation was the discovery that 

replacement of serineass by glycine located within a consensus PKC phosphorylation 

site in the 3"̂  intracellular loop facilitated 5-HTIAR intemalisation. The exact aim of 

this mutation engineered into the 5-HTIAR was to disrupt a putative PKC 

phosphorylation thought to be important in receptor function and signalling. The 

S253G mutant variant of the receptor was observed to internalise by 75% upon agonist 

incubation (i.e. 75% of receptors were absent from the isolated CHO-Kl plasma 

membrane) when compared to control. The mutation did not significantly affect 

ligand binding affinity as it was observed to be in the low nanomolar range, an 

observation that was corroborated by Lembo & Albert, (1995). Upon incubation of 

the receptor with unlabelled ligand the receptors' affinity for 8-hydroxy-DPAT did 

increase (approximately 44%, from 7 .9 to 4 . 4 n M ) this m a y h a v e b e e n an artefact o f 

the experimental methods used as it was not a significant increase. However, there is 

a possibility that at this consensus phosphorylation site (serine253), phosphorylation 

results in a desensitisation effect present in the unmutated receptor but absent in the 

s253g mutant 5-HTIAR. 

The s253g mutant 5-HTIAR was also shown to recycle from an intracellular 

compartment once the agonist had been removed. When the CHO-Kl cells 

expressing the mutant variant of the 5-HTiaR were incubated with the agonist 8-

hydroxy-DPAT, the receptors were maximally internalised within 10-20 minutes. 

When the unlabeled agonist was removed, the receptors were observed to recycle back 

to the cell surface. Both receptor intemalisation and recycling were defined by the 

decrease (within 10 to 20 minutes) upon agonist incubation and then increase (after 40 

to 50 minutes) of specific [^H] 8-hydroxy-DPATspecific binding after the cells were 

washed with PBS. To ensure that the recovery of radioligand binding was not due to 

the synthesis of new receptors, the cells were incubated for 1 hour in the presence of 

the protein synthesis inhibitor, cycloheximide. s253g mutants were found to recycle 

in the presence of cycloheximide and consequently, the observed increase in specific 

[^H] 8-hydroxy-DPAT binding suggested a recycling event, which could be 

dissociated from the synthesis of new receptor protein. 
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The literature regarding the increased intemalisation and recycling of a receptor, upon 

mutation of putative phosphorylation sequence, is limited. Most literature reports the 

lack of intemalisation of phosphorylation mutants (for example Lee et al, 2000). 

However, Wolf et ah, (1999) were able to show that mutation of threonines94 to 

alanine (a putative AEPT394AP phosphorylation motif located within the carboxy-

terminus) facilitated intemalisation and resensitisation (i.e. recycling) of the rat fi-

opioid receptor (which also couples to GJ. They suggested that T394 represented a 

negative regulatory signal for //-opioid receptor intemalisation (Wolf et al., 1999). 

Other authors have also provided evidence suggesting that phosphorylation of the rat 

//-opioid receptor by PKC is detrimental to receptor intemalisation (Ueda et al., 

2001). In the absence of any specific PKC inhibitors, morphine was unable to trigger 

intemalisation, however, in the presence of specific inhibitors of PKC cc^and 7 

isoforms (calphostin C, Go6967 and HBDDE) morphine was able to initiate receptor 

intemalisation. These findings suggested that PKC isoforms aj3 and /prevent //-

opioid receptor intemalisation and eventually resensitisation via a recycling event 

(Ueda et al., 2001). Ueda et al., also reported that these events were also specific to 

PKC as pre-treatment of cells expressing the //-opioid receptor with specific inhibitors 

of PKA and calcium/ calmodulin-dependent protein kinase II (KT5720 and KN93 

respectively) had no effect on the dynamics of receptor intemalisation upon morphine 

incubation. These results are significant to this study because they again provide 

corroborating evidence suggesting that certain consensus PKC phosphorylation sites 

may act as attenuating signals retarding receptor intemalisation. These results also 

indicate that the mutation in the 5-HTiaR may be having its effect on receptor 

intemalisation by preventing PKC phosphorylation rather than by an alteration of 

receptor characteristics (i.e. conformation, ligand affinity etc.). However, the reason 

why this point mutation in the 5-HTiaR (S253G) resulted in such an increased rate of 

receptor intemalisation is unknown. The 2""̂  and portions of the 3"̂  intracellular loops 

of the 5-HTiaR are also proposed to form an amphipathic cc-helix with a positively 

charged face and hydrophobic face forming an intracellular binding pocket for 

interaction with G proteins (Albert et al., 1998). Our findings may also suggest that 

the mutation may have disrupted the proposed G protein binding pocket. This process 
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m a y result in an increased afGnity o f the receptor for protein k i n a s e s or arrestins, to 

facilitate receptor intemahsation. 

In the case of the S253G phosphorylation mutant 5-HTiaR it can be argued that not all 

mutations have a negative effect on receptor intemalisation. As Wolf et al, (1999) 

proposed, it may be a negative regulatory signal for 5-HTiaR intemalisation. 

Furthermore it could prolong the ability of the receptor to activate G proteins even 

when phosphorylated at an alternative site(s). Further phosphorylation of the receptor 

in response to continued intracellular signalling might then result in a full receptor 

desensitisation and intemalisation event. A definitive approach to studying the 

general contribution of phosphorylation to the intemalisation process, would be to 

engineer multiple mutations into the same receptor sequence (i.e. effectively disrupt 

all putative phosphorylation sites. 

In summary the serine located at position 253 in the human full length 5-HTiaR 

represents an amino acid residue that is a component of a putative PKC 

phosphorylation site, which acts as an intemalisation-attenuating signal (as indicated 

by mutagenesis studies). These findings are in contrast to observations presented by 

H o s e y e / oA, ( 1999 ) , Lee ef a/ . , ( 2000 ) , L a w ef a/ . , ( 2000 ) and F e r g u s o n er a/. , (1995) , 

who reported a decreased rate of receptor intemalisation upon putative 

phosphorylation site mutation for a range of other receptors (see below). The results 

are however in agreement with Wolf et ah, (1999) and Ueda et ah, (2001) who also 

showed an increased rate of receptor intemalisation upon mutation of a putative 

phosphorylation site or by treatment with specific inhibitors of PKC. 

5.4.5. Mutations which attenuate receptor redistribution 

5.4.5.1. Mutations within putative phosphorylation sites 

Mutations were engineered into putative phosphorylation sites (K147RTPR and 

R227KTVK) in the 2"'̂  (T^gA) and 3"̂  (T229A) intracellular loops of the 5-HTiaR-

These engineered mutations were designed to examine the role of each respective 

residue in receptor redistribution. Both mutations were found to significantly 

attenuate intemalisation of the 5-HT)aR- The attenuation of receptor intemalisation 
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was represented by the absence of any change in [^H] 8-hydroxy-DPAT specific 

binding to isolated CHO-Kl plasma membranes in response to agonist incubation. 

These mutations were aimed at disrupting consensus phosphorylation sequences found 

within the second and third intracellular loops, thought to be important in receptor 

phosphorylation and regulating receptor function. As discussed earlier it is thought 

that receptor phosphorylation (desensitisation) is a prerequisite for receptor 

intemalisation. In the case of these two putative phosphorylation motifs K147RTPR 

and R227KTVK it would appear that, they have an important role in 5-HTIAR 

intemalisation since T149A and T229A were found to inhibit intemalisation. That said, 

the mutant receptors displayed agonist affinities that were in the low nanomolar range 

similar to that observed for the unmutated receptor. This would indicate that the 

T]49A and T229A mutat ions had not, themselves , altered the receptor redistribution 

characteristics (Due to altered 3 dimensional characteristics), rather the lack of 

phosphorylation at these residues is vital for normal kinetics of intemalisation to 

occur. 

The use of phosphorylation mutants to define the role of phosphorylation in receptor 

function is a common theme in the literature. Site directed mutagenesis has been 

widely employed to investigate the role phosphorylation in the function of the M2 

muscarinic receptor (Hosey et ah, 1999; Lee et al., 2000), the 5-opioid receptor (Law 

et al., 2000), parathyroid hormone receptor (Malecz et al., 1998), the j%AR (Ferguson 

et ah, 1995), the dopamine D2 receptor (Itokawa et al., 1996) and the //-opioid 

receptor (Wolf et al., 1999; Ueda et ah, 2001). Most of the investigations into 

receptor phosphorylation have reported that phosphorylation of the receptor is vital for 

intemalisation to occur (Ferguson et al., 1995; Itokawa et ah, 1996; Hosey et al., 

1999; Lee et al., 2000 and Law et al., 2000). However, there are exceptions to this 

general pattern as in the case of the parathyroid hormone receptor (Malecz et al., 

1998) and as previously described, in the case of the rat //-opioid receptor, where 

phosphorylation is detrimental to receptor intemalisation (Wolf er al., 1999). 

Analysis of receptor function has also been performed on the rat 5-HTIAR (Albert et 

al., 1999; Albert et al., 1998; Lembo & Albert, 1995; Lenibo et al., 1997). The main 
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thrust o f the work w a s to de f ine the role o f these sequences i n desensit isation o f the 

rat 5-HTiaR through their ability to influence G protein coupling. Lembo et al, 

(1997) initially showed that the mutation T149A of the rat 5-HTiaR did not affect 

ligand binding affinities, and these data were confirmed by the present study on the 

human 5-HTiaR. However when expressed in Ltk" fibroblasts, the mutated receptor 

displayed a reduced ability to inhibit the accumulation of cAMP and an inability to 

mediate calcium mobilisation. They concluded that the T149 residue is important in 

mediating G protein coupling (via to calcium mobilisation and has a less 

important influence on coupling Gia to inhibition of cAMP turnover (Lembo et al., 

1997). In our hands, the mutation in the second intracellular loop was found to cause 

a 100 fold decrease in IC50 when forskolin-induced cAMP accumulation was inhibited 

by 8-hydroxy-DPAT (Brown & Shaw, 1998, unpublished undergraduate dissertation). 

These data together with those presented in this study provide further evidence for the 

importance of the T149 residue in regulating receptor function. 

Lembo & Albert (1995) also provided evidence suggesting that the T229A mutant 5-

HTiaR shared similar characteristics to the T149A mutant. They showed that the 

T229A mutation did not alter receptor ligand binding affinities when compared to the 

unmutated receptor; this result was similar to our findings. Unlike the T149A 

mutation, the T229A mutation had a relatively small effect on receptor coupling to AC 

via Gia. hi our laboratory this was represented as a 5 fold decrease in IC50 when 8-

hydroxy-DPAT was used to inhibit forskolin-stimulated accumulations in cAMP 

(Brown & Shaw unpublished data) suggesting a significant effect upon signalling 

through inhibition of AC. In addition, the T229A mutation did result in uncoupling of 

the receptor from calcium mobilisation mediated by G^y in a similar manner to the 

T149A mutation (Lembo & Albert, 1995). Treatment of the Ltk' cells with an activator 

of PKC, 12-0-tetradecanoylphorbol-13-acetate (TPA) result in the decrease of both 

T149A and T229A mutants ability to mobilise intracellular calcium stores (Lembo & 

Albert, 1995). As with the T149 residue the T229 residue is also hypothesised to be an 

integral part of the amphipathic a-helix, that forms a G protein binding pocket (Albert 

ef a/ . , 1998) . 
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In summary, the f indings o f Albert er oA, 1999; Albert er a/. , 1 9 9 8 ; Lembo & Albert, 

1995; Lembo et ah, 1997 indicate that the T149 and t229 residues did not alter receptor 

ligand binding affinities but they are important in regulating PLC via Gpy Moreover, 

there appears to be some debate as to their relative importance in regulating cAMP 

turnover (via Gig and AC). Results would indicate that in response to agonist 

activation, both residues are phosphorylated by PKC. Structurally both the T149 and 

T229 residues are proposed to contribute to the formation an amphipathic a-helix 

important in G protein binding. These findings lend weight to our results that report 

the importance of residues 7,49 and T229 in receptor regulation. 

Other authors have also been able to show receptor intemalisation in response to PKC 

activation rather than by direct l igand chal lenge (Hipkin er oA, 2 0 0 0 ) . U s i n g P M A 

and bombesin Hipkin et al, (2000) were able to show intemalisation of the 

somatostain2A receptor, which is dependent upon receptor phosphorylation. PMA 

activation of PKC and subsequent intemalisation of the somatostain2A receptor was 

blocked by the PKC inhibitor GF109203X suggesting that in this example at least 

receptor phosphorylation is a prerequisite for receptor intemalisation (Hipkin et al., 

2000). In contrast to these findings Smyth et al., (2000) reported that in the case of 

the human prostacyclin receptor (also a GPCR), using the PKC inhibitor GF109203X 

and consensus phosphorylation site mutant receptors, that intemalisation of the 

prostacyclin receptor occoured via a PKC independent pathway distinct from 

desensitisation. 

In addition to intemalisation triggered by receptor agonist incubation and PKC 

activation there is also evidence to suggest that receptor intemalisation can be 

triggered by the activation of other GPCRs. One such report suggests that stimulation 

of the Gq-coupled a , A adrenergic receptor with the specific agonist A61603 lead to the 

phosphorylation (serine344) and intemalisation of the mouse 6-opioid receptor (Xiang 

et al., 2001). The mechanism involved in the intemalisation of the 5-opioid receptor 

triggered by ccia adrenergic receptor stimulation is thought to involve activation of 

PKC which then promiscuously phosphorylates the <5-opioid receptor (Xiang et al., 

2001). There is also evidence suggesting that persistent activation of the )%AR by 
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isoproterenol leads to the desensit isat ion and intemalisat ion o f the M ; muscarinic 

receptor (Lee & Fraser, 1993). It should however be noted that the intemalisation 

response in both cases is comparable to native ligand stimulation but is smaller in 

magnitude. A newly discovered assembly protein that is thought to target and 

promote both PKA and PKC mediated receptor phosphorylation is the A-kinase-

anchoring protein (AICAP79/150; Fraser et al., 2000). AKAP79/150 is thought to 

interact directly and constitutively with the promoting phosphorylation by 

anchoring PKA and PKC in a membrane proximal position thus enhancing receptor 

phosphorylation. 

The role of PKA in the regulation of short-term receptor function has also been 

explored b y several authors ( see for example V a n Koppen gf a / . , 1995 and Lee a/. , 

1993). Using site directed mutagenesis techniques Van Koppen et ah, (1995) 

observed that M4 muscarinic receptor intemalisation was independent of PKA and 

was unhindered by incubation with the PKA inhibitor H-8. In the case of the Mi 

muscarinic receptor Lee & Fraser (1993) were able to show that activation of PKA 

and subsequent intemalisation of the M, receptor by the j%AR was blocked by H-8. 

However, the ability of H-8 to block intemalisation of the Mi receptor when 

stimulated by the Mi specific agonist carbachol was absent, suggesting PKA may only 

be important in heterologous receptor regulation (Lee & Fraser, 1993). 

There may also be a role for GRKs' in the mediation of receptor intemalisation. As 

yet a direct link between GRK activation and receptor intemalisation remains to be 

proved but it is well documented that GRKs' mediate receptor phosphorylation in a 

range of GPCRs' (for example see Pronin & Benovic, 1997 (rhodopsin). Tang et al., 

1998 (Type 1A angiotensin II receptor), Ferguson et al., 2000 (adenosine Al and A3 

receptors) and Aiyar et al., 2000 (calcitonin gene related peptide receptor). The 

regulation of receptor function is further complicated by the ability of PKC to 

phosphorylate GRK5 indicating that feedback loops may exist within various protein 

kinases (Pronin & Benvic, 1997). 
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In summary the role o f phosphorylation as a precursor to receptor intemalisation is 

uncertain to say the least, a review of the literature also indicates that receptor 

phosphorylation does not always result in receptor intemalisation. Taking into 

account the various kinases involved in the phosphorylation process adds a further 

level of complexity to the equation. PKC has been observed to inhibit (^-opioid 

receptor), promote (somatostatin2A receptor) and play no part (prostacyclin receptor) 

in the intemalisation of a variety of GPCRs (Ueda et al., 2001; Hipkin et ah, 2000 and 

Smyth et al., 2000; respectively). PKC may also have a role to play in the 

heterologous regulation of receptor function as in the case of the 5-opioid receptor and 

aiA adrenergic receptor (Xiang et al., 2001). On the other hand PKA has been shown 

not to promote receptor intemalisation and is also thought to play a role in 

heterologous receptor regulation (Van Koppen et al., 1995; Lee & Fraser, 1993). For 

GRKs it is still unproven if they do indeed have a role in regulating receptor 

intemalisation but their ability to phosphorylate GPCRs is well documented. 

5.4.5.ii. Mutations within the NPVIY intemalisation motif 

The 5-HTiaR contains a highly conserved NPXnY motif located at positions 396 to 

400 in the 7^ transmembrane domain. This motif is highly conserved amongst 

GPCRs but it is also found in the sequences of other receptor superfamilies including 

the tyrosine kinase receptor family (see Dawidowicz, 1993, for example). In the 

human 5-HTiaR the sequence of the motif is N396PVIY and is thought to be an 

important constituent of the intemalisation machinery. NPVIY has been proposed as 

a motif that is essential for receptor intemalisation so the experiments presented here 

were aimed at addressing this question by mutating the 5-HTiaR at position Y400. The 

receptor sequence was mutated, such that tyrosine was replaced by phenylalanine 

(y400f); the latter was deemed similar in stmcture and charge to tyrosine (a so-called 

"conservative" substitution). In addition a non-conservative mutation was generated 

(y400a) where alanine was deemed very different to tyrosine in terms of structure and 

charge. 

Both mutations significantly attenuated radioligand binding following pre-exposure to 

the agonist. However, it should be noted that the conservative mutation resulted in a 
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small degree o f intemalisation (approximately 5% decrease i n 8-hydroxy-DPAT 

binding), where as the non-conservative mutation demonstrated no intemaUsation 

characteristics. These mutants displayed agonist affinities that were in the low 

nanomolar range similar to that of the unmutated receptor suggesting that as predicted 

the Y400 residue was not critical for agonist binding. These findings were also in 

concurrence with results presented for the ccibAR (Y348A) and for the angiotensin II 

typel receptor (Y302F/A) (Wang a/. , 1997; Laporte a/., 1 9 9 6 ) . 

The function of the NPXnY motif has been explored across several receptor types. 

Mutagenesis studies performed on the angiotensin II type 1 receptor demonstrated that 

the tyrosine residue was important in receptor G protein coupling however it was not 

vital for receptor intemalisation (Laporte et al., 1996). The same trend was observed 

in studies performed on the am adrenergic receptor by Wang et ah, (1997), who 

showed that mutation of the tyrosine residue at position 348 to an alanine resulted in 

complete G protein uncoupling without effect on receptor sequestration. Studies 

performed on the ^ A R demonstrated that mutation of tyrosine326 to alanine in the 

NPXnY motif resulted in normal receptor ligand affinities (Barak et al., 1994), normal 

G protein coupling, an ability to desensitise and an ability to down-regulate in 

response to agonist exposure. However, there was a complete lack of receptor 

intemalisation or an ability to resensitise (Barak et al., 1994). Bohm et al., (1997) 

engineered both conservative (y305f) and non-conservative (y305a) mutations into the 

neurokinin I receptor to investigate the function of tyrosinesos- They observed that the 

conservative mutation demonstrated normal signalling characteristics and impaired 

intemalisation, whereas the radical mutation demonstrated impaired signalling and 

compromised expression at the cell plasma membrane (Bohm et al., 1997). In 

contrast, mutagenesis of the conserved tyrosine residue in the cholecystokininA 

receptor and gastrin-releasing peptide receptor had no effect on G protein coupling or 

receptor intemalisation (Go et al., 1998; Slice et al., 1994). These complex and often 

contradictory findings indicate that each GPCR may have evolved its own 

combinations of mechanisms to regulate its availability at the cell surface and hence 

its ability to respond to ligands. Therefore it would seem that the function and 

mechanism o f action o f the NPXnY mot i f has to be defined for each receptor and 

cannot be termed a generic intemalisation motif That said, it would appear that the 
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NPXnY motif certainly has an important role in the regulation of the human 5-HTiaR. 

It is perhaps important to note that although the tyrosine residue has been the subject 

of a few limited studies, none of the residues within the motif have been under as 

much scrutiny and these should be explored in future studies. 
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( : i i / L P T n E R 6 

6.1. i n d u c t i o n o p t r a n s c r i p t i o n p a c t o r a c t i v i t y i n c h o - k l 

c e l l s e x p r e s s i n g t h e u n m u t a t e d h u m a n 5 h t i ^ r 

6.1.1. NF-KB Introduction 

NF-xfi was first described in 1986 as a nuclear factor necessary for transcription of 

immunoglobulin kappa light in B-lymphocytes (Sen & Baltimore, 1986). NF-xB can 

translocate to the nucleus upon receipt of an appropriate signal where it binds a 

consensus 10 base pair sequence GGGGYNNCCY^). However, NF-KB is 

maintained in the cytoplasm in an inactive form bound to an inhibitory protein (I-KB) 

that effectively masks' NF-KBS' nuclear localisation signal. NF-KB activity is 

induced by a range of factors (see Figure 8 for overview of NF-KB regulation) which 

trigger I-KB degradation thus allowing NF-KB to translocate to the nucleus where it 

can influence gene transcription. In the case of the 5-HTiaR it has been shown that 

ligand challenge can result in I-KBa degradation (Cowen et al., 1997). However, a 

direct link between 5-HTiaR challenge and NF-KB has not been reported and it was 

the aim of the next three experiments to try and show a link using the electrophoretic 

mobility shift assay (see section 2.6. for method details). 

6.1.1.1. Ef fec t of murine T N F « 

TNFa is a cytokine secreted by macrophages and mast cells in response to bacterial 

infection. It is known to be highly cytotoxic for some tumor cells as well as targeting 

cells involved in the inflammatory response, resulting in an upregulation of other 

cytokine production including IL-6 and IL-8. Two receptors have been shown to bind 

TNFa and these are termed TNF receptor 1 (p55) and 2 (p75). Acting via these two 

receptors TNFa has been shown to activate NF-KB (Mohan et al., 2000). TNFa was 

therefore used as a positive control in these experiments to ensure NF-KB was at least 

possible in this system. 
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W e hypothes i sed that incubation o f C H O - K l cel ls express ing the uimiutated h u m a n 

5-HTiaR with increasing concentrations of murine TNFa would result in the 

induction of NF-KB activity. Before the start of each experiment CHO-Kl cells 

growing in monolayers were incubated for 40 minutes in the absence or presence of 

TNFa (Ing/ ml to lOOng/ ml) at 37°C. Incubations were terminated and washed with 

ice cold PBS. Nuclear extracts were prepared from each individual group of cells as 

described in the Method section 2.6.1. and stored until required ("80°C). Nuclear 

extracts were incubated with a [^^P] radiolabelled NF-KB oligonucleotide probe and 

complexes were resolved under non-reducing conditions as described in section 2.6.3. 

In some cases, extracts were also incubated in the presence of commercially prepared 

antibodies (Santa Cruz) specific to p50 and p65 NF-KB subunits or control antiserum 

raised against Fra-2 ( F i g u r e 35) . The results s h o w e d the abil ity o f C H O - K l ce l l s to 

respond in a dose dependent manner to incubation with TNFa. 

All TNFa concentrations tested increased the amount of NF-KB binding to the NF-KB 

probe suggesting that CHO-Kl cells possess TNFa receptors and that this system 

could therefore be used as a positive control for NF-KB stimulation in CHO-Kl cells. 

The effects of the specific 5-HTiaR agonist (8-hydroxy-DPAT; Lane 7) and 

antagonist (WAY 100635; Lane 8) on NF-KB activity were also subjected to 

investigation. Preliminary data suggested that both compounds may exert an effect 

over NF-KB DNA binding activity thus warranting further investigation. However the 

results observed when CHO-Kl cells expressing the 5-HTiaR were incubated in the 

presence of WAY 100635 proved not to be significant (discussed later). 

Nuclear extracts that were incubated with the p50 and p65 antibodies (Lanes 5 and 9) 

showed a "supershift" effect (Figure 35). That is to say that the antibody specifically 

retarded the complexes in the polyacyrlamide gel. The supershiflt effect was found to 

be absent from those extracts incubated with Fra-2 antibodies (Lane 6 and 10). 
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F i g u r e 3 5 : E f f e c t o f m u r i n e T N F a o n N F - x f i ac t iv i ty in C H O - K l ce l l s e x p r e s s i n g 

t h e ful l l e n g t h u n m u t a t e d h u m a n 5 - H T i a R 

Cells were grown in six well plates and cultured in serum free medium for 2 days 
before use. All cells were incubated in the absence or presence of effectors for 40 
minutes at 37°C. Nuclear extracts were then prepared as previously described 
(methods section 2.6.1.) and stored until required ("80°C). Nuclear extracts were 
incubated with a [^^P] NF-AS oligonucleotide probe and resolved on an 8% non-
denaturing polyacrylamide. To confirm the identity of the p50 and p65 NF-zcB 
subunits supershift analysis was performed (methods section 2.6.4.). Photographs 
were taken from an autoradiograph exposed for at least 12 hours. Similar results were 
observed in the three separate experiments performed. 

Lane plan from left to right; Lane 1: growth medium alone (control). Lane 2-4: as 
indicated. Lane 5: as for lane 4 plus p50/ p65 antibodies. Lane 6; as for lane 4 plus 
Fra-2 antibodies. Lane 7: as for Lane 1 plus 10//M 8-hydroxy-DPAT. Lane 8: as for 
Lane 1 except cells plus lO/M WAY 100635. Lane 9: as for Lane 8 plus p50/ p65 
antibodies. Lane 10: as for Lane 9 plus Fra-2 antibodies. Lane 11: [^^P] NF-/fB 
probe only. Arrows indicated bands of interest. 
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6.1.1.ii. Effect of 8-hydroxy-DPAT 

In this experiment we hypothesised that incubation of CHO-Kl expressing the 

unmutated 5-HTiaR with 8-hydroxy-DPAT would induce NF-KB activity. Before 

use, CHO-Kl cells were incubated in serum free medium for two days. All cells were 

then incubated in the absence or presence of 8-hydroxy-DPAT (10nM-100//M) for 40 

minutes at 37°C. Reactions were terminated by washing cell monolayers with ice 

cold PBS. Nuclear extracts were prepared and radiolabeled complexes resolved as 

described previously (Methods section 2.6.). 

In contrast to incubation in the presence of growth medium alone (Figure 36, Lane 6) 

treatment of CHO-Kl cells expressing the full length 5-HT]aR with 8-hydroxy-DPAT 

gave rise to a concentration dependent induction effect on four discernible DNA-

protein complexes (indicated by arrows in Figure 36). The DNA-protein complexes 

were correlated with activation of NF-KB. Only the three least mobile complexes 

were exclusively associated with exposure to agonist. Moreover, the increase in 

"amount" of these three complexes was optimal when cells were exposed to 1 ̂ M 8-

hydroxy-DPAT. These results suggest that the human 5-HTiaR at least when 

expressed in the surrogate environment of CHO-Kl cells, is coupled in some way to 

the degradation of I-xB and activation of endogenous NF-KB which is then able to 

translocate to the nucleus. 
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F i g u r e 3 6 : E f f e c t o f 8 - h y d r o x y - D P A T o n NF-ztB act iv i ty in CHO-Kl ce l l s 

e x p r e s s i n g t h e f u l l l e n g t h h u m a n 5-HTiaR 

Cells were grown in six well plates and cultured in serum free medium for 2 days 
before use. All cells were incubated in the absence or presence of 8-hydroxy-DPAT 
(as indicated in above) for 40 minutes at 37°C. Nuclear extracts were prepared as 
described in the sections 2.6.1. and stored until required ("80°C). Extracts were then 
incubated with a [^^P] NF-^B oligonucleotide probe and resolved on an 8% 
acrylamide gel as described in section 2.6.3.. Photographs were taken from an 
autoradiograph exposed for at least 12 hours. Similar results were observed in the 
three separate experiments performed. Lane 1-5: 8-hydroxy-DPAT as indicated; 
Lane 6: growth medium alone (control); Lane 7: [^^P] NF-ytfi probe alone. Arrows 
indicate bands of interest relative to control. 
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Effect of WAY100635 

WAY 100635 is thought to act as a true antagonist at the 5-HTiaR. In this regard, we 

hypothesised that it would have no independent receptor-mediated effect upon NF-KB 

activity in CHO-Kl cells expressing the 5-HTiaR- All cells were then incubated in 

the absence or presence of WAY 100635 (lOnM-lOO/iM) for 40 minutes at 37°C. 

Reactions were terminated by washing cell monolayers with ice cold PBS. Nuclear 

extracts were prepared and radiolabelled complexes resolved as described previously 

(section 2.6.). 

Incubations with WAY 100635 in the nanomolar concentration range, seemed to have 

no visible effect upon NF-xB activity, even when higher concentrations of 

WAY100635 (10 and lOO/iM) were used no effect was observed. Comparison of 

cells incubated WAY 10063 5 with cells incubated with growth medium alone 

indicated that the specific antagonist was having little to no effect on the DNA 

binding activity of NF-KB. 
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Figure 37: Effect of WAY100635 on induction of NF-xfi activity in CHO-Kl cells 
expressing the unmutated human 5-HTiaR 

Cells were grown in six well plates and cultured in serum free medium for 2 days 
before use. All cells were incubated in the absence or presence of WAY10063 5 (as 
indicated above) for 40 minutes at 37°C. Nuclear extracts were then prepared as 
described in the section 2.6.1. and stored until required ("80°C). Extracts were 
incubated with a [^^P] oligonucleotide probe and resolved on an 8% 
acrylamide gel as described in the section 2.6.3. Photographs were taken from an 
autoradiogarph exposed for at least 12 hours. Similar results were observed in the 
three separate experiments performed. Lane 1: growth medium alone (control); Lane 
2-6; WAY100635 as indicated; Lane 7 [^^P] NF-/tB probe alone. Arrows indicate 
bands of interest relative to control. 
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6.1.2. CREB Introduction 

CREB was discovered as a vital component in the regulation of the somatostatin gene 

expression (Montminy et ah, 1986; Andrisani et ah, 1989). It is known to exist in the 

nucleus and is activated by phosphorylation of the kinase inducible domain (Ser,33) 

resulting in an ability to bind the cAMP response element TGACGTCA^). CREB 

has been reported {in vivo) to be regulated by the 5-HTiaR agonist 8-hydroxy-DPAT 

and antagonist WAY100635. Incubation with 8-hydroxy-DPAT also resulted in a 

33% inhibition of 5-HTiaR mRNA levels and protein expression suggesting the 

receptor is also under the control of CREB (Nishi & Azmitia, 1999). It was proposed 

that the effect on CREB might be due to the ability of the receptor to inhibit AC thus 

decreasing cAMP turnover. However, as with NF-kB no direct link has been shown 

between the 5-HTiaR and actual CREB regulation. Thus, the aim of this next set of 

experiments was to see if there is indeed a link and if so how was the 5-HTiaR able to 

affect CREB activity. 

6.1.2.1. Effect of forskoliii 

CREB transcription activity is linked to the intracellular concentration of cAMP and 

thus any proteins that alter the concentration of cAMP also have in theory the ability 

to alter CREB activity. The 5-HTiaR is one such protein, the coupling of the receptor 

to cAMP turnover inhibition is demonstrated by agonist (8-hydroxy-DPAT) 

stimulated inhibition of forskolin induced cAMP production (Harrington et al., 1994). 

It was therefore reasoned that in this system the 5-HTiaR might be able to alter the 

DNA binding properties of CREB. Forskolin achieves the increase in cAMP 

accumulation by directly activating AC, the increase in cAMP leads to the activation 

of PKA and the phosphorylation of CREB. 

Forskolin (a plant alkaloid) directly activates AC in the absence of receptors. In this 

experiment it was hypothesised that forskolin would likely influence endogenous 

CREB activity. CHO-Kl cells expressing the unmutated 5-HTiaR were treated with a 

range of forskolin concentrations (lOnM to 100//M) for 40 minutes at 31°C. Nuclear 

extracts and incubation with [^^P] CREB probe were then performed exactly as 

described in section 2.6. 
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Basal CREB activity appeared to be significant in CHO-Kl cells as indicated by the 

presence of radiolabelled complexes associated with samples which had not been 

exposed to forskolin (Figure 38, Lane 1). Forskolin appeared to have a 

concentration-dependent effect on CREB activity in CHO-Kl cells (Lanes 2 to 6). 

Between lOnM and lOOnM forskolin, the banding pattern of four DNA-protein 

complexes was similar to control. At the higher concentrations tested (1 to 100//M), 

an additional (lower mobility) complex appeared as indicated by the position of the 

arrow. These data suggested that forskolin at sufficient concentrations was able to 

promote the binding of CREB to nuclear proteins presumably through activation of 

AC. 

Effect of 5-HT]AR Ugands 

In this experiment we hypothesised that as a result of the predominant coupling of the 

5-HTiaR to an inhibitory G protein (GJ, application of agonist may inhibit CREB 

activity. Since basal CREB activity was high (relative to endogenous levels of NF-xB 

for example), it was reasoned that pre-treatment of the cells with forskolin may not be 

necessary in order to show an agonist-induced inhibition of CREB. 

Following growth in serum free growth medium for two days, CHO-Kl cells 

expressing the full length 5-HTiaR were treated in the absence or presence of 8-

hydroxy-DPAT or WAY 100635 (lOnM to 100/xM) for 40 minutes at 37°C. Nuclear 

extracts and incubations with [^^P] CREB probe were performed exactly as described 

in section 2.6. 

Cells that were incubated in the presence 8-hydroxy-DPAT showed a concentration 

dependent increase in CREB activity when compared to cells incubated with serum 

free growth medium alone (Lane 6; Figure 39). At the lowest and highest 

concentration range used, (lOnM and 100/iM) the observed change in CREB binding 

activity were comparable with each other. The mid ranges of the 8-hydroxy-DPAT 

concentrations tested, resulted in an increase in active CREB present within the 

nuclear extracts tested which was dose dependent. This change was most intense 

between the concentrations of lOOnM, ljuM and 10/iM with the band intensity 

decreasing at lOOjuM (Figure 39). 
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By comparison, WAY 100635 appeared to have no clear effect on CREB activity. At 

the concentration ranges tested (lOnM to lOO/iM) no dose dependent response was 

observed that was consistent throughout the three separate experiments performed. In 

Figure 39, lane 7 and 10 there was an observable decrease in the CREB binding 

activity when compared to the control (Lane 12), however these findings were not 

consistent over the three experiments performed. These data would suggest that in the 

CHO-Kl surrogate cell system acting via the unmutated 5-HTiaR, WAY100635 is 

unlikely to alter endogenous CREB DNA binding activity (Figure 39). 
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Figure 38: Effect of forskolin on induction of putative CREB activity in CHO-Kl 
cells expressing the unmutated human 5 - H T i a R 

Cells were grown in six well plates and cultured in serum free medium for 2 days 
before use. All cells were incubated in the absence or presence of forskolin (as 
indicated above) for 40 minutes at 37°C. Nuclear extracts were prepared as described 
in section 2.6.1. and stored until required ('80°C). Extracts were incubated with a 
[^^P] CRE oligonucleotide probe and resolved on a 8% acrylamide gel as described in 
section 2.6.3. Photographs were taken from an autoradiograph exposed for at least 12 
hours. Similar results were observed in the three separate experiments performed. 
Lane 1; growth medium only (control); Lane 2 to 6: cells treated with forskolin as 
indicated; Lane 7; [^^P] oligonucleotide probe alone. Arrows indicates bands of 
interest relative to confrol. 
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Figure 39: Effect of 5-HTiaR ligands on CREB activity in CHO-Kl cells 
expressing the unmutated 5-HTiaR 

Cells were grown in six well plates and cultured in serum free medium for two days 
before use. All cells were incubated in the absence of effectors for 40 minutes at 
37°C. Nuclear extracts were then prepared as described in section 2.6.1. and stored 
until required ("80°C). Extracts were incubated with a [^^P] CRE oligonucleotide 
probe and resolved on an 8% acrylamide gel as described in section 2.6.3. 
Photographs were taken from an autoradiograph exposed for at least 12 hours. 
Similar results were observed in the three separate experiments performed. (A) Lane 
1-5: 8-hydroxy-DPAT as indicated above; Lane 6: growth medium alone (control). 
(B) Lanes 7-11: WAY100635 as indicated; Lane 12: growth medium alone (control); 
Lane 13: [^^P] oligonucleotide probe alone. Arrows indicate bands of interest relative 
to controls. 
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6.2. Characterisa tion of goat anti-5-HTiAR polyclonal antibodies (Santa 
Cruz) 

Whole cell extracts were prepared from CHO-Kl cells expressing the unmutated 

human 5-HTiaR as described in detail in "methods" (section 3.5.). Proteins were then 

resolved on a 9% polyacrylamide gel under reducing conditions after having been 

loaded into a 4% stacking gel. Western analysis indicated that an immunoreactive 

band was present in CHO-Kl cells expressing the unmutated 5-HTiaR. Based on 

comparison with standard low molecular weight rainbow markers (biorad) of known 

molecular weight, the immunoreactive band was estimated to be a protein with a 

molecular weight of approximately 52kDa. This band was not detectable in extracts 

of wild-type CHO-Kl cells or rat hepatic stellate cells (Figure 40). 
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Figure 40: Characterisation of a Goat anti-5-HTiAR polyclonal antibody 

Whole cell extracts were prepared from quiescent rat hepatic stellate cells (lane A), 
activated rat hepatic stellate cells (lane B), wild-type CHO-Kl (lane C) and CHO-
K1 cells expressing the unmutated 5-HTiaR (lane D). Proteins were resolved on a 
9% SDS polyacrylamide gel under reducing conditions and transferred to PVDF 
membranes. The band representing the unmutated human 5-HTiaR is highlighted 
with an arrow giving approximate molecular weight (52kDa). Identical results were 
observed in three separate experiments. 
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6.3. m o d u l a t i o n o f t r a n s c r i p t i o n f a c t o r a c t i v i t y i n c h o - k l 

c e l l s e x p r e s s i n g t h e u n m u t a t e d h u m a n 5 - h t i a r 

6.3.1. Confirmation of protocol sensitivity 

In order to study the role of the 5-HTiaR in the regulation of gene expression the 

activity of two transcription factors (NF-kB and CREB) were studied. Attempts were 

made to induce and modulate CREB and NF-kB transcription factors using a range of 

compounds, these included; 8-hydroxy-DPAT, WAY100635, forskolin and TNFa 

Had more time been available, experiments looking at the time course of transcription 

factor induction would have been performed. 

The initial experiments were performed to test whether the CHO-Kl system was 

adequately sensitive to detect the changes in transcription factor activity. Murine 

TNFa and forskolin were selected because of their proven ability to induce NF-xB 

and CREB activity respectively (Ghosh et al., 1998; Montminy & Bilezikjian 1987) 

and consequently served as "positive controls". Both forskolin and murine TNFa 

demonstrated a positive effect on CREB and NF-kB activity respectively (when 

incubated at 37°C for 40 minutes), which was observed to be dose dependent (see 

legends to Figures 35 and 38). Not only was forskolin observed to activate CREB it 

also had a positive effect on NF-xG activity leading to an observable change in band 

density on the autoradiograph. The mechanisms behind the activation of CREB and 

NF-kB by forskolin and TNFa are well defined (see Montminy & Bilezikjian, 1987; 

Ghosh et al., 1998 respectively). Forskolin acts directly upon AC resulting in an 

increased turnover of ATP to cAMP, the increase in cAMP levels results in the 

activation of PKA followed by phosphorylation of CREB. On the other hand TNFa 

(acting through membrane bound TNF receptors) activates NF-kB by first activating 

an I-kB kinase, resulting in the phosphorylation and degradation of I-kB and the 

release of activated NF-kB. The induction of NF-kB activity by forskolin is thought 

to occur via a combination of both pathways. Similar to the initial stages of CREB 

activation forskolin activates AC increasing intracellular cAMP levels, which in turn 

activates PKA which is in turn thought to phosphorylate I-kB resulting in I-kB 

degradation and activation of NF-kB (Koh et al., 1997). 
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6.3.2. Effects of the specific 5-HTIAR ligands 8-hydroxy-DPA T and 
WAY100635 on the activity of NF-KB 

8-hydroxy-DPAT was found to increase the amount of NF-kB present in the nuclear 

extract of CHO-Kl cells (Figure 36). The increase in NF-kB activity stimulated by 

8-hydroxy-DPAT was dose dependent and maximal at 1 with a desensitisation 

effect noted at higher concentrations (100-10//M). The 5-HT]aR specific antagonist 

WAY 100635 demonstrated no effect on the activity of NF-xB in CHO-Kl cells. 

These findings presented here are in agreement with those presented by Cowen et al, 

(1997) who reported the ability of 1/zM 8-hydroxy-DPAT to stimulate the degradation 

of I-KG and the inability of the antagonist 4-(2'-methoxyphenyl)-l-[2'-[N-(2'-

pyridinyl)-p-iodobenzamido] ethyl] piperazine (MPPI) to stimulate the degradation of 

I-kB in CHO-Kl cells expressing 5-HTiaRs. Cowen et al., (1997) also reported that 

treatment of CHO-Kl cells expressing 5-HTiaR with 1/iM 8-hydroxy-DPAT resulted 

in the enhanced transcription of a CAT reporter gene, indicating that certain factors 

essential for reporter gene transcription had been activated. Contained within the 

transfected plasmid encoding the CAT reporter gene were two copies of the HIV long 

terminal repeat (LTR) sequences containing tandem consensus NF-kB binding sites 

(Cowen et al., 1997). Cowen et al., (1997) had therefore proposed that the enhanced 

transcription of the CAT reporter plasmid was attributed to the degradation of I-kba 

and subsequent activation of NF-kB mediated by the 5-HTiaR. It is worthy of note 

that contained within the HIV LTR are other elements that confer responsiveness to 

other transcription factors. Included in those response elements found within the HIV 

LTR are, Spl, CREB and chicken ovalbumin upstream promoter transcription factor 

(COUP-TF; Schwartz et al., 2000; Rohr et al., 1999). This variety of transcriptional 

regulation elements contained within the HIV LTR means that no direct link can be 

made between the human 5-HTiaR expressed in CHO-Kl, NF-kB and the activation 

of the CAT reporter assay used by Cowen et al., (1997). However, the EMSA 

technique used in this study showed a direct link between activation of the 5-HTiaR 

and translocation of NF-kB to the nucleus in an active form. 

The proposed mechanisms involved in NF-kB activation by the 5-HTiaR are thought 

to include the activation of a PC-PLC (Phosphatidylcholine specific-Phospholipase 

C). Treatment with the specific inhibitor of PC-PLC, tricyclodecan-9-yl-
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xanthogenate potassium (D609) resulted in the abohtion of 8-hydroxy-DPAT induced 

NF-Kfi activation (Cowen et ah, 1997). In the experiments where 8-hydroxy-DPAT 

and WAY 100635 have been used to induce NF-kB, pre-treatment of CHO-Kl cells 

with D609 suggests that in this system NF-xB activation may be mediated by PC-

PLC (Cowen et ah, 1997). 

In the current study, antibodies were also used in some experiments in an attempt to 

identify the specific NF-xfi subunits activated by the 5-HTiaR. The antibodies used 

were specific to NF-kS subunits p50 and p65 which as already mentioned combine to 

make up the archetypal NF-xB hetrodimer. In these experiments intracellular 

components induced by 5-HTiaR specific ligands were supershifted (i.e. further 

retarded in the EMS A) by antibodies specific to NF-kB subunits p50 and p65. In the 

case of NF-kB induction, all attempts to supershift the most mobile band were 

unsuccessful. At present further work is continuing to try to identify the more mobile 

NF-kB subunits involved and is currently thought to be CCAAT-Binding Factor 1 

(CBFl; Oakley and Mann, unpublished findings). 

6.3.3. Effects of specific 5-HTIAR ligands 8-hydroxy-DPAT and 
WAY100635 on the activity of CREB 

Data presented in this study showed the ability of 8-hydroxy-DPAT to stimulate the 

activity of CREB in CHO-Kl cells in a dose dependent manner (Figure 39). These 

findings are in contrast to those presented by Nishi & Azmitia (1999) who 

documented the ability of the 5-HTiaR agonist 8-hydroxy-DPAT (in vitro) to inhibit 

forskolin stimulated increase in CREB immunoreactivity. CHO-Kl cells that were 

incubated with WAY100635 elicited relatively little change in the activity of CREB 

(Figure 39). The exact pathway by which the 5-HTiaR regulates the activity of 

CREB is unknown but it is thought there are two possible pathways. The first of 

these involves the enzyme PKA; -activation of the 5-HTiaR leads in turn to the 

inhibition of AC and a decrease in the turnover of cAMP. The resulting decrease in 

intracellular c AMP results in the inhibition of PKA, which in turn is thought to 

decrease the phosphorylation of CREB (Montminy & Bilezikjian 1987), these 

changes would manifest as a decrease in band intensity on an EMSA. The second 

pathway via which the 5-HTiaR is thought to regulate CREB activity involves the 
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membrane bound enzyme PLC. The pathway involving PLC appears to have a 

positive effect upon CREB, as the activation of PLC by the 5-HTiaR eventually 

results in an increase in intracellular Ca^^ concentrations. The increase in intracellular 

Ca^^ is then thought to activate Ca^^/ calmodulin dependent kinases resulting in 

CREB phosphorylation and activation (Chalecka-Franaszek et ah, 1999). In CHO 

and HeLa cells the 5-HT]aR has also been shown to activate both PI-PLC and PC-

PLC (Fargm et al, 1989; Cowen et ah, 1997 respectively). It is therefore logical, that 

as both pathways are activated by the 5-HTiaR it is possible to both activate and 

inhibit CREB DNA binding characteristics. However, current evidence would 

suggest that in true physiological systems such as rat foetal hippocampal neurones, 

the activation of the 5-HTiaR results in a decrease in CREB activity (Nishi & Azmitia 

1999). Arresting the activity of CREB resulted in a long-term decrease in 5-HTiaR 

mRNA and an eventual decrease in receptor protein (Nishi & Azmitia 1999). The 

discovery that activation of the 5-HTiaR has the ability to regulate the expression of 

the 5-HTiaR gene is not novel but it may provide a research focus for future treatment 

of various clinical disorders related to 5-HTiaR dysfunction. However, the data 

presented here suggests the 5-HTiaR has the ability up regulate the activity of CREB. 

Further studies need to be performed to look at how the 5-HTiaR, PC-PLC and CREB 

interact in neurones in order to determine if the activation of CREB in CHO-Kl cells 

is a real event and not an artefact of receptor expression in a surrogate system. 

As the factors regulating the expression of the 5-HTiaR become better defined, 

modulators of transcription factors such as NF-kB and CREB may become useful 

targets for compounds used in the treatment of psychiatric disorders. Compounds that 

may prove useful in the treatment of various psychiatric disorders could be targeted at 

regulating the transcription activities of CREB. Such compounds used to regulate 

CREB and NF-kB would need to be highly specific; perhaps unattainably so, as 

unregulated gene expression is of far greater risk to the patient. 
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CHAPTER 7 

7.1. g e n e r a l d i s c u s s i o n 

The recombinant human 5-HTiaR was expressed in CHO-Kl cells and initial 

experiments were aimed at the evaluation of this surrogate system as a tool for 

assessment of the behaviour of the 5-HTIAR- In order to characterise the expression 

system; ligand saturation analysis, competition experiments and g t p y s competition 

experiments were performed. Results from these experiments were compared and 

contrasted with data from the literature (see for example El Mestikawy et ah, 1991; 

Newman-Tancredi et al., 1992 and Sundaram et al., 1993). 

The findings presented in this study show that complete receptor saturation could be 

achieved using [^H] 8-hydroxy-DPAT and [^H] spiperone. Non-specific binding (as 

defined by 5-HT) in experiments using [̂ H] 8-hydroxy-DPAT (and spiperone) in 

experiments using [^H] spiperone was never greater than 10%. Initial results showed 

that the recombinant 5-HTIAR could be expressed at high levels in CHO-Kl cells with 

a Kd in the low nanomolar range (1.89 ± 0.14). Western blotting techniques provided 

further evidence for the expression of the human 5-HTIAR at the plasma membrane in 

CHO-Kl cells where it had an approximate molecular weight of 52kDa. Reports 

regarding the molecular weight of the 5-HTIAR indicate some conflicting findings. 

Chanda et al., (1993) used western techniques to report an immunoreactive band with 

a molecular weight of 51kDa (COS-1 cells) whereas Zhou et al., (1999) reported an 

immunoreactive band indicating a molecular weight of 67kDa (hippocampus, 

amygdala, entorhinal cortex, septum and raphe nuclei). The differences in observed 

molecular weights may reflect differences in the site of expression and the ability of 

the cell/ tissue to post-translationally modify the receptor. However, the data 

presented by Chanda et ah, (1993) are in some agreement with data presented in this 

study. The pharmacological profile of the receptor show 5-HT, 8-hydroxy-DPAT, 

and WAY 100635 to have inhibition constants in the low nanomolar range (K = 1.29 

± 0.15nM for 5-HT and 1.29 ± 0.22nM for 8-hydroxy-DPAT and 13.80 ± 3.00nM for 

WAY100635). In competition experiments where [^H] spiperone was used to define 
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receptor binding, unlabelled spiperone demonstrated a low inhibition constant also in 

the nanomolar range (28.27 + S.OOnM). 

The unmutated, epitope tagged and Y400F mutant receptors were all found to couple to 

an unknown G protein that appeared to be disrupted by GTP^S a non-hydrolysable 

analogue of OTP. The specific G protein alpha subunit to which the 5-HTiaR couples 

to in CHO-Kl cells was not explored, but the literature speculates that it is likely to be 

Goi and Ga,. All of these data suggest that attem^pts made to express functional 5-

HTiaRs in CHO-Kl cells were successful and further investigations into the 

mechanisms of receptor function and regulation could be pursued. 

The evaluation and development of three similar experimental protocols with distinct 

nuances lead to the adoption of the final method used to define the receptor response 

to agonist challenge. The recombinant unmutated 5-HTiaR underwent a reduction in 

Bmax when both adherent and suspended CHO-Kl cells were incubated in the 

presence of 1 /iM 8-hydroxy-DPAT. The net loss of receptors fi-om the cell surface 

membrane (defined with [^H] 8-hydroxy-DPAT and [^H] spiperone) was 

approximately 20% after 20 minutes of agonist incubation. The net loss of receptors 

recorded when using [^H] spiperone to define specific binding was approximately 

28%. Experiments using [^H] spiperone were important since [^H] spiperone is able 

to bind receptors which are uncoupled from their G protein perhaps via 

phosphorylation, whereas [^H] 8-hydroxy-DPAT has been observed to have a far 

lower affinity for desensitised 5-HTiaR's (Sundaram et ai, 1993). Thus it was 

reasoned that the decrease in specific [^H] 8-hydroxy-DPAT observed after 1/fM 8-

hydroxy-DPAT challenge was not due to a decrease in receptor/ ligand affinity, but an 

absolute decrease in receptors present at the plasma membrane. 

Con A and hypertonic sucrose solutions also successfully blocked intemalisation of 

the unmutated 5-HTiaR. Since Con A specifically blocks clathrin mediated 

endocytosis these data indicate that intemalisation of the receptor triggered by 8-

hydroxy-DPAT is via a clathrin-mediated route of endocytosis. Following 

intemalisation in the presence of 1/fM 8-hydroxy-DPAT, the unmutated 5-HTiaR was 

able to recycle back to the cell surface in the presence of the protein synthesis 
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inhibitor cycloheximide. Since receptor recycling took place in the presence of 

cycloheximide, the recovery of [^H] 8-hydroxy-DPAT binding with time can be 

reasonably divorced from new protein synthesis. It is likely however, that in vivo, 

repeated or long-term exposure to agonists induces changes in the availability of new 

receptor protein. With the knowledge that the 5-HTIAR gene contains sites for 

modulation and appears to be under the control of numerous transcription factors 

(Cowen et al, 1997; Nishi & Azmitia, 1999; Parks & Shenk, 1996 Storring et al, 

1999 and Ou et al., 2000), the relationship between the S-HTJAR response to agonist 

and the behaviour of two ubiquitous transcription factors was explored (as discussed 

below). 

The reasons for receptor intemalisation and recycling are by no means clear since not 

all GPCRs undergo intemalisation and not all respond to specific agonist challenge by 

internalising. In this case it would appear that the unmutated 5-HTIAR redistributes 

from the plasma membrane to an intracellular compartment. The proposed reasons 

for receptor intemalisation are three fold; to uncouple the receptor from the specific 

ligand (in this case 8-hydroxy-DPAT) in a process known as CURL (compartment 

uncoupling of receptor and ligand), which involves acidification of the intemalisation 

vesicle and subsequent receptor/ ligand dissociation (Alberts et al., 1994); to allow 

dephosphorylation of the receptor by intracellular phosphatases which also occurs in 

acidified vesicles. The protein phosphatases known to dephosphorylate GPCRs 

include the G protein-coupled receptor phophatase (GRP) which is a member of the 

protein phosphatase type IIA family which is inhibited by okadaic acid and n h 4 c i 

which has been shown to inhibit vesicle acidification (Pitcher et al., 1995b; Kmeger 

et al., 1997). The third proposed reason for GPCR intemalisation is degradation as in 

the case of the PAR-1 (Trejo et al., 2000). Protease degradation has the effect of 

permanently removing GPCRs from the plasma membrane as a form of receptor 

downregulation, where only new protein synthesis will replenish receptors at the cell 

surface. Data presented in this study suggest that the unmutated 5-HTIAR is able to 

internalise via a clathrin-mediated pathway resulting in the recycling of the receptor in 

a state where ligand binding is again possible. 

Site directed mutagenesis of the G-21 clone at position 253 resulted in the mutation of 

a serine residue to a glycine residue in a motif recognised as a substrate for PKC. 
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This mutation was intended to disrupt receptor phosphorylation at this site, indicating 

whether phosphorylation had a role in intemalisation of the 5-HTIAR. Upon stable 

transfection of the plasmid encoding the S253G mutant receptor into the CHO-Kl 

surrogate expression system, radioligand-binding studies indicated expression of the 

receptor at the plasma membrane (Bmax 545.8 + 31 .Ofmol/ mg Ky 7.9 ± 2.4nM). The 

S253G mutant 5-HTIAR was observed to undergo intemalisation at an accelerated rate 

(approximately 80% net loss receptor binding after 20 minutes). The rapid kinetics 

would indicate that serine at position 253 may have an important role in regulating 

receptor endocytosis. Recycling of the S253G mutant receptor was also observed even 

in the presence of the protein synthesis inhibitor, cycloheximide, indicating that the 

return of receptors to the plasma membrane was not due to the production of new 

receptor protein. It has been shown that mutation of a putative consensus sequence 

(AEPT394AP) within the rat /i-opioid receptor (also known to couple to G,) and pre-

treatment with PKC inhibitors facilitated receptor intemalisation and recycling (Wolf 

et ah, 1999; Ueda et ah, 2001). These novel findings help corroborate and put the 

data presented here into context since it would appear that receptor phosphorylation is 

not a prerequisite to receptor intemalisation and in some cases it is clearly 

detrimental. These data also suggest that the S253G mutation may have its resultant 

effect on receptor intemalisation by preventing PKC mediated phosphorylation. In 

this study, this manifested in a greater degree of receptor intemalisation, suggesting 

that in the unmutated 5-HTIAR, phosphorylation of the serine residue at position 253 

impedes receptor intemalisation. 

Mutations which attenuated or abolished receptor intemalisation were engineered into 

locations thought to be consensus substrate motifs for PKC in the 2"'' and 

intracellular loops (T149A, PKC and T229A, PKC), and in the putative intemalisation 

motif located in the seventh transmembrane domain (Y400F and Y400A). 

Site directed mutagenesis of the G-21 clone at position 149 resulted in the mutation of 

a threonine residue to an alanine residue in a motif recognised as a substrate for PKC. 

This mutation was intended to disrupt receptor phosphorylation at this site, indicating 

whether phosphorylation of this residue had a role in intemalisation of the human 5-

HTIAR. Upon stable transfection of the plasmid encoding the T149A mutant receptor 
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into the CHO-Kl surrogate expression system, radiohgand-binding studies indicated 

expression of the receptor at the plasma membrane (Bmax 303 ± 10.6fmol/ mg, K j 0.9 

± O.lnM). The T149A mutant 5-HTiaR was observed not to undergo intemalisation 

upon receptor challenge with 1 jjM 8-hydroxy-DPAT. The lack of receptor 

intemalisation would indicate that threonine at position 149 may have an important 

role in regulating receptor endocytosis. Results presented here regarding the 

unchanged expression and ligand binding properties of the T149A mutant 5-HTiaR 

were corroborated by Lembo et al., (1997). Initially they reported that the TnpA 

mutation of the rat 5-HTiaR did not affect ligand-binding affinities. However, when 

expressed in Ltk' fibroblasts, the mutated receptor displayed a reduced ability to 

inhibit the accumulation of cAMP and an inability to mediate calcium mobilisation. 

They concluded that the T149 residue is important in mediating G protein coupling (via 

Gpy) to calcium mobilisation and has a less important influence on coupling Gia to 

inhibition of cAMP turnover (Lembo et al., 1997). Our novel findings suggest that 

the threonine residue at position 149 is also essential for receptor intemalisation, in 

this study, this manifested in a lesser degree of receptor intemalisation. The exact 

mechanism by which T]49 mediates receptor intemalisation is unknown, however, the 

Ti49 residue is hypothesised to be an integral part of the amphipathic a-helix, that 

forms a G protein binding pocket which may mediate interactions with cellular 

intemalisation machinery (Albert et al., 1998). Alternatively the T149 residue may be 

an integral part of an intemalisation pathway mediated by PKC phosphorylation and 

not related to any tertiary receptor structure involvement. 

Site directed mutagenesis of the G-21 clone at position 229 resulted in the mutation of 

a threonine residue to an alanine residue in a motif recognised as a substrate for PKC. 

This mutation was intended to disrupt receptor phosphorylation at this site, indicating 

whether phosphorylation of this residue had a role in intemalisation of the human 5-

HTiaR. Upon stable transfection of the plasmid encoding the T229A mutant receptor 

into the CHO-Kl surrogate expression system, radioligand-binding studies indicated 

expression of the receptor at the plasma membrane (Bmax 384.5 ± 26.5fmol/ mg, Ky 

2.0 ± 0.5nM). The T229A mutant 5-HTiaR was observed not to undergo 

intemalisation upon receptor challenge with l/iM 8-hydroxy-DPAT. The lack of 

receptor intemalisation would indicate that threonine at position 229 may have an 
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important role in regulating receptor endocytosis. Results presented here regarding 

the unchanged expression and ligand binding properties of the T229A mutant 5-HTiaR 

were corroborated by Lembo & Albert (1995). Unlike the T149A mutation, the T229A 

mutation had a relatively small effect on receptor coupling to A C via Gia- Our novel 

findings suggest that the threonine residue at position 229 is also essential for receptor 

intemalisation, in this study, this manifested in a lesser degree of receptor 

intemalisation. The exact mechanism by which T229 mediates receptor intemalisation 

is unknown, however, the T229 residue is hypothesised to be an integral part of the 

amphipathic a-helix, that forms a G protein binding pocket which may mediate 

interactions with cellular intemalisation machinery (Albert et al., 1998). 

Alternatively the T229 residue may be an integral part of an intemalisation pathway 

mediated by PKC phosphorylation and not related to any tertiary receptor structure 

involvement. 

Site directed mutagenesis of the G-21 clone at position 400 resulted in the 

conservative mutation of a tyrosine residue to a phenylalanine residue (similar in 

charge and size) in a highly conserved motif recognised as a putative intemalisation 

signal. This mutation was intended to disrupt receptor intemalisation indicating 

whether this motif does actually play a role in 5-HTiaR intemalisation. Upon stable 

trans fee tion of the plasmid encoding the Y400F mutant receptor into the CHO-Kl 

surrogate expression system, radioligand-binding studies indicated expression of the 

receptor at the plasma membrane (B^ax 104.5 ± 6.4fmol/ mg, IQ 2.7 ± 0.3nM). The 

Y400F mutant 5-HTiaR was observed to undergo a small but insignificant degree of 

intemalisation (approximately 5%) upon challenge with 1 fjM 8-hydroxy-DPAT. The 

retarded rate of receptor intemalisation would indicate that tyrosine at position 400 

does have an important role in regulating receptor endocytosis. Mutation of the 

tyrosine residue at position 400 is a novel approach to the study of the 5-HTiaR as is 

the data presented here indicating a role for Y400 in the regulation of receptor 

intemalisation. However, the role of the putative NPXnY intemalisation motif in 

regulating receptor redistribution is well documented. The Y400F mutant displayed 

agonist affinities that were in the low nanomolar range similar to that of the 

unmutated receptor suggesting that the Y400 residue was not critical for agonist 

binding. These findings were also in concurrence with results presented for the 
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CKibAR (Y348A) and for the angiotensin 11 typel receptor (Y302F/A) (Wang e/ a/., 1997; 

Laporte et ah, 1996) who also reported that in each case the NPXnY motif was not 

essential for agonist binding. 

Site directed mutagenesis of the G-21 clone at position 400 resulted in the non-

conservative mutation of a tyrosine residue to an alanine residue (very different in 

terms of size and charge) in a highly conserved motif recognised as a putative 

intemalisation signal. This mutation was intended to disrupt receptor intemalisation 

indicating whether this motif does actually play a role in 5-HTi intemalisation. 

Upon stable transfection of the plasmid encoding the Y400A mutant receptor into the 

CHO-Kl surrogate expression system, radioligand-binding studies indicated 

expression of the receptor at the plasma membrane (B^ax 78.6 + O.Sfinol/ mg, IQ 5.8 ± 

0.6nM). The Y400A mutant 5-HTIAR was observed to totally abolish receptor 

intemalisation upon agonist challenge with 1 jtiM 8-hydroxy-DPAT. The abolition of 

receptor intemalisation mediated by the non-conservative receptor mutation lends 

further weight to the findings suggesting that tyrosine at position 400 has a vital role 

in regulating receptor endocytosis. Mutation of the tyrosine residue at position 400 is 

a novel approach to the study of the 5-HTIAR as is the data presented here indicating a 

role for Y400 in the regulation of receptor intemalisation. However, the role of the 

putative NPXnY intemalisation motif in regulating receptor redistribution is well 

documented. The Y400A mutant displayed agonist affinities that were in the low 

nanomolar range similar to that of the unmutated receptor suggesting that the Y400 

residue was not critical for agonist binding. These findings were also in concurrence 

with results presented for the ajbAR (Y348A) and for the angiotensin II typel receptor 

(y302f/A) (Wang et al., 1997; Laporte et al., 1996) who also reported that in each 

case the NPXnY motif was not essential for agonist binding. 

The role of the NPXnY motif appears to be receptor specific, even though the motif is 

a highly conserved aspect of GPCR structure it does not necessarily have a role to 

play in receptor intemalisation. In contrast to the 5-HTIAR, those receptors in which 

the NPXnY motif has been shown as not having a role in receptor intemalisation 

include the angiotensin II type 1 receptor and the CKm adrenergic receptor (Laporte et 

ah, 1996; Wang et al., 1997). However, in these receptor types it was reported that 
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the NPXnY motif did have an important role in receptor/ G protein coupling. Studies 

performed on the showed that mutation of tyrosinesze to alanine in the NPXnY 

motif resulted in normal receptor ligand affinities (Barak et al., 1994), normal G 

protein coupling, an ability to desensitise and an ability to down-regulate in response 

to agonist exposure. However, there was a complete lack of receptor intemalisation 

or an ability to resensitise (Barak et al., 1994). Bohm et al., (1997) engineered both 

conservative (y305f) and non-conservative (y305a) mutations into the neurokinin) 

receptor to investigate the function of tyrosinesos- They observed that the 

conservative mutation exhibited normal signalling characteristics and impaired 

intemalisation, whereas the radical mutation exhibited impaired signalling and 

compromised expression at the cell plasma membrane (Bohm et ah, 1997). In 

contrast, mutagenesis of the conserved tyrosine residue in the cholecystokininA 

receptor and gastrin-releasing peptide receptor had no effect on G protein coupling or 

receptor intemalisation (Go et al., 1998; Slice et al., 1994). From these contradictory 

reports it can be concluded that as previously suggested the role of the NPXnY motif 

is specialised to suit the requirements of each receptor. This study reports that in the 

case of the 5-HTIAR the NPVIY motif located within the seventh transmembranous 

domain plays an important role in regulating and facilitating receptor endocytosis, it 

would however appear that it does not have a role in either ligand binding or G 

protein coupling (shown using the GTP7S competition studies). It is also unclear how 

the NPVIY motif exerts its effects on receptor intemalisation but it is known that the 

proline residue (which again is highly conserved) is an important structural aspect of 

the motif It has been postulated that NPXnY motif may also target GRK mediated 

receptor phosphorylation as in the case of the (Ferguson et al., 1995). What is 

however clear from these data is that further investigation into the role of the NPVIY 

in regulating 5-HTiaR redistribution is warranted. 

In summary, these findings suggest that phosphorylation of the receptor at position 

149 and 229 leading to desensitisation of the 5-HTIAR are a prerequisite for 

intemalisation. These data also suggest that the putative NPVIY motif located in the 

seventh transmembrane domain plays an important role in regulating receptor 

intemalisation. 
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The ability of the activated 5-HTiAR to regulate the activity of the transcription 

factors NF-xfi and CREB were explored. In initial experiments, it was observed that 

treatment of CHO-Kl cells expressing the 5-HTiaR with murine TNFaand forskolin 

resulted in the dose dependent induction of NF-KB and CREB respectively. 8-

hydroxy-DPAT was also found to induce NF-KB activity in a concentration dependent 

manner; the response was desensitised with higher concentrations of agonist. 

Analysis of the protein subunits involved revealed that the NF-KB subunits induced 

via the activation of the 5-HTIAR were p50 and p65. The mechanism by which 8-

hydroxy-DPAT activates NF-KB is thought to be via the activation of PC-PLC leading 

to the activation of calmodulin dependent kinases and the eventual 

phosphorylation and degradation of I-xBa (Cowen et ah, 1997). The consequences 

of NF-KB activation are numerous when the number of genes with NF-KB responsive 

elements within the promoter are considered (see Ghosh et ah, 1998 for review). It 

has however, been reported that the 5-HTIAR gene is included amongst these NF-KB 

responsive genes (Cowen et al., 1997). Cowen and colleagues were able to show that 

upon stimulation of the 5-HTIAR by both 8-hydroxy-DPAT and spiperone the 

expression of receptor protein was almost tripled. It has been suggested therefore that 

5-HTIAR mediated NF-KB activation results in a positive feedback effect resulting in 

an increase in plasma membrane bound receptors. Novel results presented in this 

study illustrate the ability of the 5-HTIAR to activate p50 and p65 NF-KB subunits 

indicating that in tissues/ cells that naturally express the 5-HTIAR autoregulation is a 

possibility. Bearing this in mind, our data and those data presented by Cowen and 

colleagues (1997) suggest that downregulation of the human 5-HT]aR in response to 

long term drug therapies is an unlikely scenario. As with most biological cascades, 

the activation of NF-KB and the resultant increase in receptor protein concentration 

may not be so simple. When one considers the role of numerous other transcription 

factors, repressor protein and the fact that there is no literature demonstrating the 

existence of an NF-KB binding site upstream of the human and rat gene (Parks & 

Shenk 1996; Ou et al., 2000) it is possible that activation and upregulation of the 5-

HTiaR expression may occur via a separate pathway. 

Activation of the 5-HTIAR with 8 -hydroxy-DPAT also lead to the induction of CREB. 

The mechanism by which the 5-HTIAR modulates CREB activity is thought to be 
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through the inhibition of AC and PKA (which would decrease CREB activity; Nishi 

& Azmitia, 1999). However, in these studies CREB was activated by agonist 

incubation leading to the possibility that in this cell system the 5-HTIAR may couple 

to a positive signalling pathway (possibly via PLC) resulting in CREB 

phosphorylation. When the array of genes that contain cAMP responsive elements 

are considered, then the consequences of 5-HTIAR activation could be diverse. 

However, very little is known about 5-HTiaR mediation of gene transcription via 

CREB, except that stimulation of the 5-HT]aR in vivo results in a decrease of receptor 

gene expression via a CREB mediated pathway (Nishi & Azmitia, 1999). These data 

suggest, that as with the NF-KB that the 5-HTiaR and CREB are intrinsically linked, 

except this time possibly via a negative feedback loop. However, in the system 

described here where the 5-HTIAR is expressed at supraphysiological levels in a 

surrogate cell line direct activation of CREB by the receptor has been shown. The 

ability of the receptor to stimulate CREB may be an artefact of the high levels of 

receptor expression and the ability to promiscuously couple to abnormal signalling 

pathways (in this case possibly PLC). 

The numerous signalling cascades associated with the 5-HTIAR and the complex 

nature of their interactions suggests that activation of NF-KB and CREB by the 

receptor and the resultant alterations in gene transcription maybe multi-faceted (See 

Figure 41 for overview). Colocalisation of the 5-HTIAR with other GPCRs and other 

receptor types (e.g. tyrosine kinase receptor) may have a role in regulating the 

sensitivity of one or both receptors to their respective ligands resulting in enhanced or 

reduced transcription factor activity. Activation of a separate signalling pathways 

coupled to another GPCR may also prime/ desensitise the signalling pathway 

associated with the 5-HTIAR. The signalling systems linked with the 5-HTIAR could 

feasibly lead to the activation or inhibition of both NF-KB and CREB signalling 

activity. This could be achieved by the inhibition of PKA activity (via AC inhibition) 

and activation of PLC activity, both of which have been shown to mediate the 

phosphorylation of I-KB and CREB. The exact I-KB subtype involved in this example 

remains unknown however, the 5-HTIAR has been to cause phosphorylation and 

subsequent degradation of I-Kfia (Cowen et al., 1997). 
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Once translocated to the nucleus the targeting of CREB and NF-xB to specific DNA 

sequences within target genes adds a further level of complexity to the equation. This 

study was able to show that activation of the 5-HTiaR with 8-hydroxy-DPAT resulted 

in the translocation of the p50/ p65 NF-kB subunits to the nucleus. However, it was 

observed on the EMS A autoradiographs that other bands (with both NF-xB and 

CREB) did become evident upon receptor activation. These extra observed bands 

could in part help to explain the diversity of genes targeted by both NF-kB and 

CREB. CREB and NF-xB could also help to enhance the transcription of each other 

respectively and other repressor/ activator proteins indicating that the link between the 

5-HTiaR and gene transcription may not be very clear cut. With each layer of 

complexity added another regulatory step comes into play helping to further regulate 

the transcription of genes under the regulation of the 5-HTiaR. 

In conclusion, data in the present studies reports the ability of the unmutated human 

5-HTiaR to undergo intemalisation via the clathrin-mediated pathway. The threonine 

residues at positions 149 and 229 in the putative PKC phosphorylation sequences are 

vital for receptor intemalisation, as is the tyrosine at position 400 within the putative 

NPVIY intemalisation motif. In contrast, the serine at position 253 would appear to 

be acting as a negative regulatory signal, attenuating receptor intemalisation. The 

residues all represent vital components in the mechanisms involved in short term 

receptor function as it responds to agonist challenge. The 5-HTiaR has also been 

shown to couple via unknown G proteins to the activation of putative CREB and NF-

kB mediated gene expression. Providing a possible link between the 5-HTiaR and 

mechanism involved in its long-term regulation. 

7.2. f u t u r e w o r k 

Data presented in this study have led to further questions and possible experiments, 

which would give a deeper insight into short-term receptor 5-HTiaR regulation. 

7.2.1. 5-HTIAR regulation 

1. Regarding receptor intemalisation, elegant experiments that would allow real time 

visualisation of receptor trafficking would been an approach that would be of 

value. This could be achieved using a fusion protein technologies where the 
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unmutated receptor is fused to green florescent protein allowing eppifluorescent 

and confocal visualisation. 

2. The role of PKC, PKA and GRKs in mediating receptor intemalisation is also 

worthy of further investigation. A range of protein kinase activators/ inhibitors 

could be used to see if the redistribution of the 5-HTiaR is due to protein kinase 

activation and if so, what specific enzyme subtypes are mediating the effect. The 

role of each putative protein kinase motif mutant could also be investigated 

indicating further the role of each motif in intemalisation. 

3. The intemalisation motif located in the seventh transmenibranous region of the 

receptor also warrants further investigation. The role of other amino acid residues 

within the NPVIY sequence could be investigated using mutagenesis techniques 

and also the proximity of the motif to the membrane could be investigated further. 

4. Recycling and receptor resensitisation could be studied to elucidate the role of 

protein phosphatases in mediating receptor resensitisation. This could be simply 

achieved by pre-treating cells with a range of protein phosphatase inhibitors such 

as Okadaic acid, phenylarsine oxide, NH4CI and Calyculin A. 

7.2.2. Regulation of putative transcription factor activity 

1. Further investigation of the ability of the 5-HTiaR to regulate both CREB and NF-

kB activity would be a pertinent course of further investigation. The use of 

reporter plasmids encoding CAT under the control of CREB and NF-kB binding 

domains would indicate further the ability of the 5-HTiaR to activate CREB and 

NF-kB. Compounds that inhibit various signalling pathways could also be used to 

show which signalling cascades result in the activation of each putative 

transcription factor. 

2. Using differential display techniques, differences in mRNA populations that arise 

upon 5-HTiaR challenge could be scrutinised. The mRNA populations could then 

be sequenced and characterised indicating genes that are responsive to 5-HTiaR 

activation. 

This study provides an insight into the mechanisms involved in the long and short-

term regulation of the human 5-HTiaR function. Novel and significant contributions 

made by this study that help to address the project aims and objectives outlined in 

sections 1.7. and 1.8. include; the 5-HTiaR is able to undergo intemalisation via 
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clathrin-mediated endocytosis and recycle back to the plasma membrane in response 

to short term agonist incubation. Contained within the receptor amino acid sequence 

are putative PKC phosphorylation sites that have been shown to attenuate (S253) and 

facilitate (T149 and T229) receptor intemalisation. The putative intemalisation motif 

(NPVIY400) located in the seventh transmembranous domain is involved in facilitating 

receptor intemalisation. In our hands the 5-HT]aR was shown to couple positively to 

the putative transcription factor CREB and NF-kB p50 and p65 subunits. However, 

one should be cautious when interpreting these results as data was gathered from an 

expression system that is artificially expressing the receptor and therefore cannot be 

applied directly to the in vivo situation. However, these data do indicate that 

important contributions have been made to the understanding of the behaviour of the 

5-HTiaR in response to short term agonist challenge. 
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