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Abstract

Neuropeptide Y (NPY) and peptide YY (PYY) are potent antisecretory agonists in the 

gastrointestinal tract, attenuating electrogenic chloride and fluid secretion in vitro and in vivo 

in various species. Human adenocarcinoma cell lines provide model systems in which to 

investigate the mechanisms by which epithelial Y receptors modulate anion transport, in the 

absence of other mucosal cell types. Two of these (HT-29 and HCA-7 Colony 1) do not 

possess PYY receptors and were consequently stably transfected with the cDNA encoding 

the Yi subtype, endogenously expressed in human colonic mucosa. Both wild type epithelia 

and the YI clones responded to a similar range of secretory and antisecretory agents when 

voltage-clamped in Ussing chambers; in addition, PYY transiently reduced both basal and 

cAMP-stimulated short-circuit current in YI epithelial layers. These antisecretory responses 

were inhibited by the Yi antagonists BIBP 3226 and GR231118. Surprisingly, PYY and 

[Leu^\ Prô '̂ ] (Prô "*) PYY were 10-20 fold more potent than NPY or Pro^^^NPY in both 

HT-29 and Colony 1 clones, despite each agonist displaying equivalent binding affinities. It is 

suggested that metabolism by membrane surface peptidases may underlie this selectivity, and 

that this may influence responses at native mucosal Yi receptors.

The Colony 1 YI clone was also compared with those transfected with Yi receptor cDNAs 

containing single amino acid mutations. The Yi(S255E) receptor was apparently down- 

regulated, with associated consequences for PYY antisecretory responses; phosphorylation of 

Ser̂ ^̂  in the third intracellular loop (imitated by Glu) may therefore be important in 

desensitisation. Substitution of Cyŝ ^̂ , potentially palmitoylated, did not alter receptor 

expression or the fiinctional potency of PYY. However Yi(C337S) mediated responses 

remained sustained at high agonist concentration, indicating that Yi receptor depalmitoylation 

may inhibit its inactivation. Epithelial expression of receptor mutants may therefore be 

valuable in assessing their functional properties, particularly regarding desensitisation.
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Chapter 1. Introduction.

Peptide transmitters play a substantial role in generating the chemical diversity and 

plasticity apparent in neuronal signalling (for a review, see Hokfelt, 1991). Such 

functions were initially suggested by the characterisation of a number of peptides 

released by nerves (e.g. the enkephalins; Hughes et a l, 1975) and in this context, the 

identification of pancreatic polypeptide (PP) from chicken pancreas (Kimmel et al., 

1975) might seem relatively insignificant. However, it was swiftly recognised that 

subsets of both central and peripheral mammalian neurones also contained avian (a)PP- 

like immunoreactivity (e.g. Loren et a l, 1979). Subsequently, using a technique which 

detected amidated C termini, Tatemoto and colleagues isolated a PP homologue present 

in porcine gut, which they called peptide YY (PYY; Tatemoto & Mutt, 1980) on 

account of the N and C terminal tyrosine residues. PYY was initially expected to be the 

neuronal peptide, but a similar extraction procedure using large amounts of porcine brain 

in fact yielded a distinct molecule, neuropeptide Y (NPY; Tatemoto et a l, 1982; 

Tatemoto, 1982a). NPY, PYY and PP thus form a family of 36 amino acid peptides in 

mammals, closely linked by a high degree of sequence identity and similar tertiary 

structures (Figures 1.1, 1.2); a fourth member of the NPY family, pancreatic peptide Y 

(PY) is found exclusively in fish (Balasubramaniam et a l, 1989; Figure 1.1).

NPY has a widespread distribution in the central and peripheral nervous systems and may 

be one of the most abundant peptides identified thus far. Certainly it is evolutionarily 

ancient, and the extraordinary degree of structural conservation between NPY sequences 

from distantly related species (there being only 3 amino acid differences between human 

and dogfish NPY; Figure 1.1; Larhammar, 1996) serves to emphasise its functional 

importance. The physiological mechanisms in which it has been implicated are diverse; 

they include the regulation of cardiovascular function, particularly in the sympathetic 

control of vascular tone, and central effects such as the stimulation of appetite, the 

control of anxiety and hypothalamic modulation of hormone secretion. PYY and PP 

peptides from different species are comparatively less conserved (PP particularly so; 

Figure 1.1); in mammals they are endocrine agents released from the lower bowel (PYY) 

and pancreatic islets (PP) which may participate in the coordination of the 

gastrointestinal response following a meal.

16



Chapter L Introduction.

Neuropeptide Y:

human YPSKPDNPGEDAPAEDMARYYSALRHYINLITRQRY

rat YPSKPDNPGEDAPAEDMARYYSALRHYINLITRQRY

frog YPSKPDNPGEDAPAEDMAKYYSALRHYINLITRQRY

dogfish YPSKPDNPGEG/\PAEDLAKYYSALRHYINLITRQRY

Peptide YY:

human

rat

frog

dogfish

YPIKPEAPGEDASPEELNRYYASLRH\a.NLVTRQRY

YPAKPEAPGEDASPEELSRYYASLRHYLNLVTRQRY

YPPKPENPGEDASPEEMTKYLTALRHYINLVTRQRY

YPPKPENPGEDAPPEELAKYYSALRHYINLITRQRY

PP:

human

rat

bullfrog

AI^LEPVYPGDNATPEQMAQYAADLRRYINMLTRPRY

APLEPMYPGDYATHEQRAQYETQLRRYINTLTRPRY

APSEPHHPGDQATPDQLAQYYSDLYQYITFITRPRF

PY:

salmon YPPKPENPGEDAPPEELAKYYSALRHYINLITRQRY

Figure 1.1 Sequence alignment of the Neuropeptide Y family.

Amino acid sequences are shown fo r  selected species homologues o f NPY, PYY, PP and 

PY (from Larhammar, 1996). Blue residues indicate differences from the human form  

o f each peptide; amino acids highlighted in red are essentially conserved in all known 

peptide sequences belonging to the NPY family, with minor exceptions (e.g. Tyr2 o 

replaced by Phe in avian PP; Tyrs6 replaced by Phe in bullfrog PP, shown).

17



Chapter L Introduction.

H.N Avian PP

H,N

Amphipathic a-helix

1 5
Polyproline Helix P-turn

Human NPY

Figure 1.2 Predicted tertiary structures of aPP and hNPY.

The antiparallel arrangement o f polyproline and a-helices (the PP fold) in aPP has 

been directly demonstrated from its crystal structure (Glover et al, 1983), and is 

inferred in human NPY. 17 amino acids are identical between the peptides (highlighted 

in red); at other positions the substitutions are conservative (e.g. Tyr Phe 20, 

hydrophilic amino acids at 22, 25, 26). Shaded residues indicate the predicted 

hydrophobic points o f interaction in formation o f PP or NPY dimers.

18



Chapter L Introduction.

The physiological roles of various members of the NPY family have until recently been 

more difficult to assess due to the lack of specific receptor antagonists, a situation which 

is set to change with the development of novel high affinity compounds such as BIBP 

3226 (Doods et al., 1995). The cloning of a number of members of the G protein- 

coupled receptor (GPCR) family responsive to NPY, PYY and PP (called Y receptors; 

Blomqvist & Herzog, 1997), which has been perhaps the most significant advance in the 

NPY field within the past five years, will also aid the construction of agents selective for 

different Y receptor subtypes. Given the array of functions which may involve NPY, 

PYY or PP, drugs acting on Y receptors may have considerable therapeutic potential, 

particularly where the subtype targeted has a limited distribution and the possibility of 

unwanted side effects is reduced. In addition, knowledge of the primary sequences 

provides an opportunity to examine the molecular mechanisms by which Y receptors are 

activated and regulated.

1.1 Conservation of peptide structure and gene organisation in the 

NPY family.

1.1.1 Tertiary structure.

The determination of the structure of aPP by X-ray crystallography (Glover et al., 1983; 

Figure 1.2) revealed that it is one of the smallest peptides capable of adopting a tertiary 

conformation. Residues 2 to 8 form a type II polyproline helix; this is followed by a (3- 

tum (9-14) and an amphipathic a-helix (15-32), resulting in a hairpin loop structure (the 

PP fold) with a flexible C terminus. The aromatic groups extending from Phê *̂  and Tyr^  ̂

interdigitate with the N terminal proline residues to maintain the antiparallel alignment of 

the two helices; the a-helix may also be stabilised by the dipole moment created by the 

cluster of negatively charged residues in the P-tum region and positively charged amino 

acids at the C terminus (Bjomholm et al., 1993). In aqueous solution, the structure of 

bovine (b)PP obtained by nuclear magnetic resonance studies supports the overall 

fold described for crystallised aPP, although four amino acid regions at both the N and C 

termini may be disordered (Li et a l, 1992).

While aPP is the only member of the NPY family for which the crystal structure has been 

solved, there are compelling reasons for the assumption that the PP fold is also the

19



Chapter L Introduction.

conformation adopted by NPY and PYY (Larhammar et a l,  1993). As figure 1.1 

demonstrates, eleven residues are (with minor exceptions) invariant in NPY, PYY and 

PP peptides from ail species investigated to date, including the prolines responsible for 

the N terminal helix and the tyrosines of the a-helix that interact with it (Figures 1.1,

1.2). In addition, circular dichroism measurements indicate the presence of a-helical 

structures in NPY and PYY (Glover et a l, 1985) and the conformations of NPY and 

PYY may be successfully modelled on the basis of the data available for aPP (Glover et 

a l, 1985; Allen et a l, 1987b). All three peptides may form dimers in solution (e.g. at 

high concentration in secretory granules) as a result of reciprocal hydrophobic 

interactions between the amphipathic a-helices of two monomers (Glover et a l,  1985; 

Figure 1.2). Amino acid differences at the relevant positions may influence dimer 

stability, with possible (though as yet unknown) effects on the bioactivity of NPY related 

molecules from different species (Glover et a l, 1985; Figure 1.2).

1.1.2 Synthesis from prohormone precursors.

The human NPY cDNA encodes a 10.5 kDa precursor (pre pro NPY; Minth et a l, 

1984), which contains a hydrophobic N terminal signal sequence to direct it to the lumen 

of the endoplasmic reticulum and thereby to the regulated secretory pathway (Figure

1.3). This region is rapidly removed, leaving a prohormone (pro NPY) which begins with 

the 36 amino acids of NPY and is followed by the three amino acid motif Gly-Lys-Arg. 

The two basic residues form a recognition site for cleavage by precursor convertase 

enzymes (Brakch et a l, 1997); further processing by carboxypeptidase and amidating 

monooxygenase enzymes (requiring Gly^ )̂ gives rise to the mature peptide containing 

the C terminally amidated tyrosine residue. The remainder of the protein comprises a 

highly conserved 30 amino acid peptide known as CPON (C terminal flanking peptide of 

NPY), which is coreleased with NPY (Allen et a l, 1987b, c; Minth et a l, 1984). It is 

possible that the flanking peptide has (as yet undiscovered) signalling properties of its 

own; alternatively, the CPON sequence may increase the efficiency of pro NPY 

processing (Wulff et a l, 1993). The basic features of pre pro NPY are remarkably 

preserved between species and in the PYY and PP prohormones (Allen et a l,  1987b; 

Blomqvist et a l, 1992; Leiter et a l, 1984; Leiter et a l, 1987), although the lengths of

20



Chapter 1. Introduction.

Pre Pro NPY

Signal Sequence

hNPY (8.3 kbp)
SP-l AP-2 TATA

fl—0- ^ > — —

NPY GKR CPON

hPYY (1.2 kbp)
CTF-NFl AP-4 AP-2 X 3 TATA

MALT

hPP (2.8 kbp)
MALT

NFkB

AP-2 TATA

TOPO II

Figure 1.3 Conservation of gene structure in the NPY family.

The uppermost diagram shows the structure o f pre pro NPY, containing the signal 

peptide, NPY itself, the cleavage site for precursor convertase (GKR) and the C 

terminal flanking peptide (CPON). Below, schematic representations o f the human 

NPY, PYY and PP genes show the organisation o f the transcribed DNA into four exons 

encoding untranslated mPNA (clear rectangles) or amino acid codons (shaded 

rectangles). A number o f potential binding sites in the 5 'flanking regions for various 

transcription factors, including the TA TA promoter element, are indicated (from Hort et 

ai, 1995). The size o f each gene is given in kilobase pairs; intron sizes are largest in 

the NPY gene.
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Chapter 1. Introduction.

the signal sequences (28 - 29 residues) and C terminal flanking peptides (29 -31 amino 

acids) may differ slightly.

1.1.3 Gene architecture.

The conserved structures of the NPY family and of their respective precursor proteins 

strongly suggests that they are evolutionarily related, a hypothesis which has been 

reinforced by the cloning of the genes for NPY, PYY and PP (Hort et a l,  1995; 

Krasinski et a l, 1991; Larhammar et a l, 1987; Leiter et a l, 1985; Minth et a l,  1986). 

Ail show the same basic organisation in which four exon coding regions are separated by 

three introns (Figure 1.3). The splice sites in the human NPY, PYY and PP genes are in 

identical positions (Hort et a l, 1995; Larhammar et a l, 1987; Minth et a l,  1986), but 

the use of an alternative donor site between exons 3 and 4 in the rat PP gene leads to a 

marked sequence difference in its flanking peptide compared to the human form (Kopin 

et a l,  1988). Genetic analysis indicates that two duplications were responsible for the 

generation of the three genes; the first, a chromosomal translocation, produced the 

primitive PYY gene on chromosome 17 from the ancestral NPY sequence on 

chromosome 7 (an event which also created prototypic genes for other related proteins, 

such as protein kinase A (PK A) and protein kinase C (PK C); Hort et a l,  1995). 

Subsequently, duplication within chromosome 17 resulted in the PYY and PP genes 

(which both contain much smaller introns than those for NPY) in close proximity to one 

another (Hort et a l, 1995). This order is consistent with the high conservation of NPY 

amongst diverse species, and the observation that pancreatic endocrine cells (producing 

PP) may have initially developed from those in the gut (expressing PYY; Gapp, 1987).

Hort et a l  (1995) observed that an additional PYY / PP - like gene sequence was 

present at a third location on human chromosome 17, although this may not be active. In 

contrast, it is clear that a recently duplicated bovine PYY gene, 95 % identical to the 

original, encodes seminalplasmin, a peptide expressed in the male reproductive tract 

which modulates Ca^  ̂ transport in sperm and the acrosome reaction (Herzog et a l, 

1995). The structure of the seminalplasmin precursor is identical to that for PYY, but 

the 47 amino acid mature peptide shows no structural conservation with the NPY family, 

lacking both the polyproline and the a-helices. Seminalplasmin therefore provides a 

striking example of how the removal of evolutionary constraints following gene
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duplication may rapidly give rise to novel proteins with radically altered structural and 

functional properties.

1.1.4 Regulation of gene expression.

NPY, PYY and PP show extensive similarities at the genetic level but the marked 

difference in their distribution is an indication that the cell type-dependent control of 

peptide synthesis varies in each case. In particular, the switch from neuronal to 

endocrine expression that occurred in the early form of the PYY-like gene may have 

been a catalyst in the development of novel functions for this peptide. As Figure 1.3 

illustrates, alterations in the 5’ flanking regions of their respective genes may at least 

partially account for such differential regulation. Upregulation of the NPY gene during 

neuronal differentiation of the PCI 2 cell line on exposure to nerve growth factor requires 

transcription factors which bind to sequences between -87 and -36 nucleotides from the 

transcription start site (Allen et al., 1987a; Minth & Dixon, 1990; Minth-Worby, 1994; 

Figure 1.3). Of these, the AP-2 dimer is a potential element responsible for the selective 

neuronal expression of NPY (since it is predominant in neural crest cells during 

development; Mitchell et at., 1991); however, the 5’ upstream regions in the PYY and 

PP genes also contain AP-2 sites. Additional consensus sequences (Hort et al., 1995; 

Figure 1.3) not present in the NPY gene may contribute to the localisation of these 

peptides in endocrine cells; in addition, the effects of particular transcription factors may 

depend on their composition (e.g. NFkB; Grilli et al., 1993). In contrast, the 

preservation of a neuronal distribution of NPY homologues amongst different 

vertebrates (e.g. birds; Anderson & Reiner, 1990) suggests common features in its gene 

regulation in each case, and comparison of the 5’ flanking regions of the human and rat 

NPY genes indeed reveals substantial sequence identity (Allen & Balbi, 1993). 

Interestingly, allelic variations in the 5’ region of the rat NPY gene include a substitution 

close to the transcription initiation site (Larhammar et al., 1987). The existence of 

multiple alleles might therefore result in alterations in the level of NPY expression in 

different individuals, although such genetic changes have yet to be observed in either rats 

or humans.
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1.2 Heterogeneity of Y receptor subtypes.

1.2.1 Early pharmacological characterisation.

Initial studies rapidly demonstrated that NPY elicited physiological responses by acting 

through specific receptors, located postjunctionally (Lundberg & Tatemoto, 1982) or on 

presynaptic nerve terminals (Allen et al., 1982). Subsequent characterisation indicated 

that both receptors recognised NPY and PYY (but not PP) and that C terminal amidation 

was an absolute requirement (Jorgensen era/., 1990; Wahlestedt era/., 1986). However, 

they could be distinguished by C terminal peptide fragments such as PYY13.36, which 

reproduced the NPY-mediated inhibition of NA release in rat vas deferens but had no 

vasoconstrictor activity (Wahlestedt et a l, 1986). On the basis of this evidence the 

existence of two NPY receptor subtypes was proposed, called Yi (postjunctional) and Y2 

(prejunctional). The potential of C terminal fi’agments to classify Y receptors without 

ambiguity in other systems was found to be somewhat limited, since their relative 

potency compared to NPY or PYY varied considerably and continuously depending on 

the tissue investigated (Michel, 1991). Thus the development of the selective agonist 

[Leu^\ Prô "̂ ] NPY, which displays a 100-fold higher affinity for Yi over Y% receptors 

(Fuhlendorff et a l, 1990a), provided an important additional tool for differentiating 

between the two subtypes.

The discrimination between C terminal fragments and [Leu^\ Prô "̂ ] substituted 

analogues implies that the Yi and Y2 receptors recognise different signal epitopes of the 

NPY and PYY molecules. The Yi receptor requires intact N and C termini for 

activation; loss of even the first two N terminal amino acids leads to a substantial 

reduction in potency (e.g. PYY3.36; Grant et a l, 1992), an observation which may have 

physiological significance given that the endogenous enzyme dipeptidyl peptidase IV 

cleaves NPY and PYY at this position (see Chapter 3 for further discussion). The role of 

the PP fold is apparently indirect, since centrally truncated analogues of NPY in which 

the orientation of the N and C termini is maintained by disulphide bridges (Krstenansky 

et a l, 1989) retain significant Yi receptor affinity. However, substitutions in the intact 

NPY molecule which disrupt the tertiary structure are detrimental (e.g. [Pro^^] NPY; 

Fuhlendorff et a l, 1990b). In contrast the Y2 receptor, which does not require the NPY 

N terminus per se, is more tolerant of mutations in the PP-fold region (Fuhlendorff et a l.
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1990b). Yi and Y2 receptors also appear to recognise the C terminal amino acids in 

distinct conformations. Thus the introduction of the rigid imino acid Pro '̂* constrains this 

region of [Leu^% Pro '̂*] NPY and is the critical substitution for the generation of Yi 

selectivity (Fuhlendorff et a l, 1990a; Grandt et a l, 1994); in a similar manner, the 

proline residue in [Prô *̂ , Tyr^ ,̂ Leû '*] NPY28-36 may stabilise a turn involving Asn^  ̂and 

Ile^\ and therefore be responsible for its selective Yi antagonist activity (Leban et al., 

1995). Conversely, small C terminal fragments of NPY which are chemically constrained 

in a different conformation are Y2 selective agonists (Rist et al., 1996).

Despite Yi and Y2 receptors having an approximately equal affinity for NPY and PYY, 

some actions of NPY in the brainstem (the nucleus tractus solitarius; Grundemar et al., 

1991) and at certain peripheral sites (e.g. bovine adrenal chromaffin cells; Wahlestedt et 

al., 1992) were not duplicated by PYY or PP, indicating the existence of a novel Y3 

receptor subtype. Structure activity relationships suggested that this receptor bound 

both C terminal fragments of NPY and [Prô "*] NPY (though not [Leu^\ Prô "̂ ] NPY), 

but required amino acids in (3-turn region of the PP fold (present in NPY but not PYY) 

for high affinity interaction (Table 1.1; Glaum et al., 1997). A further PP-specific Y 

receptor was also suggested on the basis of its known physiological actions (e.g. Adrian 

et al., 1982) and the presence of PP binding sites which were not displaced by either 

NPY or PYY (Gilbert et al., 1988; Nguyen et al., 1992; Nguyen et al., 1995; Schwartz 

et al., 1987).

Early putative Y receptor antagonists were compromised by low affinity and selectivity 

(e.g. benextramine) or by their actions being non-competitive through a non-receptor 

mediated mechanism (Inositol (1,2,6) triphosphate; see Wahlestedt & Reis (1993) for a 

review). However the recent development of a number of high affinity compounds 

selective for Yi over Y2 receptors, which include the non-peptides BIBP 3226 (Doods et 

al., 1995; Jacques et al., 1995) and SR120819A (Serradeil-Le Gal et al., 1995) and the 

peptide GR231118 (formerly called 1229U91; Daniels et al., 1995), has allowed better 

discrimination of Y%-mediated responses. Both BIBP 3226 and GR231118 were 

designed on the basis of the C terminal part of NPY (Figure 1.4); thus the chemical 

structure of BIBP 3226 resembles R-Arg^^-Tyr^^-NH2, while GR231118 is a dimeric 

peptide based on [Prô ®, Tyr^ ,̂ Leu '̂̂ ] NPY28-36 (Leban et a l, 1995).

25



Chapter 1. Introduction.
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Figure 1.4 Chemical structures of BIBP 3226 and GR231118.

The upper diagram .shows the C terminal Arg-Tyr-NH2 o f NPY compared to a 

representation o f BIBP 3226 below. The amino acid secpience o f the peptide dimer 

GR231118 contains 2,3-diaminopropionic acid (Dpr).
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1.2,2 Cloned Y receptors.

Molecular cloning of a number of rhodopsin-like G protein coupled receptors (GPCRs) 

which bind NPY and related peptides has to a large extent confirmed the earlier 

pharmacological classification of Y receptor subtypes, while simultaneously extending its 

complexity (Blomqvist & Herzog, 1997; Michel et al., 1998). The impetus for the 

discovery of Y receptor sequences was the isolation of an orphan GPCR (FC5) from a 

rat brain cDNA library (Eva et a l,  1990; Figure 1.5), whose expression pattern matched 

the distribution of Yi-like NPY binding sites. As a consequence, FC5 derived primers 

were used to extract a homologous human cDNA clone encoding a GPCR with typical 

Yi receptor pharmacology (i.e. binding NPY, PYY and [Leu^\ Pro '̂ ]̂ NPY but not 

NPY2.36; Herzog et a l, 1992; Larhammar et a l, 1992; Table 1.1) and also with high 

affinity for BIBP 3226 (Wieland et a l, 1995). At the same time, the product of the FC5 

cDNA was identified as the rat Yi receptor (Krause et a l,  1992). A similar degree of 

identity (94 %) is observed for the human, rat and mouse Yi receptors; alternative 

splicing generates a second embryonic form of the mouse homologue, which is truncated 

in the seventh transmembrane domain (Nakamura et a l, 1995).

A further four distinct Y receptor sequences with differing pharmacological profiles have 

since been isolated (Table 1.1). The cloning of additional members of the family was 

more problematical than expected, due to the remarkably low degree of sequence 

homology between the different subtypes (the human sequences are generally 30 - 40 % 

identical when compared with each other; Blomqvist & Herzog, 1997). The cloned Y2 

receptor (Gehlert et a l, 1996a; Gerald et a l, 1995; Rose et a l, 1995; St-Pierre et a l, 

1998) displays the expected selectivity for C terminal fragments of NPY and PYY and 

low affinity for [Prô "*] substituted analogues. The Y4 receptor represents a candidate for 

mediating the physiological actions of PP (Bard et a l, 1995; Lundell et a l,  1995; Yan et 

a l,  1996), binding the peptide with very high affinity (K; <0.1 nM). Interestingly the rat 

Y4 receptor showed only 75 % identity with the human subtype and a relatively greater 

affinity for rat compared to human PP (Lundell et a l, 1996), indicating that the species 

variation in the PP sequences has been accompanied by co-evolution of their receptors. 

The human and rat cloned Y5 receptors are relatively non-selective, binding all three 

members of the NPY family, long C terminal fragments and [Pro '̂*] PYY with 

approximately equal affinity (Gerald et a l, 1996; Hu et a l,  1996). Finally a further
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Receptor Order of agonist affinity / potency Effect of antagonists

Yi NPY (10.1) S PYY (9.8) = P ro ^ '^ Y  
(9.8) »  NPY,3-36 (7.2) S PP (7.1)

BIBP 3226 (8.3), GR231118 
(9.7) high affinity

Y2 PYY (9.5) 2 NPY (9.3) = PYY3.36 (9.2) 
> NPYi3-36 (8.6) »  Pro^^NPY (6.2), 
PP (< 6.0)

No antagonism BIBP 3226 
(< 5.0), GR231118

putative
Y3

NPY > P ro ^ '^ Y  > NPY,3-36 »  PP, 
PYY

No antagonism BIBP 3226

Y4 hPP (10.3) = bPP (10.1) > Pro^^PYY 
(9.9) 2 rPP’ (9.7) > PYY' (9.1) > NPY* 
(8.7)

No antagonism BIBP 3226 
(< 5.0). GR231118(10.7) 
binds with high affinity

Ys NPY (9.2) 2 PYY (8.9) = NPY2.36 (8.9) 
= Pro^'"PYY (8.8) > [D-Trp^^]NPY (8.1) 
= hPP (8.0) > NPY,3-36 (7.1) > rPP (6.4)

JCF 104 (5.8) moderate 
affinity, no antagonism BIBP 
3226 (< 5.0)

y6 NPY* (8.4) = PYY* (8.3) 2 Pro’^NPY 
(8.1)2 NPY2.36 (8.1) »  NPY,3-36 (7.0) 
»  hPP* (< 6.0)

Table 1.1 Classification of Y receptor subtypes.

Orders o f  agonist affinity are given for the cloned human Yj, ¥ 2  and ¥ 4  receptors and 

fo r  the murine ye subtype; the human ye receptor is a pseudogene. Values in 

parenthesis indicate calculated pKi values for the displacement o f  [^^^I]P¥¥ specific 

binding, using NP¥, P¥¥ and PP (from human (h), bovine (b) or rat (r)), C terminal 

fragments, Pro^^ substituted analogues and [D-Trp^^]NP¥ as the unlabelled competitors 

(Bard et a l, 1995; Gerald et al, 1995; Hu et al, 1996; Weinberg et a l, 1996). 

Asterisked peptides display markedly altered affinities fo r  the ¥ 4  and ye subtypes when 

f ^ f jP P  is used as the radioligand (Gregor et al, 1996; ¥an et a l, 1996). The 

approximate order o f potency shown for agonists at the putative ¥ 3  receptor is based on 

their inhibitory actions in rat brainstem neurones (Glaum et al, 1997). The effects o f  

BIBP 3226 (Gehlert et al, 1996; Jacques et a l, 1995; Pheng et a l, 1997; Wieland et 

al, 1995), GR231118 (Daniels et al, 1995; Gehlert et a l, 1996; Hegde et a l, 1995) 

and JC F 104 (Pheng et al, 1997) are also indicated, quotingpKf values where known.
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382

Figure 1.5 Amino acid sequence of the rat Y, receptor.

Transmemhrane regions are predicted from hydropathicity plots and the position of 

highly conser\^ed intramemhrane residues in rhodopsin-like receptors (Schwartz et al, 

1997). Four extracellular sites exist for N-linked glycosylation,a potential distdphide 

bridge is indicated between Cys^^  ̂ and Cys^ '̂, and Cy^^'^ may be anchored to the 

membratie by lipid modificatioti. Phosphorylation sites in the cytoplasmic domains are 

shown in red (Ser Thr) or blue (Tyr), highlightmg putative consensus sequences for 

protein kinases C (O) or A (^).
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subtype, designated ye, has been isolated from a murine genomic library (Gregor et a l,  

1996; Weinberg et al., 1996). The pharmacological profile of this receptor is 

controversial; it appears PP-specific if [^^ Î]PP is used as the radiolabel (Gregor et al., 

1996), and Ys-like, without significant PP affinity when measuring [^^^I]PYY 

displacement (Weinberg et a l, 1996). However, the human ye receptor is a protein 

which terminates in the third extracellular loop region, and is therefore apparently a 

transcribed pseudogene (Gregor et al., 1996).

As Table 1.1 demonstrates, the selective agonists used to distinguish Yi and Y2 receptors 

are in fact relatively promiscuous. [Leu^\ Prô "̂ ] analogues interact with Yi, Y4 and Y5 

receptors with high affinity, while deletion of one or two N terminal residues renders 

NPY or PYY ineffective only at the Yi receptor. However, shorter C terminal fragments 

(PYYi3-36, NPYi3-36) retain their selectivity for Y2-like subtypes, while [D-Trp^^]NPY 

may be a relatively low affinity Y5 selective agonist (Gerald et al., 1996). BIBP 3226 

failed to exhibit affinity for either Y4 or Y5 receptors (Gerald et al., 1996); in contrast, 

GR231118 displaces [^^^I]PYY binding to the Y4 subtype at picomolar concentrations 

(Gehlert et al. 1996b), indicating that this antagonist may not completely discriminate 

between different Y receptors.

Despite the expansion of the Y receptor family brought about by the identification of 

novel genes, it is clear that additional subtypes may yet exist. Most prominent among 

these is the putative NPY-preferring Y3 receptor, which despite initial reports has yet to 

be cloned (Herzog et al., 1993); other atypical binding sites have also been identified, 

particularly for PP (Gehlert et al., 1997). Furthermore, nucleotide sequences encoding 

the Yi, Y2 and Y5 receptors form a highly conserved triplet of genes on chromosome 4, 

and as such may have been duplicated twice during the successive chromosome 

doublings that occurred early in vertebrate evolution; for example, four copies of Yi-like 

receptor genes are found in the zebrafish genome (Larhammar et a i,  1997; Lundell et 

al., 1997). Thus there may be up to twelve human Y receptor subtypes, although some 

genes may be inactivated or encode non-functional receptors (e.g. the ye gene). At 

present however, the current range of Y receptors provides ample opportunity for the 

development of a number of drug therapies.
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1.2.3 Agonist and antagonist binding to Yi receptors.

The overall topology of GPCRs is defined on the basis of the seven hydrophobic domains 

suggested by hydropathicity plots (Figure 1.5). These membrane spanning segments 

divide three extracellular and three intracellular loops, an extracellular N terminus and an 

intracellular C terminus. This arrangement is supported both indirectly (e.g. N- 

glycosylation sites are invariably extracellular) and through defining the location of 

particular regions by immunological or enzymatic techniques (Dohlman et a i, 1987; 

Wang et al., 1989). A conserved C terminal cysteine residue in the majority of GPCRs 

and in all Y receptors may be palmitoylated, forming a fourth intracellular loop (Milligan 

et al., 1995; Figure 1.5; see Chapter 5 for further discussion). The tertiary conformation 

adopted by the seven helices is at present modelled on the structure of bacteriorhodopsin 

(Henderson et al., 1990) and lower resolution electron cryomicroscopy of frog 

rhodopsin (Schertler & Hargrave, 1995). The GPCR helices are predicted to be 

sequentially orientated in a bundle in an anticlockwise manner (when viewed from 

outside the cell); this arrangement is supported by double mutagenesis studies which 

investigate helix-helix interactions (e.g. Mizobe et a l,  1996) and by the construction of 

zinc binding sites, in which an anticlockwise orientation of the transmembrane domains is 

required for the proper coordination of the substituted His residues (Elling & Schwartz, 

1996).

Based on this general template for GPCRs, the binding sites of NPY and BIBP 3226 to 

the human Yi receptor have been investigated, using a number of mutants in which 

amino acids interacting with either agonist or antagonist were substituted with alanine 

(Du et al., 1997; S autel et al., 1996; Walker et al., 1994). In the model proposed by 

Sautel et al. (1996), NPY interacts with residues in both the first (Tyr‘°°, Asp^”'*) and 

third extracellular loops (His^^*), mutation of which eliminates NPY binding. These 

amino acids are conserved in other human Y4 and Y5 receptors but, with the exception of 

Tyr^°°, are not present in the Y2 subtype (Blomqvist & Herzog, 1997), The C terminal 

amino acids of NPY extend into a binding pocket formed by the upper half of 

transmembrane domains IV, V and VI. Many of the amino acids in this region that are 

critical for NPY affinity also interact with BIBP 3226, although two residues are 

important for either agonist (Trp^^^) or antagonist affinity (Tyr^^ )̂ only. Thus BIBP 3226 

and Arg^^-Tyr^^-NH] of NPY may bind to overlapping, though not identical, sites in the
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Yi receptor (Du et a l, 1997; Sautel et a l, 1996). All the residues identified by Sautel et 

al. (1996) that interact with BIBP 3226 except Phe^*  ̂are common to other members of 

the Y receptor family (particularly the Y4 subtype; Blomqvist & Herzog, 1997). 

However additional important amino acids described by Du et al. (1997) are less well 

conserved, and it is possible that BIBP 3226 specificity also results from inhibitory 

influences from side chains in the equivalent region in other receptors.

1.2.4 Receptor activation and Gi/o mediated signalling events.

Signal transduction by Y receptors, in common with other members of the GPCR 

superfamily, requires the participation of heterotrimeric G proteins as the communicators 

between receptor and various effector proteins (for reviews see Taylor, 1990; Kobilka,

1992). The G protein complex is composed of GDP-bound Ga and Gpy subunits which 

are attached to the membrane through fatty acid linkages (Clapham & Neer, 1997; 

Milligan et al., 1995). Agonist binding induces a conformational change in the GPCR 

from a low (R) to a high affinity state (R ), and in its activated form the receptor 

stabilises the Ga transition state for the exchange of GDP for GTP. The affinity of Ga- 

GTP for Gpy is significantly reduced, leading to the dissociation of the complex and 

allowing the interaction of free Ga and GPy subunits with their respective effectors 

(Figure 1.6). Signalling is terminated by GTP hydrolysis, promoting reassociation of the 

inactive Gapy trimer. GPCR antagonists prevent the agonist-induced R to R* 

transition; thus while BIBP 3226 and NPY occupy similar binding sites in the Yi 

receptor, direct competition for the agonist binding pocket is not a prerequisite for 

antagonistic activity (Elling et a l, 1995; Gether et a l,  1993; Kobilka, 1992). In 

circumstances where spontaneous formation of R* enhances constitutive signalling, for 

example in recombinant systems overexpressing the receptor (Kenakin, 1996) or in 

receptor mutants (Lefkowitz et a l, 1993), certain antagonists (with higher affinity for R) 

may therefore act as negative agonists (Samama et a l, 1994). The molecular mechanism 

by which GPCRs interact with their respective G proteins upon agonist occupancy has 

not been established (and indeed has not been studied in Y receptors); however, it 

appears that multiple regions in their intracellular domains may influence the efficacy and 

specificity of G protein activation (Kobilka, 1992; Okamoto & Nishimoto, 1992). 

Attention has focused particularly on amphipathic a-helical segments in the third
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GIRK

ATP
Recruitment of GRKs and 
receptor desensitisation V

cAMP

via PI-3 kinase, p 2 1 PK A

> IP3 + DAG
c

t ICa'Ii MAP Kinase cascade via PK C GTPPKC

C a - * 0 -
Gene Transcription N Type

Figure 1.6 Signalling by Y receptors.

Dependent on the cell type, Y receptors may communicate with several effectors, 

including adenylyl cyclase (AC), phospholipase Cp (PLCp), mitogen activated protein 

(MAP) kinase, N type channels and inward rectifier fC channels (GIRK). The 

possible mechanisms by which Gai/o or Gpy subunits may regulate these processes are 

illustrated; in certain instances (e.g. the regulation o f MAP kinase activity) they are 

inferred from .studies on other Gi/o -coupled receptors. Other abbreviations include PIP2  

(phosphatidyl inositol 4,5-bisphosphate), IP3 (inositol 1,4,5-trisphosphate), DAG 

(diacylglycerol) and GRK (GPCR kinase).
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intracellular loop which bind Ga and Gp subunits (az-adrenoceptors; Taylor et a l,

1994), activate G proteins as isolated peptides (e.g. Wade et a l,  1996) and interfere with 

receptor signalling when mutated (e.g. M2 muscarinic receptors; Liu et al., 1995). 

Whether the same regions are critical for different receptors or for different classes of G 

protein remains to be determined.

The diversity of the physiological actions of signalling molecules such as noradrenaline or 

acetylcholine is enhanced by the capacity of different adrenergic and muscarinic receptors 

to couple to distinct signal transduction pathways. However, the Y receptor subtypes do 

not appear to initiate differing downstream events, although the Y5 receptor contains an 

usually large third intracellular loop which might affect its function (Gerald et al., 1996). 

All the cloned receptors appear to be coupled to pertussis toxin-sensitive G proteins of 

the Gi/o subclass (Blomqvist & Herzog, 1997). In certain cell types, Gi/o-linked receptors 

elicit their effects through remarkably specific G protein heterotrimers (e.g. Kleuss et al., 

1991, 1992, 1993; McClue et al., 1992) and M2 and M4 muscarinic receptors may have 

different selectivities for particular Gai/o subunits (Migeon et al., 1995). Selective 

activation of G proteins by Y receptors has been observed in Xenopus oocytes (Yi 

receptors and Gaii; Brown et a l, 1995) and in renal epithelial cells (Y2 receptors and 

Gai2; Voisin et a l, 1996), but there is as yet no evidence that these interactions depend 

on the receptor subtype. On the other hand, it is possible that subsequent intracellular 

responses may be tailored by the complement of GaPy subunits that various cell types 

express (e.g. epithelial cells express Gai2 and Gais only; Ogier-Denis et a l,  1995).

The recognition that both Gai/o and Gpy subunits have signalling properties (Clapham & 

Neer, 1997) provides an explanation for the majority of the cellular effects observed after 

Y receptor stimulation (Figure 1.6). An almost ubiquitous consequence of the activation 

of endogenous and recombinant Y receptors is the inhibition of adenylyl cyclase leading 

to a reduction in cAMP levels (Gerald et a l, 1996; Ny & Grundemar, 1997; Michel et 

a l,  1998). Similarly, in many cell types NPY-related peptides may elevate intracellular 

Ca^  ̂ (Aakerlund et a l, 1990), a signal transduction pathway available to cloned Yi, Y2 

and Y4 receptors (Bard et a l, 1995; Gerald et a l, 1995; Herzog et a l, 1992) and 

possibly involving multiple mechanisms. Gpy subunits may interact with phospholipase
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C-P and potentiate its activation by Goq/i6-linked receptors (Zhu & Bimbaumer, 1996), 

crosstalk which may be responsible for the synergistic effect of NPY and phenylephrine 

on inositol 1,4,5-triphosphate (IP3) production and PK C activation (Selbie et al., 1995; 

Selbie et al., 1997a), and for the observation that Y2 receptor-mediated Ca^  ̂increases in 

human neuroblastoma cells require muscarinic stimulation (Connor et al., 1997). 

However in certain circumstances NPY elicits Ca^  ̂release from intracellular stores by an 

unknown mechanism independent of IP3 (e.g. Selbie et al., 1995). Stimulation of Ca^  ̂

entry into cells has also been observed, in some instances in a pertussis-toxin insensitive 

manner (Lemos & Takeda, 1995; Lynch et a l, 1994). Other modulatory effects on ion 

channels, for example activation or inhibition of (Brown et a l,  1995; Xiong & 

Cheung, 1995) or Ca^  ̂ conductances (Colmers & Bleakman, 1994; Toth et al., 1993; 

Wiley et al., 1993), may arise from direct interaction between channel subunits and Gaj/o 

or GPy (Clapham & Neer, 1997; Dolphin, 1996).

NPY and PYY may also have trophic effects on vascular smooth muscle (Zukowska- 

Grojec & Wahlestedt, 1993) and epithelial cells (Voisin et al., 1993). Consistent with 

this possibility has been the recent demonstration that Yi receptor activation results in an 

increase in MAP kinase activity (Nakamura et al., 1995; Selbie et al., 1997b), with 

associated implications for the regulation of gene expression. Free Gpy subunits of Gj 

proteins may stimulate the MAP kinase cascade through phosphoinositide 3-kinase 

activation (Vanhaesebroeck et al., 1997) and subsequent tyrosine phosphorylation of 

adapter proteins involved in the p21”® signalling pathway (Touhara et al., 1995; van 

Biesen et al., 1995). Goto subunits have also been implicated in the activation of MAP 

kinase, through a PK C dependent, p21”* independent mechanism (van Biesen et al.,

1996).

1.2.5 Receptor regulation by phosphorylation.

The numerous serine and threonine residues either in the C terminal tail or in the third 

intracellular loop of the cloned Y receptors suggests that they may be phosphorylated by 

G protein receptor kinases (GRKs), a process which constitutes the initial event in 

homologous desensitisation (Kobilka, 1992; see also Chapter 4). A number of GRKs 

which target only agonist-occupied GPCRs have been identified, of which the best
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characterised are rhodopsin kinase (GRKl, found almost exclusively in photoreceptor 

cells) and the P-adrenergic receptor kinases (P-ARK) 1 and 2 (GRK2 and GRK3; 

Premont et a l, 1995). P-ARK isoforms translocate to the membrane following 

association with free GPy subunits (Kim et a l, 1993; Pitcher et a l, 1992) and 

phosphorylate diverse GPCR families, including adrenoceptors (Benovic et a l,  1987a,b; 

Diviani et a l,  1997; Freedman et a l, 1995), muscarinic receptors (Kwatra et a l,  1989) 

and receptors for adenosine (Mundell et a l, 1997), bradykinin (Blaukat et a l,  1996) and 

substance P (Kwatra et a l, 1993). Binding of members of the arrestin family 

subsequently prevents phosphorylated GPCRs from interacting with and activating G 

proteins (Benovic et a l, 1987a; Wu et a l, 1997; Xu et a l, 1997).

1.2.6 Direct G protein activation by NPY.

NPY and its fragments evoke histamine release from mast cells, resulting in hypotension 

following their systemic administration at pharmacological doses (Grundemar et a l, 

1990). NPYi8-36 is significantly more potent than NPY in eliciting this response, an 

observation which is not consistent with a known Y receptor subtype (Mousli et a l,

1995). On the other hand both NPYig-se and to a lesser extent NPY activate G proteins 

directly in vitro (Mousli et a l, 1995), in common with other amphipathic a-helical 

peptides (e.g. Wade et a l, 1996). Such direct binding may therefore be a potential 

mechanism underlying the effect of NPY at high concentration in mast cells.

1.3 Neuronal distribution and function of NPY.

1.3.1 NPY in the sympathetic system.

NPY coexists with noradrenaline (NA) in postganglionic sympathetic neurones 

innervating the vasculature of a number of species (including man; Lundberg et al., 

1982b; Lundberg et a l, 1983) and is selectively released from large dense-core synaptic 

vesicles after high frequency stimulation (Fried et a l, 1985; Lundberg et a l, 1986). The 

subsequent activation of postjunctional Yi receptors on vascular smooth muscle cells 

produces a prolonged vasoconstrictor response (Lundberg & Tatemoto, 1982; 

Malmstrom & Lundberg, 1995) and potentiates the contraction induced by other 

sympathetic transmitters (NA and ATP; Stjame et a l, 1986), while stimulation of 

prejunctional Y2 receptors inhibits further exocytosis (Toth et a l, 1993; Figure 1.7).
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Figure 1.7 Differential release of NA and NPY at the sympathetic bouton.

After low frecpiency stimidation, NA-containing vesicles are released (upper diagram), 

leading to muscle contraction and aj-adrenoceptor mediated blockade o f presynaptic N  

type Ccr" channels. At higher frequencies, NPY causes vasoconstriction directly and 

the potentiation o f the NA response (lower diagram), while also contributing to 

presynaptic inhibition. Agonists such as angiotensin II (ATII) enhance synaptic release 

via presynaptic receptors.
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Exogenous administration of NPY increases total peripheral resistance and mean arterial 

blood pressure (Lundberg & Tatemoto, 1982); thus Yi receptor antagonists such as 

BIBP 3226 (Doods et a i, 1995) may be effective antihypertensive agents in conditions 

where NPY levels are elevated (e.g. during stress; Ahlborg & Lundberg, 1991). 

Agonists at kidney epithelial Y receptors may also reduce blood pressure, by enhancing 

natriuresis (Playford et al., 1995; Playford & Cox, 1996). If Ys-like rather than Yi 

receptors participate in natriuretic responses in man (as may occur in rat; Bischofif et al.

1997), the development of selective agents without detrimental vasoconstrictor activity 

should be possible.

1.3.2 NPY as a central neurotransmitter.

NPY is expressed in inhibitory intemeurones throughout the mammalian brain, 

extensively colocalised with y-amino butyric acid, somatostatin (SRIF) and possibly NO 

(Adrian et al., 1983; Allen et al., 1983; Figuerado-Cardenos et al., 1996; Hendry,

1993); there are also longer projection NPY neurones originating in the brainstem which 

contain catecholamines as cotransmitters (Hendry, 1993). Central injection of NPY has 

provided evidence for its role in cortical functions such as learning and memory (Flood et 

al., 1987) and the regulation of emotion (Heilig et al., 1993), cardiovascular control by 

brainstem nuclei (Grundemar et al., 1991) and antinociceptive effects in the spinal cord 

(Hokfelt et al., 1994; Hua et al., 1991). The ability of NPY to prevent epileptiform 

activity has recently gained prominence, given that NPY-knockout mice are distinguished 

by their susceptibility to seizures (Baraban et a l, 1997; Erickson et al., 1996a). Y 

receptor subtypes mediating such processes have been partially characterised in rat 

models (e.g. Klapstein & Colmers, 1997; Wahlestedt et a l, 1993), but the Y receptor 

distribution in human telencephalon shows substantive differences from rat (Dumont et 

a l,  1997); thus the applicability of these results in man may be limited.

NPY is most abundant in the hypothalamus (Adrian et a l, 1983; Allen et a l,  1983), 

particularly in arcuate and brainstem neurones innervating the paraventricular nucleus 

(Bai et a l,  1985). This region has been implicated in the control of feeding behaviour 

(Leibowitz et a l, 1981), and central administration of NPY indeed elicits a highly potent 

orexigenic response (Stanley & Leibowitz, 1984). Endogenous NPY release may be 

attenuated by a feedback pathway involving the hormone leptin, the product of the OB

38



Chapter L Introduction.

gene which inhibits further food intake after its release from white adipose tissue (Zhang 

et al., 1994). Leptin reduces hypothalamic NPY overexpression and body weight in ob / 

oh obese mice (Stephens et al., 1995), possibly by acting on arcuate neurone receptors 

(Mercer et a l,  1996). In addition the ob / ob syndrome is mitigated by concomitant 

NPY deficiency (Erickson et al., 1996b), although NPY-knockout mice themselves show 

no abnormalities in eating behaviour (Erickson et al., 1996a).

Initial studies suggested that NPY induced food intake was mediated by a receptor 

recognising Yi selective agonists, PP and long C terminal fragments of NPY (Stanley et 

al., 1992). This agonist profile is shared by the cloned Y5 subtype (Gerald et al., 1996), 

which is abundantly expressed in the paraventricular nucleus. However the ability of 

BIBP 3226 to 9pooifiea% reduce NPY orexigenic responses indicates the additional 

involvement of the Yi receptor, or an entirely new Yi-like subtype (O’Shea et al., 1997). 

Neither Yi or Yg receptor knockout mice appear to show defects in appetite or growth 

(Marsh et a l, 1997; Pedrazzini et al., 1997), but coordinate expression of both receptors 

in the hypothalamus might explain many of the current findings. In fact the linked 

regulation of their genes is plausible since one of the alternative Yi promoter exons (IB) 

might additionally influence Y5 receptor transcription in the opposite direction (Ball et 

al., 1995; Herzog et al., 1997). NPY also modulates the secretion of pituitary hormones 

through hypothalamic sites (e.g. corticotrophin-releasing factor; Wahlestedt et al., 1987) 

and other abnormalities of ob / ob mice, such as their infertility, may result from the 

substantially increased hypothalamic NPY content (Zhang et al., 1994; Erickson et al., 

1996b). Thus the selectivity of anti-obesity agents targeting the feeding Y receptor will 

be important in limiting unwanted endocrine side effects.

1.4 Regulation of gastrointestinal function by NPY family members.

The efficient digestion and absorption of food requires the integration of diverse 

processes, including exocrine gastric and pancreatic secretions, gut motility and epithelial 

ion transport. Both nervous and hormonal pathways contribute to the coordination of 

these events, in which all three NPY related peptides participate as signalling molecules. 

PYY and PP facilitate the reabsorption of nutrients in the small intestine and inhibit 

further pancreatic exocrine secretions (Figure 1.8) via receptors in the brainstem and
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Brainstem (DVC):
Central inhibition of 
pancreatic secretion, 
stimulation of motility 
and acid secretion.

Liver:
Possible increase in 
glycogen synthesis.

PP released from pancreas 
(peak 1 5 - 30  min), 
modulated by vagus, 
hormones (e.g. SRIF) and 
plasma glucose.T

Intestine:
Inhibition of epithelial 
anion secretion.

Brainstem  (DVC):
Inhibition of motility, 
gastric and pancreatic 
exocrine secretions via 
vagus.

i

X

Stomach:
Inhibition of histamine 
release by enterochromaffin 
cells.

1
Intestine:
Attenuation of epithelial 
anion secretion, inhibition of 
motility (via ENS) and 
redistribution of blood flow.

i
PYY released from terminal 
ileum / colon (peak 1 - 3 h), 
stimulated by vagus and ENS, 
CCK, bombesin and luminal 
nutrients (esp. fat).

Figure 1.8 Modulation of gastrointestinal function by PYY and PP.

The diagram summarises the effects o f circulating PYY and PP released following a 

meal. As an enteric neurotran.smitter, NPY also regulates intestinal electrolyte 

secretion and motility. Abbreviations include ENS (enteric nen’ous system), DVC 

(dorsal vagal complex), CCK (cholecystokinin) and SRIF (somatostatin 14-28).
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gastrointestinal tract; in particular, the actions of PYY may be responsible for the ‘ileal 

brake’ observed as the luminal fat concentration rises (Pironi et a l, 1993; Playford et al.,

1990). As an enteric neurotransmitter, NPY may also activate intestinal Y receptors to 

inhibit motility and epithelial electrolyte secretion.

1.4.1 Location and release of PYY and PP.

Open type endocrine cells containing PYY-immunoreactivity are numerous in the 

mucosal crypts of mammalian distal small intestine and colon; conversely they are 

sparsely distributed in duodenum and jejunum (Bottcher et al., 1984; Ferri et al., 1988). 

In addition to PYY, the secretory granules contain peptides derived from the glucagon 

precursor protein (including glicentin and glucagon-like peptide 1 (7-36) amide; Bottcher 

et al., 1984; Bottcher et al., 1986; Tucker et al., 1996) whose actions may complement 

those of PYY in the gut (e.g. Fung et a l, 1998). PYY and glucagon precursors are also 

often coexpressed in islet cells of certain species (Sundler et al., 1993), providing fijrther 

evidence for an evolutionary relationship between gut and pancreatic endocrine cells 

(Gapp, 1987). Pancreatic PP-immunoreactive cells are widespread and distinct from 

those containing insulin, glucagon or somatostatin; colocalisation with PYY has 

however been observed (Sundler et a l, 1993). A small population of PP containing cells 

are additionally present in the adult mammalian gastrointestinal tract (Sundler et al.,

1984). Interestingly, PP and PYY expression appears to be differentially regulated in the 

pancreas and gut during development, giving rise to their selective distribution in each 

tissue. For example, pre pro PYY mRNA expression in the rat pancreatic islets but not 

in the intestine peaks shortly after birth and declines thereafter (Krasinski et al., 1991); 

conversely, avian PP cells are most prominent in the gut during the perinatal period 

(Alumets 1978).

Circulating PYY levels increase to a peak at 1 - 3 hours following ingestion of a meal 

and remain elevated for a substantial period (Adrian et al., 1985; Fu-Cheng et a l,  1997); 

PYY release is principally from lower bowel endocrine cells and is abolished by 

ileocolectomy (Greeley et a l, 1989). Early investigations indicated that secretion from 

colorectal cells was markedly enhanced by the increased nutrient content of the gut 

lumen, in particular the presentation of fatty acids (Greeley et a l, 1989). However, the 

maximal PYY concentration in the circulation precedes the arrival of digestion products
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in the distal small intestine, suggesting the involvement of more rapid stimulatory 

mechanisms. These may include a feed forward pathway in which the presence of fatty 

acids in the duodenum induces PYY release (Fu-Cheng et al., 1995), and direct 

hormonal stimulation of PYY-containing endocrine cells by cholecystokinin (CCK; 

secreted in response to luminal protein) or bombesin (Greeley et a l,  1989; Sheikh et al., 

1989). On the other hand, neither CCK nor bombesin antagonists suppress the 

postprandial rise in PYY levels (Fu-Cheng et al., 1997), but the early phase of PYY 

release in vivo is strongly dependent on vagal activity (Fu-Cheng et al., 1997; Sheikh et 

al., 1989). Thus it appears that PYY levels are initially elevated by neural stimulation 

during the cephalic phase and are subsequently maintained by the presence of high 

concentrations of luminal nutrients, particularly fatty acids. Similarly, the plasma PP 

concentration, which rises and declines more rapidly than that for PYY (peak at 15 - 30 

min) initially depends on PP release from the pancreas through vagal mechanisms 

(Schwartz, 1983). The subsequent plateau phase may be maintained by a multitude of 

factors, including direct and indirect hormonal stimulation and the extracellular glucose 

concentration (Fehmann et al., 1995; Mochiki et al., 1997).

1,4.2 NPY and PYY as enteric neurotransmitters.

The enteric nervous system (ENS) contains approximately 100 million neurones 

organised into two groups of ganglia, known as the myenteric (Auerbach’s) and 

submucous (Meissner’s) plexi (Figure 1.9; for reviews see Bomstein & Furness, 1988; 

Goyal & Hirano, 1996). The myenteric plexus, located between the longitudinal and 

circular smooth muscle layers, provides the motor innervation along the length of the 

gastrointestinal tract as well as integrating afferent and efferent pathways, connecting 

with both sympathetic and parasympathetic ganglia. Between the circular smooth muscle 

and the muscosal layer lie the submucous ganglia, most prominent in the small intestine. 

These neurones receive myenteric innervation and make synaptic contacts with endocrine 

and particularly epithelial cells, through which they participate in the control of endocrine 

and exocrine secretion. The muscosal layer also contains sensory nerves which project 

to the myenteric plexus and respond to mechanical (e.g. distension) or chemical stimuli.

Immunohistochemical studies examining the chemical nature of ENS neurones have 

revealed that putative transmitters include a diverse array of peptides, including (in the
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Figure 1.9 Anatomy of the small intestine.

The cross-section reveals the following features o f the gut wall and the enteric nervous 

system: (1) Mesentery, including parasympathetic (lA) and sympathetic (IB) nerve 

fibres; (2) innervation o f the mucosal epithelial layer; (3) submucosa; (4) villus; (5) 

muscularis mucosa; (6) deep muscular plexus; (7) submucosal plexus; (8) myenteric 

plexus, including ganglion (A) with secondary (B) and tertiary nerve branches (C); (9) 

circular and (10) longitudinal smooth muscle layers; (11) serosa; (L) lumen. From 

Gershon & Erde (1981).
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rat) vasoactive intestinal polypeptide (VIP), substance P, calcitonin gene related peptide 

(CGRP), SRIF, enkephalin and NPY (Ekblad et al., 1987; Ekblad et al., 1988). In the 

rat small and large intestine, NPY is often coexpressed with YIP in numerous myenteric 

neurones which send short anal projections to circular smooth muscle and to other 

myenteric ganglia (Ekblad et al., 1987; Ekblad et a l, 1988; Browning & Lees, 1994). 

Submucosal neurones in the small intestine projecting to the mucosa also synthesise both 

VIP and NPY (Ekblad et al., 1987), and the two peptides are costored in the same 

synaptic vesicles (Cox et al., 1994). NPY / VIP positive cells are much less numerous in 

the proximal colon, but increase in density more distally; a second larger population is 

immunoreactive for VIP only (Browning & Lees, 1994; Ekblad et al., 1988). The 

extension of these findings to the human ENS is difficult, since patterns of peptide 

colocalisation vary considerably between species. In the guinea pig for example, intrinsic 

nerves coexpress NPY, CGRP, CCK, SRIF and choline acetyltransferase (Furness et al., 

1985). However, NPY and VIP are colocalised in myenteric neurones in the human 

stomach and appendix and the mucosa of these regions also receives NPY innervation 

(Ekblad et al., 1989; Wattchow et al., 1988). In common with NPY-immunoreactive 

central nerves, some human colonic NPY neurones also contain NADPH diaphorase 

activity, suggesting that they may use NO as a cotransmitter (Nichols et al., 1994). The 

potential overlap with cholinergic neurones has yet to be established, although the 

majority of human submucosal neurones in both small and large bowels contain choline 

acetyltransferase (Potter et al., 1996); a small subset of postganglionic parasympathetic 

nerves elsewhere in the body contain NPY and VIP as cotransmitters (e.g. respiratory 

tract; Sundler et al., 1993). Interestingly, PYY may also be present in the myenteric 

ganglia of stomach and small intestine in certain species (e.g. in cat and ferret; Bottcher 

et al., 1993). These results suggest that PYY is not an exclusively endocrine peptide, 

consistent with the observation that it may be expressed in some sympathetic and central 

neurones (Broome et al., 1985; Hàppôlà et al., 1990).

Y receptors on ENS neurones may be targets for NPY related peptides of neural or 

endocrine origin and provide a mechanism by which they indirectly modulate gut 

function. Binding studies in synaptosomes from canine small intestine ENS have 

indicated that the Y: subtype predominates in submucosal neurones while both Yi- and 

Yi-like receptors may be present in myenteric ganglia (Mao et al., 1996); in the rat, Y%
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receptors have been identified immunochemically on cell bodies in both plexi (Jackerott 

& Larsson, 1997). Electrophysiological studies have generally indicated that NPY 

exerts presynaptic actions to reduce the release of either excitatory or inhibitory 

transmitters. Thus NPY inhibits N-type calcium channels in cultured myenteric neurones 

(Himing et a l,  1990) and suppresses cholinergic neurotransmission in the same plexus in 

vitro (as do PYY and bPP; Schemann & Tamura, 1992); both PYY and NPY also reduce 

the amplitude of NA mediated postsynaptic inhibitory potentials in guinea pig submucous 

neurones, through Yi-like receptors (Cunningham et a i, 1994).

1.4.3 Effect of PYY on blood flow and motility.

While PYY is a potent agonist at sympathetic Y receptors, an infusion of the peptide 

which replicates the peak circulating levels after a large meal (40 - 50 pM; Adrian et al., 

1985) fails to alter total peripheral resistance or blood pressure (Playford et al., 1992); 

higher doses which represent certain pathophysiological states (70 pM in plasma; Adrian 

et al., 1986) are hypertensive (Playford et al., 1992). In normal individuals local 

haemodynamic changes afforded by PYY may be more significant. Increased post

prandial blood flow through the mesenteric bed may be targeted to the small intestinal 

mucosa by selective constriction of vessels supplying the kidney and colon (NPY in rats; 

Maclean & Hiley, 1990) and contraction of the circular and longitudinal smooth muscle 

vasculature (PYY in dogs; Buell & Harding, 1989). The subsequent blood delivery to the 

epithelial lining may therefore improve nutrient absorption from the lumen of the small 

intestine.

PYY also reduces gastric emptying in humans (Pironi et al., 1993) and inhibits the 

motility of both the small and large bowel in a number of species (Lundberg et al., 

1982a). These effects, which may also be reproduced in certain instances by NPY (e.g. 

cat colon; Hellstrom, 1987), arise predominantly through interaction with Y receptors in 

the ENS and not through a direct effect on the smooth muscle. For example, PYY and 

NPY attenuate the release of acetylcholine in the guinea pig isolated colon, while NPY 

stimulates noradrenergic neurones (Sawa et al., 1995). Although PYY largely inhibits 

muscle contraction in isolated muscle strips (Krantis et a i, 1988; Wiley et al., 1991), it 

has also been shown to contract circular smooth muscle in canine small intestine by 

preventing neuronal VTP and NO release (Fox-Threlkeld et al., 1993). Descending ENS
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projections that contain VIP and NO may mediate the relaxation that occurs ahead of a 

bolus of food or nutrients during peristalsis (Goyal & Hirano, 1996); thus, by acting on 

intrinsic neurones rather than smooth muscle receptors, PYY may specifically prevent 

coordinated peristaltic motor activity rather than muscle contraction per se.

Circulating PYY and PP may also influence motor function more indirectly through 

central mechanisms. Both peptides may cross the blood brain barrier in the fenestrated 

region of the area postrema and bind to receptors in the dorsal vagal complex (DVC) of 

the medulla oblongata (Hernandez et a i, 1994; Larsen & Kristensen, 1997; McTigue et 

al., 1997; Whitcomb et al., 1990), thereby altering vagal nerve activity. Consistent with 

this hypothesis, PYY injected into the DVC inhibits gastric motility stimulated by 

thyrotropin releasing hormone via the vagus (Chen & Rogers, 1995), while PP acting at 

a similar location has the reverse effect (McTigue & Rogers, 1995). PP also enhances 

duodenal and colonic motility when administered peripherally (Wager-Pagé et al., 1993), 

and it is likely that this action involves the brainstem, given that gastrointestinal 

receptors binding this peptide appear scarce (with the exception of intestinal epithelia; 

see below).

1.4.4 Modulation of pancreatic and gastric secretion and liver function.

The inhibition of exocrine secretions from the pancreas and the gallbladder was one of 

the earliest functions ascribed to PYY and PP in the gastrointestinal tract (Adrian et al., 

1982; Beglinger et al., 1984; Tatemoto, 1982b; Tatemoto & Mutt, 1980) although in 

man, systemic infusion of PYY does not alter trypsin or bile secretion (Adrian et al.,

1985). The physiological importance of PYY and PP in other species can be additionally 

demonstrated by removing the tonic inhibition afforded by endogenous ligand 

immunochemically, leading to increased pancreatic output (Guan et a i, 1991; Shiratori 

et al., 1988). Neither peptide is inhibitory in vitro (Louie et al., 1985) and in the rat 

pancreas, saturable [‘̂ ^I]PYY binding is limited to sites on vascular smooth muscle (Y% 

receptors; Sheikh et a i, 1991). While modulation of pancreatic blood flow might 

indirectly influence secretion (Sheikh, 1991; Sheikh et al., 1991), antisecretory 

responses may instead predominantly result through the activation of brainstem Y 

receptors and a subsequent reduction in vagal tone (Masuda et al., 1994). Attenuation
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of pancreatic secretion by microinjection of PP into the vagal dorsal motor nucleus has 

recently been demonstrated (Okumura et al., 1995).

Systemic administration of PYY also reduces gastric acid secretion in many species, 

including man (Adrian et a l, 1985; Sheikh, 1991), and its endogenous release mediates a 

similar response to luminal fatty acids (Fung et a l,  1998). Although a direct action of 

PYY on enterochromaffin cells has been reported (thereby reducing acid secretion by 

preventing histamine release; Zeng et al., 1997), the ability of PYY to reduce vagal tone 

during the cephalic phase may also be an important underlying mechanism (Lloyd et al.,

1996). In contrast, circulating PP stimulates gastric acid secretion through central 

pathways (McTigue et a i, 1993). PYY and PP may therefore be functional antagonists 

in two important aspects of gut function (motility and acid secretion), reflecting that 

gastric responses and intestinal transit must be retarded at a later postprandial stage, after 

the greatest release of PP and coinciding with the maximum concentration of PYY.

PP specific receptors have also been identified in rat liver membranes (Nguyen et al., 

1992; Nguyen et al., 1995) and one report suggests that PP enhances insulin-stimulated 

hepatic glucose uptake and glycogen synthesis (Sun et al., 1986). Direct evidence for 

such a function has yet to be provided; on the other hand, an early report that isolated 

hepatocytes did not respond to PP may be misleading (Schwartz et al., 1980). In this 

case, as in other early studies, the use of PP from other species to investigate responses 

mediated by a rat receptor may be prone to falsely negative results, since the rat Y4 

subtype has high affinity only for rat PP (Lundell et al., 1996).

1.4.5 NPY related peptides as antisecretory agents.

Intestinal fluid and electrolyte secretion depends on the transepithelial transport of Cl 

ions across crypt cells lying at the base of the luminal villi. Three intracellular 

components participate in this electrogenic process (Figure 1.10; see Binder & Sandle, 

1994 for a review). Cf, and Na^ ions all enter the cell through a basolateral Na^ / /

2Cr cotransporter, inhibited by loop diuretics such as piretanide and potentially regulated 

by phosphorylation (Lyttle & Forbush, 1996). Na^ ions are recycled via the Na"̂  / 

ATPase, while ions leave through basolateral conductances. The resulting 

hyperpolarisation provides the driving force necessary for Cf exit through apical
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Figure 1.10 Model of epithelial fluid and electrolyte secretion.

Receptors that elevate intracellular cAMP (e.g. VIP) or Car" (e.g. M 3 muscarinic) 

activate distinct ha.solateral potassium chantjels, driving the apical exit o f Ct 

(predominantly through the cAMP-mediated CFTR). Na^ and water follow passively 

down electrochemical and osmotic gradients respectively. A number o f 

pharmacological agents inhibit basolateral transport processes and thereby secretion; 

they include ouabain (Qua; Na^ /  K" A TPase), loop diruetics such as piretanide 

(Piret; Na^ /  fC / 2CJ cotransporter) and potassium channel inhibitors (e.g. Bcr" or 

293B; Dharmsathaphorn & Pandol, 1986; Busch Suessbrich, 1997).
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channels. The secretion of Cf generates a transepithelial potential (lumen negative) 

which is sufficient to generate passive movement of Na^ and other cations into the 

lumen, followed by the osmotic secretion of water.

Secretagogues increase either the epithelial cAMP (e.g. VIP; Schwartz et a l,  1974) or 

Ca^  ̂concentrations (e.g. acetylcholine; Javed & Cooke, 1992). Both second messengers 

activate separate subpopulations of basolateral channels (Dharmsathaphorn & Pandol, 

1986; Merlin et a l, 1995), allowing synergistic effects on secretion following combined 

treatment with Ca^^- and cAMP-stimulating agonists. In addition, apical membranes 

contain a cAMP-gated Cl" channel (the cystic fibrosis transmembrane conductance 

regulator (CFTR); Morris et a l,  1994); in cystic fibrosis, a mutant CFTR protein is 

retained in intracellular compartments, resulting in impaired Cf secretion (Cuthbert et a l, 

1994; Gregory et a l, 1991). Although Ca^^-gated Cl" channels have also been identified 

(Bajnath et a l, 1992), they may not show a polarised distribution (Morris et a l,  1994); 

in addition in vitro studies suggest that the secretory response to muscarinic agonists 

such as carbachol requires the prior activation of cAMP-gated Cf conductances by 

endogenous agents (Strabel & Diener, 1995a).

The electrogenic nature of Cf secretion in intestinal epithelia allows its measurement 

using the short-circuit current (Isc) technique (Ussing & Zerahn, 1951; see also Chapter 

2). In this method, the transepithelial potential difference across preparations of 

intestinal mucosa (containing the submucous ganglia but not overlying smooth muscle or 

myenteric plexus) or confluent polarised layers of Cf secreting adenocarcinoma cells 

(Cuthbert et a l, 1987; Dharmsathaphorn & Pandol, 1986; Merlin et a l, 1995) is 

maintained at zero mV. Under voltage-clamp conditions, there are no electrochemical 

gradients for passive ion flow and the resultant Isc reflects the net electrogenic ion 

movement generated by active processes. The effects of various agonists can therefore 

be followed; for example, both VIP and carbachol elicit responses which reflect anionic 

secretion and are sensitive to piretanide (Schwartz et a l, 1974; Javed & Cooke, 1992). 

In some preparations, transport of multiple ions may underly the recorded Isc (e.g. 

combined and Cl" secretion in colonic mucosa; Binder & Sandle, 1994; Cuthbert et 

a l,  1994) and electroneutral processes are also undetectable, such as the apical Cf / 

HCO 3 ' exchange responsible for colonic NaCl and water absorption (a major function in
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health; Binder & Sandle, 1994). Nevertheless, the Ussing technique remains the most 

convenient method for investigating the function of potential gut transmitters and 

hormones in regulating epithelial secretion.

PYY has been reported to modulate long-term aspects of epithelial cell function, 

including growth (Voisin et a l, 1993) and fatty acid binding protein synthesis (Halldén & 

Aponte, 1997). However it is the rapid inhibitory effects of NPY related peptides on 

anion secretion which have been most extensively studied (Cox, 1993). Both NPY and 

PYY attenuate rat and human small intestinal fluid secretion in vivo (MacFadyen et a l, 

1986; Playford et a l, 1990; S aria & Beubler, 1985), and potently reduce Isc attributable 

to electrogenic Cf transport in small intestinal and colonic preparations from several 

species (Ballantyne et a l, 1993; Cox et a l, 1988; Hubei & Renquist, 1986; Strabel & 

Diener, 1995b; Tough & Cox, 1996). In the rat, antisecretory responses to NPY are 

predominantly due to an inhibition of Cf ion flux from the serosa to the lumen (Cox et 

a l, 1988; Strabel & Diener, 1995b); stimulation of absorptive unidirectional Na^, and 

Cf fluxes has also been demonstrated in the distal colon (Strabel & Diener, 1995b). The 

actions of NPY and PYY are long-lasting and require the presence of endogenous 

neuronal or immune mediators to maintain a secretory tone. Thus the reduction in basal 

Isc after the cyclo-oxygenase inhibitor piroxicam abolishes the sensitivity of rat jejunal 

mucosa to NPY or PYY (Cox et a l, 1988), while addition of the neuronal Na"̂  channel 

blocker tetrodotoxin (TTX) is also necessary to observe a similar reduction in NPY 

responses (Strabel & Diener, 1995b). The effects of each peptide are restored by prior 

stimulation of the epithelial layer with VIP, prostaglandin Ez or forskolin (a direct 

activator of adenylyl cyclase; Cox & Cuthbert, 1988; Strabel & Diener, 1995b). 

Together with the observation that TTX alone fails to significantly alter NPY or PYY 

responses (Cox et a l, 1988; Strabel & Diener, 1995b), these results indicate that 

neuronal NPY and endocrine PYY may interact with the same population of Y receptors 

located on the basolateral surface of epithelial cells. Thus while NPY and VIP may be 

coreleased from submucous neurones, they counteract each other in modulating 

epithelial secretion; such functional antagonism may limit the strength and duration of 

the secretory response after VIP.
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PYY and NPY also attenuate Ca^^-mediated responses after carbachol and substance P 

in addition to directly opposing increases in cAMP afforded by other secretory agonists 

(Cox & Cuthbert, 1988). Such actions may partially account for the NPY-induced 

reduction of secretory Isc responses in the rat jejunum elicited by electric field 

stimulation (EPS) of the submucosal ganglia, which essentially abolishes both cholinergic 

and non-cholinergic components (Cox & Cuthbert, 1990). In addition, the presence of 

prejunctional Yi-like receptors in the rat jejunum is suggested by the increased potency 

of some C terminal fragments (e.g. NPYn-se) in inhibiting EPS Isc increases compared to 

secretion stimulated by exogenous agonists (Cox & Cuthbert, 1990; Cox & Krstenansky,

1991). The degree to which PYY and NPY decrease fluid and electrolyte secretion 

through indirect neural mechanisms varies between the small and large intestine (Cox et 

a l, 1988; Tough & Cox, 1996) and between species. Por example, in porcine distal 

jejunum NPY responses are mediated partly through the actions of NA on epithelial clt- 

adrenoceptors (Brown et al., 1990) while inhibition by PYY of the prostaglandin E: 

secretory response in human jejunum in vivo is entirely prevented by treatment with 

haloperidol, suggesting the involvement of central or ENS neuronal dopamine receptors 

(Kozé et al., 1997).

1.4.6 Epithelial NPY and PYY receptors.

The distribution of [^^^I]PYY binding sites along the length of the rat intestine is closely 

correlated with both the density of intrinsic NPY innervation and the size of functional 

responses to either NPY and PYY (Browning & Lees, 1994; Cox et al., 1988; Laburthe 

et al., 1986), and the greatest density of epithelial Y receptors therefore occurs in the 

jejunal mucosa. Membrane fractionation indicates that these receptors are targeted as 

expected to the basolateral surface of intestinal cells (Nguyen et al., 1990). Moreover, 

Y receptors are preferentially expressed in epithelial crypt cells, leading to a nine fold 

difference in density along the crypt-villus axis. Consequently PYY inhibits cAMP 

stimulated by VIP (whose receptors are uniformly distributed) only in crypt epithelia 

(Voisin et al., 1990). This localisation is significant as it provides further morphological 

evidence for the selective effect of Y receptor stimulation on chloride secretion. 

Structure activity relationships comparing the affinity and potency of PYY analogues in 

inhibiting cAMP accumulation suggest that the rat small intestinal epithelial receptors are 

of the Y2 subclass (Servin et al., 1989), as predicted from fimctional studies. In both
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functional and binding assays, PYY is 5 - 10 fold more potent than NPY (Cox et al., 

1988; Servin et al., 1989) and it has been suggested that this PYY-preferring receptor is 

distinct from the cloned Y2 receptor, whose expression appears limited to central tissues 

(Gerald et al., 1995; Servin et a i, 1989). The precise distribution of different Y receptor 

subtypes along the length of the rat intestine, and the extent to which this differs between 

species, is at present unknown; there is however evidence that Yi receptors may be the 

predominant subtype in human colonic crypt cells (Wharton et al., 1993; see Chapter 3).

1.4.7 Role of PP in modulating intestinal secretion.

Cox et al. (1988) observed that high concentrations of PP produced only small 

reductions in Isc in either rat jejunum or colon. In contrast, antisecretory responses to 

PP have been observed in rabbit distal colon (Ballantyne et al., 1993) and the human 

adenocarcinoma cell line HCA-7 Colony 6 (Cox & Tough, 1995; Tough & Cox, 1996); 

the Y receptor subtypes involved have yet to be fully characterised. A population of PP 

specific binding sites has also been identified in canine intestinal mucosa (Gilbert et al., 

1988) while northern analysis of mRNA isolated from various human organs reveals a 

relatively high expression of the Y4 receptor in the colon and to a lesser extent in the 

small intestine (Bard et al., 1995; Lundell et a l, 1995). These findings suggest that all 

three members of the NPY family may inhibit intestinal fluid secretion in man under 

physiological conditions, and raise the possibility that agonists acting at Yi or Y4 

receptors might be used in the treatment of hypersecretory states (Playford et al., 1990; 

Playford & Cox, 1996).

1.5 Objectives of the current study.

The following investigations describe the isolation and functional characterisation of 

epithelial clones derived from two adenocarcinoma cell lines (called HT-29 and HCA-7 

Colony 1) which have been stably transfected with the cDNAs encoding either wild type 

or mutated rat Y1 receptors. These clones allow an examination of the direct effects of 

Yi receptor stimulation on epithelial anion secretion (through Isc measurement), in the 

absence of indirect actions through neuronal or immune mediators. The use of a defined 

receptor subtype provides an opportunity to study how the affinities and potencies of 

various agonists and antagonists for the wild type Yi receptor are influenced as a result
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of its epithelial expression; Yi receptors in both HT-29 and Colony 1 clones indeed 

exhibit an unusual functional selectivity for PYY over NPY (Chapter 3). Furthermore, 

transfected epithelial cells are potentially a useful model system in which to analyse the 

effects of various amino acid substitutions on receptor activation and desensitisation, 

since these processes can be followed in real time through the Isc response timecourses. 

Chapters 4 and 5 describe the characterisation of clones which express Yi receptors 

containing the S255E and C337S substitutions, representing Ser̂ ^̂  phosphorylation and 

depalmitoylation. As such, the observation that desensitisation of both mutants may be 

altered compared to wild type may partly reflect the physiological consequences of Y 

receptor regulation.
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2.1 Cell culture.

HT-29 cells were obtained from the Imperial Cancer Research Fund (London, U.K.), and 

Colony 1 epithelia, a subpopulation of the HCA-7 human adenocarcinoma cell line 

(Marsh et a l,  1993), were kindly provided by Dr. S. Kirkland (Hammersmith Hospital, 

London, U.K.). Both cell lines were routinely maintained in 5 ml Dulbecco’s modified 

Eagle’s medium (DMEM; Gibco BRL, U.K.) supplemented with glucose (25 mM), 10 % 

foetal calf serum (ICN Biomedicals Inc., California, U.S.A.) and the antibiotics 

kanamycin (100 pg m l'\ ICN) and amphotericin B (1.2 pg m l'\ ICN). They were 

incubated in a humidified atmosphere containing 5 % CO2; cells reached confluence on 

25 cm  ̂ flasks (Falcon, Beckton Dickinson, U.S.A.) after 7 - 1 0  days growth and were 

then passaged by trypsinization (0.5 % w/v in versene; Worthington Biochemical 

Corporation, Lome Labs, U.S.A.). Cell stocks were stored under liquid nitrogen in 

supplemented DMEM containing 10 % dimethyl sulphoxide.

2.2 Transfection.

The pTEJ8-FC5 expression vectors (Johansen et al., 1990), containing either native or 

mutated cDNA sequences for the rat Yi receptor under the control of the human 

ubiquitin promoter (Figure 2.1), were kindly provided by Prof. T. Schwartz (Dept, of 

Molecular Pharmacology, Panum Institute, Copenhagen, Denmark) and S. Moller- 

Nielsen (Lundbeck A/S, Valby, Denmark). Constructs were transfected into Colony 1 

cells by calcium phosphate co-precipitation and glycerol shock as follows. Confluent 

epithelia were trypsinized and resuspended in 5 ml DMEM; the density of the suspension 

was estimated using a cytometer, from a sample containing 0.2 % Trypan Blue to 

highlight non-viable cells. Aliquots containing 1x10^ cells were added to 5 ml DMEM 

in 25 cm  ̂ flasks, allowing one flask for each transfection and one non-transfected 

control. The next day, the medium was changed before preparation of the DNA / 

calcium phosphate precipitate. 30 pi CaCL was added to 50 pi DNA in TE (1 pg pl'  ̂ in 

10 mM Tris, 1 mM EDTA; pH 8 .0), and the combined DNA/CaCb solution was added 

drop by drop to 160 pi 2 x HBS (50 mM HEPES, 28 mM NaCl, 1.5 mM Na2HP04 ; pH 

7.2), gently agitated in an eppendorf. After 45 min, the resulting milky suspension (240 

pi) was added to the chosen flask and the treated cells were incubated for 5 hr. The 

medium was then replaced with 2 ml phosphate buffered saline (PBS, pH 7.5) containing
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rat Y\ receptor SV40 poly (A)

pBR322
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phosphotransferase
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Figure 2.1 Schematic representation of the pTEJ8-FC5 construct.

The rat Yj receptor cDNA (or mutated sequences containing either the C337S or S255E 

substitutions) is placed under the control o f the human ubiquitin (UbC) promoter, to 

give high levels o f constitutive expression regardless o f the transfected cell type. A 

selective marker, the gene for neomycin phosphotransferase driven by the SV40 early 

promoter, allows stably transfected clones to be selected on the basis o f their resistance 

to G418. The SV40 sequence also contains an orgin o f replication (ori) which should 

ensure a high plasmid copy number in transfected cells. SV40 polyadenylation (poly 

(A)) sequences are added to the 3 ’ end o f both eukaryotic genes, and a prokaryotic 

origin o f replication (pBR322 ori) and ampicillin resistance gene (Ap^) enable bacterial 

expression o f the vector and selection ofpositive clones (Johansen et al, 1990).
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15 % glycerol for 4 min, after which the flask was washed twice with PBS before 

addition of 5 ml supplemented DMEM.

lOOi
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Figure 2.2 G418 toxicity in Colony 1 epithelia.

Cells were incubated in 25 cm^ flasks in supplemented DMEM in the absence (O) or 

presence o f G418 sulphate at increasing concentrations o f 0.4 (^), 0.6 (C\), 0.8 (M), 1.0 

(Is) or 1.2 mg mV (k). The surface area covered by growing cells was estimated daily as 

a percentage o f the total.

Transfected cells were incubated in normal growth medium for 7 - 10 days, followed by 

DMEM containing G418 sulphate (1.0 mg ml'\ replaced daily). Treatment with G418 at 

this concentration kills control Colony 1 cells within 7 days (Figure 2.2); stably 

transfected clones are resistant due to the expression of the neomycin phosphotransferase 

gene contained within the construct (Figure 2.1). Resistant colonies (approximately 20 

per transfection) were detached using the bevelled edge of a Gilson yellow pipette tip 

and transferred in 1 ml DMEM with minimal resuspension to a 48 or 24 well plate 

(Falcon, Beckton Dickinson, Oxford, U.K.). Isolated clones were passaged every 3 to 4
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weeks or when confluent, and split into larger diameter plates and finally 25 cm^ flasks 

(after 4 - 6  months) as appropriate.

Stable transfection of the HT-29 adenocarcinoma cell line with the native pTEJ8-FC5 

construct (performed by Dr. H. Cox) was carried out using an identical protocol to that 

described for Colony 1 epithelia, in which the G418 concentration used to select resistant 

colonies was also 1.0 mg ml'\ All resultant clones were then screened for Yi receptor 

expression using the functional and / or binding assays outlined below.

2.3 Membrane preparations.

Cells (2 X 175 cm  ̂confluent flasks) were gently detached from the plastic using a rubber 

policeman. They were homogenized (8 strokes) in ice-cold membrane buffer! 

(triethanolamine 10 mM, phenylmethylsulphonyl fluoride (PMSF) 0.1 mM; pH 7.6) and 

centrifuged at 20,000 g for 10 min at 4°C. Following a second homogenization and; 

centrifugation under identical conditions, the resulting pellet was resuspended in ice-cold 

10 mMN-Tris-(hydroxymethyl)-methyl-2-aminoethanesulphonic acid containing 0.1 mMi 

PMSF (pH 7.6; 1.8 - 2.0 ml). Protein content was determined by the method of Bradford; 

(1976); briefly, 100 pi membrane samples (diluted 1 0 -4 0  fold in 1 M NaOH) or bovine 

serum albumin (BSA) standard (0.1 - 0.5 pg pl'  ̂ in 1 M NaOH) were vortexed with 1 

ml reagent (prepared as a stock solution by titration of Coomassie Blue (2 mg ml*̂  in 95 

% ethanol) with 85 % (w/v) phosphoric acid until the colour changed from blue to 

brown). The absorbance at 595 nM of triplicate samples was measured in a visible / u.v 

spectrophotometer and converted to pg protein by reference to the BSA calibration 

curve. Membrane preparations from both HT-29 and Colony 1 cells typically contained 

3 - 7 pg pl'  ̂protein.

2.4 Radioligand binding.

Freshly prepared membrane suspensions (30 pi aliquots) were added to polystyrene tubes 

(3 ml capacity, Luckham, U.K.) containing incubation buffer (composition, mM: HEPES 

10, KCl 5, NaHCOs 25, MgS04 1.2, K3PO4 1.2, CaCli 2.5 and BSA (0.5% w/v); pH 

7.4), bacitracin (0.1 mg ml'^) and [^^ Î]PYY, in the presence or absence of unlabelled ligand 

(final volume 500 pi). Tubes were incubated with gentle agitation for 2 hr at 22°C, to allow
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binding of the radioligand to reach equilibrium, and the contents were then rapidly filtered 

through Whatman GF/B filters presoaked in 0.3 % polyethylenimine. Each filter was washed 

with 10 ml ice-cold incubation buffer (pH 7.4) and counted in a gamma counter. 

Quadruplicate displacement experiments were generally carried out using a radioligand 

concentration of 16 - 25 pM, except where otherwise stated. In saturation studies performed 

in triplicate, the specific activity of the radioligand was reduced 10 fold to gain an 

approximate concentration range of 0 .1 -1 0  nM; non-specific binding was assessed in the 

presence of 1 pM BIBP 3226.

2.5 Preparation of epithelial layers on filters.

Cells were prepared for electrophysiological studies according to the method of Cuthbert 

et a l (1987). Millipore filters (25 mm circles, pore size 0.45 pm) were coated in 

collagen (Type VII, acid soluble from rat tail) by spreading one drop of a 0.25 % w/v 

solution in 0.2 % acetic acid over the filter with the right-angled tip of a glass pasteur 

pipette, and allowing to dry for 48 - 72 hr. A Sylgard washer, with an internal diameter 

of 5 mm and depth of 2 mm, was attached to each filter using Sylastic adhesive. Sets of 

6 filters in 90 mm Petri dishes (Falcon, Beckton Dickinson, Oxford, U.K.) were 

sterilised overnight by shortwave u.v. irradiation (k = 254 nM).

Confluent HT-29 or Colony 1 cells in 25 cm  ̂flasks were trypsinized and resuspended in 

2.4 ml DMEM. 100 pi cell suspension (corresponding to approximately 2 x 10̂  cells) 

was added to the central well of each filter (0.2 cm  ̂area) and allowed to settle for 5 - 10 

min, after which the filters were floated on 12 ml supplemented DMEM. The Petri 

dishes were incubated under the same conditions as flasks of cells, and epithelial layers 

reached confluence 6 or 7 days after seeding; they were used as soon as possible 

thereafter for Isc studies.

2.6 Measurement of Isc*

Figure 2.3 illustrates the essential features of the apparatus used to measure active ion 

transport across epithelial layers. Cells on filters are mounted between the two halves of 

a perspex Ussing chamber, and bathed on both sides with electrolyte solution warmed to 

37°C by water jackets around each reservoir. The buffer is oxygenated and rapidly
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Figure 2.3 Measurement of Isc using Ussing chambers.

Ap and Bl indicate the solutions bathing the apical and basolateral epithelial cell 

surface respectively. Current (I) and voltage (V) electrodes make electrical contact 

with the chamber electrolyte through agar bridges containing 3M KCl. The output o f 

operational amplifier A (preamplifier) reflects the difference in the potentials Vi and V2  

measured by the two voltage half cells, while amplifier B (DVC-1000) compares this 

output with the command voltage (Vcommand, 0 mV). The resulting he, which maintains 

clamped conditions, is displayed on a current meter and monitored on pen recorders.
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circulated by the gas lift system, allowing efficient presentation of added drugs to the 

apical or basolateral epithelial surfaces. Agar salt bridges connect the solution in the 

chamber with voltage (Hg/HgCl, inner ports in close proximity to the cell layer) or 

current (Ag/AgCl, outer ports) electrodes positioned in vials containing 3M KCl; their 

use prevents the diffusion of metal ions from the half cells into the bathing medium. 

Bridges were constructed for each experiment from 3 - 5 cm lengths of polythene tubing 

(1.7 mm inner diameter) filled with 1.5 % agarose (w/v in 3M KCl). The electrodes are 

connected via a preamplifier to the left or right input channel of a DVC-1000 voltage 

clamp (World Precision Instruments, Sarasota, Florida, U.S.A.).

Experiments were carried out according to the following protocol. Prior to mounting 

cell layers, the system was balanced in Krebs-Henseleit solution (composition, mM: NaCl 

118, KCl 4.7, NaHCOs 25, KH2PO4 1.2, MgS04 1.2, CaClz 2.5, glucose 11.1; pH 7.4 

in the presence of CO2) aerated with 95 % O2 / 5 % CO2 at 37°C, using a Sylgard 

washer placed between the Ussing chamber halves to maintain the correct distance 

between the voltage ports. The absence of a dividing membrane allows compensation 

for fluid resistance, and for any electrode junction potential difference using the voltage 

offset controls. Following these adjustments the chamber was reassembled with the cells 

in position, Krebs buffer was added simultaneously to both reservoirs (12 or 15 ml each 

side) and the epithelial layer was voltage-clamped at 0 mV potential. The resulting Isc, 

(in pA) was monitored continuously on pen recorders, calibrated such that positive Isc 

values reflected the net electrogenic secretion of anions. Basal resistance was calculated 

from the current change in response to a single command voltage pulse of +0.5 mV. 

Peak changes in Isc were subsequently measured in response to various peptides or other 

agents added to the basolateral reservoir (unless otherwise stated in the text). The 

morphology of cells used in experiments was established by light microscopy, using 4 pm 

thick paraffin embedded sections of bisected filters fixed in formalin and stained with 

haemotoxylin and eosin (prepared by Mr. G. Elia and colleagues, ICRF Histopathology 

Unit, London, U.K.). For transmission electron microscopy Colony 1 epithelial layers 

were fixed in gluteraldehyde followed by osmium tetroxide; 80 nM embedded transverse 

sections were then stained in uranyl acetate and Reynold's lead citrate before viewing 

(prepared by Dr. S. Gschmeissner, ICRF, London, U.K.).

61



Chapter 2. Methods.

2.7 Data analysis.

2.7.1 Binding.

Specifically bound counts where observed in displacement experiments comprised 40 - 

60 % (HT-29) or 70 - 90 % (Colony 1, unless otherwise stated) of the total binding. 

Each quadruplicate mean ± s.e.m. was expressed as a percentage of the total specific 

binding. IC50 values were calculated from either single or combined experiments using 

the iterative curve-fitting program Graphpad Prism (version 2.01, Graphpad Software, 

San Diego, U.S.A.), and estimates of binding affinities (Ki) for each competing ligand 

were obtained from the Cheng-Prusoff equation (Cheng & Prusoff, 1973);

I C 5 0
Ki =

where L and Kr represent the radioligand concentration and affinity respectively. Kr 

may be calculated from homologous displacements if it is assumed that both iodinated 

and unlabelled PYY have the same affinity for the receptor.

In saturation studies, total and non-specific counts were expressed as fmol [^^^I]PYY 

bound mg'  ̂ membrane protein. The standard errors of triplicate samples were within 5 

% of the mean values. Specific binding data from individual experiments was fitted 

directly using Graphpad Prism (hyperbolic fimction, cited in figures only) and linearized 

by Scat chard analysis (Scat chard, 1949), to obtain estimates of PYY binding affinity and 

the total number of receptors (Bnux)

2.7.2 Isc measurement.

Results are expressed as the mean ± s.e.m. and calculated as pA cm' .̂ Statistical analysis 

of two data groups was carried out using the Student’s unpaired /-test; for multiple 

comparisons between more than two data sets, one way analysis of variance followed by 

either Bonferroni’s (less than 5 groups) or Student-Newman-Keuls corrected /-tests 

were performed. A significance level of P  < 0.05 was adopted throughout. 

Concentration-response curves were constructed from single agonist additions, to 

eliminate difficulties associated with the rapid desensitisation of HT-29 and Colony 1 

cells to peptides and other agents. BC50 values (with 95% confidence limits and degrees 

of freedom, d.f) were obtained from the pooled data using Graphpad Prism. Antagonist
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IC50 values (for the inhibition of PYY responses 10 min later) were also calculated from 

multiple experiments using single antagonist concentrations. pKs values for BIBP 

3226 and GR231118 were estimated from the Gaddum equation:

pKe = log [-^  -1 ] - lo g  [B]
Ao

where Ao and Ai are the agonist EC50 values in the absence and presence of antagonist 

concentration [B].

2.7.3 Receptor occupancy-response relationships.

A mathematical function describing the relationship between receptor fractional 

occupancy (Fc) and Isc response (R) may be derived from the following equations:

[C]
Receptor occupancy: Fc = —— —  .... (1)

rc]
Response: R = Rmax — -----—— .... (2)

ECso + [C]

where [C] represents the agonist concentration, K; its binding affinity and Rm«c the 

maximal functional response. It is assumed that the agonist binds to a single site in a 

non-cooperative manner (a simplification for GPCRs) and that the Hill slope of the dose 

response curve is 1.

Combination of (1) and (2) leads to the equation below:

where a  is defined as the ratio Ki / EC50. In systems where a  = 1, the response is 

proportional to receptor occupancy. A hyperbolic function (EC50 < Ki, a  > 1), in which 

a maximal response is obtained with less than full receptor occupancy, may result from 

the presence of a receptor reserve for a particular agonist. Inverse hyperbolic functions 

(a  < I) may for example describe a situation in which only a proportion of agonist 

reaches and activates the receptor. Clearly, however, the exact value of a  depends on 

multiple factors.
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2.8 Materials.

Peptides were purchased from Peninsula Labs Inc. (Merseyside, U.K.) with the 

exceptions of bovine, porcine, rat and avian PP homologues (obtained from Dr. R. 

Chance, Eli Lilly Research Co., Indianapolis, U.S.A.) and [^^^I]PYY (from NEN 

Dupont, Stevenage, U.K.). Peptides were from the following species: VIP, NPY, 

[Leu^\ Prô "*] NPY (all porcine), PYY, PYY13.36 (both porcine/rat) and [Leu^\ Pro '̂ ]̂ 

PYY (human). BIBP 3226 ((R)-N^-(diphenylacetyl)-Y-[(4-hydroxyphenyl)methyl]- 

argininamide; Figure 1.4) and GR231118 (Figure 1.4) were kindly provided by Dr. H. 

Doods (Dr. Karl Thomae GmbH, Biberach, Germany) and Dr. A. Daniels (Glaxo 

Wellcome, North Carolina, U.S.A.) respectively. The chromanol derivative 293B {trans- 

6-cyano-4-[N-ethylsulphonyl-A-methylamino]-3-hydroxy-2,2-dimethyl-chromane) was a 

gift of Prof. R. Greger (Physiologisches Institut der Albert-Ludwigs-Universitat, 

Freiburg, Germany) and piretanide was provided by Hoechst Marion Roussel (Swindon, 

U.K.). Other drugs were obtained from the Sigma Chemical Company (Poole, U.K.). 

All peptides were dissolved in distilled water and stored as aliquots at -20°C until 

required. Other agents were made up as aqueous stock solutions with the exception of 

forskolin, 3-isobutyl 1-methylxanthine (IBMX, both dissolved in 95 % ethanol), BIBP 

3226, 293B, monensin and prazosin (all in 100 % dimethyl sulphoxide).
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Epithelial expression of the rat Yi receptor
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Chapter 3. Epithelial expression o f  the Yi receptor.

3.1 Introduction

Although NPY and PYY exert their antisecretory actions in rat small intestine 

predominantly through epithelial Yi-like receptors (see Chapter 1; Cox, 1993), recent 

evidence suggests that the expression of different Y receptor subtypes varies along the 

length of the intestine and according to the species investigated. In the rat colon for 

example, functional Isc studies have indicated that both [Leu^\ Pro '̂ ]̂ NPY (Pro '̂  ̂NPY) 

and PYY3.36 are full agonists and that neither response is fully inhibited by TTX (Tough 

& Cox, 1996). The selective inhibition of the effects of Pro '̂* NPY by BIBP 3226 

suggests the presence of neuronal and epithelial Yi receptors in this tissue, in addition to 

other receptor subtypes (Tough & Cox, 1996). Similarly in human colonic mucosa, in 

situ hybridisation studies have demonstrated high levels of Yi receptor mRNA transcripts 

in epithelial crypt cells (Wharton et a l, 1993), and responses to PYY and NPY are 

mediated exclusively through Yi-like receptors in the human adenocarcinoma cell lines 

HCA-7 Colony 6 (which additionally express a PP specific receptor; Cox & Tough, 

1995; Tough & Cox, 1996) and butyrate treated HT-29 (HT-29 BT; Mannon et a l, 

1994). These observations indicate that direct modulation of electrogenic anion 

secretion in human colon may be a significant mechanism by which PYY and NPY alter 

fluid transport, and that epithelial Yi rather than Y% receptors may be important 

participants in this process.

This chapter describes the stable transfection of the HT-29 (Fogh & Trempe, 1975) and 

Colony 1 adenocarcinoma cell lines (Cuthbert et al., 1987; Marsh et al., 1993) with the 

cDNA encoding the rat Yi receptor. Unlike the parent cells, the resultant clones exhibit 

both [^^^I]PYY specific binding and antisecretory responses to PYY in Isc measurements. 

They therefore provide a suitable system in which to determine how the affinities and 

functional potencies of selective agonists and antagonists at the Yi receptor are 

influenced by its epithelial expression.
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3.2 Results

3.2.1 Morphology.

Following transfection, 16 HT-29 and 4 Colony 1 colonies resistant to G418 were 

expanded into clonal cell lines which formed epithelial layers. Of these, three HT-29 

clones (Yl-4, Y1-7 and Yl-16) were identified as candidates for further study on the 

basis of [^^^I]PYY binding experiments (performed by T. Jacobsen, Dept, of Molecular 

Pharmacology, Panum Institute, Copenhagen, Denmark), while the C lY l-6  clone 

derived from the Colony 1 cell line was selected after functional screening for PYY 

responses (Isc measurement, data not shown). Cell lines formed confluent multilayers on 

collagen-coated filters, which ranged in thickness from 4 - 5  cells (Colony 1 and C lY l- 

6) to 10 or more cells (HT-29 related; Figure 3.1) in the centre of the well. Apoptotic 

nuclei were present in HT-29 derived epithelial layers, but were rarely seen in either 

Colony 1 or Cl Yl-6 cells. Cysts surrounded by flattened cells (Marsh et al., 1993) were 

ubiquitously observed, but were relatively few in number in HT-29, Y l-4 and Yl-16 

epithelia. Groups of polarised cells adjacent to the filter or to the apical surface were 

identified by the basolateral alignment of their nuclei, particularly in the Y 1-7, Colony 1 

and Cl Y l-6 clones. In electron micrographs of Colony 1 epithelial layers, the 

differentiated phenotype of cells lining the apical border was clearly indicated by the 

presence of apical microvilli and permeability barriers formed by tight junctions and 

desmosomes (Figure 3.2).

3.2.2 Basal parameters and secretory responses.

The basal transepithelial resistances and levels of Isc for the HT-29 and Colony 1 cell 

lines and for the Yi clones are given in Table 3.1. Basal resistances and Isc in Y l-4 and 

Y-16 epithelia were equivalent to those in HT-29 cells; they were however significantly 

greater in the Yl-7 clone {P < 0.001 compared to wild type (wt) in both cases). Yl-7 

epithelial layers were further distinguished by the percentage of cells on filters that were 

successfully voltage-clamped (88.1 % compared to 60.8 % for HT-29 wt; Table 3.1). 

Both Colony 1 and Cl Yl-6 cells formed tighter cell layers than HT-29 cells (P < 0.001) 

and responded more consistently to secretagogues; the Cl Yl-6 clone also exhibited 

significantly higher initial Isc levels compared to the Colony 1 cell line {P < 0.001).
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HT-29 Colony 1

V-' • -  ■

Yl-4 C lY l-6

Figure 3.1 Photomicrographs of HT-29 and Colony 1 epithelia.

Confluent epithelial layers o f HT-29 or Colony 1 cells, or o f the associated clones (Yl-4 

and C l Yl-6, below) were sectioned (4 pM) and stained with haemotoxylin and eosin to 

show the cytoplasm and nuclei. The filter is aligned at the lower (basolateral) surface 

in each case. Cysts can clearly be seen in each cell layer; numerous dense spots in the 

HT-29 and Yl-4 transverse sections are apoptotic nuclei. The scale bar represents 100 

pm.
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% À

\

Figure 3.2 Transmission electron micrograph of Colony 1 epithelial layers.

Polarised features o f cells adjacent to the apical surface o f the filter are highlighted: 

M V - microvilli supported by a network o f microtubules, TJ - tight junction, D - 

desmosome. The scale bar represents 10 pm.
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Basal R 
(O cm*)

Basal Isc 
(pA cra'^)

%
Success

10 fiM For 
(pA cm'^)

SOnUVlP 
(pA cm )̂ (nM)

HT-29 23.4± 1.5 
(93)

4 .2+  0.8 
(93)

60.8 +16.9 + 2.1 
(31)

+17.2 + 2.3 
(28)

11.7 
(6.2 - 22.4)

Yl-4 26.0+ 1.1 
(123)

2 .7+  0.8 
(123)

65.4 +14.9 + 2.1 
(23)

+21.4+ 1.6 
(49)

10.7 
(4.4 - 26.3)

33.9 + 0.9 
(377)""

6 .7+  0.5 
(377)""

88.1 +42.1 + 3.9 
(25)""'

+40.3 + 1.5 
(232)""

8.4 
(5.4 - 12.9)

Yl-16 29.4+ 1.3 
(105)

4 .3 + 0 .7
(105)

60.3 + 13.7+1.3 
(21)

+22.9+ 1.5 
(50)

10.7
(3 .0 -3 8 .5 )

Colony 1 39.3 + 0.6 
(520)

10.8 + 0.4 
(520)

89.0 +64.0 + 2.7 
(76)

+ 29.9+1.2
(191)

6.6
(1 .8 -2 4 .5 )

ClYl -6 40.5 + 0.9 
(208)

19.6+1.1
(208)""'

91.2 +84.3 + 6.3 
(4)

+ 54 .5+1 .8
(180)'"

10.4
(6 .8 -1 5 .8 )

Table 3.1 Basal parameters and responses to secretagogues in HT-29, Colony 1 

and Yi receptor clones.

The table shows the basal resistance (R), basal levels o f Isc , the proportion o f filters 

successfully voltage-clamped (% success), and responses to maximal concentrations o f 

VIP (30 nM) or forskolin (For, 1 0  pM) in the six cell types. VIP EC 50 values (with 95% 

confidence limits, 3 - 4 d .f) were calculated from the concentration-response 

relationships in Figure 3.4. *** p  < o.OOl compared to HT-29 (Yl-7) or Colony I cells

rcyyy-(̂ .

In both HT-29 and Colony 1 epithelia, 30 nM VIP produced sustained increases in Isc o f  

+ 17.2 ±  2.3 pA  cm'^ {n =  93) and +29.9 ± 1.2 pA  cm'^ (n =  191) respectively, reaching 

peak levels 8 - 1 0  min after application and remaining elevated above baseline for at least 

20 min thereafter (Figure 3.3). Secretory responses to  forskolin (10 pM ) were 

characterised by a m ore rapid onset and time to peak (5 min); they w ere o f  similar size to  

those after VLP in HT-29 epithelia (+16.9 ± 2 . 1  pA cm'^, n =  3\), but they were 

markedly larger in Colony 1 cells (+64.0 ± 2.7 pA cm'^, n = 76, P <  0.001 com pared to 

30 nM VIP). The increases in Isc after both secretagogues w ere inhibited by the loop 

diruetic piretanide ( Figure 3.3). Similar elevations in Isc to those in H T-29 epithelia were 

observed in both Y I -4 and Y l-16  cells after VTP and forskolin; however secretory 

responses to both agonists were significantly greater in the Y l-7  clone (Table 3.1; P  < 

0.001 compared to> wt). The effect o f VIP stimulation in C lY l-6  cells (peak response
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H T - 2 9

0.8
5 min

0.0

□ ■ A  ▲

C o l o n y  1
2 | jA

5 min

2.8

3.1
□  ■  A  A

□ A  A

Figure 3.3 Representative traces from HT-29 and Colony 1 cells.

Epithelial layers covering an area o f 0.2 cm^ were prestimulated with forskolin (10 pM, 

O) or VIP (30 nM, • j ,  followed by PYY (100 nM, U), SRIF (100 nM, %), clonidine 

(10 pM, A) and piretanide (200 pM, A). The effect o f antisecretory agents in previously 

untreated Colony 1 cells is also illustrated (lower trace). Initial h e  (in pA) is indicated 

to the left o f each example.
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+54.5 ± 1.8 pA cm'^, n = 208) was also larger than in Colony 1 epithelial layers (P < 

0.001), although the size of forskolin responses (+84.3 ± 6.3 pA cm'^, « = 4; P  = 0.09 

compared to Colony 1) was not significantly increased. Strikingly concentration- 

response relationships in the six cell types (Figure 3.4) revealed similar VIP EC50 values 

in all cases (6.6 - 11.7 nM; Table 3.1); in Colony 1 epithelia, forskolin elevated Isc with 

an EC50 value of 385 nM (248 - 598 nM, 5 d.f; Figure 3.4).

3.2.3 Antisecretory responses to somatostatin 14-28 and (%2-adrenoceptor 

agonists.

Both somatostatin 14-28 (somatotrophin release inhibiting factor, SRIF; 100 nM) and 

the a 2-adrenoceptor agonist clonidine (10 pM) were effective antisecretory agents in 

HT-29 epithelia (Figure 3.3) and the three HT-29 YI clones. In HT-29 cells 

prestimulated with 100 nM VIP, the peak response to SRIF was -4.6 ± 0.9 pA cm'^ {n = 

14), while clonidine decreased Isc by -3.1 ± 1.8 pA cm'^ (« = 4). Similar sized 

reductions were observed in Yl-4 and Yl-16 epithelial layers; they were larger in Yl-7 

cells where decreases in Isc after SRIF and clonidine were -21.2 + 5.1 pA cm'^ {n -  6; 

P  < 0.001 compared to wt) and -6.3 + 1.6 pA cm'^ (» = 3; P  = 0.25). Responses to both 

agonists were sustained; for example the decrease in Isc 10 min after addition of 100 nM 

SRIF in Yl-7 epithelia was 76.3 + 5.4 % (« = 6) of the maximum at 5 min. EC50 values 

for the effect of SRIF on Isc elevated by 30 nM VIP (Figure 3.5) were (in nM) 39.0 

(17.9 - 85.0) in HT-29, 23.9 (10.7 - 53.3) in Yl-4, 42.1 (28.2 - 62.7) in Y l-7 and 13.2 

(9.9 - 17.5) in Yl-16 cells (« = 2 - 9; 3 d.f).

SRIF (100 nM) was in contrast entirely without effect in Colony 1 { n -  16, Figure 3.3) 

or Cl Yl-6 cells in = 2) prestimulated with a maximal concentration of VIP (30 nM). 

However clonidine reduced VIP-stimulated Isc in Colony 1 cells with an EC50 value of 

342 nM (233 - 502 nM, 4 d.f; Figures 3.3, 3.6/4) and a maximal response o f -5.2 + 0.3 

pA cm'^ (10 pM; « = 18). A second az-adrenoceptor agonist, UK 14,304 (1 pM) 

inhibited Isc in cells pretreated with 30 nM VTP by -10.4 + 0.9 pA cm'^ (« = 4); 

responses were generally more transient (reduction in Isc at 10 min: 53.4 ± 2 .8  % of 

maximum at 2 min, « = 4) and were significantly larger (P < 0.001) than those after 

clonidine. In addition, increases in Isc were observed when 10 pM clonidine was added 

10 min after higher concentrations of UK 14,304 (e.g. after 1 pM +3.1 ± 0.5 pA cm'^,
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Figure 3.4 VIP and forskolin concentration-response curves.

The upper graph shows the effect o f VIP (1 - 100 nM) in HT-29 (O; n = 3 - 28), Yl-4 

( • ;  n 3 - 49), Yl-7 (Ü ; n - 3 - 232) arid Yl-16 cells n i -  50). Concentration- 

response relationships for VIP (0.3 - 1 0 0  nM; O; n = 2 - 191) and forskolin (10 nM - 

1 0  pM; • ;  n = 7 - 76) in Colony 1 epithelia, and for VIP in the C lY l - 6  done (V3; n = 

4 - 180) are illustrated in the lower plot. VIP EC5 0  values are given in Table 3.1; Hill 

slopes were 2.0 (HT-29) and 0.7-0.9 (Colony 1).
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Figure 3.5 SRIF responses in HT-29 cells and YI clones.

Peak responses to increasing concentrations o f SRIF (3 - 100 nM) were measured in 

m - 2 9  (O; n = 3-7), Yl-4 ( • ;  n -  2 - 5), Yl-7 (U; n ^  3 - 9) or Yl-16 cells (H; n = 2 

- 7) prestimulated for 30 min with 30 nM VIP. EC50 values are given in the text; Hill 

coefficients were fixed at -1.8 for each calculation.
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Figure 3.6 The effects of clonidine and UK 14,304.

(A) shows the reduction in VJP-stimulated 1 sc afforded by clonidine (O; n = 2  - 18) and 

UK 14,304 (d ;  n = 3 - 5) in Colony 1 cells and by UK 14,304 in the C lY l - 6  clone (H; 

n = 2 - 4). Curves were fitted with Hill slopes o f -1.2 (clonidine), -0.9 (UK 14,304, 

Colony 1) and -1.4 (UK 14,304, C lY l-6); EC5 0 values are quoted in the text. In (B), 

peak responses to 1 0  pM clonidine are given in Colony 1  cells pretreated with 30 nM  

VIP only (open bar.s, control) or after prestimulation with VIP follou'ed by UK 14,304 

(3 nM - 3 pM) for 10 min (shaded bars). Values in parenthesis indicate n observations.
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n =  4; Figure 2>.6B). UK 14,304 also reduced VIP-stimulated Isc in C lY l-6  cells (1 gM  

response; -23.8 ± 2.2 pA cm'^, /? = 3; P  < 0.01 compared to Colony 1 epithelia) with 

similar potency ( E C 5 0  value: 68.8 nM (29.1 - 162.5 nM, 3 d .f ) , « = 2 - 4) to that 

observed in Colony 1 epithelial layers (48.5 nM (23.6 - 99.6 nM, 4 d.f.), n = 3 - 5; 

Figure 3.6A).

To investigate the nature o f the az-adrenoceptor subtype mediating the responses to 

clonidine and UK 14,304 in the Colony 1 cell line, the effects o f  three adrenoceptor 

antagonists were examined (Figure 3.7). The a 2-adrenoceptor antagonists yohimbine 

and rauwolscine (both 10 pM ) both produced small increases in VIP-stimulated Isc o f 

+ 1.4 ±  0.3 pA cm'^ (n =  8) and +1.4 ± 0.7 pA cm'^ (n =  4) respectively; responses to 

10 pM  clonidine added 10 min subsequently were minimal in each case. Addition o f 

prazosin (10 pM, selective for a i ,  a 2B and a 2c adrenoceptors) had no effect on Isc levels, 

nor did this antagonist alter the size o f the reduction in Isc afforded by 10 pM  clonidine 

(-6.8 ± 2.1 pA  cm'^, n = 3, P =  0.64 compared to control clonidine responses).

*  *  *

(18)
‘■CCJ
5

- 1 0 - J

Figure 3.7 Inhibition of clonidine responses by adrenoceptor antagonists.

The histogram shows the reduction in VIP-stimulated Isc after 10 pM  clonidine in 

Colony 1 cells receiving no antagonist (control, open bars) or incubated for 10 min with 

prazosin, yohimbine or rauwolscine (all 10 pM). n values are given in parenthesis; *** 

P < 0.001 compared to control responses.
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3.2.4 The effects of PYY and hPP in HT-29 and Colony 1 epithelia.

In HT-29 cells 100 nM PYY had no effect on basal levels of Isc (« = 3) and did not 

reduce Isc previously elevated by 30 nM VTP (« = 6) or 10 pM forskolin {n = 7; Figure 

3.3). Human PP (hPP, 1 pM) was also without effect on VIP-stimulated Isc in this cell 

line (« = 4). Similarly, no PYY responses were observed in Colony 1 epithelial layers 

under basal conditions {n = 4) or after treatment with VIP (30 nM; « = 21; Figure 3.3) 

or forskolin (1 pM; w = 4 or 10 pM; n=  10), and 100 nM or 1 pM [Leu^\ Pro '̂ ]̂ PYY 

(Prô "̂  PYY) did not decrease Isc after VIP (each « = 4; Figure 3.8). However 100 nM 

hPP reduced both basal (-1.3 ± 0.6 pA cm' ,̂ « = 4) and VIP-elevated Isc (-2.1 ±0.1 pA 

cm' ,̂ 77 = 6; Figure 3.8). Bovine PP (bPP; 100 nM) and porcine PP (pPP; 100 nM) also 

reduced VIP-elevated Isc by -1.8 ± 0.3 pA cm'  ̂ {n = 3) and -1.2 ± 0.4 pA cm'^ {n = 3) 

respectively; concentration-response relationships (Figure 3.9) revealed an agonist order 

of potency of hPP = bPP < pPP, yielding EC50 values of 25.6 nM (hPP; 14.7 - 44.6 nM, 

3 d.f.), 28.5 nM (bPP; 4.1 - 199 nM, 2 d.f.) and 56.8 nM (pPP; 45.2 - 71.2, 3.d.f). The 

reduction in Isc after 100 nM hPP was rapid in onset and reached a peak within 3 min of 

agonist application, before decaying to 37.7 ± 3.4 % (72 = 6) of the maximum after 8 min. 

This decay was less pronounced after addition of submaximal concentrations of hPP, 

while the response to 1 pM hPP was completely transient (Figure 3.10). 100 nM hPP 

responses were substantially reduced by previous additions of either bPP or pPP (both 

100 nM) 10 min earlier (Figure 3.11); they were also smaller after rat or avian PP 

(neither of which altered Isc at 300 nM, 77 = 2; Figure 3.11), but were unaffected by prior 

treatment with PYY or Pro '̂  ̂PYY (e.g. after 100 nM PYY: -1.9 ± 0.4 pA cm*̂ ; 77 = 7; 

P  = 0.60 compared to hPP alone).

3.2.5 Responses to PYY in the Y l clones.

In contrast to its lack of effect in both HT-29 and Colony 1 epithelial layers, ftmctional 

responses to PYY were observed in the Yl clones isolated from both cell lines, 

illustrated in Figures 3.12 and 3.13. Peak decreases in basal Isc after 100 nM PYY were 

-1.3 ± 0.4 pA cm'^ (77 = 4) in Y 1-4, -3.6 ± 0.9 pA cm'^ (77 = 12) in Yl-7, -0.9 ± 0.2 pA 

cm'^ (77 = 7) in Yl-16 and -14.9 ± 2.3 pA cm'  ̂ (77 = 4) in C lY l-6 epithelia; baseline 

responses were transient and their size linearly correlated with the initial Isc levels (r  ̂= 

0.79 in Yl-7 and 0.92 in Cl Y l-6 cells). After stimulation with 30 nM VTP, addition of 

100 nM PYY resulted in larger reductions in Isc in the Yl-7 clone (-5.6 ±0.8  pA cm'^,
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Figure 3.8 hPP responses in Colony 1 epithelia.

Example traces show the effect o f hPP (100 nM, in cells pretreated with 30 nM  VIP 

(O) and either BIBP 3226 (1 pM, or Pro^^ PYY (100 nM, M). Other agents were 

added at the following concentrations: PYY (100 nM, \2), clonidine (10 pM, A) and 

piretanide (200 pM, k). Numbers to the left o f each trace give the initialise in pA.
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Figure 3.9 PP concentration-response curves in Colony 1 cells.

Peak responses to hPP (O; 3 nM - I pM; n = 3 - 6), pPP 3 nM - 300 nM; n = 2 - 

5) or hPP (U; 10 - 300 nM; n ^  3 - 5) are shown from cells pretreated with 30 nM

calculated from the fitted ctm’es with respective Hill slopes o f -1.2, -1.3 and -2.0.
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Figure 3.10 hPP timecourses.

The mean reductions in VIP-stimulated Isc in Colony I cells (± I s.e.m.) at time-points 

up to 10 min after agonist addition are shown for the following concentrations o f 

hPP: 10 nM (O; n = 3), 30 nM (^; n = 3J, 100 nM (T2; n = 4), 300 nM n = 4) and 

I pM  (iS; n = 3). Some error bars have been removed for clarity.
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Figure 3.11 Responses to PP analogues in Colony 1 cells.

Left-hand bars indicate the decreases in he in epithelial layers stimulated with 30 nM  

VIP for 30 min afforded by PP from the following species: human (h), bovine (b), 

porcine (p), rat (r) and avian (a). Right-hand bars show the effect o f 100 nM hPP 

added 10 min after each analogue. Numbers in parenthesis indicate n values; * P < 

0.05, *** p  < 0.001 compared to control hPP responses.
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« = 1 1 ) than in either Yl-4 (-2.3 ± 0.4 cm' ,̂ « = 8; P  < 0.01) or Yl-16 cells (-2.4 ±

0.5 cm'^, n = 4;P < 0.05). Concentration-response curves obtained for PYY (Figure

3.14) yielded a significantly higher EC50 value for the inhibition of VIP-elevated Isc in 

Yl-16 epithelia (52.5 nM: 43.3 - 63.6 nM, 4 d.f.) compared to Yl-4 (18.6 nM: 8.3 - 

41.7 nM, 3 d.f.) or Yl-7 cells (8.0 nM: 6.2 - 10.3 nM, 3 d.f; both P < 0.05). PYY 

responses under VIP-stimulated conditions were markedly larger in C lY l-6 cells than in 

any of the HT-29 clones, whether expressed as the peak reduction in Isc (-35.1 ± 4.8 

pA cm*̂ , « = 8; P  < 0.001 compared to Yl-7 cells), or as the percentage of the VIP- 

induced increase in Isc (-52.7 ±3.1 % compared to -21.3 ± 1.7 % in the Yl-7 clone; P  < 

0.001). However, the PYY EC50 value in C lY l-6 epithelia (12.9 nM: 7.8 - 21.2 nM, 4 

d.f; Figure 3.14) was similar to that in Yl-4 and Yl-7 cells. In all clones, addition of 

higher PYY concentrations was associated with an increase in the transient nature of the 

response. Timecourses taken from ClY l-6 cells are given as an example in Figure 3.15. 

PYY at 3 - 10 nM produced sustained reductions in Isc which reached a maximum 4 - 5  

min after agonist application; responses to 100 nM and 300 nM PYY peaked earlier (/peak 

= 3 - 4  min) and decayed to 20 - 30 % of the peak decrease in Isc after 10 min.

3.2.6 The effect of NPY, [Leu^\ Prô '*] substituted analogues and hPP.

Pro '̂  ̂NPY (1 pM) produced decreases in Isc after 30 nM VIP of -0.7 ± 0.4 pA cm'^ (n 

= 5) in Yl-4, -4 .2±1.2pA cm '^(«  = 7) in Yl-7, -1.6 ± 0.3 pA cm'^ (« = 3) in Y l- 

16 and -12.2 ± 3.7 pA cm'^ (n = 3) in ClY l-6 cells. Subsequent reductions to PYY 

were significantly impaired in all four cell lines {P < 0.05 in each case compared to 

control decreases in Isc, data not shown). The relative potencies of PYY, Prô "̂  PYY, 

NPY and Prô '* NPY were investigated further in the Yl-7 and C lY l-6  clones (Figures 

3.16 and 3.17). 100 nM Prô "* PYY reduced VIP-stimulated Isc by -5.4 ± 0.6 pA cm'^ (n 

= 6) in Yl-7 and -36.1 ± 9.8 pA cm'  ̂ (n = 4) in C lY l-6 cells. NPY was also a full 

agonist, a maximal concentration (1 pM) giving responses in Yl-7 and C lY l-6 epithelia 

of -4.1 ± 0.7 pA cm'  ̂ (n = 3) and -30.8 ± 4 . 1  pA cm'^ (« = 3) respectively. 

Concentration-response relationships (Figure 3.17) revealed a striking order of agonist 

potency for both cell types. The calculated EC50 values (Tables 3.2, 3.3) were for Yl-7 

cells (in nM): PYY (8.4, relative potency (r.p.) 1.0) < Prô "̂  PYY (27.2, r.p. 3.2) «  

NPY (179, r.p. 21.3) < Pro'^ NPY (227, r.p. 27.0) and for C lY l-6 epithelia: PYY (12.9, 

r.p. 1.0) < Pro'" PYY (44.2, r.p. 3.4) «  NPY (264, r.p. 20.5) «  Pro'" NPY (1707, r.p.
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Figure 3.12 PYY responses in HT-29 Y l clones.

Representative recordings show the responses to 100 nM PYY (9), SRIF (100 nM, Ul) 

and piretanide (200 pM, in Yl-4, Yl-7 and Yl-16 cells under basal conditions (Yl-7  

only) or after h e  had been elevated by 30 nM VIP (O). Initial h e  levels (in pA) are 

indicated to the left.
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Figure 3.13 Example traces from the C lY l - 6  clone.

The effects o f PYY (100 nM; □  or 30 nM; M), 1 pM  UK 14,304 (A) and 200 pM  

piretanide (k) are illustrated in unstimulated epithelial layers (area 0.2 cm^; Icfwer 

trace) or those pretreated with 30 nM VIP (O) or 10 pM  forskolin (^). Basal h e  (in 

pA) is indicated beside each trace.
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Figure 3.14 PYY concentration-response curves in the Yl clones.

The effects o f PYY on Isc stimulated by VIP (30 tiM) for 30 min are shown in (A) for  

Y1-4 (O; n = 2  - 8), Y1-7 (# ; n = 2  - 15) and Yl-16 (H; n = 2 - 4) cells and in (B) for  

the CIYI- 6  clone (O; n = 3 - 8). Each point represents the mean ± I s.e.m. (when n > 

2) o f w additions at a single concentration. Ounces were fitted using Graphpad Prism 

with Hill coefficients o f -1.4 (HT-29 YI clones) and -1.3 (CIYI-6); EC50 values are 

given in the text.
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Time (min)

2 -40
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Figure 3.15 PYY timecourses in C lY l - 6  epithelial layers.

After stimulation with 30 tiM VIP for 30 min, PYY was added at time zero at one o f the 

following concentrations: 3 nM (O; n = 4), 10 nM (^; n = 4), 30 nM  (Ü ; n = 8), 100 

nM n = 8) or 300 nM (lS; n = 3). Some error bars have been removedfor clarity.
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Figure 3.16 The effects of Yi agonists and antagonists in C lY l - 6  epithelia.

Representative traces show the responses to Prô "̂  PYY (100 nM; \2), NPY (1 pM; M) 

and BIBP 3226 (1 pM; 9) in cells stimulated with 30 nM VIP (O). Other agents were 

added as follows: 30 nM PYY 1 pM  UK 14,304 (A) and 200 p M  piretanide (k). 

Initial Isc is indicated to the left o f each example in pA.
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Figure 3.17 Concentration-response relationships for PYY, NPY and [Leu^\ 

Pro^l analogues.

VI-7 (upper graph) or C lYl-6 epithelial layers (lower graph) were pretreated for 30 

min with 30 nM VIP, followed by single basolateral additions o f PYY (O; 0.3 - 300 

nM); n -  3 -  15), Pro^^ P Y Y C ; I - 300 nM; n 2 -  6), NPY(U; 3 nM - I pM; n = 3 -

5) or Pro'"* NPY (^; 10 nM -10  pM; x\ = 3 - 7). Curves were fitted to the pooled data 

using the maximum decrea.ses in Isc (-5.6 pA cm'^ for Y1-7 and -40.9 pA cm'^ for CIYI-

6) and Hill slope (-1.4 in both cases) derived for PYY. The EC so values are given in 

Tables 3.2 and 3.3.
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132). PYY was therefore 20 - 22 fold more potent than NPY in both clones, a 

difference mirrored by the respective [Leu^\ Prô "*] substituted analogues.

The response time-profiles for either NPY or Prô "* PYY / Pro '̂* NPY were similar to 

those observed after PYY, in that the reductions in Isc were more transient after high 

concentrations of each agonist (e.g. Yl-7 responses in Figure 3.18). However the 

latency (Aat) for 1 pM NPY and Prô '* NPY responses (2-3 min; /p̂ k = 5 min) in Yl-7 

cells was somewhat greater than that for either PYY or Pro '̂  ̂PYY (100 nM; Aat = 1 - 2  

min; /peak = 3 - 4  min), a difference that was less pronounced in the C lY l-6  clone (e.g. 

Figure 3.16). Following addition of a maximal concentration of each agonist, subsequent 

PYY responses were substantially reduced in Yl-7 epithelia (Figure 3.19). In Yl-7 

cells, the Y2-selective agonist PYY 13.36 and hPP (both 1 pM) decreased VIP-elevated Isc 

by only -0.7 ± 0.7 pA cm'^ (» = 3) and -0.7 ± 0.2 pA cm'^ (/2 = 3) respectively, and 

responses to a further addition of 100 nM PYY were not significantly affected (e.g. -5.8 

±2.1 pA cm'^; n = 2> after PYY13.36; Figure 3.19). Prior exposure to PYY, NPY or their 

respective [Leu^\ Pro '̂ ]̂ substituted analogues also significantly reduced the peak 

decreases in Isc after PYY (30 nM) in C lY l-6 epithelial layers in a concentration 

dependent manner (Figure 3.20). After threshold concentrations of agonist, PYY 

responses were smaller than those observed with no previous addition. For example, 

after 1 nM PYY (-1.3 ± 1.3 pA cm' ,̂ n = 3), PYY (30 nM) reduced Isc by -15.4 ± 3.3 

pA cm'^ {n = 3), a reduction of 52.3 % compared to control decreases (-32.6 ±6 .5  pA 

cm'^, n = %, P = 0.16). Addition of 100 nM hPP in VIP-stimulated CIYI-6 cells 

produced a decrease in Isc of -4.8 ± 0.3 pA cm'^ (w = 4; P  < 0.001 compared to 

responses after 100 nM PYY of -2.3 ±0.1 pA cm' ,̂ n = 4), and significantly attenuated 

the responses to 100 nM PYY added 10 min subsequently (-15.3 ± 0.3 pA cm'^, « = 4; P 

< 0.05 compared to controls; -35.1 ± 4.8 pA cm' ,̂ n = 8).

3.2.7 [^"^rjPYY binding.

[125ijpyy binding to HT-29 cell membranes (using a free concentration of 20 pM) was 

not displaced by unlabelled PYY at concentrations of up to 1 pM (« = 2), nor was there 

significant displacement of the radioligand from Colony 1 membranes in the presence of 

either PYY or hPP (both 1 pM, n = 2). In contrast, specific binding was observed in 

membranes prepared from the Yl-7, Yl-16 or C lY l-6 clones. Mean PYY K; values
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PYY

Time (min)
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Figure 3.18 Timecourses for PYY and analogues in Yl-7 cells.

Each agonist was added to Yl-7 epithelial layers stimulated with 30 nM VIP at the 

following concentrations: 3 nM (O), 10 nM (^), 30 nM (U), 100 nM  (HJ, 300 nM (A) 

or 1 pM  (k). Each point represents the mean ± 1 s.e.m. o f 3 - 8 observations; some 

error bars have been removed for clarity.
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Figure 3.19 Desensitisation to 100 nM PYY in Yl-7 epithelia.

The left hand bars in the histogram show the peak decreases in Isc stimulated with 30 

nM  VIP after addition o f the following agonists: PYY (100 nM), Prô "̂  PYY (100 nM), 

NPY (300 nM), Prô "̂  NPY (I pM), PYY1 3 .3 6  (I pM) and hPP (1 pM). Right hand bars 

(open) show the responses to 100 nM PYY added 10 min subsequently in each case. The 

number o f observations is indicated in parenthesis; significant differences from control 

PYY responses are indicated by * P < 0.05 and ** P < 0.01.
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Figure 3.20 Effect of previous agonist addition on PYY responses in C lY l - 6

epithelia.

Open bars in each histogram indicate the peak reduction in VIP-stimulated Isc observed 

in CIYI-6 cells after addition o f 30 nM PYY (n = 8). Shaded bars indicate the effect on 

these responses when epithelial layers were first treated for 15 min with PYY, NPY, 

Prô "* PYY or Prô "* NPY at the concentrations indicated (n = 3 - 7). * P < 0.05, ** P < 

0.01, * * * f<  0.001 compared to control decreases in Isc (Student-Newman-Keuls).
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estimated from several individual experiments (Figure 3.21) were 2.3 ± 0.6 nM (« = 11, 

Hill slope -0.84 ± 0.05) in Yl-7, 0.9 ± 0.2 nM (w = 3, Hill -1.04 ± 0.21) in Yl-16 and

5.8 ± 0.8 nM (« = 5, Hill -0.99 ± 0.15) in C lY l-6 epithelia. While [‘“ l]PYY was also 

displaced by PYY in Yl-4 membranes, the amount of displacement (< 0.5 (mol mg ' 

membrane protein in the presence of 1 pM unlabelled peptide) was too low to enable an 

accurate determination of the binding affinity. Specific binding comprised 84.6 ± 1.1 % 

{n = 5) of the total counts in ClY l-6 cells, compared to 50.8 ± 3.4 % (« = 11, Yl-7) 

and 47.0 ±10.0 % (w = 3, Yl-16) of the totals in the HT-29 derived clones. The high 

specificity of [^^^I]PYY binding to ClYl-6 membranes allowed saturation studies to be 

performed in this clone (Figure 3.22). Specific [^^^I]PYY binding was saturable and 

could be adequately fitted with a one-site binding hyperbola; Scatchard analysis yielded a 

PYY Ki value of 1.0 ± 0.3 nM and a total number of receptor sites (Bmax) of 144.5 ± 8.9 

finol mg'^ membrane protein (« = 3).

In order to investigate whether the functional potency differences between PYY and 

NPY originated from differences in their affinities for the transfected receptor, 

displacement experiments were carried out in Yl-7 or C lY l-6 membranes using PYY, 

NPY or their [Leu^\ Prô ' ]̂ analogues as the competing ligands. Inhibition curves fitted 

to the combined data groups are presented in Figure 3.23, and the resultant Ki values, 

calculated from the Cheng-Prusoff equation, are given in Tables 3.2 and 3.3. Agonist 

affinities were in the Yl-7 clone: Prô '̂  PYY (1.4 nM, relative affinity (r.a.) 1.0) < PYY 

(2.3 nM, r.a. 1.6) < NPY (3.7 nM, r.a. 2.6) < Pro '̂  ̂ NPY (9.8 nM, r.a. 7.0) and in 

C lY l-6  cells Pro^^ PYY (3.3 nM, r.a. 1.0) < NPY (5.0 nM, r.a. 1.5) < PYY (6.5 nM, 

r.a. 2.0) < Pro '̂  ̂ NPY (8.6 nM, r.a. 2.6). The affinities of PYY and NPY for the Yi 

receptors expressed in Yl-7 or ClYl-6 cells were therefore approximately equal, and 

although the orders of affinity resemble the orders of agonist potency derived from 

functional studies, only the Prô "̂  NPY Kj value in Yl-7 membranes was significantly 

lower than those for either PYY or Prô "̂  PYY. The absence of a correlation between 

receptor affinity of each peptide and its efficacy is illustrated graphically in Figure 3.24, 

in which the peak Isc response is plotted against the estimated receptor occupancy at 

each peptide concentration. Inverse hyperbolic functions were fitted to the data using 

the ratio K; / EC50 (Tables 3.2 and 3.3) to calculate the constant (a), which was less than
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Figure 3.21 [̂ ^ Î]PYY displacement in the Y l clones.

Example quadruplicate experiments are shown, in which [^^^I]PYY (20 - 24 pM) was 

displaced by increasing concentrations o f unlabelled PYY from Yl-7, Yl-16 or C lY l-6  

cell membranes. Specific binding in the presence o f competing ligand is expressed as a 

percentage o f the total specific counts, which were (in fm ol mg^ membrane protein): 

1.3 ± 0.1 (Yl-7; 61.7% o f total counts), 1.2 ± 0.2 (Yl-16; 43.8 %>) and 2.1 ± 0.1 (C lY l-  

6; 86.9%). Sigmoidal curves were fitted to the data, yielding 1C so values o f 0.93 nM  in 

Yl-7, 0.98 nM in Yl-16 and 6.92 nM in C lY l-6  membranes, with Hill slopes o f  -0.6, 

-1.4 and -1.2 respectively.
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Figure 3.22 [^^̂ I]PYY saturation studies in the C lY l-6 clone.

C lY l-6  membranes were incubated for 2 hr at 22°C in the presence o f radioligand 

(diluted 10 fo ld  with unlabelled PYY to give a concentration range o f 0.1 - 10 nM). 

Non-specific binding was assessed using 1 pM  BIBP 3226 as the displacer; specifically 

bound counts comprised 50 - 60 % o f the total. Results from 3 triplicate experiments 

are presented, showing specific binding in (A), and the linearisation o f this data by the 

method o f Scatchard (1949) in (B). Ki and B^ax values were 1.78 nM and 149.2 fm ol 

mg^ membrane protein (calculated in (A) by direct fit), and 1.47 nM and 141.5 fm ol 

mg^ (Scatchard analysis).
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Figure 3.23 Competition by PYY, NPY and Yi-selective ligands.

The curves represent the combined data from experiments using Yl-7 (n = 3 - 11) or 

ClYl-6 membranes (n ^  4 - 5), in which [^^^IJPYY (18 - 25 pM) was displaced by 

imlahelled PYY (O), Pro'* PYY (•), NPY (U) or Pro'* NPY {mj. Hilt coefficients were 

between -0.7 (Pro'* PYY, CIYl-6) and -1.2 (Pro'* PYY, Yl-7): calculated binding 

affinities are given in Tables 3.2 and 3.3.
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Agonist Max. Response 
(HA cm'^) (nM) (nM) (a)

PYY

Prcf^PYY

NPY

-5.6 ±0.8 8.4 2.3
(11) (7.0-10.2) (1.0-3.4)

-5.4 ±0.6 27.2 1.4
(6) (17.2-43.2) (0.6-3.5)

-4.1 ±0.7 179 3.7
(3) (94.7 - 340) (1 4-9 .8 )

-4.2 ± 1.2 227 9.8
(7) (144 - 359) (4.8-20.0)

0.270

0.051

0.021

0.043

Table 3.2 Summary of functional and binding data for PYY, NPY and [Leû % 

Prô l̂ analogues in the Yl-7 clone.

The table shows the peak decreases in VIP-stimulated Isc in YI -7 cells after PYY, Prô "* 

PYY (both 100 nM), NPY and Prô "* NPY (both I pM); bracketed values indicate n 

observations. EC so values for this inhibition were calculated from the curves in Figure 

3.17. Both EC so measurements and binding affinities (Ki, from Figure 3.23) are given 

with 95% confidence limits (4 - 5 d.f). The ratio K f/ EC so ^as used to fi t  hyperbolic 

functions to receptor occupancy /  response relationships (Figure 3.24).

91



Chapter 3. Epithelial expression o f the Yi receptor.

Agonist Max. Response ECjo K, K./EC 50

(pA  cm'^) (nM) (nM) (a )

PYY -35.1 ± 4 .8 12.3 6.5 0.528
(8) (9.3 - 16.3) ( 3 .9 -1 0 .8 )

Pr^^PYY -36.1 ± 9 .8 26.8 3.3 0.123
(4) (1 8 .0 -4 0 .0 ) ( 1 .8 -6 .0 )

NPY -30.8 ± 4 .1 291 5.0 0.017
(3) (2 0 4 -4 1 5 ) (4.1 -6 .0 )

Pro^^NPy - 1 2 .2 ± 3 .7 [1707] 8.6 0.005
(3) (1272 - 2290) (5 .4 -  13.5)

Table 3.3 PYY / NPY binding and functional responses in C lY l-6 cells.

Maximal responses refer to the peak decreases in VIP-elevated Isc cifter addition o f 

PYY, Prô '* PYY (both 100 nM), NPY and Prô '  ̂NPY (both 1 pM). EC50 values (from 

Figure 3.17) and binding affinities (from Figure 3.23) in C lY l - 6  epithelia are 

presented in an identical manner to Table 3.2; confidence limits quoted are with 3 - 6  

d.f. A fu ll concentration-response curve was not obtained for Prô '* NPY; its EC50 value 

is given in parenthesis.
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Figure 3.24 Receptor occupancy-response relationships in Yl-7 and C lV l-6 

cells.

Peak reductions in VIP-stimulated Isc cifter PYY (O; 0.3 - 300 nM), Prô "* PYY I - 

300 nM), NPY (C\; 3 nM - I pM) or NPY (^: 10 nM  - I pM) are plotted against 

the calculated receptor occupancy for each agonist (using estimated binding affinities 

from displacement experiments). Hyperbolic functions were fitted to the data for each 

agonist using equation (3) given in section 2.7.3, in which the constant a was 

calculated as the ratio Ki EC5 0 (Tables 3.2 and 3.3).
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1 for PYY in both Yl-7 (0.27) and C lY l-6 cells (0.53). In contrast to what would be 

expected from a linear relationship between the order of affinity and agonist potency, this 

ratio also differed substantially between peptides. In C lY l-6  cells a  was 31.1 fold lower 

for NPY than for PYY, and a similar proportional difference also separated their 

respective [Leu^\ Pro '̂ ]̂ analogues (24.6 fold). An equivalent disparity (12.9 fold) 

between PYY and NPY a  values was observed in the Yl-7 clone, although the 

difference between the ratios for Prô "̂  PYY and Pro '̂  ̂NPY was much less marked (1.2 

fold).

3.2.8 Effect of antagonists.

The Yi receptor antagonists BIBP 3226 and GR231118 both fully displaced specific 

[125i]pyy binding to Yl-7 membranes, with K; values of 2.3 nM (1.0 - 3.4 nM, 5 d.f; 

« = 3) and 0.47 nM {n = 1) respectively (Figure 3.25). Studies using membrane 

preparations from ClY l-6 cells yielded similar binding affinities of 2.9 nM (1.6 - 5.1 nM, 

5 d.f..; « = 4) for BIBP 3226 and 0.27 nM (0.06 - 1.28 nM, 5 d.f; w = 4) for GR231118 

(Figure 3.25). The potency of each compound was determined in voltage-clamp 

experiments using either Yl-7 or Cl Y l-6 epithelial layers prestimulated with 30 nM VIP 

for 30 min. In Yl-7 cells, antagonist addition did not itself alter Isc levels, but the 

responses to 30 nM PYY added 10 min later were fully inhibited by both BIBP 3226 

(ICso: 30.8 nM (10.1 - 94.5 nM, 4 d.f), « = 3 - 7) and GR231118 (IC50: 22.3 nM (1.8 - 

280 nM, 3 d.f), /? = 4 - 5; Figure 3.26). Neither antagonist reduced the peak response to 

100 nM SRIF at the highest concentration tested (Figure 3.26). After pretreatment of 

Yl-7 epithelia with 30 nM BIBP 3226 or GR231118, the concentration-response curves 

for the effect of PYY on VIP-elevated Isc were shifted to the right without a significant 

reduction in the maximal Isc decrease afforded by PYY or change in the Hill slope 

(Figure 3.27). PYY EC50 values were 34.3 nM (30.5 - 38.4 nM, 2 d.f.) in the presence 

of BIBP 3226 and 60.8 nM (19.1 - 193 nM, 2 d.f.) after treatment with GR231118, 

giving antagonist pKe values of 8.0 and 8.3 respectively.

B IB P 3226 also inhibited 30 nM PY Y  responses in the C l Y l -6 clone, with a similar IC50 

value to that in Y l - 7  cells of 68.4 nM (29.7 - 157 nM, 5 d.f; « = 3 - 5; Figure 3.16); 

GR231118 was in contrast much less potent (IC50: 227 nM (149 - 346 nM, 4 d.f), n = 2 

- 6). UK 14,304 responses (1 pM, following 30 nM PY Y ) were unaffected by prior
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Figure 3.25 [ '^I]PYY displacement by BIBP 3226 and GR231118.

Yl-7 or C lYl-6 membrane preparations were incubated with [^^^IJPYY (16 - 24 pM) in 

the presence o f increasing concentrations o f the antagonists BIBP 3226 (O) or 

GR231118 Sigmoidal displacement curves were fitted to the pooled data from  

multiple experiments with Hill slopes o f -0.9 (Yl-7; n ^  3) and -0.8 (C lY 1-6, n ^  4) 

for BIBP 3226 and-1.0 (Yl-7, \\ = 1 only) and -0.6 (ClYl-6; n = 4) for GR231118. K, 

values are given in the text. The dotted line on each graph indicates the position o f the 

PYY displacement curve (from Figure 3.23).
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Figure 3.26 Inhibition of PYY responses by Yi receptor antagonists.

YJ-7 epithelial layers were treated with VIP (30 nM) for 30 min, followed by single 

additions o f either BIBP 3226 (3 nM - 1 pM, n = 3 - 7) or GR231118 (3 - 300 nM, n = 

4 - 5). The left hand graphs show the peak Isc decreases after 30 nM PYY added 10 

min subsequently, compared to controls in the absence o f antagonist (dotted line, n = 

15). Sigmoidal curves fitted to the combined data gave IC50 values o f 29.6 nM (BIBP 

3226) and 22.3 nM (GR2311 IS). The right hand histograms illustrate the lack o f effect 

o f either antagonist on 100 nM SRIF responses (n = 3 - 7, following 30 nM PYY), over 

the concentration range tested.
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Figure 3.27 BIBP 3226 and GR231118 pKe determination.

The graphs show the peak reductions in VIP-elevated Isc after addition o f PYY (1 - 

300 nM; n = 3 - 15) to Y1-7 cells, in the absence o f antagonist (O) or after 10 min 

incubation with 30 nM BIBP 3226 or GR231II8 (^). PYY EC5 0 values were 8.4 nM 

(no antagonhst), 34.3 nM (BIBP 3226, pKg 8.0) and 60.8 nM (GR23III8, pKg 8.3).
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addition of either antagonist (e.g. after 1 gM BIBP 3226: -18.1 ± 3.9 gA cm'^; « = 4 

compared to -23.8 ± 2.2 pA cm' ,̂ « = 3 in untreated controls). In Colony 1 epithelial 

layers, 10 min pretreatment with 1 pM BIBP 3226 did not change the size of 100 nM 

hPP responses (-2.5 ± 0.3 pA cm' ,̂ « = 3; Figure 3.8), but a similar incubation with 1 

pM GR231118 did significantly reduce the peak decrease in Isc after 100 nM hPP (-0.8 

iO .lp A cm '^ , n = A\ P < 0.001 compared to control hPP responses o f -2.2 ± 0.2 

pA cm'^, n = 5); neither antagonist alone altered VIP-stimulated Isc

3.2.9 The effect of PYY on Isc stimulated by other secretagogues.

Figure 3.28 shows the peak responses to 100 nM PYY (followed by either 100 nM 

SRIF or 1 pM UK 14,304) in unstimulated Yl-7 or Cl Y l-6 cells or those pretreated for 

30 min with VIP (30 nM or 100 nM), forskolin (1 pM or 10 pM) or IBMX (30 pM), an 

inhibitor of cAMP phosphodiesterase which produced rapid and sustained elevations in 

Isc in both clones (+11.1 ± 2.5 pA cm'  ̂{n = 4) in Yl-7 and +38.5 ± 5.5 pA cm'^ (« = 3) 

in C lY l-6  cells). Decreases in Isc mediated by antisecretory agonists after maximal (30 

nM) or supramaximal (100 nM) concentrations of VIP were similar in both Yl-7 and 

C lY l-6 cells. In unstimulated or IBMX-pretreated epithelial layers, inhibitory responses 

in the Yl-7 clone were equivalent to those after VIP, but PYY and UK 14,304 responses 

in C lY l-6 cells were significantly smaller (P < 0.05). In both cell types, Isc reductions 

after PYY and SRIF / UK 14,304 were substantially attenuated following stimulation 

with 10 pM forskolin (e.g. C lY l-6 PYY response -3.5 ±1 .6  pA cm'^, n - A \ P <  0.001 

compared to -34.4 ± 5.5 pA cm' ,̂ n = 1 after 30 nM VIP; Figure 3.13). After 1 pM 

forskolin, Isc was elevated by +26.3 ± 2.8 pA cm'^ {n = 9) in the Yl-7 clone and by 

+51.7 ± 6.2 pA cm'^ {n = 3) in ClY l-6 cells. This lower level of stimulation was 

sufficient to restore the decreases in Isc after PYY and SRIF in the Yl-7 clone to the 

levels observed after 30 nM VTP; however, antisecretory responses in C lY l-6 epithelia 

remained significantly reduced (e.g. PYY response: -6.8 ± 2.2 pA cm'^, n = 3;P < 0.01).

Carbachol, a muscarinic agonist, elevates Isc in epithelia through a calcium-dependent 

mechanism. In the Yl-7 clone, 10 pM carbachol produced a complex response 

consisting of a rapid spike at 30 s (+8.3 ±1.8 pA cm'^, « = 6), a transient peak at 2 min 

(+13.8 ± 3.3 pA cm'^) and a sustained elevation in Isc (+5.6 ± 1.5 pA cm'^); similar 

changes in Isc following carbachol were also observed in HT-29 cells. The first and
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Figure 3.28 Antisecretory responses after different secretagogues.

The upper histogram shows the peak responses to 100 nM PYY (open bars) followed by 

100 nM SRIF (shaded bars) in unstimulated Yl-7 cells (Basal; n = 4) or those 

pretreated for 30 min with VIP (30 nM or 100 nM; n ^  8 - 11), forskolin (1 pM  or 10 

pM; n = 6 - 8) or 30 pM IBM X (n = 3). Identical experiments in the C lYl-6 clone (n = 

3 - 5 )  are presented below, in which SRIF was replaced as the second antisecretory 

agonist by 1 pM  UKl4,304 (solid bars). Significant differences from responses after 30 

nM VIP (Student-Newman-Keuls multiple comparison) are indicated by * P < 0.05, * * 

P< 0.01, * * * ?<  0.007.
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second phases of the response were greatly potentiated by 30 min pretreatment with 1 

pM forskolin and were significantly attenuated by addition of SRIF (100 nM; -5.4 ± 2.3 

pA cm'^, « = 5) 3 min beforehand {P < 0.05 for both; Figure 3.29). However prior 

addition of PYY (100 nM; -4.3 ± 1.2 pA cm’̂ , n = 6) 3 min before carbachol did not 

affect these components significantly.

3.2.10 Apical PYY and VIP responses.

The sidedness of 100 nM PYY responses was investigated in Yl-7 and C lY l-6 

epithelial layers stimulated for 30 min with 30 nM VIP. The effect of PYY when it was 

added apically to Yl-7 cells (ap; -1.7 ± 0.3 pA cm' ,̂ « = 3) was significantly smaller than 

after basolateral (bl) application (-5.5 ± 0.9 pA cm' ,̂ n = S;P < 0.05). The reductions in 

Isc  to a further addition of PYY (100 nM, bl) were unaffected (-10.3 ±1.5 pA cm'^, 

n = 3); in addition, piretanide (200 pM, ap) had no effect on Isc , indicating that no 

exchange of drugs could take place between the apical and basolateral reservoirs. 

Although apical PYY also produced only small responses in the C lY l-6 clone (-7.0 ± 

0.5 pA cm'^, 77 = 3; P < 0.05 compared to control bl responses of -34.4 ±5.5 pA cm'^, 

n = l\  Figure 3.30), it attenuated subsequent Isc  reductions to basolateral PYY (100 nM; 

-15.0 ± 3.3 pA cm'^, « = 3; P  = 0.06 compared to control); however in these cells both 

UK 14,304 (1 pM) and piretanide (200 pM) added apically inhibited Isc  (Figure 3.30) 

and prevented the effect of further basolateral application of each agent. This absence of 

sideness in the responses to ai-adrenoceptor agonists and piretanide was also observed 

in the parent Colony 1 cell line (data not shown).

Surprisingly, apical VTP (30 nM) elicited a large secretory response of +40.8 ± 1 .9  

pA cm'^ {n = 4) in the Yl-7 clone; subsequent increases in Isc after basolateral VIP (30 

nM) were of a similar size to controls (+31.2 ± 6.2 pA cm'^, n = 3 compared to +40.3 ± 

1.5 pA cm'^, n = 232). VIP added apically was more potent than after basolateral 

application, with an ECso value of 1.4 nM (1.1 - 1.7 nM, 5 d.f; Figure 3.31); in addition 

the apical response was transient rather than sustained, consisting of a very rapid 

elevation in Isc (/peak = 2 - 3  min) and a return to baseline levels within 30 min (Figure 

3.31). Similar transient elevations after 30 nM apical VTP were observed in both HT-29 

epithelia (+25.9 ± 6.2 pA cm'^, n = A) and in Colony 1 cells (+43.6 ± 4.4 pA cm'^, « = 6; 

P < 0.01 compared to VTP (30 nM, bl) responses of +29.9 ± 1.2 pA cm'^, n = 191). In
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□  O

Control After PYY After Som After FOR

Figure 3.29 The effects of PYY, SRIF and forskolin on carbachol responses.

Histograms indicate the 30 s spike (open), 2 min peak (hatched) and sustained 

component (solid bars) o f the 10 pM  carbachol responses in YI-7 cells receiving no 

previous addition (Control; n = 6), pretreated with PYY (100 nM; n = 6) or SRIF (100 

nM; r\ ^  5) for 3 min or stimulated with 1 pM  forskolin for 30 min (n = 4). Significant 

differences from control values are indicated by P < 0.05 and ** P  < 0.01. Example 

traces illustrating the effect o f PYY (100 nM; or SRIF (100 nM; M) on the 

subsequent carbachol secretory responses (10 pM; O) are given in the inset. Initial Isc 

readings were 2.0 pA (Control), 3.2 pA (PYY-treated) and 5.2 pA (SRIF-treated).
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Figure 3.30 Apical responses in ClYl-6 epithelial layers.

(A) shows a representative example in which ClYJ-6 cells were prestimulated fo r  30 

min with VIP (30 nM; O), followed by 100 nM PYY added apically (ap, \2) and 

basolaterally (bl, ^), I pM  UK 14,304 (ap. A; bl, k) and 200 pMpiretanide (ap, V; bl, 

W). Initial Isc is given in pA to the left o f the trace. Below, peak responses to each 

antisecretory agent (n = 3 - 7) are presented in histogram (B), following basolateral 

(open bars) or apical (shaded bars) addition. Basolateral responses after previous 

exposure to apical agonist for 10 min are indicated by solid bars. * P < 0.05, ** P < 

0.01 compared to control basolateral reductions in Iso
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Figure 3.31 Apical and basolateral VIP responses compared.

(A) shows the peak increases in Isc in Yl-7 epithelia after either basolateral f̂ O; n = 5 

- 232, as for Figure 3.4) or apical n -  3 - 7) treatment with VIP (0.1 - 100 nM). 

The fitted curve yielded an EC5 0 value for the effect o f apical addition o f 1.4 nM, with 

a Hill slope o f 2.0. The distinct timecourses for basolateral (O; n ^  8 ) and apical 30 

nM VIP (^; n = 3) are presented in (B). Each point represents the mean + s.e.m. o f 

individual normalised responses.
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Colony 1 epithelial layers, pretreatment with 10 pM 293B (an inhibitor of cAMP-gated 

potassium channels which reduced basal Isc  by -2.4 ± 0.6 pA cm'^, n = 3) significantly 

attenuated the apical responses to VIP added 10 min later (30 nM; +8.2 ±1 .7  pA cm'^, n 

= 3; f  < 0.001 compared to controls).
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3.3 Discussion

In this study the properties of Yi receptors expressed in epithelia have been investigated 

using stably transfected clones isolated from the colonic carcinoma cell lines HT-29 and 

HCA-7 Colony 1. Native cells responded to secretagogues which elevate cAMP, 

including VTP (Schwartz et a l, 1974) and to antisecretory agonists such as SRIF and 

clonidine; these responses were preserved in the Yl clones. However, although Colony 

1 epithelia possess receptors that recognise PP, neither wild type cell line exhibited 

[125i]pyy specific binding or functional PYY responses. In contrast, basolateral 

additions of PYY inhibited both basal and VIP-stimulated Isc  in the Yl clones. Prô "̂  

PYY was an effective agonist and PYY responses were fully inhibited by the antagonists 

BIBP 3226 and GR231118; however, the transfected receptor exhibits a PYY-preferring 

functional phenotype which may be partially dependent on its epithelial expression.

3.3.1 Polarisation of HT-29, Colony 1 and clonal epithelial layers.

Electrogenic chloride secretion, measured as an increase in Isc in electrophysiological 

experiments, requires subcellular organisation into apical and basolateral domains (for a 

review, see Binder & Sandle, 1994). While Colony 1 epithelia have been studied 

previously as a model of cAMP- and Ca^^-mediated anion secretion (Cuthbert et a l, 

1987), HT-29 cells, being rather undifferentiated in character, have been relatively little 

used in favour of a number of subpopulations, such as colony 19A (Augeron & Laboisse, 

1984; Morris et a l, 1994). Nevertheless, the HT-29 cell line is able to respond 

functionally to secretagogues when grown on collagen-coated permeable supports, and is 

therefore able to undergo some degree of polarisation under these conditions. In a 

direct comparison, it is clear that Colony 1 cells display a more polarised phenotype. 

Morphological indicators of cellular organisation are more prominent, the basal 

resistance of Colony 1 compared to HT-29 epithelial layers is significantly higher and a 

greater proportion of cells on filters show functional secretory responses.

Neither the HT-29 nor the Colony 1 cell lines are homogeneous (Augeron & Laboisse, 

1984; Marsh et a l, 1993), and therefore clones established initially from single parent 

cells might show distinct characteristics. Under the light microscope, no substantive 

differences in morphology were observed between wild type and transfected epithelial
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layers. Colony 1 and C lY l-6 cells were similar in measurements of basal resistances, the 

size of the maximal increase in Isc after forskolin and the proportion of cells successfully 

voltage clamped. The basal parameters and secretory responses of HT-29, Y 1-4 and Y l- 

16 epithelia were also equivalent. However the Yl-7 clone exhibited significantly higher 

basal resistance and larger and more consistent changes in Isc after addition of either 

secretagogues or antisecretory agonists. These properties are characteristic of a more 

differentiated phenotype compared to the HT-29 cell line, through for example the 

increased apical expression of chloride channels (Morris et al., 1994), and the formation 

of tighter junctions between individual cells.

3.3.2 VTP and SRIF responses.

Although transfected clones may differ in their overall ability to secrete Cl' ions, an 

accurate comparison of PYY responses across different Yl cell lines depends upon the 

extent to which they differ in their biochemical characteristics, for example in the 

expression of different receptors, effectors and their associated G proteins. The evidence 

obtained thus far suggests that the Yl clones respond to a similar range of secretory and 

antisecretory agonists as their respective parent cell lines, and that these agonists in 

general act with similar potency. The VTP ECso values for HT-29 epithelia and 

associated clones (8.4 - 11.7 nM) were similar to those obtained for Colony 1 and 

C lY l-6  epithelial layers (6.6 - 10.7 nM), and correlate well with those for stimulation of 

anion secretion in the rat jejunum (12 nM; Cox & Cuthbert, 1989a) and for cAMP 

elevation in HT-29 cells (2.9 nM; Turner et al., 1986). VTP and forskolin differed in 

their ability to elevate Isc in Colony 1 epithelia, possibly originating from the restriction 

of VTP receptor expression to a subpopulation of cells; in such a context, it is interesting 

to note that the Cl Y l-6 clone, in which any differential distribution would be eliminated, 

showed significantly larger VIP responses, closer in size to those after forskolin. The 

possibility of variation in the VIP receptor levels in future Colony 1 clones must 

therefore not be excluded. SREF, a potent broad spectrum inhibitor of mammalian 

intestinal secretion (e.g. Ferrar et a l, 1990), was surprisingly without effect in Colony 1 

and C lY l-6  epithelia under either basal (Colony 1 only) or VTP-stimulated conditions, 

suggesting that the required receptors are not expressed in either cell line; in contrast, 

antisecretory responses were observed in HT-29 cells and transfected clones. SRIF ECso  

values for the inhibition of VTP-elevated Isc varied between 13 nM (Yl-16) and 42 nM
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(Yl-7), although with the exception of the Yl-16 clone they were not significantly 

different from each other. They also fall within the same range as the EC50 calculated in 

the rat colon (15 nM; Ferrar et a l, 1990) and in the HT-29 cl.l9A cell line (35 nM; 

Warhurst et a l, 1993).

3.3.3 The actions of ocz-adrenoccptor agonists.

Clonidine inhibited VIP-stimulated Isc in HT-29 epithelia. Colony 1 cells and in their 

respective clones, providing further evidence that the inhibitory action of aj- 

adrenoceptor agonists on intestinal chloride secretion may be mediated partly through 

epithelial receptors. Clonidine binds to HT-29 membranes and antagonises VTP- 

stimulated cAMP accumulation in these cells (Bouscarel et a l,  1985); it also inhibits the 

Isc  increases mediated by prostaglandin E2 in HT-29 cl.l9A epithelia with an EC50 value 

of 225 nM (Warhurst et a l,  1993), similar to that in Colony 1 cells (342 nM). These 

data are also supported by in vitro investigations in rat jejunal mucosa, in which 

noradrenaline and xylazine inhibit both receptor-mediated and direct activation of cAMP- 

induced chloride secretion (Nakaki et a l, 1982; Cox & Cuthbert, 1989b). Only in 

porcine small intestine has evidence been obtained for a dependence of the noradrenaline 

response on neuronal activity and hence a purely presynaptic site of action (Hildebrand & 

Brown, 1992).

The potencies of a second ai-adrenoceptor agonist, UK 14,304, were similar in Colony 1 

( E C 5 0  49 nM) and C lY l-6 cells (69 nM). Reductions in VIP-elevated Isc  were 

considerably larger after UK 14,304 than those afforded by clonidine in Colony 1 

epithelia, and maximal UK 14,304 responses were significantly reduced by subsequent 

addition of 10 pM clonidine. This behaviour indicates that clonidine acts as a partial 

agonist at the Colony 1 a 2-adrenoceptor, as has previously been reported in binding and 

biochemical studies in HT-29 cells (Bouscarel et a l, 1985; Paris et a l,  1989), and for 

other cell types, including human platelets (Steer & Atlas, 1982). Clonidine responses 

were abolished by prior addition of 10 pM yohimbine or rauwolscine, but not by 10 pM 

prazosin, an a-adrenoceptor antagonist with a 100 fold higher affinity for the a 2B (K; = 

4 nM in NG108-15 cells; Bylund et a l, 1988) and a 2c receptors (Ki = 15 nM in 

opposum kidney cells; Mackinnon et a l, 1994) than for the Œ2a subtype (Ki = 340 - > 15
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|iM in human platelets and HT-29 cells; Bylund et al., 1988; Paris et al., 1989). Both the 

antagonist data and the higher potency of UK14,304 relative to clonidine (MacDonald et 

a l, 1997) suggest the presence of the a 2A-adrenoceptor subtype, a conclusion that is 

entirely consistent with binding studies in HT-29 and human intestinal epithelial cell 

membranes (Paris et a l, 1989; Valet et a l, 1993) and functional data from the rat small 

intestine in vivo (Liu & Coupar, 1997). The absence of putative imidazoline receptors 

(Michel & Emsberger, 1992) is demonstrated by the ability of rauwolscine to fully 

antagonise clonidine responses (e.g. Takada et a l, 1997). Interestingly, both yohimbine 

and rauwolscine consistently produced small increases in Isc, responses that might arise 

from the inhibition of the constitutive activity of the endogenous receptor (Ren et a l, 

1993; Tian e/a/., 1994).

3.3.4 PP-specific receptors.

hPP, bPP and pPP reduced VIP-stimulated Isc in Colony 1 cells with E C so values 

between 25.6 nM and 56.8 nM. Other species PP homologues tested were ineffective 

(rPP and aPP at 300 nM), and the antisecretory effects of hPP were not diminished by 

previous addition of either PYY or Prô '̂  PYY at high concentration (100 nM). Colony 

1 epithelia therefore possess receptors with an approximate functional potency order of 

hPP = bPP > pPP > rPP, aPP, PYY, Prô '* PYY. The relative potency of the various PPs 

is consistent with the extent to which their sequences are identical; bPP and pPP differ 

by only 2 amino acids from hPP, while the structures of rPP (8 residues) and aPP (21 

residues) are more divergent. With two exceptions in aPP (Val^% Hiŝ "̂ ), all substitutions 

occur within the antiparallel fold region (Gehlert et a l, 1996b). In their specificity for 

PP compared to PYY, the receptors are similar to those observed in the related HCA-7 

Colony 6 cell line (hPP ECso: 177 nM; Cox & Tough, 1995; Tough & Cox, 1996), in 

basolateral membranes from canine small intestine (Gilbert et a l,  1988; Gingerich et a l,

1991) and in PC 12 cells (Schwartz et a l, 1987). The cloned Y4 receptor (Bard et a l, 

1995; Lundell et a l, 1995; Yan et a l, 1996) also shows an approximate 10 fold higher 

affinity for PP than PYY and is expressed in human small intestine and colon (Bard et 

a l,  1995; Lundell et a l, 1995). The relative selectivity of this receptor for different 

agonists varies considerably according to the radioligand used in competition studies. 

hPP, bPP and rPP (Ki = 0.06 - 0.19 nM) and PYY (0.87 nM) all displace [^^^I]PYY with 

high affinity (Bard et a l, 1995; Gehlert et a l, 1996b). On the other hand displacement
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* Nevertheless these comparisons should be interpreted with caution. Walker & Miller (1988) 

observed that the predominant population of binding sites with moderate affinity for NPY and 

PYY (Ki = 1 -  2 nM) were also partially sensitive to the presence of stable GTP analogues, 

which specifically inhibit agonist association with the R* conformation of GPCRs (Kenakin, 

1996). The results from the current study are therefore not sufficient to assign agonist binding 

affinities to a particular receptor state unequivocally. Further binding experiments using the 

Y l clones should examine the effect of conditions which may favour the low affinity receptor 

conformation. These could include the use of an antagonist as the radioligand (NPY displaces 

[^H]BIBP 3226 binding to SK-N-MC cells with a Ki value of 1.0 nM; Entzeroth et a l, 1995), 

and using incubation buffers which contain high concentrations of Na^ ions or GTPyS.
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of [^^^I]hPP specific binding reveals a significantly different order of affinity, being hPP, 

bPP (Ki = 1.9 - 2.3 nM) < rPP (139 nM) «  PYY, NPY (both > 1 pM; Yan et a l,  

1996), which resembles the selectivity of the Colony 1 PP receptor for these agonists. 

Homologous displacements may also be more indicative of the expected functional 

potency of hPP, which for example inhibits cAMP accumulation in Y4-transfected 

Chinese hamster ovary cells with an ECso value of 7 nM (Lundell et a l,  1995). 

Nevertheless discrepancies remain between the Colony 1 and the cloned receptors, 

notably the high affinity of Pro '̂  ̂PYY for the recombinant Y4 subtype regardless of the 

radioligand used (Bard et a l, 1995; Yan et a l, 1996); the substituted Leu and Pro 

residues at positions 31 and 34 are the native amino acids in hPP (Fuhlendorff et a l,  

1990a). In addition, no specific [*^^I]PYY binding was observed in Colony 1 cell 

membranes, although this may be indicative of low receptor expression levels. It is clear 

that further mammalian Y receptor subtypes that recognise PP (additional to the cloned 

Y4 and Y5 receptors) may exist in both central and peripheral tissues; the interpeduncular 

nucleus in the rat brain may be labelled with [‘̂ ^I]bPP but not [̂ ^̂ IJPrô '̂  PYY (Gehlert et 

a l, 1997) and PP receptors have been identified in rat liver membranes (Nguyen et a l, 

1992; Nguyen et a l, 1995), an organ which in the human has undetectable levels of Y4 

receptor mRNA (Bard et a l, 1995; Lundell et a l, 1995).

3.3.5 Yl receptor expression in transfected cells.

The stably transfected clones isolated from HT-29 or Colony 1 cells exhibited [*^^I]PYY 

specific binding and functional antisecretory responses which were maintained 

throughout the range of passages studied. Homologous displacements indicated a single 

population of PYY binding sites, giving K; values of 1 - 2 nM in Yl-7 and Yl-16 cell 

membranes and 6 nM in the C lY l-6 clone; equivalent competition studies yielded similar 

binding affinities for the rat Yi receptor expressed in HEK293 cells (3 nM; Krause et a l, 

1992) and for the human Yi receptor in COSl cells (3 nM; Larhammar et a l,  1992). 

Despite the use of an agonist as the radioligand, these measurements of binding affinity 

appear to predominantly reflect the low affinity state of the Y1 receptor (high affinity K, 

values in rat brain are in the range 20 - 50 pM for PYY; Walker & Miller, 1988]P The 

low affinity conformation might be favoured by an excess of the transfected receptor 

over the relevant G proteins (Kenakin, 1996), or by reduced receptor / G protein 

coupling in membrane preparations. Saturation analysis of [^^^I]PYY binding to C lY l-6
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membranes, which showed greater specificity than in the HT-29 derived clones, gave a 

Ki value of 1.0 nM (compared to 0.7 nM in HEK293; Krause et al., 1992) and a total 

receptor number of 144.5 finol mg'  ̂ membrane protein, equivalent to approximately 

1250 receptors / cell. In this respect, C lY l-6 cells are similar to HT-29 BT epithelia 

described by Mannon et al. (1994), where the Yi receptor density is 600 per cell, 

although the number of Yi receptors in the human neuroblastoma cell line SK-N-MC 

(59 000 per cell; Entzeroth et a l, 1995) and Yi-like receptors in human 

erythroleukaemia (HEL) cells (44 000; Feth et a l, 1992) are substantially higher.

3.3.6 PYY selectivity in functional responses.

PYY reduced both basal and VTP-stimulated Isc in the Yl clones, as expected for the 

coupling of the transfected receptor to the inhibition of adenylyl cyclase. Although 

activation of Yi receptors may also lead to Ca^  ̂ mobilisation in certain cell types 

(Aakerlund et a l, 1990), there was no evidence for this mechanism in the functional 

responses observed (since increased intracellular Ca^  ̂would elevate I sc ), consistent with 

the absence of Ca^  ̂ transients in HT-29 BT cells after PYY stimulation (Mannon et a l, 

1994). The correlation between the magnitude of the basal PYY response and the initial 

Isc  recorded in Yl-7 and C lY l-6 epithelial layers suggests that the Isc  level observed in 

untreated cells may depend on the intracellular cAMP concentration. As apical chloride 

permeability determines the rate of chloride secretion in many intestinal epithelial 

preparations under basal conditions (e.g. in rat colon; Strabel & Diener, 1995a) and 

cAMP-gated chloride channels such as CFTR may predominate in the apical membrane 

(Cuthbert et a l, 1994; Morris et a l, 1994), this is perhaps not unexpected. Previous in 

vitro studies have shown that endogenous stimulation of rat jejunal and colonic mucosa 

with either neuronal mediators or eicosanoids is a prerequisite for NPY or PYY 

mediated effects (Cox et a l, 1988; Strabel & Diener, 1995b), and thus the reductions in 

basal Isc  observed are somewhat surprising. It cannot be excluded that cAMP levels in 

the Yl clones are abnormally elevated as a result of their carcinoma phenotype or that 

the epithelial layers themselves produce prostaglandins (as occurs in the HCA-7 Colony 

29 cell line; MacVinish et a l, 1993), although the cyclo-oxygenase inhibitor piroxicam is 

without effect in Colony 1 cells (data not shown). Alternatively the actions of PYY in 

intact unstimulated mucosa may simply be too small to measure, particularly if Y 

receptor expression is limited to a subset of secreting cells.
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PYY ECso values for the inhibition of VIP-elevated Isc  varied between the four Yl 

clones, possibly due to differences in receptor expression (Bockaert et al., 1997). PYY 

was approximately equipotent in Yl-7 cells (E C so 8.4 nM), the most polarised HT-29 

clone, and in C lY l-6 epithelia (12.9 nM); a similar potency was observed for Yi 

receptors in the Colony 6 cell line (9.9 nM; Tough & Cox, 1996). The larger responses 

in the Cl Y l-6 clone ( 5 - 7  fold greater than in Yl-7 epithelia, compared to a 1 - 2 fold 

increase in cAMP-stimulated secretion) may indicate a more efficient coupling of the 

transfected receptor to downstream pathways. Addition of PYY13.36 produced only small 

decreases in Isc at high concentration (Yl-7 epithelia), consistent with its low affinity for 

the Yl receptor (Krause et a l, 1992). However, a surprising feature of Yl clones from 

both the HT-29 and Colony 1 cell lines was the remarkably low potency of NPY and 

Prô "̂  NPY in functional studies compared to PYY and Pro '̂  ̂ PYY responses, although 

all four peptides were full agonists at sufficiently high concentration. This contrasts with 

the minor potency differences between PYY and NPY when measuring the inhibition of 

cAMP accumulation in SK-N-MC cells (respective EC50 values 13 nM (PYY) and 22 

nM (NPY); Wahlestedt et a i, 1992) and the reduction of renal blood flow in the rat 

kidney in vivo (a wholly Yi mediated response; Bischoff et al., 1997). Numerous 

examples also exist of the use of either NPY or Pro '̂  ̂NPY as effective Yi agonists at 

low concentration (10 - 100 nM), mediating for example the reduction in cAMP levels by 

transfected 293B or Cosl cells (Krause et al., 1992; Larhammar et al., 1992), 

contraction of the rabbit vas deferens (Serradeil-Le Gal et al., 1995) and the increase in 

blood pressure in pithed or anaesthetised rats (NPY or Pro '̂  ̂NPY at a dose of 25 nM 

k g '\ Fuhlendorff et al., 1990a). Indeed only one instance of preferential activation of a 

Yl -like receptor by PYY has so far been documented in non-epithelial cell types. In 

HEL cells, PYY was 2.6 fold more potent than NPY in stimulating Ca^  ̂ mobilisation 

(Feth et a l, 1992), but decreased forskolin-elevated cAMP levels with an EC50 value 9.2 

fold lower (Michel et a l, 1990). In epithelial Y receptor systems, however, PYY is 

often more potent than NPY, for example in small intestine (Y% -like; Cox et al., 1988; 

Servin et al., 1989), the renal proximal tubule cell line PKSV-PCT (Y2 -like; Voisin et 

al., 1993), HCA-7 Colony 6 cells (a combination of Yi - and Y4-like; Cox & Tough, 

1995; Tough & Cox, 1996) and the rat colon (a mixture of Yi- and Y2-like receptors; 

Tough & Cox, 1996). In apparent contrast, both 100 nM PYY and Prô "̂  NPY inhibit 

cAMP formation to similar degrees in the HT-29 BT cell line (Mannon et a l, 1994), but
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 ̂ This analysis also assumes that the Ki values calculated are an accurate reflection of agonist 

affinities for the uncoupled receptor (see addendum, pi 15).

 ̂ Such distinct conformations could also lead to orders of agonist potency that are cell type 

specific, provided that the separate R* states occupied by NPY and PYY have altered abilities 

to activate some classes of Gi/o proteins (those expressed in epithelia) but not others (e.g. 

Gil/Go; Ogier-Dennis et al., 1995). A further consideration is that functional antisecretory 

responses to PYY and NPY are measured under non-equilibrium conditions. Consequently, 

the potency of NPY relative to PYY could be reduced if NPY binds to the Yi receptor more 

slowly, particularly if the receptor desensitizes rapidly upon activation.
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the relative potencies of PYY and NPY were not investigated. In binding studies, PYY, 

NPY and their [Leu^\ Pro '̂*] analogues displaced [^^^I]PYY from Yl-7 and C lY l-6  

membranes with approximately equal affinities, in accordance with previous studies on 

transfected rat and human Yi receptors (Krause et al., 1992; Larhammar et al., 1992, 

including a Yi receptor fusion protein expressed in prokaryotic cells; Herzog et al., 

1994) and on endogenous Yi receptors, such as those present in SK-N-MC cells 

(Wahlestedt et al., 1992), mouse adrenocortical cells (Weng et al., 1995), HT-29 BT 

epithelia (Mannon et a l, 1994), rat cortex (Dumont et a l,  1995) and vascular smooth 

muscle cells (Sheikh etal., 1991).

The disparity between the estimated binding affinities and EC so values for PYY and NPY 

in Yl-7 and C lY l-6 cells is appropriately illustrated by the relationships between 

receptor occupancy (estimated from the displacement Ki values) and response presented 

in Figure 3.24. In constructing these relationships, it has been assumed that the low 

affinity conformation of the Yi receptor predominates in the GTP-rich environment of 

intact cells (and therefore that low affinity K, measurements correlate better with agonist 

E C so values)! although signal transduction by GPCRs is likely to be mediated by the 

switch to a high affinity state on presentation of agonist (e.g. az-adrenoceptors; Thomsen 

et al., 1988) and a proportion of unoccupied receptors may be pre-coupled to G proteins 

(e.g. Tian et al., 1994). Feth et al. (1992) used a similar assumption in their analysis to 

demonstrate that the stimulation of Câ  ̂ mobilisation in HEL cells by NPY and Prô "* 

NPY was linearly related to the predicted occupancy of the receptor by these agonists; in 

contrast, the hyperbolic function observed for PYY indicated a small receptor reserve. 

This suggests that PYY has a greater intrinsic efficacy than NPY at the HEL cell Yi 

receptor, a situation that might arise if NPY and PYY induced distinct active receptor 

conformations (Kenakin, 1996)^ The relative efficacies of NPY and PYY might also 

constitute, to a greater or lesser extent, the explanation for the potency differences in 

Y l-7 and C lY l-6 cells. However the presence of different receptor reserves for 

particular peptides in these clones cannot be deduced, since inverse hyperbolic 

occupancy-response curves were obtained even for the most potent agonist, PYY. This 

data must be interpreted with caution, since the response measured (reduction in Isc) is 

considerably downstream of the signal transduction events mediated directly by the 

receptor. Nevertheless such inverse relationships may indicate that the ‘effective’
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concentration of agonist interacting with the Yi receptor is substantially lower than the 

actual concentration added, leading to overestimation of the receptor occupancy. This 

discrepancy might arise for a number of reasons. First, in C lY l-6  cells (but not in the 

Yl-7 clone), there may be some exchange of agents between the apical and basolateral 

reservoirs in electrophysiological experiments, whereas the peptide concentration quoted 

is based on its restriction to the basolateral compartment. At its limit, this error may lead 

to an a  ratio (Ki / EC50) of 0.5, in the absence of any other factor. Access to functional 

Yl receptors might also be restricted by intervening physical barriers, such as layers of 

living or dead cells and the extracellular matrix. Finally PYY and NPY might be 

enzymatically cleaved by epithelial enzymes. Membrane-bound serine peptidases which 

have been implicated in the degradation of the PP-fold family of peptides include 

dipeptidyl peptidase IV (DPP IV), aminopeptidase-P (AP-P) and endopeptidase-24.11 

(EN24.11). DPP IV is expressed at high levels in both wild type and differentiated HT- 

29 cells (Howell et a l, 1992) and in human distal small intestine (Darmoul et a l,  1992), 

and all three enzymes have been identified in a second adenocarcinoma cell line, Caco-2 

(Howell et al., 1992); although apically targeted (Casanova et al., 1991), both DPP IV 

and other peptidases may reach the apical membrane indirectly in Caco-2 cells via the 

basolateral surface (Le Bivic et al., 1990). When PYY is used as a substrate, hydrolysis 

occurs primarily at the Pro^-Ile^ (DPP IV), Tyr^-Pro^ (AP-P) and Asn^^-Leu^° (EN24.11) 

bonds (Dos Santos Medeiros & Turner, 1994). In fresh canine colon extracts PYY3.36 

may constitute as much as 40 % of the total PYY-like immunoreactivity (Grandt et al.,

1992); this degradation is of physiological significance since PYY3.36 is much less active 

at Yl receptors compared to the Y2 subtype.

Based on the epithelial surface location and the substrate specificity of DPP IV and other 

peptidases, the metabolism of PYY and NPY to fragments inactive at the Y1 receptor 

may therefore be an attractive explanation for their reduced functional potency in Yl-7 

and C lY l-6 cells. The measurement of binding affinities would be less affected by this 

mechanism, since experiments were performed in the presence of phenylmethylsulphonyl 

fluoride (PMSF), an inhibitor of serine peptidases (Rose et al., 1989). Future studies 

will be necessary to confirm this hypothesis, for example by assessing enzyme activities 

directly and the use of specific DPP-IV inhibitors (Li et al., 1995). In addition, 

differences in enzymatic degradation might influence the relative potencies of PYY, NPY
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and related peptides at epithelial Yi receptors. For example, 100 nM hPP produced 

small but significant responses in C lY l-6 cells, mediated through both endogenous 

Colony 1 Y receptors and transfected Yi receptors. Although this peptide exhibits very 

low affinity for the cloned rat Yi receptor (Ki > 100 nM; Krause et al., 1992), its 

functional potency compared to PYY might be increased by the fact that it is not a 

substrate for DPP-IV - the N terminal Tyr in PYY is replaced by Ala in hPP (Mentlein et 

al., 1993). Secondly, while DPP-IV hydrolyses both PYY and NPY, the catalytic rates 

measured in in vitro assays using the purified enzyme are 4.0 fold greater for hNPY (27 

pmol min'^ mg'  ̂ enzyme) compared to hPYY (6.8 pmol min'  ̂ mg'^; Mentlein et a l,

1993). Cell surface peptidases are by no means restricted to epithelial cell types (Turner 

et al., 1989), but particularly high concentrations of DPP IV and other enzymes are 

found in kidney and intestinal brush border membranes (Dos Santos Medeiros & Turner,

1994). Thus it is possible that the substrate specificity of metabolising enzymes such as 

DPP IV participates in the generation of the PYY-selective phenotype of the Yl clones 

(and perhaps of other epithelial tissues which express the Yi receptor, e.g. Cox & 

Tough, 1995). Whether metabolism might affect the pharmacology of the ‘PYY- 

preferring’ Y] receptor, characterised predominantly in epithelial cells and tissues 

(Castan et al., 1992; Laburthe et a l, 1986; Servin et a l, 1989; Voisin et a l,  1993) and 

possibly distinct from the cloned brain Y] receptor (Gehlert et a l,  1996a; Gerald et a l, 

1995; Rose et a l, 1995), is uncertain. In these cells, PYY additionally exhibits a higher 

binding affinity for the receptor than NPY, although it is interesting to note that with one 

exception (PKSV-PCT cells; Voisin et a l, 1993), binding experiments were carried out 

without serine peptidase inhibitors such as PMSF. The potential effect of degradation to 

PYY3.36 and NPY3.36 is also unclear, since these truncated peptides would remain potent 

agonists at a Y2 receptor (Grandt et a l, 1992).

3.3.7 Desensitisation of Yi receptors.

Responses to PYY (and other effective agonists, such as NPY) in both Yl-7 and C lY l- 

6 cells became more transient as the agonist concentration was increased, changes which 

did not appear to result from general compensatory mechanisms following an 

antisecretory stimulus. SRIF responses in HT-29 derived clones remained sustained even 

after 100 nM agonist, and while higher concentrations of UK 14,304 produced more 

transient reductions in Isc, their time profiles were significantly different from those after
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PYY. Thus, PYY timecourses appear dependent upon the regulation of the transfected 

Yl receptor. With higher agonist concentrations, greater numbers of receptors are 

stimulated and then inactivated, leading both to a reduction in the time to peak and a 

more short-lived response. It is important to recognise that Isc  time-profiles may only 

indirectly correspond to the number of activated Yi receptors; for example, after a 

maximum PYY concentration the rate of recovery following the peak decrease in I sc  may 

be limited by the kinetics of other signal transduction components (such as the GTP-ase 

activity of Ga,; e.g. photoreceptors; Sagoo & Lagnado, 1997). Desensitisation of the 

transfected receptor was also demonstrated by paired agonist additions in the Yl-7 

clone, whereby 100 nM PYY responses were significantly attenuated by prior application 

of maximal agonist concentrations, but not by 1 pM PYY 13.36 or hPP. In Cl Yl-6 cells, a 

more extensive study revealed two possible components; firstly threshold additions of 

PYY, NPY or their [Leu^\ Pro '̂ ]̂ analogues substantially (though not significantly) 

reduced the effect of 30 nM PYY added 15 min later, while higher concentrations of 

these agonists decreased the subsequent residual PYY response in a manner consistent 

with their functional potency.

The observation that the transfected Yi receptors appear to desensitise in an agonist- 

dependent manner supports previous studies which suggest that GRKs which 

phosphorylate only agonist-occupied receptors may be relatively promiscous (see 

Chapter 1; Premont et al., 1995); either the host cell lines express a Y receptor specific 

GRK (and arrestin-like protein) without the corresponding receptor (especially in HT-29 

epithelia, without PP responses), or more plausibly GRKs that use endogenous receptors 

as substrates may also recognise the Yi subtype. The role of second messenger 

dependent protein kinases in Yi receptor regulation is less certain. PK A and PK C 

activation may increase and attenuate desensitisation of Pz-adrenoceptors respectively 

(Clark etal., 1989; Shih & Malbon, 1994), and consensus sequences for phosphorylation 

sites have also been identified in the third intracellular loop (1 PK C) and C terminal tail 

(1 PK C and 1 PK A) of the Yi receptor (Krause et a l, 1992; Figure 1.5). In cell types 

in which Yi receptors may activate phospholipase C, PK C phosphorylation might be 

relevant; in HEL cells, treatment with phorbol esters attenuates subsequent Ca^  ̂

mobilisation by NPY, although PK C inhibitors (e.g. calphostin C) fail to prevent 

desensitisation after agonist exposure (Michel, 1994). On the other hand, the
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contribution of PK C and PK A in homologous desensitisation of PYY responses in the 

Yl clones is likely to be minimal, since neither kinase would be expected to be activated 

in an agonist-dependent manner following Yi receptor stimulation in these cells.

3.3.8 Effect of Antagonists.

The non-peptide Yi receptor antagonist, BIBP 3226, inhibited PYY responses in the 

Yl-7 and C lY l-6 clones with similar IC50 values (30.8 nM and 68.4 nM) and displaced 

[125i]pyy binding with Kj values of 2.3 - 2.9 nM. In Yl-7 cells, the presence of 30 nM 

antagonist induced a parallel rightward shift of the PYY dose-response curve, giving a 

pKe value of 8.0 and indieating that anreggpteF rggianî o gBuatSifor-rPYY- in-thiaiolong. The 

affinity and potency of BIBP 3226 observed here for the transfected rat Yi receptor is 

therefore consistent with previous studies on Y1 receptors in rat cortex (K; = 6 - 8 nM; 

Rudolf et a l, 1994; Wieland et a l, 1995), in vitro inhibition of Yi receptor activation in 

rat kidney (IC50 26 nM; Rudolf et a l, 1994), mesentery (IC50 1 pM; Doods et a l, 1995) 

and colon (Tough & Cox, 1996), and in vivo antagonism of the effects on NPY on renal 

blood flow (Bischoff et a l, 1997) and blood pressure (Doods et a l, 1995). BIBP 3226 

displays only a slightly lower affinity for rat Y% receptors than for the human subtype 

(Entzeroth et a l, 1995; Wieland et a l, 1995).

The second antagonist tested, GR231118, exhibited a 10 fold higher affinity for the Y% 

receptors in Yl-7 and ClY l-6 membranes (Ki = 0.2 - 0.4 nM) than BIBP 3226, similar 

to that measured in SK-N-MC cells (0.2 nM; Daniels et a l, 1995). However the Hill 

slope of the displacement curve in ClY l-6 membrane preparations (-0.6) was 

significantly less than predicted for an antagonist (-1.0). In functional studies, 

GR231118 inhibited PYY responses in Yl-7 epithelia (IC50 22.3 nM) and in the Cl Yl-6 

clone (IC50 222 nM), but was less potent than expected when compared to the inhibition 

of NPY-induced Ca^  ̂ elevation in HEL cells (IC50 0.3 nM) and increases in perfusion 

pressure in rat kidney (2.2 nM; Daniels et a l, 1995; Hegde et a l,  1995). The estimated 

pKs value in Yl-7 epithelia (8.3) was also lower than the pK; (9.4) obtained by direct 

measurement. As a peptide GR231118 might be less stable and more susceptible to 

degradation than BIBP 3226, although at present there is no clear explanation for the 

discrepancy between its binding affinity and lower functional potency.
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Neither antagonist significantly affected the decreases in Isc  after SRIF and UK 14,304, 

and Colony 1 hPP responses were also unaltered by previous addition of 1 pM BIBP 

3226, consistent with its lack of affinity for any of the other cloned Y receptor subtypes 

thus far (Jacques et al., 1995; Gehlert et al., 1996b; Gerald et al., 1996). In contrast, 

GR231118 has recently been demonstrated to bind to human Y4 receptors in addition to 

the Yi subtype (K, = 0.04 nM; Gehlert et a l, 1996b), and in Colony 1 cells this 

antagonist did partially inhibit the reductions in Isc after 100 nM hPP. GR231118 may 

therefore interact with the Colony 1 PP receptor (albeit at 1 pM concentration), 

providing further evidence that it may lack complete specificity for the Y1 receptor.

3.3.9 Antisecretory responses after different secretagogues.

Responses to PYY, UK 14,304 and SRIF were much reduced in Yl-7 and C lY l-6 cells 

pretreated with a maximal concentration of forskolin (10 pM), a direct activator of 

adenylyl cyclase, than in unstimulated epithelial layers or those in which Isc had been 

previously elevated by VTP. To some extent, these results reflect those from in vitro 

experiments. For example in the rat jejunum, NPY inhibits forskolin-stimulated Isc , but 

these responses are 50 - 60 % as large as those after VTP (Cox & Cuthbert, 1988). In 

mucosal preparations, this discrepancy might arise from the restriction of NPY receptor 

expression to a smaller population of the cells stimulated by forskolin than those 

responsive to VTP. In the Yl clones, however, the Yi receptor is ubiquitously expressed 

and maximal concentrations of VTP and forskolin elevate Isc  to a similar extent, 

suggesting that an equivalent proportion of cells is involved in each case. The 

attenuation of responses to PYY and other agents after forskolin addition also appears 

inconsistent with the observations that epithelial chloride secretion elevated by dibutyryl 

cAMP is attenuated by clonidine (Nakaki et a l, 1982; Warhust et a l,  1993) and by SRIF 

(Warhurst et a l, 1993; Warhurst et a l, 1995), since they indicate that inhibitory 

mechanisms distal to cAMP generation must exist. However whether these additional 

mechanisms are effective depends on the roles of their targets in the forskolin-stimulated 

secretory response; for example, direct inhibition of basolateral potassium channels by Gi 

proteins (e.g. after SRIF; Sandle et a l, 1993) may only reduce chloride secretion if the 

flow of potassium ions through this conductance is rate limiting. It is therefore possible 

that PYY, SRTF and UKl4,304 are all unable to relieve the saturation of downstream 

secretory pathways activated by 10 pM forskolin, despite reducing cAMP levels to a
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certain extent and possibly having other independent actions. This hypothesis is 

consistent with the restoration of antisecretory responses in Yl-7 epithelia after a lower 

concentration of forskolin (1 pM) or after addition of the phosphodiesterase inhibitor 

EBMX (30 pM), both of which produced smaller secretory responses than those 

following VIP stimulation. However, reductions in Isc after PYY and UK 14,304 in the 

C lY l-6 clone remained significantly inhibited after these pretreatments when compared 

to those after 30 nM VIP, observations which cannot be fully explained by saturation. In 

this case, both antisecretory agonists may be most effective when counteracting 

stimulation through a receptor-operated mechanism, via possible interaction between 

different classes of G proteins (Taylor, 1990) or the organisation of mixed receptor 

populations into microdomains within the plasma membrane (Bockaert et al., 1997).

The transient increases in Isc after addition of carbachol in the Yl-7 clone are broadly 

similar to those in the rat jejunum and colon (Cox & Cuthbert, 1988; Strabel & Diener, 

1995a). Carbachol responses were potentiated by forskolin, as previously observed in 

T84 (Dharmsathaphom & Pandol, 1986) and HT-29 cl.l6E cells (Merlin et al., 1995) 

and were substantially inhibited by pretreatment with SRIF. On the other hand, although 

NPY significantly reduces the size of Ca^^-mediated responses in the rat jejunum (Cox & 

Cuthbert, 1988), pretreatment with PYY had no effect on carbachol-induced secretion in 

Y l-7 cells. The key to this difference in potency may be the difference in timecourses of 

the relevant antisecretory responses. NPY in the rat small intestine and SRIF in the Yl-7 

clone both produced sustained decreases in basal Isc; however, PYY responses in 

unstimulated Yl-7 cells were transient, so that basal Isc  was returned to original levels 

within 5 - 6  min of its addition. Thus the increases in Isc  after addition of carbachol at 

the point of maximal PYY inhibition may be relatively unaffected because of its short

lived nature.

3.3.10 Apical responses.

Apical PYY was without effect in Yl-7 epithelial layers, thus demonstrating that in this 

clone the transfected receptor is basolaterally targeted and that its subsequent difilision 

to the apical membrane is prevented, possibly by the presence of tight junctions 

connecting epithelial cells. A restricted basolateral distribution has been observed 

previously for transfected azA-adrenoceptors expressed in MDCK cells (Keefer &
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Limbird, 1993). Neither PYY nor piretanide (which inhibits the basolateral Na^/KVCl' 

cotransporter) were exchanged between apical and basolateral compartments. In 

contrast apical piretanide was effective in Colony 1 cells (as previously reported; 

Cuthbert et a l, 1987) and in the C lYl-6 clone. The relative lack of sidedness of PYY 

responses in C lY l-6 epithelia is therefore not indicative of a non-polarised Yi receptor 

distribution, particularly as the desensitisation to basolateral PYY observed after its 

apical application was less complete than that to UK 14,3 04 following sequential 

additions to each reservoir. Surprisingly HT-29, Colony 1 and Yl-7 epithelia responded 

to apical application of VIP, with transient response profiles markedly different from 

those after basolateral addition of the peptide. Conceivably, apical and basolateral 

responses could be mediated by distinct receptor subtypes (Harmar & Lutz, 1994). 

Although only one population of binding sites has been identified in HT-29 cells 

(Couvineau et a l, 1985) and VTPi receptor mRNA transcripts predominate in the 

intestine (Sreedharan et a l, 1991), VTP can be covalently cross-linked to two distinct 

proteins in normal human colonic epithelial membranes, in both a specific and GTP- 

sensitive manner (Couvineau & Laburthe, 1985). Alternatively, the same receptor might 

be differentially regulated or coupled to distinct downstream pathways dependent on its 

subcellular localisation; activation of VTP receptors may for example increase both 

cAMP and intracellular Ca^  ̂ in HT-29 cells (Sreedharan et a l,  1994; Turner et a l, 

1986). A role for Ca^  ̂ mobilisation in apical VIP responses is however unlikely, since 

they are inhibited in Colony 1 cells by 293B, an inhibitor of the basolateral Iks channel 

complex (Busch & Suessbrich, 1997) which blocks cAMP- but not Ca^^-mediated 

chloride secretion in this cell line (Holliday & Cox, submitted).

Stable expression of the Yi receptor cDNA in the HT-29 and Colony 1 cell lines has 

yielded a number of clones which provide useful model systems for the investigation of 

the actions of this subtype on epithelial ion transport. In particulai; the observation that 

the transfected receptor displays a unusually strong PYY-preferring phenotype when 

expressed in epithelial cells may be of importance in understanding the pharmacology of 

other epithelial Y receptors, and the Yl-7 and C lY l-6 clones will be ideal cell lines in 

which to investigate the mechanisms underlying this selectivity. They will also be 

valuable in assessing the potential benefits of novel Yi-specific agonists and antagonists 

in the control of intestinal secretion.
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Chapter 4

Properties of the Yi(S255E) receptor: potential role of Ser̂ ^̂  in 

Yl receptor desensitisation
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4.1 Introduction

As discussed in Chapter 1, homologous desensitisation of rhodopsin-like receptors may 

be initiated following the phosphorylation of Ser / Thr residues in their cytoplasmic 

domains, particularly by GRKs (Kobilka, 1992; Premont et a l, 1995). A temporal 

correlation has been established between these two processes in an increasing number of 

receptor subtypes (e.g. Blaukat et a l, 1996; Hipkin et al., 1997), but mutated 

adrenoceptors lacking many of the potential phosphorylation sites provided the first 

evidence for a definitive causal relationship. Deletion of the serine rich segments in the C 

terminus of the p2-adrenoceptor (Bouvier et al., 1988) or in the third intracellular loop in 

the a 2A-adrenoceptor (Liggett et a l, 1992) both resulted in mutants which bound ligand 

and coupled to G proteins normally, but were defective in their ability to undergo short 

term agonist-promoted desensitisation. The sites removed in the p2-adrenoceptor were 

distinct fi"om those phosphorylated by PK A after low level agonist exposure (Clark et 

al., 1989), an indication that GRKs such as p-ARK recognised different amino acid 

sequences; in addition, agonist-induced phosphorylation and desensitisation was 

conferred on a chimeric p3-adrenoceptor which contained the p2 C terminus (Liggett et 

al., 1993). The relative desensitisation of p-adrenoceptor subtypes (P2 »  Ps; Liggett et 

al., 1993) and of the various tachykinin receptors (NKl > NK3 > NK2; Shigemoto et 

al., 1990) is correlated with the prevalence of Ser / Thr residues in their C termini, and 

such comparisons suggest that the ability of rhodopsin-like receptors to interact with 

arrestin increases with the number of potential phosphorylation sites. On the other hand, 

Œ2A- and a 2c-adrenoceptors contain similar numbers of serines and threonines in their 

third intracellular loops (16 and 19 respectively) but differ markedly in their ability to be 

phosphorylated and to desensitise on agonist occupancy (Eason & Liggett, 1992; Kurose 

& Lefkowitz, 1992). A sequence containing four adjacent serines, which is present in 

the Œ2A but not the a 2c subtype, is an excellent substrate for p-ARK as an isolated 

peptide (Onorato et al., 1991) and may therefore contribute to the different behaviour of 

the two adrenoceptor subtypes (Eason & Liggett, 1992). More recent site-directed 

mutagenesis studies have also focused on the role of particular amino acids in receptor 

regulation. Desensitisation of the am-adrenoceptor depends entirely on a short 21 amino 

acid region in the C terminal tail, containing three serines phosphorylated by p-ARK and 

two targeted by PK C (Diviani et al., 1997). An alanine scan of rhodopsin, which
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replaced each of the seven candidate residues individually, revealed that ThP^ and Ser̂ '*̂  

were most significant in maintaining arrestin binding on receptor phosphorylation (Zhang 

et a l, 1997). Finally, mutation of Thr̂ "̂̂  to Ala in the |i-opioid receptor was sufficient to 

abolish agonist-induced desensitisation, despite the presence of additional 

phosphorylation targets in the C terminus (Pak et a l, 1997). Thus particular serine or 

threonine residues may assume a disproportionate importance in the desensitisation of a 

number of GPCRs, by virtue of being preferred substrates for GRKs or by forming one 

of the key contact points with arrestin when phosphorylated.

GRK-mediated phosphorylation does not apparently alter the ability of GPCRs to 

activate G proteins (e.g. P2 adrenoceptors; Benovic et a i, 1987a) without the presence 

of arrestin-like proteins to form an alternative ternary complex. However, evidence is 

accumulating for additional functions initiated by PK A or PK C phosphorylation, 

whereby the signalling specificity of particular receptors may be regulated. PK A 

recognition sites in the third intracellular loop of the P2-adrenoceptor may uncouple the 

stimulated receptor from G* and enhance its interaction with Gi, consequently initiating a 

radically different pattern of downstream events (such as MAP kinase activation) after 

the initial rise in cAMP levels (Daaka et al., 1997). Similarly, mutation of Thr̂ "*̂  in the 

second intracellular segment of the 5-HT lA receptor specifically disrupts Gpy-related 

pathways (e.g. phospholipase C activation) while partially preserving Gaj-mediated 

inhibition of adenylyl cyclase; since this residue is a potential substrate for PK C, its 

phosphorylation may alter the balance of signalling between G a and Gpy components 

(Lembo et a l, 1997). As yet there is no indication that receptor phosphorylation can 

alter the efficacy of G protein coupling, but such a possibility should not be discounted 

given that serine and threonine residues are present in regions which may determine 

receptor conformation. In the a 2A-adrenoceptor, substitution of T h^^ in the C terminal 

portion of the third intracellular loop for five different amino acids (Phe, Ala, Cys, Glu 

and Lys) leads to mutants which all show a marked increase in basal Gi activation in the 

absence of agonist (Ren et al., 1993); similar mutations (though not of Ser or Thr) in the 

same region of other adrenoceptor subtypes also result in a significant increase in 

constitutive activity (Kjelsberg et al., 1992; Lefkowitz et al., 1993; Pei et al., 1994; 

Samama et al., 1994). It has been suggested that the substituted amino acid in the am-
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adrenoceptor (Ala^^ )̂ may be important in stabilising its inactive conformation when 

unoccupied (Kjelsberg et al., 1992); thus it is feasible that phosphorylation at particular 

sites might disrupt a similar function performed by equivalent residues in other receptors. 

Such a regulatory pathway could have physiological significance; for example, it might 

allow stimulation by a GPCR to continue in the long term after the removal of its 

agonist.

Serine to glutamate substitutions have been used successfully to reproduce the increased 

negative charge associated with phosphorylation in other GPCRs (Zhang et al., 1997). 

In this study, the properties of the Yi(S255E) receptor have been investigated in stably 

transfected clones derived from the Colony 1 cell line. In addition to a potential function 

in desensitisation, the mutated amino acid might influence other processes through its 

location in the C terminal portion of the third intracellular loop (Figure 4.1) and its 

proximity to a predicted PKC phosphorylation site (T^^^KR). The findings from binding 

and fiinctional studies suggest that the Yi(S255E) receptor displays normal agonist and 

antagonist binding affinities, but may be constitutively down-regulated. Although other 

interpretations are possible, these results are more consistent with the enhanced 

desensitisation of the mutant receptor than an increase in its constitutive activity.
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Rat Yl receptor 
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Figure 4.1 Substitution of in the rat Yi receptor.

The third intracellular loop between transmembrane (TM) regions V and VI is 

illustrated, highlighting the mutated serine residue. Chemical representations o f 

phosphoserine and glutamate in the inset show the similar position o f the negative 

charged atoms relative to the peptide backbone in each case; however differences exist 

in the three dimensional orientation o f the phosphate (tetrahedral) and carboxyl 

(planar) groups.
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4.2 Results

4.2.1 PYY and BIBP 3226 binding to the Yi(S255E) receptor.

26 Colony 1 clones were isolated and expanded after transfection with the cDNA 

encoding the Yi(S255E) receptor. Following assessment of fimctional PYY responses, 

two of these, called ClYlS-2 and ClYlS-9, were identified as suitable candidates for 

further study. Surprisingly however, CIYIS membrane preparations exhibited only low 

levels of [^^^I]PYY specific binding in the presence of 20 - 25 pM tracer (approximately 

0.5 fmol mg'  ̂ membrane protein), compared to 2.5 ± 0 .1  fmol mg'^ (« = 26) in the 

C lY l-6 clone (Figure 3.21). With higher radioligand concentrations (30 - 52 pM), total 

specific counts were sufficiently increased to obtain displacement curves (Figure 4.2). 

These gave PYY binding affinities of 1.5 nM (0.4 - 5.8 nM, 4 d.f; « = 6) and 5.1 nM 

(2.5 - 10.6 nM, 4 d.f; « = 2) in the ClYlS-2 and ClY lS-9 clones respectively, and a K; 

value for BIBP 3226 o f2.0 nM (0.6 - 6.0 nM, 4 d.f; « = 4) in ClYlS-2 membranes. A 

single saturation experiment (using 0.1 - 10 nM [^^^I]PYY) was also performed in the 

C lY lS-2 clone (data not shown), but failed to yield an accurate estimate of total 

receptor numbers.

4.2.2 Basal I sc  and secretory responses to VTP.

When grown on collagen-coated supports, C lY lS epithelia formed confluent multilayers 

4 - 5  cells thick, with similar morphological features to the parent Colony 1 cell line (see 

section 3.2.1); as before, regions of polarisation were indicated by groups of 

basolaterally aligned nuclei. Both ClYlS-2 and ClYlS-9 epithelial layers exhibited 

significantly greater basal resistances than those measured in Colony 1 and C lY l-6  cells 

(Tables 3.1, 4.1; P  < 0.001 for each comparison) and the initial levels of Isc and the size 

of the VIP-induced increases in Isc were also substantially elevated (Tables 3.1, 4.1; 

Figure 4.3; P < 0.001 for either clone compared to Colony 1 or C lY l-6 responses). 

Although C lY lS  VIP (30 nM) responses were almost twice the magnitude of those in 

C lY l-6  epithelia, the estimated VTP E C 5 0  values (6.2 nM in C lY lS-2 and 8.6 nM in 

ClYlS-9; Table 4.1) were very similar to those in Colony 1 (6.6 nM) or C lY l-6 cells 

(10.4 nM; Figure 3.4).
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Figure 4.2 Displacement of [̂ ^̂ I]PYY binding.

The graphs show combined data from experiments using a radioligand concentration o f  

30 - 52 pM, and either PYY (O; n = 2 - 6) or BIBP 3226 n = 4) as the unlahelled 

competitor. Total specific binding was 1.1 ± 0.2 fm ol m g ' membrane protein (n = 10; 

44 % o f total counts) in ClYlS-2 and 1.0 fm ol m g ' (n = 2; 31 %) in ClYlS-9  

membranes. Hill coefficients were -0.5 (ClYlS-2 PYY and BIBP 3226) and -0.6 

(ClYlS-9 PYY); calculatedKj values are given in the text.
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Figure 4.3 Effects of Yi agonists and Yi antagonists in C lY lS  epithelia.

Representative traces illustrate the responses to PYY (1 pM, \2) and Pro^^ PYY 

(300 nM, Dij in the ClYlS-2 clone, and the effects o f 1 pM  PYY and 1 pM  BIBP 3226 

(^ )  in CIYlS-9 cells. Other agents were added at the following concentrations: VIP 

(30 nM, O), PYY (100 nM, M), UK 14,304 (1 pM, A) and piretanide (200 pM, k). 

Basal Isc (in pA, from 0.2 cm^ surface area) is shown to the left o f each example.
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Cell line Basal R Basal k c  
(pA cm'^}

%
Success

30nM VIP  
(pA cm*̂ )

VIFECso
(nM)

CIYlS-2 58.1 ±2.7 74.3 ±5.7 98.6 110.7 ±4.7 6.2
(70) (70) (43) (1.0-37.5)

C lYlS-9 149.8 ±6.3 41.1 ±2.5 98.6 100.0 ±3.0 8.6
(71) (71) (50) (7.1 - 10.4)

Table 4.1 Basal parameters and VIP responses.

Basal resistance (R), basal Isc levels and the maximal increases in Isc after 30 nM  VIP 

are shown fo r  the Colony I  Yi(S255E) receptor clones; the proportion o f epithelial 

layers successfully voltage-clamped is also quoted in each case (% success). VIP EC so 

values (with 95 % confidence limits, 3 d .f) were calculated from concentration 

response relationships using single additions o f I - 100 nM  VIP (n = 3 - 50). 

Significant differences from equivalent measurements in non-transfected cells or clones 

expressing the native Yj receptor (Table 3.1) are presented in the text.

4.2.3 The effect of PYY in C lY lS epithelia.

Both PYY and Prô '* PYY decreased VIP-stimulated Isc in both ClYlS-2 and ClYlS-9 

epithelial layers (Figure 4.3), a maximal concentration of PYY (1 pM) giving responses 

of -62.3 ± 6.7 pA cm'  ̂ (n = 3) and -21.3 ± 1.9 pA cm'^ {n = 3) respectively; the 

reductions observed were significantly larger (ClYlS-2; P < 0.05) or smaller (ClYlS-9) 

than the 100 nM PYY response in the Cl Y l-6 clone (-35.1 ±4.8 pA cm'^, « = 8; Table 

4.2). PYY ECso values estimated from the concentration-response curves in Figure 4.4/1 

were 338 nM (101 - 1120 nM, 4 d.f; « = 3 - 7) in ClYlS-2 and 83.3 nM (25.4 - 273 

nM, 4 d.f; « = 3 - 5) in ClYlS-9 epithelia, compared to 12.3 nM in C lY l-6 cells 

(Table 3.3). As Figure 4.5/1 illustrates, the peak levels of Isc after VIP treatment differed 

substantially between the three transfected cell types, with a greater contribution from 

the basal component in ClYlS-2 (40.4 %) and ClY lS-9 (34.0 %) than in Colony 1 

(23.1 %) or C lY l-6 cells (23.4 %). To test whether this could account for some of the 

differences observed, responses to PYY were expressed as a percentage of the absolute 

Isc levels prior to agonist addition (Figure 4.4.6). These concentration-response 

relationships yielded PYY E C 5 0  values which were equivalent to those obtained from the

134



Chapter 4. Properties o f the Yi(S255E) receptor.

e
1

0 ‘

- 10 '

- 20 -

-30-

§ -40' 
*-C

I -50- 
-60- 

-70-

B

_3
"o
£eg

c
©

•-Cw
3-O

-10
Log [PYY] (M)

-9 -8 -7 -6

-10 -9 -8 -7 -6

- 10 -

- 20 -

-30-

-40-

-50-

-604

Figure 4.4 PYY concentration-response curves in the C lY lS  clones.

The effects o f PYY (I  nM  - I pM) in VIP-pretreated ClYl-6 ( O ;  n = 3 - 8), CIYlS-2 

(^; n = 3 - 7) or ClYlS-9 (M; n = 3 - 5) epithelial layers are indicated as (A) peak 

reductions in Isc and (B) the percentage inhibition o f absolute Isc levels (including 

both basal and VIP-stimulated Isc)- Sigmoidal curves were fitted with Hill coefficients 

betM>een -0.7 and -1.4; ECso values are presented in the text or Table 4.2.
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Figure 4.5 Isc components and UK 14,304 concentration-response curves in 

Colony 1 derived cell lines.

Histogram (A) shows the contributions made by basal Isc (solid bars) and secretory 

responses to 30 nM VIP (open bars) to the absolute levels o f Isc prior to the addition o f 

different concentrations o f UK 14,304 (Colony 1) or PYY (ClYl-6, CIYIS-2 and 

CIYIS-9). The number o f observations is indicated in parenthesis. In (B), the effect o f 

increasing concentrations o f UK 14,304 in VIP-stimulated Colony 1 (O ;  n =3 - 5), 

CJYI-6 (U; n 2 - 4) and CIYIS-9 (M; n = 3 - 4) cells is represented as a percentage 

reduction in absolute Isc (Ba.sal  ̂ VIP). Hill coefficients were -0.9 (Colony 1), -1.1 

(ClYl-6) and-0.8 (ClYlS-9); ECso values are presented in Table 4.2.
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absolute measurements in Figure 4AA (Table 4.2), and maximal percentage responses 

which were approximately equal in ClYl-6 and ClYlS-2 cells (Table 4.2), but 

significantly lower in the ClYlS-9 clone (1 pM PYY; -15.8 ± 1.8 %, n = 3, F < 0.001 

compared to ClYl-6 100 nM PYY: -38.4 ± 3.3 %, ri = 8). In comparison, UK 14,304 

antisecretory responses (3 nM - 3 pM) were also transformed in this manner (Figure 

4.5B)', the resultant EC50 values were almost identical in Colony 1, ClYl-6 and CIYIS- 

9 epithelia (Table 4.2; see also Figure 3.6), while the maximum percentage response after 

1 pM agonist was somewhat higher in the Cl Y l-6 clone compared wild type or CIYIS- 

9 cells (Table 4.2).

Cell line Maximum PYY Maximum UK 14,304 UKEC50
response 

pA cm'̂  % nM
response 

pA cm" % nM

Colony I 0.0 ± 0 .0  
(21)

0.0 ± 0 .0  
(21)

-10.4 ± 0 .9  
(4)

-28.3 ± 3 .2  
(4)

79.6 
(39.9 - 159)

-35.1 ±4 .8  
(8)

-38.4 ± 3.3 
(8)

29.9 
(11.1 -80.7)

-23.8 ±2 .2  
(3)"

-49.1 ± 6 .7  
(3)'

80.6
(25.7 - 253)

-62.3 ±6 .7  
(3)'

-33.6 ± 3 .9  
(3)

225
(83.2-611)

-21.3 ± 1.9
(3)

-15.8 ±  1.8 
(3)-

68.2
(23.6 - 197)

-54.3 ± 5.4 
(4)"'

-32.5 ± 1.6 
(4)

111.2 
(71.6 - 172.7)

Table 4.2 Summary of antisecretory responses.

The maximum PYY response in ClYl-6 cells (100 nM agonist) or the CIYIS clones 

(1 pM) is presented as the absolute reduction in he or as a percentage o f the peak he  

recorded after VIP stimulation (including basal levels). EC50 values (with 95 % 

confidence limits, 4 d.f) are calculated from the concentration-response curves in 

Figure 4.4B. For comparison, the maximum responses to I pM  UK 14,304 in VIP- 

treated cells and associated EC50 measurements (3 - 4 d f ;  Figure 4.5B) are also 

shown; no data is available for the CIYIS-2 clone. Single numbers in parenthesis 

indicate n values. Significant differences from CIYI-6 epithelia (PYY) or Colony I 

cells (UK 14,304) are indicated by P < 0.05, ** f  < 0.07 and *** p  < 0.001.
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As in Cl Y l-6 cells (Figure 3.20), previous PYY additions in ClYlS-9 epithelial layers 

attenuated the effects of 100 nM PYY added 15 min later (Figure 4.6). The inhibition 

observed was significant after 1 nM PYY, the lowest concentration tested (-6.3 ± 1.9 pA 

cm' ,̂ n =3; P < 0.05 compared to control 100 nM responses o f -11.6 ± 2.5 pA cm' ,̂ n = 

5), and was complete following 100 nM PYY {n = 4).

Control
1st PYY concentration (nM)
3 10 30 100 300 1000

* * *

- 2 -

B

1 - 6 -

* * *

.S -8-
eo

•c
g  -10-
'O
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Figure 4.6 Desensitisation to second agonist addition in ClYlS-9 cells.

After pretreatment for 30 min with 30 nM VIP, epithelial layers were stimulated with 

two doses o f PYY (1 nM  - 1 pM  followed by 100 nM agonist) at 10 min intervals; the 

histogram indicates the peak reductions in he afforded by the second 100 nM addition 

(shaded bars; n = 3 - 5). Significant differences compared to the control 100 nM PYY 

response (open bar; n = 5) are highlighted by P < 0.05, ***/>< 0.001.
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4.2.4 PYY timecourses.

PYY responses in ClYlS-2 and ClYlS-9 cells treated with 30 nM V IP  became more 

short-lived following increasing agonist concentrations (Figure 4.7), with a reduction in 

the time to peak (̂ peak) from approximately 5 - 6  min (10 nM PYY) to 2 - 3 min (1 pM); 

the reductions in Isc  were entirely transient after 1 pM PYY, recovering to the initial Isc  

levels by 7 - 8 min after agonist addition. At similar points on the respective PYY 

concentration-response curves, the reductions in Isc  observed in the CIYIS clones 

peaked earlier and were less sustained than their counterpart in C lY l-6 epithelial layers 

(Figure 4.8; e.g. for approximately half-maximal PYY responses, /peak = 2 - 3  min in 

CIY IS (100 nM) and 4 min in Cl Y l-6 (30 nM)). The disparity in /peak times was also 

apparent when normalised responses to the same PYY concentration (100 nM) were 

compared in each case (Figure 4.9); the rate of recovery following the peak decrease in 

Isc  was approximately unchanged in CIYIS compared to C lY l-6 cells. At 4 min after 

agonist addition, the percentage reductions in Isc  in the ClY lS-2 (-61.0 ± 4 .1  % of 

maximum at 2 - 3 min, n = 1) and ClYlS-9 clones (-72.6 ± 2.3 %, n = 5) were both 

significantly less than in C lY l-6 epithelia (-97.4 ± 1.3 %, n = S, P < 0.001); at 10 min 

sustained decreases in Isc were -24.1 ± 3.2 % (« = 8; ClYl-6), -21.3 ± 2.5 % (n = 7; 

C lY lS-2) and -10.5 ± 3.7 % (n = 5; ClYlS-9), the difference between C lY l-6  and 

C lY lS-9 cells being significant (P < 0.001). In contrast, responses to 1 pM UK 14,304, 

added after PYY in the three clones and to Colony 1 epithelia stimulated with VTP alone, 

exhibited almost identical time-profiles, recovering to between -36.0 ± 1.1 % (ClYlS-2) 

and -53.4 ± 2.8 % (Colony 1; « = 4) of the peak Isc reductions at 2 min (Figure 4.9).

4.2.5 PYY responses after different pretreatments.

Figure 4.10 compares the effects of sequential additions of 100 nM PYY and 1 pM UK

14,304 in previously unstimulated ClYlS-2 and ClYlS-9 epithelial layers, or those in 

which Isc had been elevated by VTP concentrations ranging from half-maximal (10 nM) 

to supramaximal (100 nM). PYY responses were larger in cells treated with 10 nM VTP 

(-32.4 ± 7.2 pA cm' ,̂ « = 4 in ClYlS-2 and -19.1 ± 2.6 pA cm'^, n = 4 in ClYlS-9) 

than basal reductions in Isc (-18.3 ± 1.6 pA cm'^, n = 4 and -10.0 ± 2.0 pA cm'^, n = 4 

respectively), and were not subsequently altered in the ClY lS-2 clone with increasing 

VTP concentration (as in C lY l-6 epithelia; Figure 3.29). In contrast, 100 nM VIP 

inhibited the PYY-induced decreases in Isc in ClYlS-9 cells significantly (-5.1 ± 1.1 pA

139



Chapter 4. Properties o f the Yi (S255E) receptor.
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Figure 4.7 PYY timecourses in CIYIS clones.

PYY was added at time zero to ClYlS-2 or CIYlS-9 epithelial layers prestimulated with 

VIP for 30 min, at the following concentrations: 3 nM (O), 10 nM (^), 30 nM (V3), 100 

nM (M), 300 nM or 1 pM  (k). Each point represents the mean 1 s.e.m. o f 3 - 8 

ohsen’ation.s.
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Figure 4.8 PYY responses compared in Yi and Yi(S255E) clones: equivalent

points on the concentration-response curves.

Graphs show the PYY timecourses in C lYl-6 (O), ClYlS-2 (• )  and ClYlS-9 (M) 

cells (from Figures 3.15, 4.7) compared at agonist concentrations which produce 

similar proportions o f the maximal response in each case (insets, from Figure 4.4B); 
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700 (T/ ; vs 300 fzM (7/ (1^233^) aMc/ 300 (T/ ; vj 7 (7/
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Figure 4.9 Timecourse comparison for responses to 100 nM PYY and 1 pM 

UK 14,304 in Yi and Yi(S255E) clones.

Timecourses for 100 tiM PYY and I pM  UK 14,304 added sequentially are presented 

for Colony 1 (• , UK 14,304 only), C lYl-6 (O), ClYlS-2 (•) andClYlS-9 (m) cells; in 

certain instances, intervening additions o f either PYY or hPP were made (producing 

only small transient reductions in Isc)• Each point represents the mean ± s.e.m. o f 4 - 8 

individual normalised responses; peak reductions in VIP-stimulated Isc are given in the 

text. * P 0.05 and *** P < 0.001 compared to ClYl-6 responses.
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cm'^, w = 4; P  < 0.01 compared to responses after 10 nM VTP), without affecting UK

14,304 responses. Regardless of the pretreatment, the salient differences between the 

PYY timecourses remained (Figure 4.11); in each case, CIYIS responses reached a 

maximum earlier (/peak = 3 min) than those in the C lY l-6 clone (/peak = 4 min). This 

distinction was most pronounced in the reductions in basal Isc and those after 10  nM 

VTP; basal responses were in addition almost entirely transient in CIYIS epithelia (e.g. 

at 10 min, percentage decreases were -11.7 ± 3.5 %, n = 4 in ClYlS-2; P < 0.001 

compared to -44.5 ± 5.3 %, tî = 4 in ClYl-6. The smaller PYY responses observed 

after 100 nM VTP in ClYlS-9 epithelia were more short-lived than their equivalents in 

either C lY lS-2 or ClY l-6 cells.

4.2.6 Short- and long-term effects of BIBP 3226.

Addition of 1 pM BIBP 3226 abolished subsequent reductions in VTP-stimulated Isc  

after 100 nM PYY in ClYlS-2 and ClYlS-9 epithelial layers (each n = 3), without itself 

altering Isc (Figure 4.3). A more extensive study in ClY lS-9 cells (Figure 4.12^) 

yielded an IC50 value of 56.1 nM (29.9 - 105 nM, ; a? = 3 - 5), similar to that observed for 

the inhibition of ClYl-6 PYY (30 nM) responses (68.4 nM). In order to also examine 

whether the presence of the antagonist could alter the expression levels of the Yi(S255E) 

receptor, ClYlS-2 cells were incubated with DMEM containing 1 pM BIBP 3226 for 

the period on filters (7 days), replacing the growth medium every two days. Epithelial 

layers thus treated responded to VTP in Isc studies normally; surprisingly however, the 

antisecretory responses to both 100 nM PYY and 1 pM UK 14,304 were significantly 

reduced by 50 - 70 % (Figure 4.12.6).
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Figure 4.10 Dependence of antisecretory responses on VTP simulation.

Peak reductions in Isc cifter 100 nM PYY (open bars) followed by 1 pM  UK 14,304 

(shaded bars) are shown for ClYlS-2 or ClYlS-9 epithelial layers receiving no 

pretreatment (Basal; n = 4) or 10 nM  - 100 nM VIP (n = 4 - 7) for 30 min. Significant 

differences are indicated^  ** f  < 0.01.
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Figure 4.11 PYY timecourses following different pretreatments.

100 nM PYY was added at time zero to C lYl-6 (O ) , ClYlS-2 (^) or ClYlS-9 (M) 

epithelial layers after no prior stimidation (basal Isc) or following 10 or 100 nM VIP. 

Changes in Isc cife expressed as the mean ± s.e.m. o f 4 - 7 normalized responses. 

Significant differences between CIYl-6 cells and those expressing the Yj (S255E) 

receptor are indicated by P < 0.05, ** P < 0.01 and *** f 0.001.
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Figure 4.12 Effect of short and long-term pretreatment with BIBP 3226.

(A) shows the peak reductions in VIP-stimulated Isc 100 nM PYY in CIYIS-9

epithelial layers pretreated for 10 min with BIBP 3226 (10 nM - I pM; n = 3 - 5). A 

sigmoidal curve o f Hill slope 0.9 was fitted to the data, yielding an IC5 0 value for the 

antagonist o f 56.1 nM. In (B), responses in CIYIS-2 cells pre-incubated for 7 days 

with I pM  BIBP 3226 (shaded bars; n ^  3 - 6) are compared with epithelial layers 

receiving no antagonist (open; n = 7 - 43). Cells were pretreated with 30 nM VIP for  

30 min, followed by 100 nM PYY and I pM  UK 14,304 at 10 min intervals. Significant 

differences between the two data groups are indicated by P < 0.05, ** f  < 0.01.
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4.3 Discussion

GPCR mutations which aim to reproduce the effects of Ser / Thr phosphorylation at 

particular sites may potentially have a number of short-term consequences, including 

effects on desensitisation or on the specificity and efficacy of signalling through 

particular G proteins. In stably transfected systems, influences on the long-term 

regulation of the receptor must also be considered. Thus in interpreting the differences 

between epithelial clones expressing the native Yi or the Yi(S255E) receptors, a number 

of questions should be addressed. These include whether the S255E mutation is 

responsible for the changes observed and if so, whether these result from imitating 

phosphorylation, or more non-specific disruption of receptor structure. In addition, it 

must be ascertained whether alterations in functional behaviour are attributable to the 

immediate consequences of Y i receptor activation or constitutive regulation of receptor 

expression. On this basis, the present data are not sufficient to provide definitive 

evidence for a particular functional consequence of Ser̂ ^̂  phosphorylation but, as 

discussed below, the results are consistent with its potential role in Yi receptor 

desensitisation.

4.3.1 Reduced expression of the Yi(S255E) receptor.

The binding affinities of PYY or BIBP 3226 for the Yi(S255E) receptor (in C lY lS-2 or 

C lY lS-9 clones) were not significantly changed from those estimated for the native Yi 

subtype in C lY l-6 membrane displacements, indicating that agonist and antagonist 

binding pockets (formed by extracellular and upper transmembrane amino acids; Du et 

a l, 1997; Sautel et al., 1996) were unaffected by the S255E substitution. However, 

competition curves were only attained in the presence of an increased tracer 

concentration (-40 pM), in which the total specific binding was approximately 40 % of 

that observed in ClY l-6 preparations (using -20 pM radioligand). Since the estimated 

PYY Ki values are equivalent, functional receptor numbers must therefore be 

substantially reduced in both CIYIS clones compared to those in C lY l-6 epithelia. 

Assuming that these findings are representative (particularly for the native Yl clones), 

the binding studies suggest that the S255E substitution decreases membrane expression 

of the Y1 receptor. Non-specific effects of the mutation on post-translational processing 

or cellular trafficking cannot at present be excluded, but enhanced down-regulation of
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the Yi(S255E) receptor in stably transfected cells may be a more plausible mechanism. 

Such long-term changes in GPCR expression are observed after continued agonist 

presentation, involving a reduction in receptor synthesis and increased sequestration from 

the plasma membrane (Kobilka, 1992), together with possible influences on other 

signalling components (e.g. G proteins; Eason & Liggett, 1992). The sustained 

reduction in cell surface receptor numbers through their degradation after internalisation 

forms a potential endpoint in the desensitisation pathway triggered by phosphorylation, 

since rhodopsin-like GPCRs which are not modified in this manner on agonist occupancy 

neither desensitise nor down-regulate (e.g. P2- versus P3-, or azA- versus a 2c- 

adrenoceptor subtypes; Eason & Liggett, 1992; Liggett et a l, 1993).

Given that Yi receptor synthesis is unlikely to be affected (wild type and mutant cDNAs 

are under the control of the same heterologous promoter; Figure 2.1), dovm-regulation 

could be promoted in two ways. First, the substituted glutamate residue could replicate 

an important contact site for arrestin binding formed by phosphorylated Ser̂ ^̂  (as in 

rhodopsin; Zhang et a l, 1997); consequently, the interaction of the empty Yi(S255E) 

receptor with arrestin compared to the wild type Yi subtype would be increased, 

accompanied by greater sequestration (Ferguson et a l, 1996) and proteolysis in stably 

transfected cells. Alternatively, the Yi(S255E) receptor might be constitutively active, 

by mimicking Ser̂ ^̂  phosphorylation or indirectly altering a residue in the receptor 

involved in conformational constraint. In this instance, increased spontaneous transition 

to the active state R* would lead to enhanced receptor phosphorylation by GRKs, and its 

subsequent recognition by arrestin. Down-regulation of a constitutively active form of 

the P2-adrenoceptor in stably transfected cells has previously been demonstrated (Pei et 

a l,  1994), and it is worthwhile to note that this mutant is also more prone to 

dénaturation than the native protein (Gether et a l, 1997). Although the equivalent 

binding affinities for PYY in ClY l-6 and CIYIS membranes do not seem consistent 

with a spontaneous active Yi(S255E) receptor, since constitutive behaviour is generally 

indicated by a much higher agonist affinity (up to 100 fold) compared to wild type values 

(e.g. Kjelsberg et a l, 1992; Ren et a l, 1993; Samama et a l, 1994), such a possibility 

cannot be entirely excluded for two reasons. As outlined in the discussion to Chapter 3, 

the Ki values from binding studies predominantly reflect the low affinity state of the Y1 

receptor^ and thus the proportion of empty R* observed in C lY lS  membrane
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preparations might be limited by factors such as receptor / G protein stoichiometry. 

Secondly it is conceivable that a constitutively active Yi(S255E) receptor could adopt a 

distinct R* conformation from that after agonist occupancy, a situation in which PYY 

binding affinities might not change from wild type values. Multiple active states have 

previously been identified in an aiB-adrenoceptor mutant (containing the C128F 

substitution in the third transmembrane domain) which exhibits constitutive signalling 

through phospholipase C but not phospholipase A2, and displays increased affinity for 

catecholamine but not imidazoline agonists (Perez et al., 1996).

4.3.2 Functional PYY responses.

PYY reduced VIP-stimulated Isc in ClYlS-2 and ClY lS-9 epithelial layers, indicating 

that the Yi(S255E) receptor was functionally coupled to the inhibition of adenylyl 

cyclase, as in transiently transfected CHO cells (S. Moller-Nielsen, personal 

communication to H. Cox). Direct comparisons between the PYY concentration- 

response curves in C lY lS and ClYl-6 cells were not possible, since epithelial layers 

expressing the mutant receptor displayed enhanced levels of basal and VTP-stimulated 

Isc . These differences reflect the general variation in the secretory responses of isolated 

clones and are thus unlikely to be a consequence of the expression of the mutant 

receptor. As previously observed (Chapter 3), some constancy in cellular phenotype was 

indicated by the similar potencies of VIP and (%2-adrenoceptor agonist UK 14,304 in 

C lY lS-2 and ClYlS-9 epithelia compared to either Colony 1 or C lY l-6 cells. In 

addition, the differences in maximal UK 14,304 responses were minimised, though not 

eliminated, when they were expressed as a percentage of the absolute Isc  prior to its 

application (including basal as well as VIP-stimulated Isc  levels to account for the 

varying contributions each made to the total Isc  recorded). Thus conversion to 

percentage responses may counteract some of variability between the different Colony 1 

clones. Transformed in this manner, concentration-response relationships revealed higher 

PYY EC50 values for the C lY lS clones compared to its potency in C lY l-6 epithelial 

layers, and a markedly decreased maximal response in ClYlS-9 cells. These functional 

observations are generally consistent with the lower levels of Yi(S255E) receptor 

expression in both clones, and do not additionally require a direct effect of the S255E 

substitution on Yi receptor activation. Classical models predict that a decrease in 

receptor number leads first to a reduction in agonist potency, followed by a reduction in
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maximum response size (Bockaert et a l, 1997). In certain instances, particularly in 

cases where transfected receptors are overexpressed, experimental differences from 

classical theory can occur (for example when receptor / G protein populations are 

organised into microdomain ‘units’ whose number varies; Bockaert et a l,  1997); such a 

deviation might account for the lowest EC50 value being obtained in C lY lS-2 (with 

maximal responses similar to those in Cl Yl-6 cells) rather than Cl YlS-9 epithelia.

4.3.3 Comparison of PYY timecourses: dependence on agonist occupancy.

As in Cl Yl-6 epithelia, functional desensitisation of the Yi(S255E) receptor was 

indicated by the more transient Isc timecourses after higher PYY concentrations, 

accompanied by an inhibition of the effect of subsequent 100 nM agonist additions 

(ClY lS-9 clone only). Two methods were used to compare the Isc  time-profiles 

obtained with Cl Yl-6 responses. When pairing agonist concentrations which produce 

an equivalent proportion of the maximal response in each cell type (Figure 4.8), it is 

assumed that the numbers of G proteins stimulated are as similar as possible (an indirect 

estimate with limitations; e.g. they are in fact likely to be fewer in C lY lS-9 epithelia) 

and consequently that membrane (3-ARK activities (resulting from GPy-mediated 

translocation; Kim et a l, 1993; Pitcher et a l, 1992) are approximately equal. In this 

comparison, C lY lS PYY responses were substantially more transient than their 

equivalents mediated through the native Yi receptor, suggesting an effect of the S255E 

mutation provided that Gpy-associated kinase activity is the major determining factor in 

the rate of desensitisation by GRKs. In fact, this premise is unlikely to be correct for a 

number of reasons. Substantial P-ARK recruitment to the plasma membrane might have 

already occurred before PYY stimulation, using free GPy subunits following VIP 

receptor activation; in addition, other membrane bound GRKs which phosphorylate the 

same sites as P-ARK may also exist (Premont et a l, 1995). Against this pool of already 

activated kinases, the most critical factor in Yi receptor phosphorylation would be its 

occupancy by agonist (i.e. the concentration of substrate) and not subsequent signal 

transduction. Evidence from other GPCRs supports this conclusion; for example, 

phosphorylation of the sst2A somatostatin receptor is unaltered by pretreatment with 

pertussis toxin (Hipkin et a l, 1997), which locks Gj into a inactive GDP-bound and
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heterotrimeric form, while a V2 vasopressin receptor mutant defective in Gg-mediated 

signalling is phosphorylated normally (Innamorati et al., 1997).

Fractional agonist occupancy of the Yi and Yi(S255E) receptors would be expected to 

be equivalent at the same PYY concentration, since agonist binding affinities do not 

appear to differ between the native and mutant forms. Normalised Isc  decreases after 

100 nM PYY were consequently compared (Figure 4.9); these also revealed differences 

in the Cl Yl-6 and C lY lS timecourses, principally manifested as a reduction in the time 

to peak in responses mediated by the Yi(S255E) receptor. The dependence of this 

change in phenotype on Y1 receptor properties, rather than other unrelated factors, was 

illustrated by the almost identical time-profiles of the subsequent UK 14,304 responses in 

each cell type (and in Colony 1 epithelia); this provides strong evidence that the general 

mechanisms of desensitisation are unaltered in Cl Yl-6 and C lY lS  epithelia. The 

similarity in UK 14,304 timecourses also suggests that the different absolute Isc  levels 

prior to PYY and UK 14,304 application in each case do not significantly influence the 

responses to antisecretory agonists. Furthermore, the more rapid peak PYY response in 

C lY lS  compared to Cl Yl-6 epithelia was maintained across secretory states which 

ranged from basal levels to supramaximal stimulation with 100 nM VIP. In C lY lS-9 

cells, the maximal Isc  reduction induced by PYY was significantly attenuated after 100 

nM VTP in contrast to responses in the other two cell types; such behaviour may also be 

attributed to increased desensitisation, but the reason for the difference between the two 

C lY lS  clones is at present unknown.

PYY timecourse comparisons, particularly under conditions in which a similar proportion 

of receptors are occupied, therefore suggest that the Yi(S255E) receptor inactivates 

more rapidly in C lY lS epithelia than the Yi subtype in the Cl Yl-6 clone. A mutation 

which influenced desensitisation might be expected to alter the /peak values as observed, 

without altering the rate of recovery from the maximum response (since this may be 

limited by G protein GTP-ase activities; Sagoo & Lagnado, 1997). However, the number 

of activated receptors may also participate in determining response profiles; for example, 

the initial rate of Isc  reduction (as absolute rather than percentage measurements) is 

increased with PYY concentration (e.g. Figures 3.15, 4.7), reflecting the greater numbers 

of R* and a more rapid production of Ga;. It is therefore feasible that the reduced
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receptor expression in the C lY lS clones (and consequently fewer R*) may also limit the 

period for which G protein activation exceeds G protein inactivation, a balance which in 

turn is responsible for the timing of the peak response. Thus the apparent down- 

regulation of the Yi(S255E) receptor may be sufficient to account for the altered time- 

profiles of the PYY responses in the mutant clones, and the relative role of the S255E 

substitution in the short-term remains uncertain.

4.3.4 BIBP 3226 does not upregulate Yi(S255£) receptor expression.

Certain GPCR antagonists display a higher affinity for the inactive (R) conformation of 

the receptor than the active R* state, and as a consequence shift the equilibrium between 

the two forms. In systems in which a significant proportion of the receptor exists in a 

spontaneous R* conformation, these ligands therefore have the capability to act as 

inverse agonists, inhibiting basal G protein stimulation from the receptor; examples 

include betaxolol (at constitutively active P2-adrenoceptors; Samama et al., 1994; 

Stevens & Milligan, 1998) and mianserin (at the 5-HT2c receptor, displaying endogenous 

constitutive activity; Barker et al., 1994). They also upregulate spontaneously active 

mutant GPCRs on long-term incubation, by virtue of decreasing the substrate available 

for GRK-mediated phosphorylation (Pei et a l, 1994; MacEwan & Milligan, 1996). To 

examine whether BIBP 3226 could function as a negative agonist at the Yi(S255E) 

receptor, C lY lS  epithelial layers were subjected to short- and long-term pretreatment 

with the antagonist. BIBP 3226 inhibited half-maximal PYY responses (100 nM) in 

C lY lS-9 cells, with an IC50 value (56.1 nM) similar to that observed for the native Yi 

receptor; significantly however, the highest concentration tested (1 pM) failed to 

increase VIP-stimulated Isc, a response which would be expected if basal signalling 

though CkXi were inhibited. Incubation with the antagonist for 7 days did not increase 

the reductions in Isc to 100 nM PYY in the ClYlS-2 clone, indicating no leftward shift 

of the dose-response curve and by implication no enhancement of Yi(S255E) receptor 

expression. In fact all antisecretory responses in treated cells (including those to UK 

14,304) were significantly inhibited, suggesting that the continued presence of BIBP 

3226 had an unknown non-specific effect. These results do not provide evidence for a 

constitutively active Yi(S255E) receptor; on the other hand, it is also possible that BIBP 

3226 does not act as an inverse agonist. Examples exist of compounds acting at 

constitutively active P2-adrenoceptors (alprenolol, propanolol; Samama et a l, 1994;
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* Further experiments may also confirm whether the Yi(S255E) receptor is constitutively 

downregulated. Such investigations would require the ability to detect both wild type and 

mutant receptors without the use of radiolabelled agonists, either through the development of 

specific antibodies or by using cell clones that express epitope-tagged Yi receptors (e.g. at the 

N terminus; Daunt et al., 1997; Kennedy & Limbird, 1993). The intracellular localization of 

stably transfected Yi and Yi(S255E) receptors under steady state conditions could then be 

determined immunocytochemically, allowing an assessment of their distributions between the 

cell surface and intracellular compartments (Daunt et a l, 1997). Furthermore, newly 

synthesised polypeptides could be labelled with a brief pulse of after which the relative 

amounts of immature (non-glycosylated) and mature (glycosylated) receptor protein could be 

examined at subsequent timepoints on Western blots. This technique should distinguish 

between defects in cell surface targeting of the Yi(S255E) receptor compared to wild type 

(corresponding to a reduction in the rate of transfer from immature to mature form; Tanaka et 

al., 1998) and an increase in its degradation (shown by the reduced half life of the labelled 

mature protein; Kennedy & Limbird, 1993).
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Stevens & Milligan, 1998) or S-HTic receptors (2-bromolysergic acid diethylamide; 

Barker et al., 1994) which are neutral antagonists, i.e. they show no apparent difference 

in affinities for the R and R* conformations and do not alter basal receptor signalling. 

Since BIBP 3226 may j sterically hinder agonist binding to the Yi receptor, it is perhaps 

a candidate for a ‘true’ competitive antagonist, although its overlapping binding site (Du 

et al., 1997; S autel et al., 1996) obviously does not exclude an additional preference for 

a particular receptor conformation.

4.3.5 Future experiments.

The present study suggests that down-regulation of the Yi(S255E) receptor in Colony 1 

epithelia is increased compared to wild type, and that the reduced agonist potency and 

altered PYY response-profiles in functional studies using the ClY lS-2 and C lY lS-9 

clones result from the reduced cell surface expression of the mutant receptor. These 

conclusions depend on the analysis of more clones to determine whether receptor 

numbers in each case are representative In addition, the normal PYY binding affinités at 

the Yi(S255E) receptor and the absence of negative agonist activity using BIBP 3226 do 

not entirely exclude constitutive activation as a mechanism by which the S255E 

substitution exerts its effects. Additional discrimination between this pathway and a 

receptor which is more prone to desensitisation could possibly be achieved in two ways. 

In the first instance, basal phosphorylation of the Yi(S255E) receptor might be expected 

to be markedly higher than wild type if it was constitutively active, but not if its affinity 

for arrestin was merely increased. However such an analysis is dependent on whether 

phosphorylation at GRK sites occurs independently (as in the am-adrenoceptor; Diviani 

et al., 1997). In some other GPCRs, GRKs target Ser / Thr residues sequentially, the 

first modification increasing the phosphorylation rate at subsequent sites (e.g. rhodopsin; 

Ohguro et al., 1993), and the acidic substitution at Ser̂ ^̂  might similarly enhance the 

ability of kinases to use the unoccupied Yi receptor as a substrate. A more definitive 

role of this amino acid in Yi receptor desensitisation might be obtained by site-direct 

mutagenesis of Ser̂ ^̂  to Ala. If phosphorylated Ser̂ ^̂  provides a critical contact point 

for arrestin, the Yi(S255A) receptor should be expressed at similar levels to the native 

subtype in epithelial cells and undergo significantly lower agonist-promoted 

desensitisation, leading to more sustained functional PYY responses. On the other hand, 

if it performs as a key residue involved in maintaining the inactive receptor state in the
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absence of agonist, the S255A substitution (as others) might lead to a constitutively 

active receptor which displays similar properties to the Yi(S255E) mutant. An 

investigation of the Yi(S255A) receptor would therefore be complimentary to that 

currently described for the S255E mutation, and help clarify the role of this residue in Y% 

receptor function.
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Chapter 5

Analysis of the Yi(C337S) receptor: mutation of the putative 

palmitoylation site decreases functional desensitisation
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5.1 Introduction

Acylation of cysteine residues by C l6 palmitic acid is a covalent post-translational 

modification which appears particularly prevalent among cellular proteins involved in 

signalling and growth processes (for a review, see Milligan et al., 1995), including 

GPCRs. Following the initial demonstration that incubation of rod outer segments with 

[^HJpalmitic acid led to its incorporation into bovine rhodopsin (O’Brien & Zatz, 1984), 

two adjacent cysteines in the C terminus of this receptor were identified as the major 

palmitoylation sites (Ovchinnikov et a l, 1988). At least one of these cysteines is 

conserved in each species homologue of all the Y receptor subtypes cloned thus far 

(Blomqvist & Herzog, 1997), and indeed in the majority of known GPCR sequences 

(-78 %; Probst et a i, 1992). Palmitoylation has since been shown directly for a% and P2 

adrenoceptors (Kennedy & Limbird, 1993; O’Dowd et a l, 1989), muscarinic M% 

(Hayashi & Haga, 1997), dopamine Di and D2L (Ng et a i,  1994a; Ng et al., 1994b), 5- 

HTib (Ng et al., 1993), luteinising hormone (Kawate & Menon, 1994), thyrotropin 

releasing hormone (Nussenzveig et a l, 1993) and vasopressin V2 receptor subtypes 

(Sadeghi et a l, 1997). Insertion of the hydrophobic fatty acid chains into the lipid 

bilayer is thought to anchor the palmitoylated amino acids to the plasma membrane and 

thereby create a fourth intracellular loop (Ovchinnikov et a l, 1988); this hypothesis is 

supported by the observation that a fluorescent analogue of palmitic acid attached to 

bovine rhodopsin lies in the membrane environment (Moench et a l,  1994).

For many proteins, palmitoylation (or other lipid modifications, such as N-terminal 

myristoylation) enhances their membrane localisation; for example fatty acid attachment 

to G protein a  subunits restricts their diffusion and thereby promotes interaction with 

other membrane-bound components of the signalling cascade (Milligan et a l, 1995). 

Lipid modification is unlikely to influence the location of GPCRs in this manner (since 

they themselves span the membrane) but may have considerable potential to alter the 

tertiary structure of the cytoplasmic face, with possible consequences for G protein 

activation and receptor regulation. Much interest has therefore arisen from the 

observation that palmitoylation may be dynamically regulated by agonist occupancy of P2 

and 0 .2  adrenoceptors (Kennedy & Limbird, 1994; Mouillac et a l, 1992), M2 (Hayashi & 

Kurose, 1997) and Di receptors (Ng et a l, 1994a); in the case of the p2 adrenoceptor.
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déacylation apparently follows its activation (Loisel et a l, 1996). Palmitoyl transferase 

and thioesterase activities, necessary for the formation and cleavage of the thioester 

linkages respectively, have both been isolated from cell preparations (Camp & Hofrnann, 

1993; Patterson & Skene, 1994), although no GPCR has been definitively identified as a 

substrate for these reactions.

Investigations into the role of palmitoylation in GPCR function have focused primarily 

on the analysis of mutant receptors in which the relevant cysteine residues have been 

substituted. Site directed mutagenesis of Cyŝ '̂  ̂ in the p2 adrenoceptor yields a mutant 

which displays normal ligand binding affinities but is substantially impaired in its ability to 

activate Gs and stimulate cAMP accumulation (O’Dowd et a l, 1989); this phenotype is 

also observed for the Gi-linked M2 muscarinic receptor containing a C457A substitution 

(Hayashi & Haga, 1997). However for other receptor subtypes, including those coupled 

to Gs and Gi, G protein activation appears unaffected by the absence of palmitoylation 

(Kawate & Menon, 1994; Kennedy & Limbird, 1993; Osawa & Weiss, 1994; Sadeghi et 

a l, 1997; Tanaka et a l, 1998) and may indeed be enhanced by chemical 

depalmitoylation of rhodopsin (by hydroxylamine; Morrison et a l, 1991). These studies 

have instead concentrated on cellular trafficking of the mutant receptors and their fate 

following agonist stimulation. For example, the V2(C341S, C342S) vasopressin receptor 

is expressed at lower levels compared to wild type (Sadeghi et a l, 1997) and the rate of 

transport of the C699A thyrotropin receptor to the plasma membrane is reduced, 

although in this case cell surface numbers are ultimately unaffected (Tanaka et a l, 1998). 

After agonist exposure, non-palmitoylated forms of the thyrotropin releasing hormone 

and luteinising hormone receptors exhibit decreased and enhanced internalisation 

respectively (Kawate & Menon, 1994; Nussenzveig et a l,  1993). Agonist-promoted 

down-regulation of the a 2A adrenoceptor is specifically inhibited by site directed 

mutagenesis of Cys'̂ '*̂  (Eason et a l, 1994); interestingly this is a property shared by the 

CL2C adrenoceptor, which lacks an equivalent cysteine, although the reduced surface 

targeting and the lack of desensitisation or sequestration of this subtype is not replicated 

in the a2A(C442F) receptor (Daunt et a l, 1997; Eason & Liggett, 1992; Kurose & 

Lefkowitz, 1994; von Zastrow et a l, 1993). Clearly a general function which 

encompasses all members of the palmitoylated receptor family, or even those which
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couple to similar classes of G proteins, appears unlikely to be forthcoming. This 

conclusion is perhaps not surprising given that the C terminal region of different GPCRs 

varies markedly in terms of its size and sequence, and may therefore have altered 

functional properties; for example, the lengths of human a%A and p2 receptor C termini 

are 21 and 84 amino acids respectively, and contain 2 (a 2A) and 13 (P2) potentially 

phosphorylated serine / threonine residues (Probst et a l, 1992).

In this chapter, results are presented from a Colony 1 epithelial clone stably expressing a 

mutant rat Y1 receptor in which Cys^̂ ,̂ located in the C terminus, has been substituted 

for serine, an effective replacement of the thiol group for a hydroxyl moiety on the amino 

acid side chain (Figure 5.1). The Yi (C337S) receptor is expressed at high levels in 

epithelial cells and binds PYY and BIBP 3226 with similar affinities to the native Yi 

subtype in the Cl Yl-6 clone; in addition, the reductions in Isc to PYY and Pro '̂  ̂ PYY 

are maintained. However, PYY responses in the Yi(C337S) clone remain sustained at 

high agonist concentrations, suggesting a direct or indirect role for the palmitoylated 

residue in functional desensitisation.
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Rat Yi Receptor

Yi(C337S) Receptor

Figure 5.1 Comparison of the rat Yi and Yi(C337S) receptor sequences.

The region illustrated extends from the 7th transmembrane domain (TM VII) and 

includes the putative 4th intracellular loop, which may he formed by palmitoylation o f  

Cys^^ .̂ The substituted serine residue in the mutant receptor is highlighted in red.
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5.2 Results

5.2.1 ['"^I]PYY binding.

Following transfection of Colony 1 cells with the cDNA encoding the Yi(C337S) 

receptor, 9 colonies resistant to G418 were isolated and screened for both [^^^I]PYY 

binding and functional PYY responses, from which one clone called ClYlC-3 was 

chosen for further investigation. Specific [^^^I]PYY binding to ClYlC-3 membranes 

was fully displaced by PYY and the Yi receptor antagonist BIBP 3226 (Figure 5.2), with 

respective binding affinities (Ki) of 2.3 nM (Î.4 - 4.0 nM, 4 d.f; n = S) and 2.1 nM (1.2 - 

3.7 nM, 4 d.f; n = 4). Binding of the radioligand was saturable (Figure 5.3), yielding a 

Ki value for PYY of 2.2 ± 0.4 nM and a total receptor number (B^ax) of 231.9 ± 46.7 

fmol mg'* membrane protein, equivalent to approximately 2000 receptors / cell {n = 4; 

from Scatchard analysis). Both Ki and Bmax values were slightly higher than those 

obtained for the native Yi receptors expressed in Cl Yl-6 epithelia (Table 5.1), but the 

differences observed were not significant.
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Figure 5.2 Displacement studies in ClYlC-3 membranes.

Combined data is presented from quadruplicate experiments using a [^^fjPYY  

concentration o f 18 - 24 pM  and either PYY (O; n = 5) or BIBP 3226 (^ ; n = 4) as the 

competiting ligands. Specific binding comprised 60 - 90 % o f the total counts, 

equivalent to 2 . 1  ± 0 . 2  fm ol mg^ membrane protein (n = 9). Fitted curves yielded IC5 0  

values o f 2.3 nM (PYY, Hill slope -0 .8 )  and 2.1 nM  (BIBP 3226, Hill -0 .7).
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Figure 5.3 Saturation of [*^^I]PYY specific binding.

Results from an example experiment performed in triplicate illustrate the specific 

binding o f f^^IJPYY (0.1 - 10 nM) to CIYlC-3 membranes incubated fo r  2 hr at 22°C 

(A); Scatchard analysis o f the data is presented below in (B). Specific binding 

(assessed using 1 pM  BIBP 3226 as the displacing ligand) comprised 82 % o f the total 

counts. Ki and Bmax values were obtained o f 1.6 nM  and 155.6 fm ol mg^ (direct fit), 

and 2.1 nM and 171.8 fm ol mg^ (Scatchard).
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5.2.2 Morphology and Isc responses to secretory and antisecretory agonists.

When grown on collagen-coated filters, the ClYlC-3 clone formed multilayers 

containing a number of cysts and lamelli that protruded into the apical space (Figure 5.4); 

these were 2 - 4  cells thick in the centre of transverse sections, somewhat less than that 

previously observed for Colony 1 or Cl Yl-6 epithelia (4 -6  cells). Cells adjacent to both 

the basolateral and apical boundaries of the epithelial layer showed marked nuclear 

polarisation; in terms of its extent, the apical cellular organisation in particular was a 

distinctive feature of this clone.

Cl YlC-3 epithelial layers exhibited a basal resistance of 1 3 2 .0 ± 4 .7 n  cm  ̂(« = 91) and 

initial Isc  levels of +4.8 ± 0.4 pA cm'  ̂ {n = 91); both parameters were significantly 

different from either Colony 1 or Cl Yl-6 cells {P < 0.001 in each case). 30 nM VIP and 

1 pM forskolin induced sustained secretory responses of +9.0 ± 0.6 pA cm'^ (n = 55) 

and +10.5 ± 0.8 pA cm'^ {n = 5) respectively (Figure 5.5). The VTP concentration- 

response curve (Figure 5.6), constructed from single agonist additions, yielded an E C 5 0  

value of 8.9 nM (3.0 - 26.3 nM, 2 d.f; « = 4 - 55). UK 14,304 inhibited VTP-stimulated 

Isc  with an E C 5 0  value of 66.9 nM (30.3 - 147.9 nM, 3 d.f; « = 2 - 3; Figure 5.6); the 

maximal response after 1 pM agonist was -2.2 ± 0.2 pA cm'^ (n = 3). VIP responses 

were sensitive to 200 pM piretanide added basolaterally (-4.5 ± 0.9 pA cm'^, n = l \  after 

1 pM UK 14,304) but not apically (transient increases of +0.8 ± 0.2 pA cm'^, « = 3; after 

1 pM UK 14,304).

Both secretory and antisecretory responses in the ClYlC-3 clone were therefore 

significantly smaller than in either Colony 1 or Cl Yl-6 epithelia (Table 5.1; P  < 0.001 

compared to e.g. VTP responses in Colony 1 cells of +29.9 ± 1.2pAcm*^, « = 

191), although equivalent potencies for VTP and UK 14,304 were observed in all three 

cell lines. Furthermore, distinctive interactions between Ca^^- and cAMP-elevating 

agents in the Colony 1 cell line were at least partially preserved in both the Cl Yl-6 and 

ClYlC-3 clones, as illustrated in the representative traces in Figure 5.7. After elevation 

of Isc  by 10 pM forskolin, addition of 10 pM carbachol produced an unusual decrease in 

Isc  in Colony 1 cells, peaking at 30 s (-13.4 ± 1.8 pA cm'^, n = 19) and remaining 

sustained for 10 min thereafter (-8.2 ± 1.6 pA cm'^, n = 19). Similar responses after 

carbachol were also observed in forskolin-stimulated Cl Yl-6 and ClYlC-3 epithelial
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I

i

Figure 5.4 ClYlC-3 morphology.

Haemotoxylin and eosin stained transverse sections from epithelial layers used 

previously in Isc studies were prepared as described in Chapter 2. Arrows indicate the 

extensive polarisation in cells lining the apical surface; the scale bar represents 

100 pm in each photomicrograph.
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Figure 5.5 Yi(C337S) receptor-mediated responses in ClYlC-3 cells.

Representative traces illustrate the effects o f 100 nM  PYY (Oj, 300 nM  Pro^^ PYY (\M) 

and 1 pM  BIBP 3226 (9) in ClYlC-3 epithelial layers (area 0.2 cm^) pretreated with 

30 nM  VIP (O). Other agonist additions were made as follows: 100 nM  hPP (^), I  pM  

UK 14,304 (ts) and 200 pMpiretanide (k). Numbers to the left o f  each trace indicate 

the initialise inpA.
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Figure 5.6 VIP and UK 14,304 concentration-response curves.

Graphs show the peak responses in ClYlC-3 cells after single additions o f either VIP (I 

-100 nM, n = 4 - 55; A) or UK 14,304 (after Isc had been elevated by 30 nM VIP; 10 

nM  - 3 pM, n = 2 - 3; B). Sigmoidal curves were fitted with Hill slopes o f 1.0 (VIP) 

and -0.8 (UK 14,304); ECso values are quoted in the text.
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Figure 5.7 Preservation of the Colony 1 carbachol response profile in forskolin- 

stimulated C l Y l - 6  and ClYlC-3 epithelial layers.

10 pM  forskolin (O), 10 pM  carbachol (9)  and 200 pMpiretanide (U) were added at 

30 min intervals. Initial Isc is indicated in pA to the left o f each example.
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layers, where the initial reductions in Isc  were -22.3 ± 6.5 pA cm’̂  in = 4) and -3.4 ± 1.0 

HA cm’̂  (« = 4) respectively; in ClYlC-3 cells the responses were transient, and 

recovered to marginally above the initial Isc levels (+2.1 ± 0.8 pA cm'^, n = 4).

PYY binding
Ki Bmax

(nM) (fmol mg* )̂

Isc
VIP 

(p A  cm‘̂ )

responses and ECsa values 
VIPECsa PYY FYYECso 

(nM) (p A cm'^) (nM)

Colony 1 --- +29.9 ± 1.2 6.6 0.0 ± 0.0 — -
(191) (1 .8 -2 3 .5 ) (21)

CIYF6 1.0 ± 0.3 144.5 ± 8.9 +54.5 ± 1.8 9.8 -35.1 ± 4 .8 12.3
(3) (3) (180) (2.6 - 37.6) (8) (9.3 - 16.3)

ClYIC-3 2.2 ± 0.4 231.9 ± 46 .7 +9.0 ± 0 .6 8.9 -4.6 ± 0 .5 26.8
(4) (4) (55) (3.0 -26.3) (7) (1 0 .0 -71 .9 )

Table 5.1 Summary of PYY binding and functional responses in Yi and 

Yi(C337S) epithelial clones.

The table shows the PYY binding affinities (KJ and total receptor densities (Bmax, 

expressed as fm ol mg^ membrane protein) calculated from saturation binding studies 

(Figures 3.22 and 5.3), peak Isc responses to 30 nM VIP and 100 nM  PYY and the EC so 

values for each agonist (Figures 3.4, 3.14, 5.6 and 5.9). Results are presented from the 

CIYI-6 and ClYIC-3 clones (highlighted), and from the parent Colony I cell line 

where appropriate. EC so values are given with 95 % confidence limits; other values in 

parenthesis indicate the number o f observations.

5.2.3 PYY responses.

100 nM PYY reduced Isc in otherwise unstimulated ClYlC-3 epithelial layers (-0.7 ± 

0.1 pA cm'^, n = l)  and in those pretreated for 30 min with 30 nM VTP (-4.6 ± 0.5 

pA cm' ,̂ « = 7; Figure 5.5); after 1 pM forskolin, responses to PYY (and to UK, 14304) 

were significantly smaller (-1.1 ±0.3 pA cm' ,̂ n = 4, P < 0.001 compared to those after 

VTP), as observed in Cl Y l-6 cells (Figure 5.8). The E C 5 0  value for the inhibition of 

VIP-elevated Isc was 26.8 nM (10.0 - 71.9 nM, 2 d.f; « = 3 - 7; Figure 5.9; Table 5.1); 

when expressed as a percentage of the Isc response to VTP, equivalent potencies for 

PYY were obtained in Cl Y l-6 ( E C 5 0  31.9 nM; 16.0 - 63.8 nM, 4 d.f.) and ClYlC-3 

( E C 5 0  31.5 nM; 12.8 - 77.2, 2 d.f.) epithelia (Figure 5.9). Absolute responses to
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Figure 5.8 Antisecretory responses after VIP and forskolin in C l Y l-6 and 

C lY lC -3 epithelial layers.

Peak changes in Isc <̂re presented from cells prestimulated for 30 min with either 30 nM  

VIP (left hand histograms, open bars) or 1 pM  forskolin (FOR; right hand graphs, 

shaded), followed by 100 nM PYY (hatched), 100 nM hPP (after VIP only, data not 

shown), 1 pM  UK 14,304 (UK; cross-hatched) and 200 pM  piretanide (Piret; solid 

bars) at 10 min intervals (n = 3 - 180). Note the difference in vertical scale between 

C lY l-6  and ClYlC-3 responses.
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Figure 5.9 Inhibition of VlP-stimuiated Isc by PYY in the ClY lC-3 clone.

CJYlC-3 epithelial layers were pretreated for 30 min with 30 nM VIP, followed hy 

single additions o f PYY 3 - 300 nM, n = 5 -7/ Mean peak responses after each 

agonist concentration are expressed either as the absolute reduction in Isc (A) or as the 

percentage inhibition o f individual VIP responses (B). For comparison, graph B also 

illustrates the responses to PYY in C lY  1-6 cells (Q; n = 3 - 7; calculated from data in 

Figure 3.14). Curves were fitted with Hill coefficients o f -2.4 (ClY 1 C-3, absolute), -0.9 

(ClY 1 -6 , %) and- 1 . 6  (ClYlC-3, %); EC5 0  values are cpioted in the text.
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maximal concentrations of PYY were 7.6 fold lower in ClYlC-3 cells, partly due to 

differences in the magnitude of their respective secretory responses; however, the 

percentage reduction in VTP-stimulated Isc after 100 nM PYY in ClYlC-3 epithelial 

layers (-37.0 ± 5.8 %; = 7) remained smaller and significantly different fi'om that in the

Cl Y l-6 clone (-52.7 ± 3.1 %; « = 8; P  < 0.01). The mutant receptor retained the functional 

phenotype of a Yi receptor, in that 300 nM Prô "̂  PYY was an effective agonist under VIP- 

stimulated conditions (-2.3 ± 0.4 pA cm' ,̂ « = 4; Figure 5.5) and 10 min pretreatment with 

either Prô '̂  PYY or 1 pM BIBP 3226 eliminated subsequent responses to 100 nM PYY 

(both « = 3; Figure 5.5).

In striking contrast to the transient reductions in basal and VTP-stimulated Isc observed 

in Cl Y l-6 cells (see Figure 3.15), PYY responses in the ClYlC-3 clone were essentially 

sustained even when the agonist concentration was increased (Figure 5.10); responses 

decayed to only 70 - 80 % of the maximum after 300 nM PYY. As Figure 5.11 

demonstrates, this difference in time-profile was specific for the decreases in Isc mediated 

by the transfected receptors. Expressed as a percentage of the peak PYY response at 3 - 

5 min, the reduction in VTP-stimulated Isc was much greater 10 min after agonist 

addition in ClYlC-3 epithelia (-82.2 ± 5.9 %, n = 1) than at the same time in C lY l-6 

cells (-24.1 ± 3.2 %, n = S, P < 0.001). However responses to 100 nM hPP (which 

reduced Isc by -2.3 ± 0.1 pA cm' ,̂ n = 4 m Cl Y l-6 and -1.1 ±0.1 pA cm'^, « = 5 in 

ClYlC-3 epithelia) and 1 pM UK 14,304 added subsequently were essentially identical 

between the two transfected clones, although at one time-point a significant difference 

was observed for UK 14, 304. The time-profiles of the reductions in Isc after addition of 

these endogenous agonists were also similar in the Colony 1 cell line, although hPP 

responses (added to VTP-treated cells only) were returned to initial Isc levels over a 

somewhat longer period (Figure 5.11).

Two novel clones expressing the Yi (ClYl-15) or Yi(C337S) receptors (CIYIC-E) 

also exhibited maximal PYY responses which were transient and sustained respectively in 

preliminary Isc studies (Figure 5.12). Significantly, secretory responses to 30 nM VTP in 

C lY lC -E epithelial layers (+88.3 ±5 .4  pA cm' ,̂ n = 6) were more similar to those in 

C lY l-6 cells; increases in Isc after 30 nM VTP in the ClYl-15 clone were +48.0 ± 6.8 

pA cm'^ (M = 4).
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Figure 5.10 PYY timecourses in the C lY lC-3 clone.

Epithelial layers were treated with 30 nM VIP for 30 min followed by 10 tiM (O; n = 

5), 30 nM  (#,' n = 5), 100 nM (U; n = 7) or 300 nM n ^  4) PYY. Each point 

represents the mean i  1 s.e.m. at one minute intervals after agonist addition at time 

zero.
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Figure 5.11 Timecourse comparison for antisecretory responses in Colony 1, 

C lY l-6 and ClYlC-3 cells.

100 nM PYY, 100 nM hPP and 1 pM  UK 14,304 were added sequentially to C lYl-6  

( O )  or ClYlC-3 (^) epithelial layers prestimulated with 30 nM l^P. Graphs show the 

suhsequent changes in Isc following addition o f each agonist at time zero; each point 

represents the mean ± 1 s.e.m. o f 4 - 8 individual normalised responses. Significant 

differences between the two clones at t = 7 and 10 min are indicated by P < 0.05 and 

*** P  < 0.001. Timecourses for Colony 1 epithelia (Y3; n = 5) illustrate antisecretory 

responses in cells previously treated with VIP only. The size o f maximal Isc changes 

after secretory or antisecretory agents varied between the cell lines, as described in the 

text.
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Figure 5.12 Representative traces from further wt Yi and Yi(C337S) clones.

Examples from ClYl-15 (native Yj receptor clone) or CIYIC-E (Yj(C337S) mutant) 

epithelial layers illustrate the effects o f approximately maximal concentrations o f  PYY 

(100 nM, □  or 300 nM, Other agents were added as follows: VIP (30 nM, O), 

UK 14,304 (1 pM, A) andpiretanide (200 pM, k). Basal h e  is given in pA at the left o f  

each trace.
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5.2.4 Effect of Concanavalin A and monensin.

In order to determine whether differential internalisation or recycling of the native and 

mutated Yi receptors was responsible for the observed differences in the PYY time- 

profiles, C lY l-6 epithelial layers stimulated with 30 nM VIP were pretreated for 10 min 

with either 0.3 mg ml'* Concanavalin A (Con A) or 100 pM monensin (both added 

basolaterally) before sequential addition of PYY (100 nM) and UK 14,304 (I pM) at 10 

min intervals. Con A had minimal effect on Isc (-0.5 ± 0.3 pA cm'^, n = 3), while 

monensin produced small increases of (+4.2 ± 0.8 pA cm'^, n = 3). Neither agent 

reduced the size of PYY responses (-28.3 ±4.7 pA cm'^ after Con A and -33.8 ± 3.9 pA 

cm'^ after monensin, each n = 3), but the reductions in Isc after UK 14,304 in both Con 

A (-16.8 ± 2.8 pA cm' ,̂ n = 3) and monensin-treated epithelial layers (-14.8 ± 2.2 pA 

cm'^, n = 3) were lower than in control cells (-37.9 ± 1.9 pA cm'^, n = 4; P < 0.001). 

The timecourses after addition of either antisecretory agonist remained short-lived and 

were essentially identical to those from epithelial layers without pretreatment (Figure 

5.13).

5.2.5 Paired PYY additions.

Since the reductions in VIP-stimulated Isc after Yi receptor agonists were sustained in 

ClYlC-3 cells, the absence of responses to PYY after high concentrations of Pro '̂* PYY 

might simply reflect an inability of the second agonist addition to further stimulate the 

receptor, rather than its desensitisation. To attempt to clarify this point, epithelial layers 

were stimulated with 100 nM PYY for 10 min, followed by 30 nM VIP for 20 min and a 

further addition of PYY (100 nM). In PYY-treated cells, increases in Isc after VIP were 

lower (+5.0 ± 0.8 pA cm' ,̂ n = 4) than in otherwise unstimulated epithelia, although this 

difference did not reach significance (P = 0.06); the second addition of PYY did not 

further alter Isc (/? = 4).
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Figure 5.13 The effect of Concanavalin A and monensin on inhibitory responses.

Timecourses show the reduction in VIP-stimulated Isc afforded by 100 nM PYY and I 

pM  UK 14,304 in ClYl-6 cells receiving no other pretreatment (O; n ^  4 - 8) or 

preincubated for 10 min with either 100 pM  monensin n = 3) or 0.3 mg mt^ 

concanavalin A (H; n = 3). Each point represents the mean decrease in Isc expressed 

as a percentage o f the maximum; absolute peak responses are quoted in the text. * P < 

0.05, ** P < 0.01 compared to controls at 7 and 10 min.
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5.3 Discussion

In this study the properties of the rat Yi receptor containing the C337S substitution have 

been investigated in a stably transfected clone (ClYlC-3) isolated from the Colony 1 

adenocarcinoma cell line. The mutated residue is the putative site for palmitoylation in 

this receptor, being the only cysteine in the C terminus and lying in a highly conserved 

position fifteen amino acids beyond the termination of the seventh transmembrane 

domain. Furthermore, the consensus sequence F(X)3L(X)6C, lying upstream of Cys^^ ,̂ is 

characteristic of many GPCR acylation sites (Bouvier et al., 1995), although the six 

amino acid distance between the leucine and the cysteine is larger than that previously 

proposed for other receptors ( 0 - 4  residues). Replacement of cysteine for serine is a 

conservative substitution which in itself is unlikely to alter the tertiary structure of the 

protein, other than through the potential removal of lipid modification of the thiol group 

and the possible addition of an extra phosphorylation site. It is therefore plausible to 

suggest that any structural and functional differences between the native and C337S 

substituted receptors result from the elimination of palmitoylation in the cysteine mutant, 

and this hypothesis forms the basis of the following discussion. Its confirmation will rely 

on a definitive demonstration of acylation of the native receptor and its prevention by site 

directed mutagenesis of Cys^^ ,̂ and on showing that the phenotype of the Yi(C337S) 

receptor is preserved when amino acids other than serine are substituted.

5.3.1 Expression of the Yi(C337S) receptor and its affinity for Yi ligands.

PYY and BIBP 3226 displaced [^^^I]PYY from ClYlC-3 membranes with affinities 

equivalent to those in the C lY l-6 clone, indicating that the C337S substitution did not 

affect the binding sites of these ligands. While this might be expected, some alterations 

in the C terminal tail of other receptors have led to the disruption of ligand binding, 

apparently resulting from global conformational changes (Eason et a l,  1994; Kennedy & 

Limbird, 1994; Osawa & Weiss, 1994). Both native Yi and Yi(C337S) clones also 

exhibited similarly high levels of receptor expression. In contrast, mutagenesis of the 

relevant cysteines in many GPCRs resulted in a 25 - 40 % reduction in their cell surface 

density (Hayashi & Haga, 1997; Kawate & Menon, 1994; O’Dowd et al., 1989; Sadeghi 

et a l,  1997) and the rate of post-translational trafficking of a palmitoylation-defective 

thyrotropin receptor was impaired compared to wild type, although receptor density was
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ultimately unafifected (Tanaka et a i, 1998). Such findings suggest that GPCR targeting 

to the plasma membrane is enhanced by lipid modification, and it is interesting to note 

that the non-palmitoylated a 2c adrenoceptor is predominantly located in intracellular 

vesicles rather than the cell surface, unlike its acylated ql2\  and azB counterparts (Daunt 

et al., 1997; von Zastrow et al., 1993). However it is clear that reduced plasma 

membrane localisation is not a general characteristic of depalmitoylated receptors (the 

expression of the a2A(C442F) mutant for example being unaltered; Eason et al., 1994) 

and the apparent absence of this effect for the Yi(C337S) receptor is therefore not 

unusual. It should also be recognised that the membrane preparations in the Yi binding 

studies may contain other intracellular components, although small vesicles and 

microsomes should remain in the supernatant at the centrifugation force used. Thus the 

Bmax values calculated predominantly reflect cell surface receptors, but may possibly also 

contain a complement from additional sources.

5.3.2 Secretory responses in ClYlC-3 epithelia.

Cl YlC-3 cells exhibited markedly higher basal resistances than either the parent Colony 

1 cell line or the Cl Y I-6 clone; this feature may be correlated with the observation that 

extensive cellular polarisation occurred along both the apical and basolateral boundaries 

of ClYlC-3 epithelial layers. Basal and elevated Isc (resulting from cAMP increases) 

was conversely much reduced in magnitude. As Isc  is an overall measure of active ion 

transport between apical and basolateral compartments, it is conceivable that the two 

differentiated layers of cells secrete chloride ions in opposite directions, resulting in a 

much decreased net anion movement after stimulation. However apical piretanide 

addition had little effect on VIP-stimulated Isc in ClYlC-3 cells, and the relatively low 

size of the Isc  responses in this clone may therefore be genuinely reflective of a decreased 

ability to secrete chloride ions compared to non-transfected and C lY l-6 epithelia. On 

the other hand, VTP and a 2-adrenergic receptor expression was apparently unaltered 

since the potencies of the respective agonists remained similar to those found in wild 

type cells. In addition, carbachol initially decreased forskolin-stimulated Isc  in Colony 1 

cells and in both wild type and mutant Y receptor clones. The preservation of this 

unusual interaction between Ca^  ̂ and cAMP agonists (derived partly from the presence 

of apical Ca^^-gated potassium channels; Holliday & Cox, submitted) is significant; it is a
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defining characteristic of Colony 1 epithelia which not only distinguishes them from 

unrelated colonic carcinoma cell lines (e.g. HT-29 and T84; Dharmsathaphom & Pandol, 

1986; Merlin et a l,  1995) but also from HCA-7 cells and other subpopulations, which 

display more typical potentiation between second messenger systems (Cuthbert et a l, 

1987; MacVinish et al, 1993). The fact that this fingerprint is to an extent maintained in 

the Colony 1 derived clones is therefore a further (albeit indirect) indication of some 

constancy in cellular phenotype, although ultimately the capabilities of the various clones 

to form polarised epithelial layers and secrete anions must originate in different 

biochemical properties of individual cells.

5.3.3 The effect of PYY.

PYY attenuated anion secretion in untreated or VIP-stimulated ClYlC-3 epithelial 

layers, with a potency similar to that observed in C lY l-6 cells. When expressed as the 

percentage inhibition of VIP-induced Isc increases, maximal responses elicited by the 

C337S substituted receptor (~40 % reduction) were slightly but significantly lower than 

those mediated by the native Yi subtype (-50 %). Pro '̂  ̂PYY also reduced Isc  and PYY 

responses under stimulated conditions were prevented by addition of 1 pM BIBP 3226 

beforehand. Thus the Yi(C337S) mutant is functionally coupled to Gi-mediated 

pathways and retains selectivity for Yi specific agents, as previously observed for non- 

palmitoylated forms of other Gj-linked receptors (Eason et a l,  1994; Hayashi & Haga, 

1997; Kennedy & Limbird, 1993). It is possible that the relative efficacy with which the 

Yi(C337S) receptor inhibits adenylyl cyclase may be reduced compared to wild type, as 

for the muscarinic M2(C457A) mutant (50 % reduction in Gi activation; Hayashi & 

Haga, 1997). However, such a comparison is not possible in the current study using 

epithelial cells, since the size of maximal responses may not necessarily be a good 

indicator of receptor efficacy. For example, it is unknown how the coupling of native Yi 

receptors varies between different stably transfected clones, and direct comparison 

between C lY l-6 and ClYlC-3 responses may therefore be misleading at this stage. 

More fundamentally, the measurement of receptor efficacy may be influenced by the 

point in the signal transduction cascade at which it is assayed. If Yi receptor stimulation 

leads to the release of more free Gai than required to fully occupy the available adenylyl 

cyclase binding sites (due to the presence of a large excess of Gi), a reduction in G 

protein coupling arising from the cysteine substitution might be masked when measuring
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either maximal inhibition of cAMP generation or Isc decreases further downstream. In 

support of this possibility, quantitative studies carried out for G s mediated pathways in 

two cell types indicate an excess of G protein over both receptor and effector (Kim et 

a l,  1994; Post et al., 1995), although the amount of functional G s may be much lower 

than the total determination (Kim et a l, 1994). Without knowing the stoichiometry of 

the Yi receptor-Gi protein-adenylyl cyclase components in C lY l-6 and ClYlC-3 

epithelia, the potential influence of the C337S mutation on G protein coupling is difficult 

to infer from functional data. Alternative approaches might examine the rate of 

GTPy[^^S] binding to Gi proteins following either wild type or mutant receptor 

stimulation (Hayashi & Haga, 1997) or the proportion of high affinity agonist binding 

conformations for each receptor (Kennedy & Limbird, 1993; Hayashi & Haga, 1997), 

although such states are not readily observed using current binding protocols.

5.3.4 Role of Cyŝ ^̂  in receptor desensitisation.

100 nM PYY responses remained sustained in VIP-stimulated ClYlC-3 cells for up to 

10 min after agonist addition; the differences between these timecourses and the 

transient profiles observed in C lY l-6 epithelia provide the most striking contrast in 

functional behaviour between the native and C337S substituted Yi receptors. After 

maximal stimulation with PYY, a second agonist addition was ineffective even when VTP 

was added to elevate Isc in the intervening period. In this case the absence of a second 

response may be more indicative of an inability of a fully activated receptor to be further 

stimulated, rather than it becoming refractory to agonist exposure. At present therefore, 

the most appropriate explanation for the different timecourses is that functional 

desensitisation of the Yi(C337S) mutant in ClYlC-3 epithelia is much reduced 

compared to C lY l-6 Yi receptors. It is in addition likely that this alteration in 

phenotype is a consequence of the cysteine substitution. As in the comparison between 

C lY l-6 and CIYIS epithelia in Chapter 4, the identical transient profiles of normalised 

responses to endogenous antisecretory agents (hPP and UK 14,304) in wild type and 

mutant receptor clones provides evidence that overall desensitisation pathways are 

unaltered. Increased Yi(C337S) receptor density compared to the native Yi subtype 

might also reduce its desensitisation, since maximal responses would be obtained with 

reduced levels of agonist occupancy. However Bmax values differ by only 1.6 fold in 

C lY l-6 and ClYlC-3 membranes and the similar ECso values for PYY in fact suggest
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that an equivalent receptor reserve exists in each case. A genuine difference between the 

Yi and Yi(C337S) receptors is also supported by the preliminary results from further 

wild type and mutant clones, in which PYY responses remain transient and sustained 

respectively.

Potentially, there are a number of mechanisms by which the C337S substitution could 

alter desensitisation. For example, the relative efficacies of Yi and Yi(C337S) receptors 

(at present unknown) could indirectly influence the extent to which each is inactivated 

following stimulation. As discussed in Chapter 4, a reduction in G protein coupling 

which decreases GRK recruitment by free GPy subunits is itself unlikely to affect Yi 

receptor phosphorylation, for which the availability of substrate (i.e. the active 

conformation R*) may be the most critical factor. However, reduced receptor efficacy 

could result from two situations - a specific disruption of G protein interactions, despite 

conversion to an R* state, or a more global effect in which agonist-occupied receptors 

remain inactive (R) or adopt altered conformations. It is clear that in the second case, 

comparisons based on similar agonist occupancy (e.g. timecourses in Figure 5.11) do not 

necessarily reflect equivalent amounts of R*, since conformational changes following 

agonist binding to mutant receptors may not be recognised by GRKs. This would lead to 

the more sustained PYY responses observed in the ClYlC-3 and C lY lC-E clones. 

Whether such effects on intrinsic efficacy are a sufficient explanation for the inhibition of 

Yi(C337S) receptor desensitisation will require further investigation; at present the 

M2(C457A) mutant is the only non-palmitoylated GPCR so far identified which shows 

impaired Gi activation, and this receptor is normally phosphorylated (and by implication 

undergoes desensitisation; Hayashi & Haga, 1997).

It is also possible that the Yi(C337S) mutant may show reduced internalisation, in 

common with a thyrotropin releasing hormone receptor lacking two C terminal cysteines 

(Nussenzveig et a i, 1993; Petrou et a i, 1997). Endocytosis of many GPCRs occurs 

rapidly after agonist exposure (for a review see Koenig & Edwardson, 1997; Garland et 

a i, 1994; Ng et a i, 1995; Tarasova et a i, 1997; Yu et a i, 1993). Recent studies have 

elegantly demonstrated that internalisation of the p2-adrenoceptor via clathrin-coated 

vesicles requires its phosphorylation and the binding of arrestin (Ferguson et a i, 1996; 

Krupnick et a i, 1997; Zhang et a i, 1996), although other mechanisms may also
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contribute dependent on the receptor and cell type (Tarasova et a l, 1997; Zhang et a l, 

1996). However significant desensitisation as a direct consequence of endocytosis has 

been demonstrated only for a non-phosphorylated, C terminal truncated, secretin 

receptor (Holtmann et al., 1996), a member of a family which shares little homology with 

the rhodopsin-like GPCRs. For many other receptors, internalisation is not a necessary 

prerequisite for desensitisation (e.g. the azA-adrenoceptor; Daunt et al., 1997; Eason & 

Liggett, 1992; von Zastrow et al., 1993 and the A2 adenosine receptor; Ramkumar et a l, 

1991), and may in fact be a prelude to resensitisation and recycling of the receptor 

(Pippig et al., 1995; Yu et al., 1993). In this study, blockade of internalisation with the 

lectin Con A did not significantly change the transient timecourses associated with either 

PYY or UK 14,304 stimulation in Cl Y l-6 epithelia, consistent with previous 

investigations using the P2-adrenoceptor (Pippig et a l, 1995; Yu et a l,  1993) or the Di 

dopamine receptor (Ng et al., 1995). Monensin, an inhibitor of recycling and GPCR 

resensitisation (Pippig et a l, 1995), was similarly ineffective; the small increases in Isc 

obtained with this agent may be a consequence of its properties as an ionophore. 

Surprisingly both monensin and Con A significantly reduced maximal UK 14,304 

responses without altering the size of those to PYY; the reason for this is unknown, 

particularly as little sequestration of the a 2A-adrenoceptor occurs afi;er agonist addition 

(Daunt et al., 1997). Nevertheless, these results indicate that membrane trafficking per 

se is unlikely to affect Y1 receptor desensitisation, and therefore that altered endocytosis 

cannot account for the differences observed between the Yi and Yi(C337S) clones.

In contrast, phosphorylation or arrestin binding of the Yi(C337S) receptor could be 

directly impaired. That equivalent cysteine substitutions are capable of altering receptor 

phosphorylation has been clearly demonstrated for the p2-adrenoceptor, in which the 

C341G mutation enhances phosphorylation of two distal serine residues by protein 

kinase A and leads to reduced receptor activation (Moffett et al., 1996; O’Dowd et a l, 

1989). The majority of Ser / Thr amino acids in the Yi receptor are present in its C 

terminus (10 out of 14) and reduced phosphorylation at one or more of these positions 

might significantly decrease arrestin binding in the C337S mutant. Such differences 

could be revealed by quantitative analysis of the rate of phosphate incorporation for wild 

type and Yi(C337S) receptors. In addition, given that some phosphorylated residues
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may play a disproportionately greater role in interactions with arrestin (Pak et a l,  1997; 

Zhang et a l,  1997), Ser̂ "̂  ̂ may be identified as a potential target for subsequent 

mutagenesis experiments by virtue of its proximity to Cys^^ .̂ If reduced phosphorylation 

at this site is a key element in inhibiting desensitisation by site-directed mutagenesis of 

Cys^^ ,̂ then activation of a Yi(S341A) mutant might show similar sustained functional 

effects.

Comparison between the Yi and Yi(C337S) receptors expressed at similar levels in 

Colony 1 epithelia has therefore indicated that the cysteine mutation may impair the 

functional desensitisation of PYY responses. This property has not previously been 

observed for other cysteine substituted receptors, although it is interesting to note that 

inhibition of receptor desensitisation has not so far been examined as a possible 

explanation for the reduced internalisation of the thyrotropin releasing hormone 

(C335S,C337S) receptor (Nussenzveig et a l, 1993). Clearly, further work will be 

required to distinguish between possible indirect (receptor efficacy) and direct (decreased 

phosphorylation / arrestin binding) pathways by which the C337S substitution could 

exert its effects; the relative down-regulation of wild type and mutant receptors, 

mediated by long term exposure to agonist, should also be considered (Eason et a l, 

1994). Nevertheless, the current study reveals that an important aspect of Yi receptor 

function may potentially be regulated by palmitoylation.
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The preceding chapters have described the isolation by stable transfection of epithelial 

clones expressing wild type or mutant Yi receptors, and their characterisation using Isc 

or binding assays. The principal aims of these investigations were to examine the 

antisecretory effects of NPY related agonists and antagonists in a model system in which 

both receptor and cell type were unambiguously defined, and secondly to determine how 

mutations which affect the dynamic regulation of the Yi receptor alter its functional 

behaviour. This discussion therefore considers to what extent the findings from native 

YI clones can be extended to endogenous Y receptors in intestinal mucosa, and the 

advantages and limitations of Isc response measurement in receptor mutagenesis studies.

6.1 The YI clones as functional models of epithelial Yi receptors.

The ability of YI clone responses to reproduce those at native mucosal Yi receptors 

(e.g. in human colon; Wharton et al., 1993) depends first on the normal expression and 

targeting of the transfected receptor protein. Potentially, the use of the Yi subtype from 

a different species (rat) to the host cell lines might therefore present some difficulties. In 

practice, the rat and human Yi receptor amino acid sequences share a high degree of 

identity (94 %) and the differences that do exist predominantly reflect conservative 

substitutions (Larhammar et a i, 1992), suggesting that the mature proteins are likely to 

be highly similar in structure and properties - for example, agonist and antagonist binding 

affinities do not show substantial differences between the two forms (Krause et al., 1992; 

Larhammar et a l, 1992; Wieland et a l, 1995). In some recombinant systems, receptor 

overexpression may lead to abnormal promiscuity in G protein coupling and 

consequently to non-physiological responses (Kenakin, 1996). The control of Yi 

receptor synthesis in the YI clones is certainly atypical, its cDNA flanked by 

heterologous 5’ (promoter) and 3’ (polyadenylation) sequences. Despite the use of a 

highly constitutively active promoter however, cell surface numbers remain similar to 

epithelial cells expressing the endogenous Yi subtype (Mannon et a l,  1994). Basolateral 

addition of PYY inhibited cAMP-stimulated secretory responses in YI epithelial layers, 

indicating that the transfected receptors are correctly targeted to the basolateral domain 

and that they are functionally coupled to G; and the inhibition of adenylyl cyclase. In 

addition, they are also inactivated in the short-term by endogenous pathways mediating 

homologous desensitisation, probably including GRKs and arrestin proteins. Thus,
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although Ca^^-mediated secretion was surprisingly unaffected by PYY (possibly as a 

consequence of rapid receptor desensitisation), the YI clones in general provide a 

suitable model for Yi receptor signalling and regulation in epithelia, and could be used 

further in dissecting the subsequent signal transduction pathways. For example, 

involvement of particular Ga; subunits might be determined by co-transfection of C lY l- 

6 cells with the corresponding antisense cDNA (Voisin et a l, 1996), while the GRK 

isoforms that phosphorylate the transfected receptors might be identified by coexpression 

of dominant negative kinase mutants (Mundell et a l, 1997).

The most striking aspects of Yi-mediated functional responses in either HT-29 or 

Colony 1 derived clones were the substantially reduced agonist potencies compared to 

binding affinities in membrane preparations, and the marked preference for PYY over 

NPY (20 fold). It was suggested that metabolism by surface peptidases may contribute 

to the low ‘effective’ agonist concentration in Isc  studies and possibly to the reduced 

potency observed for the peptide antagonist GR231118. In addition, the substrate 

specificity of enzymes such as DPP IV could also help generate the PYY-preferring 

phenotype, although there are alternative explanations for such selectivity (e.g. increased 

intrinsic efficacy of PYY compared to NPY at the Yi receptor). The extension of these 

findings to the behaviour of mucosal Y receptors depends upon the extent to which 

colonic carcinoma cell lines form an accurate model of the intestinal epithelial lining, and 

in this respect there may be some shortcomings. Metabolising enzymes are 

predominantly (though not exclusively) located on apical epithelial membranes; it is 

therefore likely that they have greater access to NPY related peptides in adenocarcinoma 

cell layers than the intact mucosa. For example, peptides are exchanged between apical 

and basolateral reservoirs through Cl Y l-6 epithelia, and in both the Cl Y l-6 and Y 1-7 

clones they may have to pass intervening cell layers before interacting with functional 

receptors. Nevertheless, PYY selectivity is characteristic of endogenous Y receptors 

expressed in epithelia, and the possible role of peptidases deserves further investigation 

in mucosal preparations. Cell lines transfected with the cloned Y2 or Y4 receptors would 

also be useful in assessment of how the potencies of PYY relative to NPY (Y%) or PP 

relative to Pro '̂  ̂ PYY or PYY (Y4, cf. the selectivity of the Colony 1 PP receptor. 

Chapter 3) are influenced by an epithelial environment.
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6.2 Functional comparison of wild type and mutated Yi receptors.

The measurement of PYY responses as changes in Isc offers a significant advantage in 

the analysis of Yi receptor-mediated stimulation when compared to more conventional 

assays. For example, Yi receptor desensitisation is increased as the agonist 

concentration rises, leading to more transient time-profiles (Figure 3.15), from which the 

maximum Isc reduction may easily be determined. However, analysis of cAMP 

accumulation only reflects the integral of the changes in second messenger production 

between agonist addition and the assay time point (Kenakin, 1996), losing information 

about the rates of receptor activation and inactivation; thus agonist potencies measured 

in this manner can depend substantially on experimental protocol (i.e. when samples are 

taken). In the same way, using Isc  recordings to examine the effects of Yi receptor 

mutations (as for the S255E and C337S substitutions described in Chapters 4 and 5) may 

reveal functional properties that are otherwise not apparent, provided that comparisons 

between PYY responses in the various epithelial clones are truly representative of 

differences between the native and substituted receptors. In the current study the Colony 

1 adenocarcinoma cell line, a differentiated HCA-7 subpopulation, was used as the 

preferred host for transfection; while the undifferentiated nature of HT-29 cells aided the 

selection and expansion of G418 resistant colonies (H. Cox, personal communication), 

they also showed reduced polarisation which contributed to a lower success rate and 

more variability in voltage-clamp experiments. However Colony 1 YI clones also 

exhibited phenotypic differences, principally in the size of their secretory responses. The 

effects of such variation on PYY response comparisons may be minimised by 

normalisation, while the absence of biochemical differences between clones which might 

alter Yi receptor behaviour may be partially verified by comparing fijnctional responses 

to endogenous VTP and oczA-adrenergic receptors. Nevertheless, the most convincing 

evidence for a particular effect of a receptor mutation results from the demonstration of 

the same functional phenotype in multiple clones (e.g. Yi(S255E) receptors in ClYlS-2 

and ClY lS-9 cells; Yi(C337S) receptors in ClYlC-3 and ClYIC-E epithelia).

Clearly, the most promising application of the Isc  technique is in the analysis of receptor 

desensitisation, a process which can be followed in real time in the Isc  response profiles. 

In this respect, the results from the Yi(S255E) and Yi(C337S) receptor clones illustrate
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the stringent conditions which must be applied in order to reveal direct mutational effects 

on short-term inactivation. Since GRKs selectively use the activated state R* as a 

substrate, timecourse comparisons should be made at agonist concentrations which 

represent equal receptor occupancy, rather than equipotency. However, this principle 

depends on the relationship between agonist occupancy and conformational change to R* 

being invariant, a situation which might not be the case for mutant receptors which 

exhibit reduced G protein coupling. As discussed in Chapter 5, measurement of receptor 

efficacy is difficult in functional responses which depend on a signal cascade of multiple 

saturable steps, but assays of the rate of GTPy[^^S] binding which provide such 

information could be carried out in the YI clones, complementing the Isc  and binding 

studies described here. Response time-profiles are also influenced by the number of 

activated receptors, and thus expression levels in the wild type and mutant clones should 

additionally be as similar as possible. For example, the more transient PYY responses in 

ClYlS epithelia compared to wild type may indirectly result from the apparent down- 

regulation of the Yi(S255E) receptor rather than a direct effect immediately following its 

activation (Chapter 4). As a consequence, further analysis of Yi receptor 

phosphorylation sites should concentrate on Ser / Thr to Ala substituted receptors, to 

avoid the reduced receptor expression that may be associated with glutamate 

substitution. In addition to the mutants already suggested in Chapters 4 and 5, the 

Yi(T348A) receptor might also be expected to be resistant to desensitisation; Thr̂ '̂ * is 

preceded by an acidic motif (DDDYE; Figure 1.5) which may target it as a preferred 

substrate for GRKs (Onorato et a l, 1991; Pak et a i, 1997).

The number of cell types in which ‘end organ’ responses to recombinant receptors can be 

measured is at present limited (e.g. melanocytes or Xenopus Cl" currents; Kenakin, 

1996), and the use of adenocarcinoma cell lines therefore provides an additional 

fimctional approach for the analysis of stably transfected wild type and mutated GPCRs. 

The present studies using YI clones indicate potential roles for Ser̂ ^̂  phosphorylation 

and depalmitoylation in the regulation of the Yi receptor, and suggest that the 

measurement of functional Isc responses may be a valuable technique in future 

investigations of the important residues involved in its desensitisation.
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