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Abstract

Abstract

Responses to vasoactive peptides are mediated by the action of two receptors, 

bradykinin Bi (BKBi) and bradykinin B% (BKB2), which belong to the superfamily of G- 

protein coupled receptors. A role for inducible BKBi receptors in pathophysiology has 

been demonstrated using pharmacological studies in a number of models of tissue injury 

and in response to specific inducing agents. This study describes the cloning of the rat 

BKBi receptor gene and investigation of the molecular mechanisms involved in the 

inducible receptor expression.

The first part of this thesis describes the isolation and characterisation of genomic and 

cDNA clones for the rat BKBi receptor. This has allowed detailed analysis of the 

receptor protein coding sequence and determination of the BKBi receptor genomic 

structure. Primer extension analysis and RACE studies have been used to identify the 

transcription initiation sites and the 3’ cDNA ends and provide evidence for alternative 

splicing of the BKBi receptor transcript. Furthermore, using the rat BKBi receptor as a 

species-specific probe Northern blot analysis has established a distinct expression 

profile for the receptor mRNA in rat tissues and cultured cell lines.

BKBi receptor expression has been examined by Northern blot analysis in JTC-19 cells 

following the addition of a number of inducing agents. The increase in BKBi receptor 

mRNA levels following the addition of the pro-inflammatory cytokine, IL-1|3, and the 

bacterial endotoxin, EPS, were found to result from an increase in transcription with no 

change in mRNA stability. Examination of the effects of specifc inhibitors show that 

multiple signal transduction pathways, including PI 3-kinase activation and NF-kB- 

dependent and independent pathways are involved in the IL-ip and EPS-mediated BKBi 

receptor transcriptional activation. Reporter gene constructs and electromobility shift 

assays have been used to delineate important elements involved in the transcriptional 

regulation of the BKBi receptor gene.
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Chapter 1

Chapter 1

Introduction

The existence of distinct bradykinin (BK) receptors has been known for over twenty 

years. These receptors, termed bradykinin Bi (BKBi) and bradykinin B2 (BKB2), 

mediate the effects of kinins and form part of the kallikrein-kinin system. However, 

most of the in vivo effects of kinins are mediated by the BKB2 receptor. It is now 

apparent that the BKBi receptor is up-regulated following certain types of tissue injury 

and in response to specific inducing reagents. This study investigates the rat BKBi 

receptor; its sequence, gene structure and mechanism of regulation. This chapter will 

describe the kallikrein-kinin system, with particular emphasis on the classification of the 

BK receptors. In addition, it will also describe evidence for the in vitro and in vivo up- 

regulation of the BKBi receptor and discuss the pathophysiological implications of this 

phenomenon. Furthermore, recent reports characterising the regulatory mechanisms of 

the human BKBi receptor gene are discussed, with an introduction to the possible signal 

transduction pathways involved.

1.1 Kinins

The first reports relating to the kinin system refer to a substance in rabbit and human 

urine that caused hypotension in anesthetised dogs (Abelous and Bardier, 1909). This 

substance believed to be derived from the pancreas, was named kallikrein from the

17
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Greek word for pancreas, kallikreas. In 1937 Werle and colleagues incubated kallikrein 

with plasma and found a substance capable of contracting the guinea-pig ileum and 

causing hypotension, this was identified as the peptide kallidin. Snake venom incubated 

with plasma leads to the formation of a substance causing a slow, delayed contraction of 

the guinea-pig ileum, this substance was named BK from the Greek for movement, kinin 

and slow, brady (Rocha E Silva et al, 1949).

1.1.1 Kinin formation

The kinins (defined as BK-related peptides) are formed by the action of proteolytic 

enzymes called kallikreins on high molecular weight precursors called kininogens.

1.1.1.1 Kininogens

In mammals three kininogens have been characterised to date: high molecular weight 

(HMW) kininogen present in the blood, low molecular weight (LMW) kininogen 

present in the blood and tissues and T-kininogen which is found exclusively in rats. 

(Habermann, 1963; Suzuki et al, 1967; Jacobsen, 1966; Okamoto & Greenbaum, 1983). 

In humans and rats HMW-kininogen and LMW-kininogen are generated by alternative 

splicing of the gene transcript (Kitamura et ai, 1983). Two separate genes encode T- 

kininogens, called T-1 and T-11 (Enjyoji et ai, 1988). The kininogens are single-chain 

glycoproteins, possessing an amino-terminal heavy chain, a COOH-terminal light chain 

with a kinin moiety between the two polypeptides that are bridged by a single disulphide 

loop (Kellermann et ai, 1988). The heavy chain, which has the same basic structure in 

both HMW and LMW kininogen has the ability to inhibit cysteine proteases (Sueyoshi 

et al, 1985). The light chain of HMW kininogen contains a domain rich in histidine, 

proline and lysine which binds to damaged endothelial surfaces, crystals and degraded

18
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cartilage products. When plasma kallikrein releases the kinin moiety from HMW 

kininogen, the light chain enhances clotting through the sequential activation of clotting 

factors (Kaplan, 1978). In addition, the light chain contains the site that binds plasma 

kallikrein or clotting factor XI (Sugo et al, 1980). Both the heavy and light chains 

participate in the binding of HMW kininogen to endothelial cells, platelets and 

neutrophils (Jiang et al, 1992; Asakura et al, 1992; Meloni et al, 1992; Wachtfogel et 

al, 1994). The function of the light chains in LMW and T-kininogens remains to be 

determined.

1.1.1.2 Kallikreins

Plasma and tissue kallikreins exist as large inactive precursors (prekallikreins). Once 

activated they act on two basic amino acid residues within the kininogen molecules to 

release either BK or kallidin. Plasma pre-kallikrein is secreted by hepatocytes and 

circulates in the plasma as a heterodimer complex bound to HMW kininogen (Mandle et 

al, 1976). Plasma kallikrein releases the nonapeptide BK from HMW kininogen by 

hydrolysis of Lys-Arg and Arg-Ser bonds. LMW kininogen is a poor substrate for 

plasma kallikrein, however BK can be generated from this kininogen in the presence of 

neutrophil elastase (Sato and Nagasawa, 1988). Activation of plasma kallikrein is 

dependent upon coagulation factor XU (Hageman factor). Activation of factor XU 

occurs endogenously by contact with collagen, cartilage, basement membrane material 

or endotoxin (Proud and Kaplan, 1988). Activated factor XII converts plasma pre- 

kallikrein to kallikrein and subsequently BK is released from HMW kininogen. 

Kallikrein also has a positive feedback activating factor XII directly.
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Tissue kallikrein releases the decapeptide kallidin by hydrolysis of Met-Lys and Arg-Ser 

bonds in both HMW and LMW kininogen molecules. In rodents however kallidin is not 

formed. Deoxyribonucleic acid (DNA) sequence analysis of rat and mouse kininogen 

genes reveals that the amino acid immediately upstream of BK is arginine not lysine, 

thus preventing the formation of kallidin (Furoto-Kato et al, 1985, Hess et al, 1996). 

Tissue kallikreins are encoded by a multi gene family, the number of functional genes 

varies between species from 14 in the mouse, to nine in the rat and three in humans. 

The human tissue kallikreins (hKl to hK3) are widely distributed throughout the body. 

The precise mechanism for the activation of tissue kallikreins is unclear, however they 

can be activated by trypsin, plasmin or plasma kallikrein (Proud and Kaplan, 1988). The 

three human tissue kallikreins differ in their efficiency of generating biologically active 

kinins. hKl, the classical tissue kallikrein, is highly effective, whereas hK3 is inactive 

and hK2 is of intermediate potency (Deperthes et al, 1997). There have been reports 

that other proteases generated in the inflammatory response may be able to liberate 

kinins from kininogen: these include mast cell tryptase (Proud et al, 1987), calpains 

(Higashiyama et <2 /., 1986) and eosinophil cationic protein (Venge et al, 1979). The 

mechanisms of kinin formation by plasma, tissue and cellular pathways are shown in 

Figure 1.1.

Three enzymes have been described that release T-kinin (lle-Ser-BK) from T-kininogen 

these are T-kininogenase (Xiong et al, 1990), endopeptidase K (Damas and Adam, 

1985) and acid proteinase (Bedi et al, 1983).
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Chapter 1

Cellular

Non-kallikrein
k in in ogen ases

M ast cell 
k in in ogen ases

LMW kininogen

HMW kininogen BK Kallidin

Kininase I Aminopeptidase Kininase I

Deŝ rg^BK DesArg^°kallidin

Aminopeptidase

Figure 1.1 Mechanisms of kinin formation via the plasma, tissue and cellular 

cascades. HMW = high molecular weight; LMW = low molecular weight.

1.1.2 Kinin degradation

The kinin degrading enzymes are called kininases and are divided into two families, 

kininase I and kininase n.

Kininase I is a family of enzymes consisting of carboxypeptidase N and M (Bhoola et 

al, 1992). Carboxypeptidase N is synthesised in the liver and accounts for about 90% 

of the BK degradation. This enzyme removes the C-terminal arginine from the native 

kinins thereby forming desArg^BK and desArg^^kallidin, the BKBi receptor agonists. 

Carboxypeptidase M is predominantly membrane bound and its mechanism of action is 

the same as carboxypeptidase N.

Kininase II enzymes remove the terminal dipeptide -Phe-Arg from the kinins resulting 

in the production of inactive fragments. The most abundant kininase II enzyme is
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angiotensin converting enzyme (ACE). ACE is predominantly a surface enzyme located 

on the luminal membrane of endothelial cells which explains the extensive pulmonary 

inactivation of kinins. The affinity of ACE for desArg^BK is over 100 times lower than 

the affinity for BK (Ward et al, 1991). Neutral endopeptidase, another kininase H 

enzyme, cleaves two bonds in BK, the Pro^-Phe^ and Gly'^-Phe  ̂ bond (Zolfaghari et al, 

1989).

Other enzymes also play a role in degradation of kinins in vivo since BK degradation is 

only reduced by 50% in rat plasma in the presence of inhibitors to the kininases 

described above (Ishida et al, 1989a,b). Aminopeptidase P which cleaves the Arg^-Pro^ 

bond may also contribute to inactivation of BK (Ryan et al, 1994; Ward, 1991). 

Aminopeptidase M, present in plasma hydrolyses kallidin and desArg^\allidin into BK 

and desArg^BK respectively (Proud et al, 1987). This reaction is pharmacologically 

neutral for the BKB2 agonists since BK and kallidin have equivalent potencies at the 

BKB2 receptor. However the BKBi agonist desArg^BK has much lower affinity for the 

BKBi receptor in some species, in these cases it may represent a relative inactivation of 

the BKBi receptor agonist. The site of action of the kininases is shown in Figure 1.2.

A m inopeptidase P ACE

ARG’-PRO^-PRO^-GLYf-PHE®-SER®-PRO^rPHE®rARG'

Neutral en d op ep tid ase  C arboxypeptidase N and M

Figure 1.2 Proposed enzymatic cleavage sites for BK. ACE = angiotensin converting 
enzyme.
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1.1.3 Biological levels of the kinins

Accurate determination of biological kinin levels has been difficult to assess due to the 

difficulty in preventing artifactual generation and degradation of the kinins during 

extraction. Methods for measurement of kinin levels have used immunological 

immunoassays (Odya et al, 1983; Raymond et al, 1995; Decarie et al, 1994). Venous 

blood sampled from humans showed a higher concentration of desArg^BK (204 pg/ml) 

compared to BK (67 pg/ml) (Odya et al, 1983). Raymond and co-workers (1995) 

showed an inerease in BK and desArg^BK in rabbit plasma activated by kaolin, which 

was increased in the presence of the ACE inhibitor, enalaprilat. In addition, animals 

pre-treated with lipopolysaccharide (LPS) exhibited an increase in plasma desArg^BK 

which was potentiated in the presence of ACE inhibitor. However these measurements 

may not reflect the tissue kinin levels. Interestingly, immunoreactive kinin levels are 

increased in carrageenan-induced oedema in rats where a role for the inducible BKBi 

receptors has been proposed (see section 1.4) (Damas et al, 1990; Burch and DeHaas, 

1990; Decarie et al, 1996). The maximal concentration for desArg^BK was greater 

than for BK (Burch and DeHaas, 1990; Decarie et al, 1996) and the half life for 

desArg^BK is greater than that of BK. Therefore, it has been suggested that desArg^BK 

accumulates at the site of inflammation (Marceau et al, 1981). It is also possible to 

measure kinins simply and reproducibly in nasal lavages. As a result, the nasal system 

has been used to study the mechanisms of kinin formation and metabolism. Using this 

technique kinin levels have been shown to increase in allergic rhinitis (Dolovich et al, 

1970; Proud et al, 1983; Shirasaki et al, 1989), and asthma (Christiansen et al, 1987). 

Similarly, increased kinin levels have been determined in bronchoalveolar lavage fluid 

from patients with active pulmonary inflammation (Baumgarten et al, 1992).
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1.2 BK receptor classification

The kinins exert their effects by the activation of specific guanine nucleotide binding 

protein (G-protein) coupled receptors. Two mammalian receptors, BKBi and BKB2 

have been characterised using a number of criteria described in the following sections. 

A BKB3 receptor in guinea-pig trachea has been proposed (Farmer et a l, 1989), there is 

also evidence for subdivisions of the BKB% receptor (Regoli et al, 1994). The actions 

of kinins include smooth muscle contraction, vasodilation, increased vascular 

permeability, increased production of eicosanoids and nitric oxide and the induction of 

pain (Hall 1992; Steranka et al, 1988).

1.2.1 Pharmacological profiles

BK receptors were originally classified according to the relative agonist potencies in 

isolated smooth muscle preparations, of a series of structurally related peptide analogues 

of BK (Regoli and Barabe, 1980). The rank order of potency of kinins at the BKB2 

receptor in the rabbit jugular vein is;

BK > kallidin > desArg^^kallidin > desArg^BK 

The rank order of potency at the BKBi receptor in the rabbit aorta is;

desArg^\allidin >desArg^BK > kallidin > BK 

The receptor type mediating the contraction of the rabbit aorta was termed Bi since it 

was more completely defined at the time. BKB] receptor pharmacology has been 

characterised in a number of in vitro and in vivo pharmacological preparations and cell 

lines and will be discussed in section 1.3. Recent studies have shown that the relative 

potencies of some BKBi receptor vary between species. Differences are seen between 

the rodent and human BKBi receptors. The mouse BKBi receptor has a 2 to 3 fold
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selectivity for desArg^BK over desArg^\allidin (Hess et al.,1996', Pesquero et ai,

1996), the rat BKBi receptor has approximately equal affinity for the two ligands (Ni et 

ai, 1998b; Jones et al, 1999). In contrast, the human receptor has a 5000 fold 

selectivity for desArg^\allidin over desArg^BK (Jones et ai, 1999). Since kallidin and 

its derivative desArg^^kallidin are not formed in rodents, the human BKBi receptor has 

evolved relatively greater sensitivity towards the kallidin derivatives than the rat 

receptor. The biological role of T-kinin is unknown, but studies in vitro have shown it 

to be active at the BKB% receptor (Jones et al, 1999). The potency estimates for BK 

and kallidin at the BKBi receptor can be distorted by the presence of arginine 

carboxypeptidases which result in the production of the desArg metabolites. Most of 

the reported binding studies to the BKBi receptor have used [^H]desArg^\allidin as the 

agonist ligand. However, the synthetic agonists, Sar-[D-Phe*]desArg^BK and Sar-Tyr- 

eAhx-Lys-desArg^BK, metabolically stable analogues of desArg^\allidin, have been 

used in a some studies (Drapeau et al, 1991, 1993; Ni et ai, 1998b).

The second pharmacological criteria for the classification of the BK receptors was the 

development of selective and competitive peptide-derived antagonists. The prototype 

antagonist for the BKB% receptor was [D-Phe^]BK (Vavrek and Stewart, 1985). Since 

then a number of selective BKB] receptor antagonists have been developed. One of the 

most potent of these antagonists is Hoe 140 (Icatibant; DArg-[Hyp^, Thi^, D-Tic^, Oic^]- 

BK (Hock et ai, 1991). Hoe 140 is selective for the BKBi receptors, and has been used 

in many studies to assess the role of kinins in various models of experimental pathology. 

However, Hoe 140 has been shown to have some affinity for the BKBi receptor at high 

concentrations (Ki l,000nM) (Bastian et al, 1997). The first nonpeptide kinin 

antagonists, WIN 64338 and FR 173657 are selective BKBi antagonists (Salvino et al,
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1993; Sawutz et al, 1994; Aramori et al, 1997; Burgess et al, 1999). The prototype of 

the BKBi receptor antagonists was [Leu^JdesArg^BK (Regoli et al, 1977). Substitution 

of Phe^ in desArg^BK by a residue with an aliphatic (Ala, He, Leu, Dleu, norleucine) or 

saturated cyclic hydrocarbon chain (cyclohexylalanine) produced antagonists of various 

potencies with a leucyl substitution being optimal (Regoli and Barabe, 1980). The 

effect of prolonging the N-terminal sequence of [Leu^]desArg^BK with a Lys residue 

confers a higher affinity in the rabbit and human BKBi receptors which parallels the 

relationship for the agonists (MacNeil et al, 1995; Menke et al, 1994). To date, no 

nonpeptide BKBi receptor antagonists have been reported. A metabolically stable 

BKBi receptor antagonist, Ac-Lys-[MeAla^, Leu^]desArg^BK, has been developed that 

is resistant to inactivation by ACE, aminopeptidase M and neutral endopeptidase 

(Drapeau et al, 1993). Recently, metabolically stable BKBz and mixed BKBi and 

BKB] antagonists have been produced. B9858 [Lys-Lys-[Hyp^, Igl^, D -Igf, 

Oic^]desArg^BK is one such peptide and has some selectivity for BKBi receptors (Gera 

et al, 1996; Gobeil et al, 1997). The desArg^ fragment of Hoe 140 exhibits increased 

affinity towards the BKBi receptor, however this metabolite of Hoe 140 has not been 

found in vivo (Rhaleb et al, 1992). Another recently produced antagonist with mixed 

BKBi and BKB% receptor antagonist affinity is B9430 (D-Arg-[Hyp^, Igl^, D-Igf, 

Oic^]BK) (Burkard et al, 1996). B9430 has been shown to abolish the hypotensive 

responses to BK and desArg^BK in the dog without affecting responses to other agonists 

(Stewart et al, 1996).

The prototype BKBi receptor antagonist, [Leu^JdesArg^BK has been shown to exhibit 

partial agonist behaviour in isolated rat colon (Teather and Cuthbert, 1997) and isolated 

mouse stomach (Allogho et al, 1995). This may have practical implications, since one
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of the therapeutic effects of BKBi receptor antagonists are their analgesic properties, 

based on models in these species (see section 1.4.2). The antagonist R715 (AcLys[Db- 

Naflle^jdesArg^BK) was recently developed for the pharmacological characterisation of 

the mouse BKB] receptor (Allogho et al, 1995; Gobeil et al, 1997). However, despite 

the high selectivity of this compound for the receptor, the affinity is fairly low. In terms 

of affinity and selectivity, no existing peptide antagonist is ideal to fully characterise the 

analgesic potential of BKBi receptor blockade in rodents (Rupniak et al, 1997).

1.2.2 Desensitisation ,
(Marceau et al, 1998)

Both BKBi and BKB2 receptors exhibit desensitisation (ref). However, the absence of 

cross-desensitisation is another characteristic for defining the distinct kinin receptors. 

This applies to the adaptation mechanisms present in, or closely associated with, the 

receptor molecule as opposed to downstream desensitising mechanisms (e.g depletion of 

intracellular ion stores). In rat mesangial cells which express both BKBi and BKB2 

receptors the response to BK can be down-regulated without repressing the response to 

desArg^BK as determined by a functional assay measuring the intracellular calcium 

concentration (Bascands et al, 1993). The reverse effect was also seen in these cells. In 

addition, in bovine endothelial cells and rabbit mesenteric artery smooth muscle cells 

the down-regulation of the BK response did not effect the response elicited by 

desArg^BK, however, the converse effect was not demonstrated (Mathis et a l, 1996; 

Smith et al, 1995).

The BK receptors differ in the kinetics of their ligand-induced internalisation. Exposure 

of human BKB2 receptors to BK results in a rapid receptor mediated internalisation in 

combination with increased association of BKB2 receptors and Got subunits with
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calveolae (Austin et al, 1997; de Weerd and Leeb-Lundberg, 1997). In contrast, the 

human BKBi receptor does not show ligand-induced receptor internalisation (Austin et 

al, 1997). Chimeric studies of human BKB% and BKBi receptors show that the 

cytoplasmic carboxy terminus of the human BKB2 receptor contains sequences 

necessary and sufficient to permit rapid ligand-induced internalisation of the human BK 

receptors (Faussner et al, 1998). Another study confirmed the significant role of the 

carboxy terminal tail and identified specific tyrosine residues in the intracellular 

domains important for ligand-induced internalisation of the BKB2 receptor (Prado et al,

1997). Determination of the in vivo phosphorylation sites of the rat BKB2 receptor 

indicate mutually exclusive palmitoylation of Cys^^  ̂or phosphorylation at Try^^  ̂within 

the carboxy terminus which may be significant for internalisation of the receptor (Soskic 

et al, 1999). These differences in receptor down-regulation might signify individual 

roles for BK receptor subtypes in pathophysiology.

1.2.3 Signal transduction pathways

Both BKBi and BKB2 receptors belong to the superfamily of G-protein coupled 

receptors as detailed in the following section. The signal transduction mechanisms of 

the BK receptors have been widely studied in numerous tissues. Receptor stimulation 

and coupling to G-proteins causes activation of phospholipase C (PLC) which generates 

diacylglycerol and inositol phosphates (IP). Diacylglycerol activates protein kinase C 

(PKC) and IP3 mobilises internal calcium stores. The human BKBi receptor is coupled 

to the G proteins, Gotq/Il and Gaii/2 with Gocq/l I contributing to the receptor mediated 

activation of PLC (Austin et al, 1997). Increased phosphatidylinositol turnover 

following stimulation with BKBi receptor agonists has been shown both with the 

naturally expressed receptor (Issandou and Darbon, 1991; Levesque et al, 1993; Butt et

2 8



________________________________________________________________________________________ Chapter 1

al, 1995; Smith et al, 1995; Mathis et al, 1996) and also for the stably expressed 

human BKB] receptor (Austin et al, 1997; Bastian et al, 1997). Further demonstration 

that the BKB] receptor couples to PLC are shown by measurements of intracellular 

calcium following stimulation with BKB] receptor agonists (Austin et al, 1997; Bastian 

et al, 1997; Bascands et al, 1993; Marsh and Hill; 1994; Mathis et al, 1996; Smith et 

al, 1995; Menke et al, 1994; Bkaily et al, 1997; MacNeil et al, 1997; Tsukagoshi et 

al, 1999). Although both receptors couple to the same signalling pathways, distinct 

differences in these pathways have been used to characterise the kinin receptors. Single 

cell fluorescence imaging of the calcium sensitive ratiometric fluorescent dye, Fura-2, 

loaded into rabbit vascular smooth muscle cells reveals that both desArg^BK and BK 

trigger rapid increases in cytosolic free Ca^^, however the desArg^BK response was 

biphasic and sustained whereas the BK response was transient (Mathis et al, 1996). 

The continuation of the sustained phase may be dependent on the influx of extracellular 

Ca^ ,̂ although the mechanism for this remains unclear (Mathis et al, 1996; Marsh and 

Hill, 1994; Bascands et al, 1993). Homologous desensitisation of the BKB2 receptor 

may be responsible for these differences in the signalling pathways (Mathis et al, 1996; 

Smith et al, 1995).

Activation of the kinin receptors has been reported to induce an increase in basal 

mitogenesis (Goldstein and Wall, 1984; Bascands et al, 1993; Issandou and Darbon, 

1991; Levesque et al, 1995a). In contrast, another study has shown that BK and 

desArg^BK can inhibit mitogenesis in serum deprived quiescent cells (Patel and Schrey, 

1992). Recent studies have shown that BKB] and BKB2 receptors were capable of 

suppressing platelet-derived growth factor (PDGF) induced DNA synthesis (Dixon and 

Dennis, 1997; McAllister et al, 1993). These data suggest that neither receptor is
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Specifically coupled to stimulation or inhibition of mitogenesis. The specific cellular 

pathways by which kinins regulate mitogenesis are unclear, although similar to BK, 

desArg^BK has been shown to increase intracellular Ca^  ̂ and activate protein kinase C 

leading to an increase in mitogenesis (Issandou and Darbon, 1991). In contrast, the anti- 

mi togenic effects of BK were reversed in the presence of a BKBi receptor antagonist 

whereas a BKB% receptor antagonist was without effect (Patel and Schrey, 1992). A 

more recent study shows that alternative signal transduction pathways may be involved 

in mitogenesis since the anti-proliferative effects of kinins in cultured arterial smooth 

muscle cells are not mediated by the activation of phosphoinositidase C, cyclic 

adenosine 3’,5’-monophosphate (cAMP), prostaglandins or nitric oxide (Dixon and 

Dennis, 1997).

Activation of the Ca^^-dependent enzymes, phospholipase Ai and endothelial nitric 

oxide following activation of the BKBi receptors may account for increases in the 

production of eicosanoids (Levesque et al, 1995a) and nitric oxide (Drummond and 

Cocks, 1995; Pruneau et al, 1993). Kinin receptor stimulation may also involve 

activation of mitogen-activated protein (MAP) kinase pathways (Jaffa et al, 1997; 

Zwick et al, 1997; Naraba et al, 1998, Blaukat et al, 1999; Velarde et al, 1999). 

Naraba et al, (1998) have recently shown that both BKBi and BKB: receptors activate 

the transcription factor activator protein (AP) -1 through the MAP kinase, extracellular 

signal related kinase (ERK), pathway. Stimulation of BKB: receptors has been shown 

to activate the transcription factor NF-kB (Pan et al, 1996). Further analysis by Pan 

and co-workers (1999) showed the requirement of both RhoA and phosphatidyl inositol 

(PI) -3 kinase in this signalling pathway.
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1.2.4 Distinct BKBi and BKB2 receptor genes

Molecular cloning of the kinin receptors shows that the protein coding regions are 

encoded by distinct genes. The BKB2 receptor gene has been cloned and characterised 

from human (Hess et al, 1992; Eggerickx et al, 1992; McIntyre et al, 1993), mouse 

(McIntyre et al, 1993; Hess et al, 1994) and rat (McEachem et al, 1991; McIntyre et 

al, 1994; Wang et al, 1994) sources. The genomic structure of the human and rat 

BKB2 receptor genes have been determined with the human BKB2 receptor being 

localised to chromosome 14q32 (Ma et al, 1994a; Kammerer et al, 1995; Pesquero et 

al, 1994). Analysis of the amino terminus of the rat and human BKB2 receptors using 

domain specific antibodies, amino acid sequence analysis and in vitro 

transcription/translation reveals that of the several potential in-frame start codons, the 

most 5’ of these is utilised for translation (AbdAlla et al, 1996). However, the original 

cloning paper predicted that the rat BKB2 receptor start site was most likely to 

correspond to the third ATG codon (McEachem et al, 1991), this finding now appears 

unlikely, since the rat and human 5’ sequences have three similar methionine codons.

Webb and co-workers exploited the Xenopus oocyte expression system to demonstrate 

that messenger ribonucleic acid (mRNA) of distinct sizes derived from the human lung 

fibroblast cell line, WI38, resulted in the expression of proteins with the 

pharmacological properties of the BKBi receptors and BKB2 receptors (Phillips et al, 

1992; Webb et al, 1994). An expression cloning strategy in Xenopus oocytes utilising 

the photoprotein aequorin as an indicator of the second messenger, Ca^ ,̂ was used to 

clone the human BKBi receptor complementary deoxyribonucleic acid (cDNA) (Menke 

et al, 1994). IMR-90 cells, another fibroblast cell line, was used as the source of 

mRNA for cloning the receptor. Treatment of the cells with the cytokine, interleukin-1
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beta (IL-Ip), was used to increase the amount of mRNA transcript encoding the BKBi 

receptor (see Section 1.3). At the same time our laboratory cloned the human receptor 

from WI38 cells (Jones et al, 1999). From these studies human BKBi receptor clones 

were isolated that contained an open reading frame (ORF) encoding a 353 amino acid 

protein. This work is not a part of this thesis.

Both BK receptors exhibit the seven transmembrane (TM) structure characteristic of the 

G-protein coupled receptors. Although the BKBi receptor is more closely related to the 

BKB2 receptor than to any other G-protein coupled receptor the amino acid sequence 

identity between the receptors is only 36%. In comparison, the BKBi receptor exhibits 

30% homology with the angiotensin type 11 receptor. To date, the BKBi receptor has 

been isolated and characterised from the human (Menke et al, 1994), rabbit (MacNeil et 

al, 1995), mouse (Hess et al, 1996; Pesquero et al, 1996) and rat (described in this 

study and reported Jones et al, 1999; Ni et al, 1998b). The genomic structure of the 

human and rat BKBi receptor genes has been determined (Bachvarov et al, 1996; Yang 

and Polgar, 1996; Ni et al, 1998; this study and reported Jones et al, 1999). 

Comparative analysis of the reported protein and genomic structures of the BKBi 

receptor will be discussed further in Chapter 3. The chromosomal location of the 

human BKBi receptor gene has been mapped to 14q32 between markers D14S265 and 

D14S267 (Chai et al, 1996; Bachvarov et al, 1998a). The production of anti peptide 

antibodies has been described by two groups, in both studies the most effective peptides 

corresponded to the carboxy terminal domain of the BKBi receptor (Hess et al, 1996; 

Schanstra et al, 1998). Western blot analysis reveals a band of molecular mass of 

approximately 40 kD corresponding to the predicted molecular mass for the human 

BKBi receptor (Hess et al, 1996; Schanstra et al, 1998). These antibodies cannot be
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used for detection of the rat and mouse BKBi receptors since the rodent carboxy tails of 

the BKBi receptors are shorter than the human counterpart (see Chapter 3).

Although the BKBi and BKB% receptors are only 36% identical, chimeric receptor 

studies have shown that they are structurally compatible (Leeb et al, 1997; Faussner et 

al, 1998). Leeb and colleagues (1997) constructed chimeric proteins in which TM 

domain VI in the human kinin receptors were exchanged. Substitution of BKBi 

receptor TM-VI into the BKB2 receptor reduces the affinity for the BKB2 receptor 

agonists. The wild type affinity of the BKB2 receptor was restored when two residues, 

Tyr^^  ̂ and Ala^^  ̂ were replaced with the corresponding BKB2 receptor amino acids 

Phe^^  ̂ and Thr^^ .̂ The converse experiment where the BKB2 receptor TM-VI was 

substituted into the BKBi receptor prevented high affinity binding of the BKBi receptor 

agonist desArg*\allidin. These results show that TM-VI is directly involved in 

distinguishing between the subtype selective agonists. Recent studies by the same group 

have focused on the role of TM-in exchange between the two kinin receptors (Fathy et 

al, 1997). Their results show that TM-IU contributes to the ability of the receptor to 

discriminate between subtype selective ligands. In particular, the positive charge of the 

lysine residue in position 118 of the BKB2 receptor may repel the C-terminal arginine of 

the BKBi receptor selective ligands.

1.2.5 Knockouts

Targeted disruption of a gene by homologous recombination has become a valuable tool 

in discerning the physiological role of individual genes. However, there are limitations 

with interpreting data from knockout mice due to altered expression of related genes or 

physiologic compensation for the loss of a gene product. Knockout animals were
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recently reported for both BKB2 (Borkowski et al, 1995) and BKBi receptors (Bader et 

a l  ,1997). Elimination of the response to BK in BKB2 receptor knockout mice are 

consistent with a single gene encoding the BKB2 receptor. The absence of the BKB2 

receptor did not affect fertility or produce changes in morphology or litter size ruling out 

an essential role for the BKB2 receptor in reproduction (Borkowski et al, 1995). 

However, one report shows an increase in blood pressure in these animals (Madeddu et 

al, 1997a). Furthermore, the BKB2 receptor knockout mice display a greater 

hypertensive response to chronic sodium uptake compared to control animals suggesting 

a role of kinins in preventing salt-sensitive hypertension (Alfie et al, 1996). Recent 

analysis of these mutant mice demonstrated a role for BKB2 receptors in the regulation 

of sodium secretion in the urine (Alfie et al, 1999).

The BKB] receptor knockout mice have been described quite recently (Bader et al, 

1997). Preliminary data from these mice show that the mean arterial pressure did not 

differ from control mice, ruling out the participation of the BKBi receptor in the control 

of blood pressure under normal conditions. Further analysis of the BK receptors 

knockout models will be useful to evaluate the roles of the receptors in the inflammatory 

response, the cardiovascular system, renal function and reproduction.

1.2.6 Different regulatory profiles

The kinin receptors can also be classified according to their different expression 

patterns. The BKB2 receptor mediates the classic inflammatory actions of kinins in 

normal tissues (Bhoola et al, 1992; Burch et al, 1990; Hall, 1992) and is widely 

distributed throughout mammalian tissues (Hall, 1992; Ma et al, 1994a). However, 

there is evidence for regulation of the BKB2 receptor expression. Studies have shown
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that the receptor can be up-regulated at the transcriptional level by IL-1, cAMP, PDGF 

and interferon gamma (fFN-y) (Schmidlin et ah, 1998; Bathon et ah, 1992; Dixon, 

1994; Dixon et al, 1996; Lung et al, 1998). Conversely, TNF-a has been shown to 

down-regulate BKB2 receptor expression (Sawutz et al, 1992). A recent study by 

Madeddu (1997b) and colleagues demonstrate a sexual dimorphism in BKB2 receptor 

expression. A role for oestrogen in regulating BKB2 receptor expression was further 

shown by analysis of reduced receptor mRNA levels.in ovariectomized rats and 

restoration to normal levels following the addition of oestrogen.

Accumulating evidence indicates that the BKBi receptor is normally absent or expressed 

in very low amounts in normal tissues but is rapidly up-regulated following certain types 

of tissue injury. The large number of in vitro and in vivo systems involving the BKBi 

receptor up-regulation are reviewed in the following two sections.

1.3 BKBi receptor up-regulation in vitro and in vivo

BKBi receptor up-regulation has been characterised in several in vitro and in vivo 

systems representing a variety of cell types and different species. More recent studies 

using molecular techniques have confirmed this receptor up-regulation at the mRNA 

level.

1.3.1 Tissue BKBi receptor up-regulation in vitro

Regoli and colleagues first described a “new type of receptor for BK” through a 

contractile response to BK and desArg^BK that was observed in isolated rabbit aorta
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strips (Regoli et al, 1977). A year later the de novo synthesis of the BKBi receptor was 

reported in the rabbit isolated mesenteric vein (Regoli et al, 1978). Since then a large 

number of in vitro preparations have demonstrated the phenomenon of BKBi receptor 

up-regulation, some of these data are summarised in Table 1.1. The spontaneous 

development of responses to desArg^BK has been well characterised for the rabbit 

cardiovascular system. The rabbit aorta exhibits a contractile response to desArg^BK, 

whereas other rabbit vascular preparations such as mesenteric artery, and carotid artery 

exhibit vasorelaxation when exposed to this compound (Churchill and Ward, 1986; 

Deblois and Marceau, 1987; Pruneau and Belichard, 1993).

Studies in the isolated vessels for other species including bovine, human and rat have 

provided sensitive and reliable preparations for studying both BKBi and BKB% receptors 

(Table 1.1). Other non-vascular smooth muscle preparations including the urinary 

bladder of the rabbit (Butt et al, 1995), rat (Marceau et al, 1980; Roslan et al, 1995) 

and mouse (Busser et al, 1996), the longitudinal muscle of the rat ileum (Meini et al, 

1996), the human colon (Couture et al, 1981) and the rat colonie epithelium (Teather 

and Cuthbert, 1997) show post-isolation up-regulation of the BKBi receptor. In most of 

the tissues examined the BKB2 receptors are co-expressed in the preparation and the 

responses to these receptors remain stable. The rat longitudinal muscle is exceptional in 

this respect expressing only BKBi receptors (Meini et al, 1996).

Up-regulation of the response to BKBi receptor agonists is abolished by pre-treatment 

with protein synthesis inhibitors, such as cylcoheximide, and by the ribonucleic acid 

(RNA) synthesis inhibitor, actinomycin D (Regoli et al, 1978; Deblois and Marceau, 

1987; Bouthillier et al, 1987; De Kimpe et al, 1994; Sardi et al, 1997; Teather and
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Cuthbert, 1997). However, in the rabbit isolated aorta application of the protein 

synthesis inhibitor as a ‘pulse’ enhances the vascular responses to desArg^BK (Deblois 

et al, 1991). One explanation for this is the so-called “super-induction” of the 

corresponding BKB] receptor mRNA under these conditions involving up-regulation 

and/or stabilisation of mRNA (see Chapter 4). Another study shows the preventative 

effect of brefeldin A and tunicamycin on the up-regulation of the BKB] receptor 

mediated responses in the isolated rabbit aorta (Audet et ah, 1994). Brefeldin A inhibits 

the surface expression of newly synthesised protein targeted to the endoplasmic 

reticulum-Golgi pathway of maturation and secretion or expression at the cell surface 

(Helms and Rothman, 1992). Tunicamycin inhibits the first step in the pathway of the 

synthesis of the oligosaccharide portion of asparagine-linked glycoproteins (Elbein, 

1981). These data are consistent with the de novo formation of the BKB] receptor as the 

molecular basis for the spontaneous up-regulation phenomenon.

The rabbit isolated aorta preparation has also been used to examine the effects of 

cytokines and other agents in inducing the responsiveness to desArg^BK. As shown in 

Table 1.1 these include the bacterial products, lipopolysaccharide EPS and muramyl- 

dipeptide (MDP), phorbol myristate acetate (PMA), epidermal growth factor (EGF), 

endothelial cell growth factor, cycloheximide (a pulse exposure), oncostatin M and the 

cytokines, IL-ip and interleukin 2 (IL-2). EGF, unlike the other agents enhances the 

level of response to desArg^BK immediately suggesting a direct effect on the smooth 

muscle cells involving sensitisation of pre-existing receptor that is independent of 

protein synthesis (Deblois et al, 1989). In addition, various glucorticoids have been 

shown to surpress spontaneous, EPS and cytokine mediated responsiveness to 

desArg^BK (Deblois et al, 1988; Deblois et al., 1991). In another model, the bovine
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isolated mesenteric artery, IFN-y increased the contractile response to desArg^BK. 

Deblois and colleagues (1991) proposed a model to explain these diverse effects, with a 

central role for IL-1 in mediating the sensitisation to kinins. IL-1, a key mediator in host 

responses to infection and inflammation (Dinarello, 1984), was observed to be a potent 

stimulator of responses to desArg^BK (Deblois et al, 1988). Moreover, both LPS and 

MDP can promote the synthesis and release of IL-1 from macrophage-like cells 

(Dinarello and Kreueger, 1986; Warren et al, 1986). In addition, IL-1 is produced by 

cultured vascular smooth muscle cells in response to LPS (Libby et al, 1986). Kinins 

have also been shown to stimulate cytokine release from macrophages suggesting a 

complex autocrine interaction between these mediators (Tiffany and Burch, 1989; 

Tsukagoshi et al, 1999). However, EL-1 receptor antagonist (EL-lRa), the naturally 

occurring competitive antagonist of interleukin-1 alpha (EL-la) and EL-1(3, failed to 

inhibit both the spontaneous sensitisation to desArg^BK in isolated aortic tissue and the 

LPS induced hypotensive responses to desArg^BK in live rabbits (Petitclerc et al, 1992, 

Whalley et al, 1993). Although these studies rule out an obligatory role for EL-1, they 

suggest that the BKBi receptor may become an important mediator in pathological 

conditions associated with EL-1.

A recent study has examined the role of the MAP kinases in both the spontaneous and 

cytokine mediated contractile response to desArg^BK in rabbit aortic rings (Larrivee et 

al, 1998). This study showed that there is an increase in MAP kinase activity following 

tissue isolation. In particular, the activity of p38 MAP kinase is approximately 10 to 20 

fold higher in control aortic rings compared to untreated cultured cells. The roles of the 

different kinase pathways in the regulation of expression of the BKBi receptors were 

examined by the use of selective inhibitory compounds. SB203580, an inhibitor of p38
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MAP kinase activity inhibited the spontaneous up-regulation of responsiveness to 

desArg^BK by approximately 75% and the development of the response to IL-1 and 

EGF by approximately 50%. PD98059, a MAP kinase/ ERK kinase-1 (MEK-1)

inhibitor which prevents activation of the downstream ERK MAP kinase pathway, 

inhibited the spontaneous and IE-1(3 mediated up-regulation of responsiveness to 

desArg^BK by approximately 40%, however the drug did not inhibit EGF induced 

responsiveness. The role of the c-Jun-N-terminal kinase/stress activated protein kinase 

(JNK/SAPK) pathway was not examined with inhibitory compounds although its 

activity was found to increase as a result of the isolation procedure and following the 

addition of IL-ip (Larrivee et al, 1998). This study indicates that the MAP kinase 

pathways may mediate the effect of cytokines and tissue injury on BKBi receptor 

expression.
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Table 1.1 In vitro studies of BKBi receptor up-regulation.
Tissue
preparation

Mediator(s) of upregulation Measurent of 
response to 
desArg’BK

Reference

Vascular
R abbit aorta Tim e (3-6 hours), IL - ip  (3-6 

hours), onconostatin M  (3-6 
hours), M D P (6 hours), 
cyclohexim ide (pulse 
exposure), IL-2 (3-6 hours), 
LPS (6 hours), PM A  (3-6 
hours), EG F

Contraction Regoli et a l, 1977 
Bouthillier er a/., 1987 
D eblois et a l, 1988, 1989, 
1991
Audet et a l, 1994 
Levesque et a l, 1995 
Larrivee et a l, 1998

R abbit carotid 
artery

Tim e (5 hours) Relaxation Pruneau and Belichard, 1993

Hum an coronary 
artery

Time (3-9 hours) Relaxation Drum m ond and Cocks 
1995b

Bovine coronary 
artery

Time (3-6 hours) Relaxation D rum m onds and Cocks 
1995a

R abbit mesenteric 
artery

Time (5.5 hours) Relaxation D eblois and M arceau, 1987

Bovine
m esenteric artery

fFN-y (20 hours) Contraction De K im pe et a l, 1994

Rabbit mesenteric 
vein

Time (6 hours) Contraction Regoli et a l, 1978

Human umbilical 
vein

Tim e (4-6 hours) Contraction Gobeil et a l, 1996 
Sardi et a l, 1997

Rat portal vein 
Non-vascular

Time (4.5 hours) Contraction Cam pos and Calixto, 1994

R at stomach Time (3-4 hours) Contraction Allogho er a/., 1995

Rat colon 
epithelium

Time (3 hours) Electrogenic
chloride
secretion

Teather and Cuthbert 1997

R at ileum Time (5 hours) Contraction M eini et al, 1996

Hum an ileum Time (overnight) Contraction Zuzack et a l, 1996

Rat bladder Time (4, 20 hours) Contraction M arceau et al,
1980; Roslan et a l, 1995

R abbit bladder Time (3 hours) Contraction B utt et a l, 1995

M ouse bladder Tim e and 
LPS(3-5 hours)

Contraction Busser et a l, 1998

M ouse SCG 11-ip  or IL-8 (18 hours) Depolarisation Seabrook er a/., 1995, 1997.

This table is not a com plete list o f all the 
examples from different species and tissues.

in vitro tissues examined but rather are representative
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Table 1.2 In vivo studies of BKBi receptor up-regulation.
Species Pretreatment Measurement of 

up-regulation
Reference

Inflammation
Rat s.c. injection o f BC G  (75 days), or 

i.pl. injection o f BK (7 days), or i.v. 
injection o f LPS (24 hours)

Paw oedem a Campos era /., 1995, 
1996,1997; Cam pos and 
Calixto, 1995

Rat Antigen induced chronic arthritis Knee plasm a 
extravasation

C ru w y sera /., 1994

Rabbit Antigen induced arthritis Contraction o f aorta Farm er er a/., 1991

Rat Allergen induced bronchial 
hyperresponsiveness

Bronchial 
responsiveness. 
Northern blot 
analysis

Huang et a/., 1999

Human Gastritis

Hyperalgesia and pain

Im m unolabelling of 
stomach

Bhoola et a/., 1997

Rat N G F induced hyperalgesia ( 1 day), 
or ultraviolet irradiation induced 
thermal hyperalgesia (24 hours), or 
Freuds adjuvant induced 
hyperalgesia (3 days), or i.a injection 
o f IL-1 P, IL-2 or IL-8, substance P 
or capsaicin.or i.pl injection o f IL-1 P 
(48 hours)

Thermal and/or
m echanical
hyperalgesia

R ueff et al, 1996; Perkins 
and Kelly, 1993; Perkins 
et al, 1993a; Davis and 
Perkins, 1994a,b; Davis 
and Perkins, 1996

Rat i.cv. injection o f LPS (24 hours) 
Cardiovascular

Febrile response Coelho et a l, 1997

Rat i.v. injection o f LPS (24 hours) H ypotension Tokum asu er n/., 1995; 
N icolau et a/., 1996

Rabbit i.v. injection o f LPS (5 and 20 
hours), or i.v. injection o f IL-1 P, or 
i.v. injection o f cycloheximide, M DP 
or PM A  (5 hours)

Hypotension Regoli e ta /., 1981, 
M arceau era /., 1984; 
Bouthillier e ra /., 1987, 
D eblois er a/., 1989, 
1991, Nwator and 
W halley, 1989, Drapeau 
et al, 1991, A udet et a l, 
1997

Pig i.v. infusion o f E.coli Hypotension Siebeck er a/., 1989, 
1996,1997

Pig Intravesical infusion o f LPS (8 hrs) 
and sick pigs

Nephrology

A utoradiographic 
visualisation of 
[^H ]desA rg '\a llidn  
o f arterial vessels

Schrem m er-Danninger et 
al, 1996

Human renal carcinoma In situ hybridisation 
o f kidney

W ang er a/., 1996

Rat i.pl. injection o f LPS (18 hrs) RT-PCR, [C a^li o f 
nephron fragments

M arin-Castano et al, 
1998

This table does not include all o f the in vivo studies but rather are representative examples o f the 
inducible role o f BKBi receptors in different models o f pathophysiology. s.c.= subcutaneous, i.pl.= 
intraplantar, i.v.= intravenous, i.a.= intraarticular, i.cv.= intracerebroventricular.
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1.3.2 BKBi receptor up-regulation in vivo

The up-regulation of BKBi receptors in vivo is now supported by a number of models as 

shown in Table 1.2, the best characterised being the rabbit cardiovascular model. 

Rabbits injected with a sub-lethal dose of bacterial LPS exhibit a hypotensive response 

to desArg^BK (Regoli et al, 1981). In contrast, control animals do not respond to 

desArg^BK. The studies carried out on this model reiterate a number of important 

observations. Firstly, LPS pre-treatment does not alter the basal blood pressure or 

hypotensive response to BK. Secondly, LPS administered directly before anaesthesia 

does not induce the responsiveness to desArg^BK indicating a time dependent increase 

necessary for protein synthesis. Thirdly, ex vivo tissues (for example strips of large 

arteries and veins) removed from these rabbits exhibit very early contractile responses 

suggesting that the response was acquired in vivo before sacrifice. In addition, 

desArg^BK is a vasodilator of coronary arteries only in hearts removed from LPS- 

treated rabbits (Regoli et al, 1981). More recently, the mechanisms by which BKBi 

receptor agonists elicit hypotension in LPS-treated rabbits have been studied with the 

metabolically protected BKBi receptor agonist, Sar[D-Phe^]desArg^BK (Drapeau et al, 

1991; Audet et al, 1997). Injection of LPS has also been shown to elicit a hypotensive 

response in other species, including pig (Siebeck et al, 1989) and rat (Tokumasu et al, 

1995; Nicolau et al, 1996).

IL-1, MDP, PMA and pulse exposure to cycloheximide can all substitute for LPS to 

induce a state of responsiveness to desArg^BK (Bouthillier et al, 1987; Deblois et al, 

1991). In contrast to the observations made in vitro, dexamethasone does not modify 

the inductive effect produced in vivo by LPS, however, the reason for this remains 

unclear (Deblois et al, 1988, 1989; Nwator and Whalley, 1989). In addition.
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experimental neutropenia does not alter the responsiveness to desArg^BK suggesting 

that neutrophils are not involved in the sensitisation process (Bouthillier et al, 1987). A 

number of toxic treatments failed to induce a hypotensive response to desArg^BK 

demonstrating that the response is highly selective and unrelated to the severity of the 

treatment (Bouthillier gr a/., 1987; Marceau a/., 1984).

Molecular evidence for an increase in BKBi receptors has been shown by receptor 

autoradiography using [^H]desArg^\allidin (Schremmer-Danninger et al, 1996). This 

study showed an increase in binding in the muscle layer of thoracic aorta and pulmonary 

arteries of both LPS-treated and naturally sick pigs. The de novo synthesis of BKBi 

receptors is further substantiated by a parallel increase in BKBi receptor mRNA levels. 

Northern blot analysis of BKBi receptor mRNA levels from aortic smooth muscle 

isolated from rabbits with and without LPS treatment shows an increase in BKBi 

receptor mRNA from LPS-treated rabbits (Marceau et al, 1997a). Increases in BKBi 

receptor mRNA levels following LPS treatment have been shown more recently by 

using reverse transcription polymerase chain reaction (RT-PCR) in the mouse and rat 

(Pesquero et al, 1996; Ni et al, 1998b; Marin-Castano et al, 1998) and by Northern bot 

analysis in the rat (Jones et al, 1999, this study). These studies revealed an increase in 

BKBi receptor transcripts in a number of isolated organs following LPS treatment 

(discussed in more detail in Chapter 3).

Other models of inflammation and tissue injury have been developed which demonstrate 

an increase in the response to BKBi receptor agonists compared to control conditions 

(Table 1.2). A role for BKB] receptor in mechanisms of inflammatory hyperalgesia is 

well established in rodents (Correa and Calixto, 1993; Davis and Perkins, 1994a,b;
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Perkins et al., 1993a; Shibata et al, 1989). Studies by Davis and Perkins (1994a) have 

shown that the cytokines IL-1 (3, IL-2 and interleukin-8 (IL-8) can induce mechanical 

hyperalgesia when injected into the rat knee joint whereas interleukin-6 (IL-6) and TNF- 

a  were without effect. The cytokine-mediated hyperalgesia was antagonised in the 

presence of [Leu^jdesArg^BK. Furthermore, this study has shown that IL-1 and products 

of the cyclo-oxygenase (COX) pathway play a central role in the induction of the BKBi 

receptor mediated hyperalgesia. Nerve growth factor (NGF)-induced hyperalgesia can 

also be antagonised in the presence of [Leu^jdesArg^BK (Rueff et al, 1996).

The in vivo and the in vitro studies demonstrate up-regulation of the BKBi receptor in 

response to mediators via an increase in gene expression and subsequent protein 

synthesis. A number of inflammatory mediators which induce BKBi receptor up- 

regulation may also amplify and induce the synthesis of each other, thereby adding a 

further level of complexity in these systems. In addition desArg^BK itself is a potent 

stimulator of IL-1 release from macrophages (Tiffany and Burch, 1989). These 

mediators may also have additional effects on the BKBi receptor agonist responses that 

act on a downstream event from the receptor, such as prostaglandin synthesis (Galizzi et 

al, 1994).

Up-regulation of the BKBi receptor from a low or undetectable level of expression is 

well established. In contrast, several reports from in vivo and in vitro pharmacological 

studies suggest that BKBi receptors may be involved in the renal and cardiovascular 

system in normal dogs (Staszewska-Wooley et al, 1991; Lortie et al, 1992; Nakhostine 

et al, 1993; Belichard et al, 1996). Evidence from immediate contractile responses in
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isolated mouse stomach and rat duodenum also suggest the existence of constitutive 

BKBi receptors (Feres et al, 1992; Allogho et al, 1995).

1.3.3 BKBi receptor up-regulation in cultured cell lines

Cellular models retaining the characteristics of the BKBi receptor up-regulation have 

recently been reported. These models have been utilised to study the receptor mRNA 

and protein up-regulation and receptor-mediated activation of signalling pathways in 

response to agonists. Radioligand binding studies have shown an increase in BKBi 

receptors over several hours following the addition of LPS, EL-ip or EGF to cultured 

rabbit aorta smooth muscle cells and mesenteric artery smooth muscle cells without 

affecting the ligand affinity (Galizzi et al, 1994; Schneck et al, 1994; Levesque et al, 

1995b). Furthermore, a correlative increase in phosphoinositide turnover in response to 

a BKB] receptor agonist has been demonstrated following the addition of IL-1 P or EGF 

to these cells (Levesque et al, 1993; Schneck et al, 1994). A high level of BKB] 

receptors in these cells under basal conditions is shown, however this may be due to the 

cell culture environment. Indeed, recent studies by Ni and co-workers (I998a,b) 

examined the effects of mediators on BKB] receptor gene expression in serum-free 

medium to eliminate the inducing effects of serum. Expression of BKBi receptors has 

also been demonstrated in the human fibroblast cell lines, WI38 and IMR-90 by 

radioligand binding of [^H]desArg^\allidin (Menke et al, 1994; Phagoo et al, 1997, 

1999; Yang et al, 1998a, Schanstra et al, 1998, Bastian et al, 1998). Treatment of 

IMR-90 cells with IL-Ip or IL-8 was found to increase the BKBi receptor density 

(Menke et al, 1994, Bastian et al, 1998; Zhou et al, 1998). Similarly, IL-Ip and the 

kinins, BK, desArg^BK and desArg^\allidin increased radioligand binding in WI38
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cells (Phagoo et al, 1997, 1999). EL-8 induced BKB] receptor expression was abolished 

by pre-treatment with metabolic inhibitors consistent with the results from the in vitro 

studies described in Section 1.3.1 (Bastian et al, 1998). The concentration of human 

BKB] receptor in IMR-90 cells has also been evaluated by Western blot analysis 

(Schanstra et al, 1998). This study showed an increase in a 40 kD band corresponding 

to the predicted size of the BKBi receptor following the addition of IL-1 (3 or the BKBi 

receptor agonist, desArg^\allidin.

Molecular analysis reveals that an increase in BKBi receptor mRNA levels precedes the 

increase in protein expression. EGF treatment of rabbit aortic cultured smooth muscle 

cells increases BKBi receptor mRNA levels 1.7 fold (Larrivee et al, 1998). Other 

studies have shown IL-ip, IL-8, BK, desArg^BK and desArg^^kallidin increase BKBi 

receptor mRNA levels in human lung fibroblasts (Bachvarov et al, 1996; Zhou et al, 

1998; Schanstra et al, 1998; Bastian et al, 1998; Phagoo et al, 1997, 1999). The 

involvement of IL-1 Pin the IL-8 and BK induced increase in BKB] receptor mRNA 

was demonstrated by inhibition of the up-regulation in the presence of EL-lRa (Bastian 

et al, 1998; Phagoo et al, 1999). Recently, increased BKB] receptor mRNA levels 

have been reported in a number of rodent cell lines. RT-PCR analysis shows an 

increase in BKB] receptor mRNA levels following the addition of LPS, IL-ip, TNF-a 

and cycloheximide in rat aortic vascular smooth muscle cells (VSMCs) and following 

the addition of LPS in the rat smooth muscle cell line, AlO (Ni et al, 1998a, b). In 

addition, real time quantitative RT-PCR reveals a 100-1000 fold increase in BKB] 

receptor mRNA levels following the addition of EL-Ip in MEE-S murine alveolar 

macrophage cells (Tsukagoshi et al, 1999).
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These findings confirm the cytokine and LPS driven up-regulation of BKBi receptor 

mRNA and protein. The mechanism and kinetics of activation of BKBi receptor 

inducing agents is an area which requires further investigation.

1.4 Pathophysiological relevance of BKBi receptor up- 

regulatlon

The previous sections show that the BKBi receptors can be induced by a variety of 

conditions and may exert an important role in certain pathological states. The following 

sections describe the evidence for a role of BKBi receptors in both experimental and 

naturally occurring pathophysiological states. Of particular interest are the potential 

therapeutic effects of BKBi receptors antagonists in conditions of prolonged 

inflammation and hyperalgesia. Indeed, the inducible nature of the BKBi receptor at the 

site of injury has made this an attractive target for drug development. To this end, stable 

non-peptide BKBi receptor antagonists would be useful to fully delineate the potential 

physiological roles of these receptors in vivo.

1.4.1 Inflammation

BK plays a major role in the inflammatory process. This was first demonstrated in 1960 

when the administration of synthetic BK to animal tissues reproduced the classical signs 

of inflammation: redness, swelling, heat and pain (Elliot et al, 1960). The availability 

of the metabolically stable BKBi receptor antagonist Hoe 140, has revealed that 

antagonism of the BKBi receptor can reduce the oedema seen after a wide variety of
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inflammatory insults. Hoe 140 inhibited the carrageenin-induced inflammatory oedema 

in the rat paw (Wirth et al, 1992) and formalin-induced oedema in the mouse paw 

(Correa and Calixto, 1993). These studies suggest that BK contributes to the formation 

and maintenance of inflammation. Indeed, the levels of both BK and desArg^BK are 

increased in inflammatory conditions (Steranka et al, 1987; Hargreaves et al, 1988; 

Damas et al, 1990; Burch and DeHaas, 1990; Decarie et al, 1996).

Intraplantar administration of desArg^BK in normal rats exhibits very little or no 

oedema producing activity (Campos and Calixto, 1995; Campos et al, 1996; Campos et 

al, 1997). In contrast, a dominant role for the BKBi receptor following a pathological 

insult is supported by several studies. DesArg^BK was shown to elicit oedema 

formation in rats following a 24 hour pre-treatment with LPS or following long term 

systemic treatment with Myobacterium bovis bacillus Calmette-Guerin (BCG) (Campos 

et al, 1996; Campos et al, 1997). An increase in oedema formation was observed 

following multiple injections of BK in the rat paw (Campos and Calixto, 1995; Campos 

et al, 1995). The BKBi receptor mediated oedema formation following the addition of 

LPS, BCG or BK are sensitive to dexamethasone and indomethacin (Campos et al, 

1995; Campos and Calixto, 1995; Campos et al, 1996; Campos et al, 1997). These 

data suggest the involvement of cytokine mediated mechanisms with a requirement of 

COX products in BKBi receptor activation. A constitutive BKBi receptor mediated 

inflammatory response has been observed in a murine model of pleurisy that was not 

changed following LPS treatment (Vianna and Calixto, 1998). Despite this, evidence 

from a number of inflammatory studies in various immunopathological models show an 

up-regulation of the BKBi receptor-mediated responses (Table 1.2). A study by Cruwys 

and colleagues (1994) examined the relative actions of BKBi and BKB% receptor
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agonists and antagonists on plasma extravasation during the course of antigen-induced 

chronic arthritis in the affected joint. The majority of responses to BK in normal and 

acutely inflamed joints are mediated by BKB2 receptors, whereas a functional role for 

BKBi receptors is evident in the chronic phases of the disease. Furthermore, aortas 

isolated from rabbits treated with Freunds complete adjuvant to induce arthritis 

responded to desArg^BK immediately whereas in controls this response was time- 

dependent (Farmer et al, 1991). These findings parallel in vivo studies with LPS 

described in section 1.3.2. More recently molecular approaches have confirmed the up- 

regulation of BKBi receptors in inflammation. Immunolabelling of kinin receptors, 

using BKBi receptor antibodies, in humans with gastritis has shown an induction of the 

BKBi receptor, with a decrease in the immunolocalisation of the BKB2 receptor (Bhoola 

et ai, 1997). Contribution of the kinin receptors in a rat model of allergen-induced 

bronchial hyperresponsiveness has been examined by pharmacological and molecular 

approaches (Huang et ai, 1999). This study showed that the BKBi receptor antagonist, 

des Arĝ ® [Hoe 140], dose-dependently inhibited the allergen-induced bronchial 

hyperresponsiveness to acetylcholine. Complementary Northern blot analysis showed an 

increase in BKBi receptor mRNA levels after allergen exposure in sensitised lungs, 

while BKB2 receptor mRNA levels remained unchanged (Huang et al., 1999). In vitro 

and in vivo studies have demonstrated a role for inflammatory mediators, in particular 

IL-1, in the induction of BKBi receptors (described in section 1.3.), therefore the 

components required for expression and activation of the BKBi receptor are present 

within these models. Although it has been postulated that the up-regulation of the BKB] 

receptors is secondary to cytokine release, the mechanism of induction has not been 

completely defined.
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Evidence also supports a role for BKB] receptor activation in the cellular component of 

the inflammatory response. Neutrophil polymorphs are the first of the blood leukocytes 

to enter the area of the inflammatory reaction attracted by a variety of substances, 

termed chemotaxins. BK was shown to cause increased vascular leakage by inducing 

the release of neutrophil elastase following activation of both BKBi and BKB2 receptors 

(Carl et al, 1996). BKBi receptors are also involved in the polymorphonuclear 

leukocyte accumulation induced by IL-lp in vivo in the mouse (Ahluwalia and Perretti,

1996). Ahluwalia and Perretti (1996) examined the leukocyte accumulation in IL-1|3- 

treated air pouches and showed that induction of BKBi receptors in response to IL-ip 

act as mediators to release neuropeptides, substance P and calcitonin gene related 

peptide (CGRP), from nerve endings, which in turn stimulate the chemotactic response. 

The desArg^BK mediated response in a mouse model of pleurisy also involves the 

activation of sensory neurones with the concomitant release of neuropeptides (Vianna 

and Calixto, 1998). Whether the BKBi receptor is present on the sensory nerve itself or 

on a non-neuronal cell, which could activate the nerve endings, is controversial and will 

be discussed in more detail in the following section.

1.4.2 Hyperalgesia and pain

BK is a potent pain producing substance, as demonstrated following application to a 

blister base in humans (Whalley et al, 1987). Thus, BK has powerful excitatory and 

sensitising actions on sensory neurones (Dray et al, 1988; Rang et ai, 1991). Studies 

using specific antagonists suggest that BK acts via the BKB2 receptor to cause pain 

(Steranka et ai, 1987, 1988; Haley et al, 1989; Dray et al, 1992; Heapy et al, 1993). 

Furthermore, BKB2 receptors have been localised on sensory nerve terminals and small 

cells in the dorsal root ganglia (DRG) by autoradiography with [^H]BK (Steranka et ai,
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1988). The mechanism by which BK activates sensory neurones remains unclear 

although sensitivity to indomethacin suggests that the effects are mediated via 

prostanoid production (Weinreich, 1986; Weinreich and Wonderlin, 1987).

In most cases the BKBi receptor agonist, desArg^BK was ineffective in these studies. 

One exception is in the acute nociceptive response to formalin, where both phases of the 

pain response were inhibited by [Leu^JdesArg^BK (Shibata et al, 1989). However, an 

increasing amount of evidence shows a role for the BKBi receptor in mechanisms of 

prolonged inflammatory hyperalgesia (Perkins et al, 1993a; Perkins and Kelly, 1993; 

Dray and Perkins, 1993; Davis and Perkins, 1994a,b; Sufka and Roach, 1996; Rupniak 

et al, 1997). Perkins and co-workers (1993) were the first to demonstrate the role of 

BKB] receptors in two models of persistent hyperalgesia: persistent inflammatory 

hyperalgesia was produced by exposing the rat hind paw to ultraviolet irradiation or by 

injecting Freund’s adjuvant into the rat knee joint. In these studies the BKBi receptor 

antagonist [Leu^jdesArg^BK reversed the hyperalgesia whereas the BKB2 receptor 

antagonist, HOE 140, was ineffective or only weakly active. In addition, application of 

desArg^BK increased the hyperalgesia in both models. These findings led to the 

proposal that the BKB2 receptors may have a more significant role in the earlier stages 

of inflammatory pain, whereas the BKBi receptor becomes more important in the 

development and maintenance of chronic inflammatory hyperalgesia. Consistent with 

this proposal are experiments using a place preference behavioural paradigm experiment 

with normal and adjuvant inflamed rats (Sufka and Roach, 1996). These data show that 

[Leu^jdesArg^BK but not HOB 140 produced negatively reinforcing effects (i.e. 

analgesia) but not positively reinforcing effects (i.e. abuse potential). Recently, it was 

demonstrated that in LL-lp pre-treated rat knee joints, desArg^BK causes analgesia
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when administered at low doses (50 pmol) (Davis and Perkins, 1997). This effect was 

blocked by naloxone showing that the effect was mediated through the release of 

peripheral opioids. Recent experiments have examined the role of BKBi receptors in 

the hyperalgesia induced by different chemical mediators. The cytokines, IL-lp, lL-2, 

IL-8, NGF, substance P, capsaicin and repeated application of BK all produced 

inflammatory hyperalgesia which was attenuated by the presence of [Leu^]desArg^BK in 

models of mechanical or thermal hyperalgesia (Davis and Perkins, 1994b; Perkins and 

Kelly, 1994; Rueff et al, 1996; Davis and Perkins, 1996; Tonussi and Ferreira, 1997). 

Expression of the BKBi receptors was not involved in the TNF-a induced mechanical 

hyperalgesia (Perkins and Kelly, 1994). This is in accord with the in vitro and in vivo 

studies described in section 1.3.1 and 1.3.2 where TNF-a did not increase BKBi 

receptor expression (Deblois et ah, 1988, 1991). Administration of IL-lRa blocked the 

hyperalgesia induced by IL-ip, IL-2, IL-8, substance P or capsaicin, suggesting the 

involvement of IL-1 in the hyperalgesia induced by these cytokines (Davis and Perkins, 

1994b; 1996). Furthermore, the development of hyperalgesia to IL-ip was abolished 

following co-administration with indomethacin showing the requirement of COX 

products (Davis and Perkins, 1994b). Thus, cytokines and prostaglandins are implicated 

in BKBi receptor mediated inflammation and hyperalgesia. Furthermore, in vitro 

studies have shown that IL-ip potentiates BKB] receptor mediated prostanoid release 

from fibroblasts and vascular smooth muscle cells (Lemer and Modeer, 1991; Galizzi et 

al, 1994). These data has led to the proposal that endogenous up-regulation of BKB] 

receptors by the cytokines causes the production of prostaglandins which in turn could 

result in hyperalgesia (Davis and Perkins 1994b).
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Although these studies show that in inflammatory conditions there is an induction of 

BKBi receptor mediated-hyperalgesia they do not address the cellular location of the 

BKBi receptors that mediate the hyperalgesia. BKB] receptors are not involved in acute 

nociceptor activation (Dray et al, 1992). A number of complementary experiments 

carried out in a study by Davis and colleagues (1996) did not locate the BKBi receptor 

on the sensory neurones suggesting that the receptor may be expressed by other cells 

that release mediators which sensitise or directly activate the sensory nociceptors. 

However, desArg^BK mediated inflammatory hyperalgesia is absent following 

sympathectomy (Khasar et al, 1995). Khasar et ai, (1995) suggest that the presence of 

BKBi receptors on sympathetic post-ganglionic neurones which are functionally 

activated by cytokines. Other studies show that BKBi receptors can be induced in 

sympathetic neurones following treatment with IL-lp and the kininase II inhibitor, 

captopril (Seabrook et al, 1995), although this was not observed following treatment 

with LPS (Babbedge et al, 1995). Further molecular studies have shown the presence 

of BKBi receptor mRNA in both superior cervical ganglia (SCO) and DRG neurones, 

although this did not correlate with a functional response in the DRG’s (Seabrook et al,

1997). Inhibition of gold-labelled BK binding by a number of peptides showed that 

cultured rat DRG’s could acquire BKBi receptor binding sites (Von Banchet et al, 

1996). In addition, immunolabelling of human brain sections using BKBi receptor 

antibodies, localised BKB] receptors on neurones of the thalamus, spinal cord and 

hypothalamus (Raidoo and Bhoola, 1997). Therefore, a subpopulation of neuronal cells 

could express BKB] receptors.

A central involvement for kinin receptors in the endotoxin induced febrile response has 

been examined by intracerebroventricular injection of specific kinin receptor antagonists
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and measurement of the change in rat core temperature (Coehlo et al, 1997). Central 

BKB2 receptors were activated during the initial stages of the response followed by 

down-regulation or desensitisation and induction of BKBi receptors in the late phase of 

the response. Walker and colleagues (1996) also demonstrated involvement of central 

BKB2 receptors in endotoxin induced fever but in contrast found no effect of the BKBi 

receptor antagonist. Differences in the dosing regime, routes of administration of LPS, 

or time of administration of the BKBi receptor antagonist between the two studies may 

explain these discrepancies.

1.4.3 Others (Cardiovascular system and nephrology)

1.4.3.1 Cardiovascular system

A role for up-regulated BKBi receptors in vivo in the circulation has been supported by 

a cardiovascular model in the rabbit (Table 1.2). In this model animals injected with a 

sub-lethal dose of bacterial LPS exhibit a dose-related hypotensive response to 

desArg^BK 5 hours later (Regoli et al., 1981). This hypotensive response following 

LPS treatment has also been demonstrated in the rat (Tokumasu et ai, 1995; Nicolau et 

al., 1996) and in the pig (Siebeck et al, 1989, 1996, 1997). The mechanism of 

hypotension has been investigated using the metabolically protected agonist Sar[D- 

Phe^jdesArg^BK (Drapeau et al, 1991; Audet et al, 1997). The immediate decrease in 

mean arterial blood pressure is thought to result from peripheral vasodilation, with a 

reduction in cardiac output contributing to the maintenance of hypotension. The 

prolonged hypotension following the administration of Sar[D-Phe^]desArg^BK is due in 

part to prostaglandin release and to the slow rate of elimination of the agonist. The
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presence of constitutive BKBi receptors in the dog, as described in section 1.4.2 

mediates the vasodepressor effects to desArg^BK (Nakhostine et al, 1993).

Siebeck and co-workers (1996, 1997) have addressed the role of kinins in septic shock 

induced by injecting large doses of LPS into the pig. The use of BKB2 receptor 

antagonists have been effective in increasing the survival of rats and pigs in response to 

endotoxic shock (Whalley et al, 1992; Siebeck et al, 1996). Intriguingly, this effect 

was reversed when a BKBi receptor antagonist was given simultaneously indicating a 

protective mechanism for BKBi receptors under these conditions (Siebeck et al, 1996). 

A protective role for the BKBi receptor has also been implicated in models of ischaemia 

in the heart (Bouchard et al, 1998; Chahine et al, 1993; Foucart et al, 1997). As 

reported in section 1.3.3, stimulation of the BKBi receptors can result in mitogenesis. 

This effect may be significant in angiogenesis and angioplasty where up-regulation of 

the BKBi receptors has been demonstrated (Hu and Fan, 1993; Pruneau et al, 1994). 

Indeed, the BKBi receptor antagonist, [Leu^]desArg^BK has been shown to block the 

angiogenic response in rats (Hu and Fan, 1993).

1.4.3.2 Nephrology

Activation of the renal kallikrein-kinin system results in diuresis (increased secretion of 

urine from the kidneys), natriuresis (secretion of sodium in the urine), and increased 

renal blood flow (Majima and Katori, 1995). These effects play a protective role in the 

development of hypertension. This finding was confirmed by analysis in BKB2 receptor 

knockout mice which exhibit an increased salt sensitive hypertensive response 

compared to normal mice (Alfie et al, 1996). Recently, the role of BKB2 receptors in 

natriuresis was shown using BKB2 receptor knockout mice (Alfie et al, 1999). An
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enhanced effect of arginine vasopressin (AVP) in knockout mice compared to controls 

suggests that endogenous kinins acting through BKB2 receptors oppose the anti diuretic 

effect of A VP in vivo.

The natriuretic effect of BK in normal dogs appears to be mediated by BKBi receptors 

(Lortie et ai, 1992). However, this role for BKBi receptors may be isolated to this 

species since they are exceptional in the expression of constitutive renal BKBi receptors 

(see Section 1.3.2). Examination of BKBi receptors in the human kidney by in situ 

hybridisation has shown an increase in BKBi receptor mRNA in human malignant 

kidney cells (Wang et al, 1996). More recently up-regulation of BKBi receptors in the 

rat kidney following the addition of endotoxin has been demonstrated using RT-PCR 

analysis (Marin-Castano et al., 1998). These studies suggest that under conditions of 

renal diseases, the effects of kinins may be mediated through BKBi receptors. 

Furthermore, an altered frequency of a BKBi receptor gene polymorphism was found in 

patients with a history of end stage renal failure (Bachvarov et al, 1998a).

ACE inhibitors also show beneficial therapeutic effects in patients with high blood 

pressure, cardiac hypertrophy, congestive heart failure and diabetic nephropathy 

(Marceau et ai, 1997b). Pharmacological ACE inhibition by intravenous injection of 

enalapril or captopril in rabbits has been shown to increase the responsiveness to 

desArg^BK (Nwator and Whalley, 1989), although other studies were unable to 

reproduce this effect (Deblois et ai, 1991; Marceau et ai, 1997b). Nevertheless, some 

of the beneficial and side effects of ACE inhibitors are thought to be derived from the 

effect of these drugs in preventing kinin inactivation (Linz et ai, 1995; Marceau, 

1997b).
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1.5 Regulation of the BKBi receptor gene

Prior to the studies in this thesis, the mechanisms of up-regulation of the BKBi receptor 

gene were unknown. In the last few years however, several studies have characterised 

the transcriptional and post-transcriptional effects of the human BKBi receptor gene 

following the addition of inducing agents. The rat BKBi receptor 5’ regulatory region 

and promoter has recently been reported and will be discussed in Chapter 5 (Ni et al, 

1998b; and this thesis). The conflicting results of analysis of the human BKBi receptor 

gene regulation will be described in the following sections.

1.5.1 Transcriptional regulation of the human BKBi receptor gene

The human BKBi receptor genomic structure comprises three exons spanning 

approximately 10 kilobases (kb) (Bachvarov et al, 1996; Yang and Polgar, 1996). The 

entire ORF and 3’ untranslated region (UTR) are located on exon 3. The 5’ UTR is 

located on all three exons separated by introns of 6-7 kb and 0.9 kb. Sequence analysis 

of the 5’ flanking region reveals the presence of a consensus TATA box along with 

numerous putative transcription factor binding sites.

The 5’ flanking region and intronic sequences have been examined for regulatory 

activity by synthesis of reporter genes constructs. Some of these constructs are shown in 

Figure 1.3. Transient transfection of the constructs has been carried out in the human 

cell lines, lMR-90, simian virus 40 (SV40) transformed lMR-90, HEK-293 and HepG2 

(Yang and Polgar, 1996; Chai et al, 1996; Ni et al, 1998a; Yang et al, 1998a; 

Schanstra et al, 1998; Marceau et al, 1998), the rat cell cultures, VSMCs, rat-1 (Ni et 

al, 1998a; Yang et al, 1998a), bovine arterial endothelial cells (BABCs) (Ni et al.
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1998a) and the monkey cell line, COS (Yang et al, 1998a). IMR-90 cells and rat 

VSMCs show an increase in BKBi receptor mRNA levels following the addition of 

inducing agents (Bachvarov et al, 1996; Zhou et al, 1998; Schanstra et al, 1998; Ni et 

al, 1998a). Zhou et al, (1998) report that this increase corresponds to an 8 fold 

induction of BKBi receptor mRNA levels. In contrast IL-ip failed to induce BKBi 

receptor expression in HepG2 cells (Ni et al, 1998a). BKBi receptor mRNA levels in 

HEK-293 cells, rat-1 cells, BAECs and COS cells have not been determined.

Regulatory activity of the intronic sequences show that a 917 bp fragment (fragment 1 in 

Figure 1.3), from intron 1 has no activity (Yang and Polgar, 1996), whereas fragments 

of 872 bp and 1900 bp (fragments 2 and 3, Figure 1.3) spanning intron 2 will drive 

reporter gene expression (Yang and Polgar, 1996; Chai et al, 1996; Ni et al, 1998a). 

These constructs did not confer inducibility of the reporter gene following the addition 

of IL-1 P (Ni et al, 1998a). In addition, fragment 2 exhibited one tenth of the activity of 

a construct spanning the 5’ flanking region (fragment 4, Figure 1.3) (Yang and Polgar, 

1996). Similarly, fragment 3 exhibited one seventh of the activity of a 2600 kb 

fragment spanning the 5’ flanking region (fragment 5, Figure 1.3) (Ni et al, 1998a). 

However in the non-inducible cell line, HepG2, fragment 3 exhibited approximately 8 

fold more activity than fragment 5 (Ni et al, 1998a). These results suggest that a 

sequence within intron 2 may function as an alternative promoter, possibly functional in 

basal conditions.

The most abundant transcription is driven by the 5’ region flanking exon 1. Analysis of 

fragments spanning this region also exhibit cell type-specificity, having greater 

regulatory activity in BKB, receptor expressing cell lines (Yang et al, 1998a). Detailed
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analysis of the 5’ flanking region by Yang and co-workers (1998a) has revealed the 

presence of positive and negative regulatory elements and a cell type-specific enhancer. 

The enhancer region is located -548 bp to -448 bp relative to the transcription initiation 

site (TIS) with NF-l-like and AP I sites crucial for activation. Assessment of the 

inducibility of a 1800 bp fragment (fragment 6, Figure 1.3) in SV40 transformed IMR- 

90 cells showed no significant increase in the presence of LPS, TNF-a or PMA, 

however, a two fold activity was observed on the addition of BK. Furthermore, a 4200 

bp fragment spanning the 5’ flanking region was reportedly not importantly modulated 

by IL-1 or dexamethasone in IMR-90 cells (Marceau et al., 1998). The basal levels of 

expression of BKBi receptors in these cell lines may be one explanation for the lack of 

significant induction following the addition of inducing agents. Accordingly, Marceau 

and colleagues (1998) reported a doubling of reporter gene expression in HEK-293 cells 

when co-transfected with the human EL-1 receptor type I gene. In contrast, a recent 

study shows that a 1300 bp 5’ flanking fragment (fragment 7, Figure 1.3) up-regulates 

the reporter gene by approximately 5 fold following the addition of IL-ip and 

desArg’\a llid in  in IMR-90 cells (Schanstra et al, 1998). The reason for these 

discrepancies is unclear. Schanstra and co-workers (1998) identified a nuclear factor- 

kappaB (NF-KB)-like site located approximately -1200 bp relative to the TIS that 

confers EL-Ip and desArg'\allidin inducibility of the reporter gene. NF-kB is a 

transcription factor involved in the regulation of a large number of genes involved in the 

immune and inflammatory response (Baldwin, 1996). Activation of NF-KB is discussed 

in more detail in section 1.6. Another study also reports the involvement of NF-kB in 

the inducible response of the human BKB] receptor gene to LPS in rat VSMCs (Ni et 

al, 1998a). However, this study identifies a separate NF-KB-like element at position
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-73 to -50 bp responsible for LPS-induction. Differences in the cell lines or the 

inducing agents may be responsible for these discrepancies. However, an inhibitor of 

NF-kB, pyrrolidinedithiocarbamate (PDTC), failed to block the IL-ip mediated up- 

regulation of BKBi receptor mRNA in IMR-90 cells (Zhou et al, 1998). Thus these 

data are difficult to reconcile with each other and suggest that the inducible activity of 

the inducing agents may be acting through more than one transcriptional pathway 

depending on the cell type.

An allelic polymorphism in the human BKB] receptor gene has been located in the 5’ 

flanking region and corresponds to a G to C transition at position -699 relative to the 

TIS (Bachvarov et ah, 1998a,b). Promoter analysis shows that the C containing allele 

exhibits a 40% increase in the expression of a reporter gene compared to an identical 

construct containing the G allele following transient transfection in IMR-90 cells. The 

frequency of this polymorphism (G-699 to C) was 33.3% in normal patients and 

exhibited a significant decrease in patients with a history of end stage renal failure 

(20.6%) and with inflammatory bowel disease, (5.7%) (Bachvarov et al, 1998a,b). This 

may underlie a genetic predisposition to other inflammatory conditions involving the 

BKB] receptor.
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Figure 1.3 Schematic diagram of the human BKBi receptor gene (Yang and 

Polgar, 1996; Bachvarov et ai, 1996).

Exons are indicated by solid boxes, the coding region is shown by a hatched box inside 

exon 3. The broken line in intron 1 represents the large size of this intron. The location 

of the NF-KB-like sites in the 5’ flanking sequence are indicated. Some of the fragments 

tested for promoter activity in reporter gene constructs are indicated by numbered lines. 

(1) a 917 bp fragment spanning the 3’ end of intron 1 and the 5’ end of exon 2 (Yang 

and Polgar, 1996); (2) an 827 bp fragment 5’ of the coding sequence spanning intron 2 

(Yang and Polgar, 1996); (3) a 1900 bp fragment 5’ of the coding sequence, spanning all 

of intron 2, exon 2 and the 3 ’end of intron 1 (Chai et ai, 1996, Ni et ai, 1998a); (4) a 

451 bp fragment (-361 to +89 bp) (Yang and Polgar, 1996); (5) a 2600 bp fragment 

(-2582 to +34 bp) which drives inducible reporter gene expression (Ni et ai, 1998a); 

(6) a 1800 bp fragment (-1748 to +89 bp) which does not increase expression following 

the addition of inducing agents (Yang et ai, 1998a); (7) a 1300 bp fragment (-1191 to 

+43 bp) which drives inducible reporter gene expression (Schanstra et ai, 1998). 

Nucleotide numbers are relative to the TIS reported by Yang and Polgar (1996).

1.5.2 Post-transcriptional regulation of the human BKBi receptor gene

Post-transcriptional mechanisms may also contribute to the IL -lp  mediated up- 

regulation of BKBi receptor mRNA levels in IMR-90 cells (Zhou et ai, 1998). 

Addition of IL-ip  to these cells doubled the BKB] receptor mRNA half life.
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Transcriptional and post-transcriptional mechanisms of regulation of the BKBi receptor 

gene will be discussed further in Chapters, 4 and 5.

1.5.3 Signal transduction pathways involved in BKBi receptor up- 

regulation

Evidence presented in the sections above show that a number of inducing agents, in 

particular, LPS and IL-1, can up-regulate the BKBi receptor gene. Analysis of the 

promoter and 5’ flanking sequences of the human BKBi receptor has provided 

information on the elements ultimately responsible for the increase in expression with 

different inducing agents. However, the intracellular mechanisms through which these 

changes occur are largely undetermined. The failure of protein synthesis inhibitors to 

block the IL-1 (3 and LPS-induced increase in BKB] receptor mRNA levels have shown 

that new protein synthesis is not involved in these activating cascades (Zhou et al, 

1998; Ni et al, 1998a). A role for the MAP kinases in the spontaneous, IL-1 and EGF- 

mediated contractile response to desArg^BK in rabbit aortie rings has been demonstrated 

using specific MAP kinase inhibitors (Larrivee et al, 1998). This was supported by 

analysis of rabbit aortic cultured smooth muscle cells which showed a correlation 

between the MAP kinase activation by the cytokines and the increase in BKBi receptor 

mRNA (Larrivee et al, 1998). Another study showed that phorbol ester-mediated 

activation of PKC up-regulated BKBi receptor gene expression in a MAP kinase and 

NF-kB dependent manner in IMR-90 cells (Zhou et al, 1998). In contrast, the IL-lp- 

induced BKBi receptor mRNA up-regulation in IMR-90 cells was not blocked using a 

MAP kinase inhibitor, a PKC inhibitor or a protein kinase A (PKA) inhibitor (Zhou et 

al, 1998). This study showed a role for protein tyrosine kinases in the IL-lp-mediated 

receptor mRNA up-regulation in these cells. These data suggest that the intracellular
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signalling pathways may differ according to the cell type and the stimulus involved. 

The signal transduction pathways activated in response to IL-1 and LPS will be briefly 

reviewed in the following section, focusing on the signal transduction pathways 

regulating the transcription factor NF-kB and the MAP kinases cascades.

1.6 Signal transduction pathways utilised by IL-1 and LPS

1.6.1 Signal transduction pathways utilised by IL-1

The IL-1 gene family is composed of intereukin-1 alpha XL-la, IL-ip, and IL-lRa, each 

of which is synthesised as a precursor protein (Dinarello, 1994). IL-lRa can block the 

binding and consequently the biological activities of IL-1 a  and IL-lp (Eisenberg et ah, 

1990; Carter et al, 1990). The major receptor that mediates the effects of IL-1 is the 

type I IL-1 receptor (IL-lRl) (Sims et ai, 1988). A second receptor termed IL-IRII has 

been identified which does not signal and acts as a decoy receptor (Stylianou et ai, 

1992; Colotta et al, 1993). The cytoplasmic domain of IL-lRl shares significant 

homology with the cytoplasmic region of the Drosophila melanogaster protein Toll 

(Gay and Keith, 1991). Subsequently, a number of proteins with homologous 

cytoplasmic signalling domains to IL-IRI and Toll have been described in diverse 

species including the human Toll like receptors (TLRs) (reviewed by O’Neill and 

Greene, 1998). More recent studies have shown that IL-IRI must complex with another 

IL-1 receptor family member, IL-1 accessory protein (IL-lAcP), to transduce a signal 

(Greenfeeder gf a/., 1995).
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IL-1 Stimulation does not increase intracellular calcium levels or directly activate 

phosphatidylinositol hydrolysis. However, almost every other signal transduction 

system has been reported to be activated in response to IL-1 (Bankers-Fulbright et al, 

1996). In the last two years there has been an acceleration in the understanding of the 

EL-1 signal transduction pathways, particularly in the activation of NF-kB. A large 

number of IL-1 inducible genes are regulated by NF-kB. Indeed, as discussed in section 

1.5, a role for NF-kB in the up-regulation of the human BKBi receptor gene has been 

postulated.

1.6.1.1 IL-1 -activated signal transduction pathways to NF-kB

NF-kB consists of homodimers and heterodimers of proteins that belong to the Rel 

family, to date five proteins have been identified in mammalian cells: p65, c-Rel, RelB, 

p50/pl05 and p52/pl00 (reviewed in Baldwin, 1996). The retention of NF-kB in the 

cytoplasm is due to its interaction with inhibitory proteins called IkBs, of which the 

most important are thought to be iKBa, IkB|3 and IkB8 (Baeuerle and Baltimore, 1996; 

Whiteside et al, 1997). The key event in the activation of NF-kB is the phosphorylation 

and degradation of the inhibitory protein, IkB. This results in the release of NF-kB, 

which translocates to the nucleus and activates target gene expression. The molecular 

events linking the IL-IR signalling complex to the induction of NF-kB have recently 

been characterised. Upon binding of EL-1 to its receptor and association with the IL- 

lAcP the complex recruits and activates the adaptor protein, MyD88 (Wesche et al, 

1997; Bums et al, 1998). MyD88 in turn recruits two distinct putative serine-threonine 

kinases, called IL-1 receptor-activated kinase (IRAK)-l and IRAK-2, to the receptor 

complex (Muzio et al, 1997). IRAK-1 and IRAK-2 subsequently interact with the
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adapter molecule, TNF receptor-associated factor 6 (TRAF6) (Cao et al, 1996; Muzio 

et al, 1998), which links them to the protein kinase, NF-KB-inducing kinase (NIK) 

(Song et al, 1997). TRAF6 resembles another member of the TRAF family, TRAF2, 

which is required for NF-kB activation through the TNF receptors (Song et al, 1997). 

Like TRAF6, TRAF2 also interacts with NIK, and thus this may be a point at which 

signals from unrelated receptors converge (Malinin et al, 1997). NIK belongs to the 

MAP kinase kinase kinase (MAP3K) family and associates with the IkB kinase (IKK), 

IKKl and 1KK2 (or IKKoc and IKKP) which directly phosphorylates IkB (DiDonato et 

al, 1997; Stancovski et al. 1997; Woronicz et al, 1997; Delhase et al, 1999). IKKl 

and IKK2 were identified as components of a high molecular weight complex, termed 

the IKK signalsome, containing a number of proteins involved in the activation of NF- 

kB (DiDonato et al, 1997; Mercurio et al, 1997). More recently Ninomiya-Tsuji and 

co-workers (1999) showed that the MAP kinase kinase kinase (MAP3K), TAKl, 

interacts with TRAF6 and acts upstream of NIK in the lL-1 activated signalling cascade. 

Phosphorylation of IkB initiates the ubiquitin-proteasome-mediated degradation 

pathway which liberates and activates NF-kB (Baeuerle and Baltimore, 1996).

Evidence now exists for a second lL-1 signalling pathway leading to phosphorylation of 

the NF-kB p65/RelA subunit in parallel to the cascade leading to IkB degradation 

(Naumann et al, 1994; Sizemore et al, 1999; Bergmann et al, 1998; Nasuhara et al, 

1999). Recent studies show that this pathway is dependent on recruitment of PI 3- 

kinase to the receptor and its subsequent activation (Sizemore et al, 1999; Marmiroli et 

al, 1998). Inhibition of EL-1 signalling using PI 3-kinase inhibitors further supports a 

role for this signal transducer in EL-1 mediated responses (Reddy et al, 1997;
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Donaldson et al., 1996; Sizemore et al, 1999). However, the downstream targets of PI 

3-kinase in this pathway remain to be elucidated. Possible candidates are the PKC 

isoforms, in particular PKCÇ, which have been shown to regulate the phosphorylation of 

NF-kB (Bergmann et al, 1998; Anrather et al, 1999; Bonizzi et al, 1999). Other 

targets of PI 3-kinase include MAPK activation (Bondeva et al, 1998) and Akt also 

known as protein kinase B (PKB) (Sizemore et al, 1999; Kane et al, 1999). In 

addition, NF-kB activation has been demonstrated following serine phosphorylation by 

the PKAc subunit through a cAMP independent mechanism (Zhong et al, 1997, 1998). 

The pathways of IL-1-mediated NF-kB activation are shown in Figure 1.4. Activation 

of MAP kinase cascades have also been shown to activate NF-kB after release from 

IkB, this will be described in the following section.

1.6.1.2 IL-1 activated protein kinase cascades

Three MAP kinase cascades have been identified and named according to the final 

enzyme in each series, these are the ERKs, the JNK/SAPKs and p38 MAP kinase. The 

MAP kinases are proline directed kinases, requiring dual specific phosphorylation of 

both tyrosine and threonine residues for maximal activation (Su and Karin, 1996). 

Considerable evidence shows that IL-1 activates the three subtypes of MAP kinases 

(Kyriakis et al, 1994,1996; O’Neill et al, 1998; Paul et al, 1997; Saklatvala et al, 

1999). Various transcription factors have been identified as targets for the MAP 

kinases, these include c-Jun, c-Fos, activating transcription factor (ATF)-l and ATF-2, 

Elk-1, cAMP response element binding protein (CREB) (reviewed in Treisman, 1996; 

Su and Karin, 1996; Schulze-Osthoff et al, 1997). More recently, activation of NF-kB 

has been shown following IL-1, TNF and phorbol ester stimulation of the p38 pathway
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(Beyaert et al, 1996; Schulze-Osthoff et al, 1997; Wesselborg et al, 1997; Bergmann 

et al, 1998). Studies in IL-1 signalling have attempted to identify upstream and 

downstream targets of the MAP kinase cascades. Interestingly, two components of the 

IkB degradation pathway, TRAF6 and TAKl, can activate the INK pathway (Martin et 

ai, 1997; Ninomiya-Tsuji et al, 1999). These data suggest bifurcation of the IL-1 

induced INK and NF-kB activation pathways occur at these proteins. Low-molecular- 

weight G proteins are important upstream regulators of MAP kinases and furthermore 

can be activated in response to IL-1 (Zhang et al, 1995; Popoff et al, 1996; Singh et 

al, 1999). The precise targets following IL-1 mediated activation of the MAP kinase 

pathways remain to be determined. Other kinases activated by IL-1 include the TNF/IL-

1-induced protein kinase (TIP kinase) which is exclusively regulated by IL-1 and TNF 

(Guesdon et al, 1997), the sphingomyelin-ceramide pathway (Kolesnick and Golde, 

1994) and casein kinase II (Bird et al, 1997).
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1.6.2 Signal transduction pathways utilised by LPS

LPS or endotoxin, is the major component of the outer surface of Gram-negative 

bacteria. As demonstrated in tables 1.1. and 1.2, LPS has been used as a potent inducer 

of BKB] receptor expression. Stimulation of monocytes by LPS activates many second 

messengers and signal transduction pathways some of which may be the result of 

autocrine effects, such as LPS induced IL-1 release (Sweet and Hume, 1996).

Activation of LPS responsive cells, such as monocytes and macrophages, occurs after 

LPS interacts with circulating LPS binding protein and CD 14, a 

glycosylphophatidylinositol-linked cell surface glycoprotein necessary for sensitive 

responses to LPS (Ulevitch and Tobias, 1995). CD14 is devoid of a cytoplasmic 

domain and does not elicit intracellular signalling events directly. More recently a 

number of studies show a role for members of the TLR family in the transduction of 

LPS signals across the plasma membrane (Yang et al, 1998b,1999; Kirschning et al, 

1998; Chow et al, 1999). Toll was originally identified in Drosophila and is essential 

for the establishment of dorsoventral polarity in the embryo and in the induction of an 

anti-fungal response (Morisatio and Anderson, 1995; Lemaitre et al, 1996). In humans 

five homologues of Toll, designated TLR I-5 have been identified (Medzhitov et al, 

1997; Rock et al, 1998). These proteins are members of the IL-1 receptor family and 

furthermore use overlapping signalling components as described in the following 

section.

1.6.2.1 LPS transduction pathways to NF-kB

Accumulating evidence suggest that activation of NF-kB by LPS uses the same pathway 

of IkB degradation as that described above for IL L LPS activates both IKK-1 and
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IKK-2 and NIK and MEKKl (O’Connell et al, 1998; Swantek et al, 1999). Other 

studies have linked LPS activation of TLRs, in particular TLR2, to the proximal 

signalling events leading to activation of NF-kB (Medzhitov et al, 1998; Kirschning et 

al, 1998; Muzio et al, 1998; Yang et al, 1999, Zhang et al, 1999). Dominant 

negative versions of MyD88, IRAK, TRAF6 or NIK were used to show the 

involvement of these proteins in LPS-mediated NF-kB activation (Yang et al, 1999; 

Zhang et al, 1999). In addition, IL-lRa had no effect in this system demonstrating that 

the NF-kB activation was not due to autocrine release of lL-1 (Zhang et al, 1999). 

Similar to lL-1, LPS-activated NF-kB can also be regulated following IkB degradation 

(Yoza et al, 1996). A role for protein-tyrosine kinase activation has been shown in this 

process (Yoza et al, 1996).

1.6.2.2 LPS activated protein kinase cascades

Activation of the three major MAP kinase cascades, ERKs, JNK/SAPKs and p38 has 

been demonstrated in response to LPS (Han et al, 1994; Hall et al, 1999; Carter et al, 

1999). Hall and co-workers (1999) showed the transient phosphorylation of the 

transcription factor JunD correlating to JNK/SAPK activation in response to LPS 

treatment. However, activation of specific upstream and downstream regulators in 

response to LPS remains largely uncharacterised.
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1.7 Aims of the study

The search for a possible role for inducible BKBi receptors in pathophysiology has 

resulted in increased analysis of this receptor subtype. A large number of these studies 

have been developed in rodents, however, prior to the studies in this thesis the rat BKBi 

receptor gene had not been isolated. Moreover, species-specifc differences between the 

receptors in their affinity for BKBi receptor agonists were apparent. In addition, the 

lack of molecular tools, such as species-specific probes, has hampered progress in 

understanding the mechanisms of regulation of the BKBi receptor gene.

Therefore, the aims of this thesis were as follows:

1. To determine the cDNA sequence and genomic structure of the rat BKBi 

receptor gene.

2. To analyse the expression patterns of the BKBi receptor mRNA.

3. To investigate the mechanisms of regulation of the rat BKBi receptor gene.

1.8 Scientific approach

Aim 1

For the isolation of a rat clone containing the BKBi receptor gene a rat genomic library 

will be screened under low stringency hybridisation conditions. The isolated clone will 

then be used to screen a cDNA library to isolate a rat BKBi receptor cDNA clone. 

Alignment of the genomic and cDNA sequences will be used to elucidate the structural 

organisation of the receptor gene and sequences of the exon-intron boundaries. The 

cDNA ends of the transcripts will be mapped by primer extension analysis and rapid 

amplification of cDNA ends (RACE).
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Aim 2

Northern blot analysis will be used to examine the BKB] receptor mRNA expression 

pattern in isolated tissues from control and LPS-treated rats. Analysis of inducible 

BKB] receptor mRNA levels in rat cultured cell lines will be used to identify a cellular 

model in which to study the mechanisms of BKB] receptor regulation. The expression 

profiles of BKB] receptor mRNA levels following the addition of a number of inducing 

agents will be examined by Northern blot studies. This should provide information 

about the potency of these agents and the time course of inducible BKBi receptor gene 

expression.

Aim 3

To address the mechanisms of BKB] receptor gene regulation, the receptor mRNA 

levels will be examined in the presence of transcriptional and translational inhibitors. 

To examine the role of signal transduction components the BKBj receptor mRNA levels 

will be measured in the presence of specific inhibitory compounds. Similarly, the role 

of NF-kB activation pathways will be addressed by analysis of the BKBi receptor 

mRNA levels in the presence of a dominant negative IkB protein. To delineate 

important regulatory elements in the 5’ flanking sequence of the gene, reporter gene 

constructs will be synthesised and analysed following transient transfection into cultured 

cell lines. In addition, the interaction of transcription factors to with regulatory elements 

will be examined using electromobility shift assays (EMSA).
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Chapter 2

Methods and Materials

2.1 DNA probe labelling

DNA fragments were labelled using a random priming method with the Amersham 

Megaprime labelling system (Amersham Pharmacia Biotech). 25 ng of DNA and 5 pi 

of random primer (supplied with kit) in a total volume of 26 pi were denatured by 

boiling for 5 min and quenching on ice for a further 5 min. 4 pi of each 

deoxynucleotide triphosphate (dNTP) (dTTP, dGTP and dCTP) (supplied with kit), 5 pi 

of 10 X reaction buffer (supplied with kit), 5 pi of a-^^P dATP (110 TBq/mmol, 

Amersham Pharmacia Biotech) and 2 pi of Klenow fragment (2 units) were added to 

give a final volume of 50 pi. The reaction was then incubated for 15 min at 37°C. 

Unincorporated nucleotide was removed by passing through a G-50 sephadex Nick 

column (Amersham Pharmacia Biotech). After disposal of excess liquid, the column 

was equilibriated with 3 ml of 1 x Tris/Ethylenediaminetetra-acetic acid (EDTA) (TE) 

buffer (0.1 M Tris, pH 8, 0.01 M EDTA). The reaction was then added to the column, 

300 pi of 1 X TE was then added and allowed to enter the gel bed. The labelled probe 

was eluted by the addition of a further 500 pi of 1 x TE to the column. 1 pi of the 

purified probe was spotted onto 3 mm Whatman paper (Whatman) and the specific 

activity was measured using a Bioscan QC2000. Before hybridisation the probe was 

denatured by boiling for 5 min and quenched on ice.
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Oligonucleotides were labelled by a 3’ tailing method as follows: 10 pmoles of primer 

were incubated in 1 x T4 polynucleotide kinase buffer, (70 mM Tris-HCl (pH 7.6), 10 

mM MgClz, 5 mM dithiothreitol (DTT) (New England Biolabs (NEB)), 3 pi of 

ATP (110 TBq /mmol, Amersham Pharmacia Biotech) and 1 pi of T4 polynucleotide 

kinase (10 units, NEB) in a total volume of 20 pi for 30 mins at 37°C. For 

oligonucleotides longer than 20 bases the unincorporated nucleotide was removed by 

passing the reaction through a G-50 sephadex Nick as described above. Counts were 

measured as described above.

2.2 Genomic library screening

A Sprague Dawley rat DNA library in the SuperCos 1 vector (Stratagene) was screened 

by hybridisation with a 750 bp random prime labelled Xba I/Eco R1 fragment from a 

human BKBi receptor cDNA clone (Jones et al, 1999). Approximately 1 x 10  ̂ colony 

forming units (cfu) were screened on Hybond-N^ nylon membranes (Amersham 

Pharmacia Biotech) with the a-^^P dATP labelled human fragment. Colonies were 

transferred to nylon membranes by duplicate lifts from each of the plates. The colonies 

were lysed by placing them on Whatman 3 mm paper soaked in 10% sodium dodecyl 

sulphate (SDS) for 5 min. The DNA was denatured by placing the membranes on 

Whatman 3 mm paper soaked in denaturing solution (1.5 M NaCl, 0.5 M NaOH) for 5 

min and then neutralised by transferring the membranes to Whatman 3 mm soaked in 

neutralising solution (1.5 M NaCl, 0.5 M Tris-HCl (pH 7.2) 0.001 M EDTA) for a 

further 5 mins. Filters were then washed in 2 x standard sodium saline-citrate (SSC) 

buffer (0.3 M NaCl, 0.03 M sodium citrate), to remove cell debris and fixed by baking 

for 2 hours at 80°C. The filters were prehybridised at 42°C for 2-3 hours in
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hybridisation buffer containing 50% formamide, 5 x SSC, 5 x Denhardts (0.1% bovine 

serum albumin (BSA), 0.1% Ficoll and 0.1% polyvinylpyrrolidine, (Sigma)), 0.1% SDS 

and 100 pg/ml herring sperm DNA (Sigma). After prehybridisation, labelled probe 

equivalent to 1 x 10  ̂ dpm was added and hybridisation was performed at 42°C for 12- 

15 hours. The membranes were washed twice with 2 x SSC, 0.1% SDS at room 

temperature, once with 1 x SSC, 0.1% SDS at 50°C and finally once with 0.1 x SSC, 

0.1% SDS at 50°C. The membranes were then exposed to X-ray film (Kodak) at -70°C 

for 15-18 hours. 40 colonies were picked that corresponded to hybridisation signals and 

pooled into 8 groups, each with 5 colonies. Secondary and tertiary screens, plating 

approximately 200 and 20 cfu per plate, respectively, were carried out to isolate single 

clones.

2.3 cDNA library synthesis and screening

A X ZAP express library (Stratagene) was constructed using poly(A)^ RNA extracted 

from rat bladders and incubated in Kreb’s balanced salt solution (100 mM NaCl, 4.7 

mM KCl, 1.2 mM MgS0 4 , 25 mM NaHCOg, 1.2mM KH2PO4, 11.7 mM glucose, 2.5 

mM CaCl2) to allow maximum expression of the BKBi receptor mRNA (Marceau et ai, 

1980). 5 jig of poly(A)^ RNA was made up to a total volume of 37.5 |il with 0.1% 

diethyl pyrocarbonate (DEPC) treated water and used for first strand synthesis. The 

poly(A)^ RNA was added to a microcentrifuge tube containing 5 jil of 10 x first strand 

buffer, 3 jil of first strand methyl nucleotide mixture, 2 jil of linker primer (1.4 jig/jil) 

and 1 jil of RNase block ribonuclease inhibitor (40U/|xl) (all reagents supplied with kit). 

The reaction was allowed to anneal for ten minutes at room temperature. 1.5 pi of
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moloney murine leukemia virus reverse transcriptase (MMLV-RT) 50 U/)li1 was then 

added to a final reaction volume of 50 pil. 5 p,l of the reaction volume was transferred to 

a tube containing 0.5 \i\ of a-^^P dATP (110 TBq /mmol, Amersham Pharmacia 

Biotech) for analysis of the quality and quantity of the first strand synthesis. The 

samples were then incubated at 37°C for 1 hour and transferred to ice. For second 

strand synthesis the following components were added on ice, 20 yd of 10 x second 

strand buffer, 6 p.1 of second strand nucleotide mixture, 106 |il of sterile water, 2 p.1 of 

a-^^P dATP (110 TBq/mmol, Amersham Pharmacia Biotech), 3.5 p.1 of RNase H (0.9 

U/pl) and 11 pi of DNA polymerase I (9.1 U/pl) (all reagents supplied with kit). The 

reaction was incubated at 16°C for 2.5 hours and then placed on ice. 23 pi of blunting 

dNTP mix and 2 pi of cloned Pfu DNA polymerase (reagents supplied with kit) were 

added to the reaction and incubated for 30 mins at 72°C to blunt the cDNA termini. The 

sample was extracted once with an equal volume of phenol/chloroform (1:1) and once 

with chloroform. The cDNA pellet was then ethanol precipitated, and washed in 70% 

ethanol, lyophilised until dry and finally resuspended in 9 pi of Eco RI adaptors 

(supplied with kit). A further 1 pi of 10 x ligase buffer, 1 pi of 10 mM rATP and 1 pi 

of T4 DNA ligase (4 U/pl) (all reagents supplied with kit) were added and the reaction 

was incubated at 8°C for 2 days to allow ligation of the Eco RI adaptors. The ligase was 

heat inactivated by incubating at 70°C for 30 mins. The adaptor ends were kinased by 

the addition of 1 pi of 10 x ligase buffer, 2 pi of 10 mM rATP, 6 pi of sterile water and 

1 pi of T4 polynucleotide kinase (10 U/pl) (all reagents supplied with kit) at 37°C for 30 

mins. Xho I digestion of the reaction mix was performed by the addition of 28 pi of 

Xho I buffer and 3 pi of Xho I (40 U/pl) at 37 °C for 1.5 hours. After the addition of 10 

X STE (100 mM NaCl, 20 mM Tris-HCl, pH 7.5, and 10 mM EDTA) buffer the sample
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was run through a Sephacryl S-500 (Amersham Pharmacia Biotech) column at 400 x g. 

Three separate fractions were collected and ethanol precipitated. The cDNA pellets were 

then resuspended in 5 pi of sterile water and 2 pi of 6 x gel loading dye, (0.05% w/v 

bromophenol blue, 40% w/v sucrose, O.OIM EDTA, pH 8, and 0.5% w/v SDS, Sigma) 

and size fractionated by gel electrophoresis. cDNA between 1 and 1.7 kb was gel 

purified using Jetsorb (Genomed) and ethanol precipitated. The pellet was resuspended 

in 1 pi of water and ligated into the Uni-ZAP XR vector arms by addition of the 

following reagents, (all supplied with the kit) 1 pi of Uni-ZAP XR vector (1 pg), 0.5 pi 

of 10 X ligase buffer, 0.5 pi of 10 mM rATP (pH 7.5) and 0.5 pi of T4 DNA ligase (4 

U/pl) in a final volume of 5 pi. The reaction was incubated for 15 hours at 12°C. All of 

the reaction was packaged using Stratagenes’ Gigapack m  Gold packaging extract. The 

DNA was added to the packaging extract (supplied with kit). 15 pi of sonic extract 

(supplied with kit) was added and the packaging reaction was incubated at room 

temperature for 2 hours. 500 pi of SM buffer (0.1 M NaCl, 0.015M MgS0 4 , 0.05M 

Tris, 0.01% gelatin) and 20 pi of chloroform were added to the packaged DNA and the 

phage were stored at 4°C for titering. Approximately 4x10^ plaque forming units (pfu) 

were screened on Hybond N^ membranes with an a-^^P dATP labelled 900 bp Pst I 

fragment spanning the ORE of the rat BKBi receptor gene (Probe A). Nylon filters were 

prepared and hybridised as described above for genomic library screening. The 

membranes were washed twice with 2 x SSC, 0.1% SDS at room temperature, once 

with 1 X SSC, 0.1% SDS at 50°C and finally once with 0.1 x SSC, 0.1% SDS at 58°C. 

The membranes were then exposed to X-ray film at -70°C for 4 hours and colonies 

picked that gave hybridisation signals on both replica membranes. A secondary screen 

was carried out to isolate a single cDNA clone. A full length cDNA sequence was
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obtained by RT-PCR using primers, sense 5’-AGGTCACCATCAAAAACACAGG-3’ 

and antisense, 5’CTTCTTGGCTCCCTGCTGTT-3’ and using 1 p,l of cDNA used for 

the synthesis of the cDNA library. RT-PCR was carried out using the conditions 

described in section 2.15.

2.4 Plasmid DNA purification

Small scale purification of plasmid DNA was carried out using Promega Wizard Plus 

miniprep DNA purification systems. 3 mis of overnight cultures in Luria Bertani (LB) 

medium (Life Technologies) plus the selective antibiotic (either ampicillin (Sigma) at 

50 pg/ml or kanamycin (Sigma) at 50 p-g/ml) were pelleted by centrifugation at 13,000 

rpm for 1 min. The cell pellet was resuspended in 200 pi of resuspension buffer (50 

mM Tris, pH 7.5, 10 mM EDTA, 100 pg/ml RNase A). 200 pi of cell lysis buffer (0.2 

M NaOH and 1% SDS) was added and mixed by inversion until clear. 200 pi of 

neutralisation buffer (1.32 M potassium acetate) was added, mixed followed by 

centrifugation of the lysate at 13,000 rpm for 5 mins. Plasmid DNA was then processed 

using a vacuum manifold (Promega Vac-Man). For each miniprep a 2 ml syringe barrel 

was attached to the Luer-Lok extension of a minicolumn. The minicolumn/syringe 

barrel was inserted into the vacuum manifold. 1 ml of resuspended resin was applied to 

each minicolumn/syringe assembly, the cleared lysate from each miniprep was then 

added to the barrel and a vacuum applied to pull the resin/lysate mix into the 

minicolumn. 2 ml of column wash solution (80 mM potassium acetate, 8.3 mM Tris- 

HCl, pH 7.5, 40 pM EDTA and 55% ethanol) was added and the vacuum reapplied. 

The resin was dried by keeping the vacuum applied for an additional 30 seconds after 

the solution had passed through the column. The minicolumn was transferred to a
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microcentrifuge tube and centrifuged for 2 mins at 13,000 rpm to remove any residual 

wash solution. The plasmid DNA was eluted by applying 50 |il of water, pre-heated to 

50°, to the minicolumn and after waiting 1 minute, spinning for 20 sec at 13,000 rpm.

For large scale preparations of DNA, Qiagen plasmid purification maxi kits were used. 

200 ml cultures were grown overnight in LB plus the selective antibiotic (ampicillin or 

kanamycin, concentrations as described for miniprep DNA purification). The bacterial 

cells were harvested by centrifugation at 4,000 rpm for 15 min at 4 °C. The pellet was 

resuspended in 10 ml of resuspension buffer (50 mM Tris-Cl, pH 8.0, 10 mM EDTA 

and 100 pg/ml RNase A). Cells were lysed by the addition of 10 ml of lysis buffer (200 

mM NaOH and 1% SDS) and incubating at room temperature for 5 mins. 10 ml of 

neutralisation buffer (3 M potassium acetate, pH 5.5) were added and the lysate placed 

on ice for 20 min, followed by centrifugation at 13,000 rpm in a Sorvall SS-34 rotor. 

The supernatant containing the plasmid DNA was transferred to a pre-equilibriated 

Qiagen tip-500 (tips were equilibriated by the addition of 10 ml of equilibriation buffer, 

(750 mM NaCl, 50 mM 3-[N-morpholino]propanesulphonic acid (MOPS), pH 7.0, 15% 

isopropanol and 0.15% Triton X-100) and allowed to enter the resin by gravity flow. 

The tip was washed by the addition of 2 x 30 ml of medium salt wash buffer (1.0 M 

NaCl, 50 mM MOPS, pH 7.0, and 15% isopropanol) to remove contaminants. Plasmid 

DNA was eluted by the addition of 15 ml of high salt elution buffer (1.25 M NaCl, 50 

mM Tris-Cl, pH 8.5, and 15% isopropanol). The eluted plasmid DNA was desalted and 

precipitated by adding 0.7 volumes of isopropanol at room temperature. The plasmid 

DNA pellet was washed in 70% ethanol, air dried and resuspended in 1 ml of 1 x TE.
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The DNA concentrations were determined by reading the absorbance at 260 nm using a 

spectrophotometer.

2.5 Southern blot analysis

The DNA samples were combined with 1 x Sigma gel loading buffer and run alongside 

DNA molecular weight markers (Life Technologies) on 1% agarose gels in 1 x Tris- 

acetate 0.04 M /EDTA 0.001 M (TAE) electrophoresis buffer. The DNA gel was 

denatured for 20 minutes in 250 mM HCl and neutralised for a further 20 minutes in 0.4 

M NaOH. The gel was blotted onto Hybond N^ nylon membrane by capillary transfer in 

0.4 M NaOH for 15-18 hours. Following transfer the membrane was briefly rinsed in 2 

X SSC. Prehybridisation and hybridisation were carried out as described in section 2.2 

for genomic library screening. Membranes were exposed to the Molecular Dynamics 

phosphorimager screen overnight and then scanned with a Molecular Dynamics 

STORM 840.

2.6 Mapping the cosmid clone, RBI

The rat BKBi receptor clone, RBI, in SuperCos 1 was mapped by endonuclease 

digestion and Southern blot analysis. 4 pg of RBI DNA were digested with Not I. The 

digested DNA was divided into 2 samples. One of the DNA samples was then partially 

digested with Eco RI. The Not I digested DNA was made up to 100 pi in 1 x restriction 

enzyme buffer and divided into 5 tubes, with tube 1 containing 30 pi of mixture, tubes

2-4 containing 20 pi of mixture and tube 5 containing 10 pi of mixture. Tubes 1 to 5 

were then placed on ice. 10 units of Eco RI were added to tube 1, the reaction was
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mixed and then 10 |il of this mixture was transferred to tube 2. This serial dilution was 

repeated for all five tubes on ice. The samples were then digested at 37°C for 15 min 

and the reactions were stopped by the addition of 1 x Sigma gel loading buffer. All the 

samples were separated by electrophoresis on a 0.7% agarose gel and Southern blotted 

as described in section 2.5. End-labelled T7 or T3 oligonucleotides (Promega) were 

used for hybridisation. Blots were hybridised with Amersham rapid hybridisation buffer 

for 1 hour at 42°C. Membranes were washed once with 6 x SSC, 0.1% SDS for 10 mins 

at room temperature, followed by a further wash at 42°C for 15 mins. Hybridisation 

with probes spanning the BKBi receptor gene were used to determine the location and 

orientation of the BKBi receptor coding sequence within RBI. A 5.2 kb Eco RI 

fragment and an overlapping 3’ 2.2 kb Bam HI fragment spanning the BKBi receptor 

gene were subcloned into pBluescript H KS (Stratagene). A 1.6 kb Bam HI fragment 

located directly upstream of the 2.2 kb Bam HI fragment and within the 5.2 kb fragment 

was subcloned into pBluescript II KS. These fragments were sequenced as described in 

section 2.7.

2.7 DNA sequencing

The nucleotide sequences of the cloned receptor fragments were determined by the 

dideoxy chain-termination method (Sanger et al, 1977) using the T7 sequencing kit 

(Amersham Pharmacia Biotech). 2 pg of DNA were diluted in 32 pi of water, the DNA 

was denatured by adding 8 pi of 2 M NaOH and incubating at room temperature for 10 

min. The DNA was then ethanol precipitated and the pellet washed in 70% ethanol, 

dried, and respuspended in 10 pi of water. 10 pmole of sequencing primer and 2 pi of 

annealing buffer (supplied with kit) were added in a final volume of 14 pi and incubated
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5 min at 65 °C, followed by for 5 min at 37 °C and finally for 5 min at room 

temperature to allow the primer to anneal to the DNA. Extension reactions were carried 

out by the addition of 3 |xl of labelling mix (supplied with kit) and 0.5 |il of a-^^P dATP 

(100 TBq /mmol, Amersham Pharmacia Biotech) and incubating at room temperature 

for 5 min. Termination reactions were carried out by the addition of 4.5 \i\ of labelled 

reaction to each of 4 tubes containing a different dideoxyribonucleoside triphosphates, 

either GTP, ATP, TTP or CTP (supplied with kit). Reactions were incubated for a 

further 5 min at 37°C and then stopped by the addition of 5 pi of Stop solution (95% 

formamide, 20 mM EDTA, 0.05% bromophenol blue and 0.05% xylene cyanol FF) 

(supplied with kit). Samples were denatured by heating to 70°C for 2 min before 

loading onto a 6% polyacrylamide gel (Flowgen) in 1 x Tris-borate 0.09 M/EDTA 0.002 

M (TBE) electrophoresis buffer. The sequences obtained were analysed using the 

DNAstar software package. The sequence of the 6 kb Eco RI to Bam HI fragment 

containing the BKBi receptor gene is shown in Appendix 1.

2.8 Total RNA Isolation

Total RNA was prepared using Sigma Tri-Reagent by the method of Chomzynski and 

Saachi (1987). Female Wistar rats (approximately 200 g) were given an intravenous 

injection of EPS (3 mg/kg). The animals were sacrificed 4 hours after the injection of 

EPS and tissues were removed and frozen in liquid nitrogen. The tissues and cells were 

stored at -70°C until the RNA was extracted. Tissues were homogenised in 1 ml of Tri 

Reagent (Sigma) per 100 mg of tissue using a Polytron. For cell cultures, cells were 

lysed directly on the culture dish following removal of the media and washing with 

phosphate buffered saline (PBS), 1 ml of Tri Reagent was used per 20 cm^ of the culture
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dish. Following cell lysis samples were transferred to corex tubes and 0.2 ml 

chloroform was added per ml of Tri Reagent and the samples were shaken vigorously. 

The samples were centrifuged at 12,000 x g for 15 min at 4°C and the upper aqueous 

phase removed to a fresh tube. The RNA was then precipitated with 0.5 volumes of 

isopropanol. After washing the pellet in 75% ethanol and air drying the RNA was 

dissolved in 0.5 ml-1 ml of DEPC-treated water (0.1%) containing 30 units of RNasin 

ribonuclease inhibitor (Promega). The concentration of RNA was determined by reading 

the absorbance at 260 nm and purity was assessed by the A260/A280 ratio.

2.9 Poly(A)"’ RNA isolation

Poly(A)^ RNA was purified from total RNA by binding to oligo dT cellulose using 

Ambion Poly(A) Pure (Ambion). 5 M NaCl was added to 0.2-2 mg of total RNA to a 

final concentration of 0.45 M. High salt binding buffer (supplied with kit) was added to 

a final volume of approximately 4 ml and the sample was denatured at 65°C for 5 min 

and quenched on ice for 1 min. 100 mg of oligo dT was added to the RNA and the 

sample was rocked at room temperature for 1 hour. The resin was pelleted by 

centrifugation at 2,000 x g for 3 min and then resuspended in a further 10 ml of high salt 

binding buffer. The resin was pelleted as before. This was repeated a total of three 

times with high salt binding buffer. Three further washes in low salt wash buffer 

(supplied with kit) were also carried out to remove additional ribosomal RNA. After the 

third wash the resin was resuspended in 0.5 ml of wash buffer and transferred to a spin 

column. The poly(A)^ RNA was eluted with 2 x 200 p,l of elution buffer (10 mM Tris 

pH 7.5 and 1 mM EDTA) prewarmed to 65°C and precipitated with 2 pi glycogen (5 

mg/ml), 0.1 volumes of 5 M ammonium acetate, and 2.5 volumes of ethanol. The pellet
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was washed in 75% ethanol and dissolved in 50 jil of nuclease free water (0.1% DEPC, 

0.1 mM EDTA). The concentration was determined by reading the absorbance at 

260nm using a spectrophotometer.

2.10 Northern blot analysis

Poly(A)^ RNA (4 pg/lane) was made up to a total volume of 10 pi with DEPC-treated 

water (0.1%). 5 pi of Sigma RNA gel loading buffer (62.5% v/v formamide, 1.14 M 

formaldehyde, 200 pg/ml bromophenol blue, 200 pg/ml xylene cyanole, 50 pg/ml 

ethidium bromide, and 1.25 x MOPS-EDTA-sodium acetate) was added to each sample, 

this was denatured at 65 °C for 10 min and quenched on ice. The samples were loaded, 

alongside RNA millennium markers (Ambion Inc), on a 1% denaturing agarose gel, 

made up in 17 % formaldehyde and 1 x formaldehyde gel-running buffer buffer pH 7.0 

(0.1 M MOPS, 40 mM sodium acetate, 5 mM EDTA (pH 8.0)) and electrophoresed in 1 

X formaldehyde gel-running buffer. The gel was then rinsed in DEPC-treated water 

(0.1%) and blotted onto Ambion Brightstar charged nylon membrane (Ambion Inc) by 

capillary transfer for 15-18 hours in 20 x SSC transfer buffer. The membrane was 

baked at 80°C for 2 hours. The filters were prehybridised at 42°C for 2-3 hours in 

hybridisation buffer containing 50% formamide, 5 x SSC, 5 x Denhardts Reagent, 0.5% 

SDS, 10% dextran sulphate and 100 pg/ml herring sperm DNA. Labelled probe 

equivalent to 1 x 10̂  dpm was added and hybridisation was performed at 42°C for 12- 

15 hours. The membranes were washed once with 2 x SSC, 0.5% SDS at room 

temperature, once with 1 x SSC, 0.5% SDS at 50°C and finally once with 0.1 x SSC, 

0.5% SDS at 65°C. The membranes were exposed to a phosphorimager screen
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overnight then scanned with a Molecular Dynamics STORM 840. Probe A was used for 

analysis of the BKB, receptor mRNA levels. Quantitation of the BKBi receptor mRNA 

levels was determined by hybridisation with a random prime labelled 103 bp rat 

cyclophilin fragment excised from pTRI-cyclophilin (Ambion Inc.).

2.11 Primer extension anaiysis

For primer extension analysis, two oligonucleotides, primer I (5’- 

CCGGATAGAAAAGCAAAGAGC-3’) located in exon 1 and primer U (5’- 

GCTGGAGCTCCAACAAGACCTCGGACGCCA-3’) located in exon 2 were end- 

labelled and purified on a G-50 sephadex Nick column as described in section 2.1. The 

equivalent of 4 x 10  ̂cpm of primer I was annealed to 50 pg of total RNA isolated from 

rat bladders (treated as described in section 2.2) and primer H was annealed to 5 pg of 

poly(A)^ from control and LPS-treated rat uterus tissue in 30 pi of hybridisation buffer 

(40 mM sodium citrate, 1 mM EDTA, 0.4 M NaCl and 80% formamide). Hybridisation 

was carried out at 30°C for 12-15 hours. The RNA-primer mixtures were precipitated 

by the addition of 0.1 volumes of 3 M sodium acetate and 2.5 volumes of 100% 

ethanol. The pellet was washed with 75% ethanol/25 % 0.1 M sodium acetate and air 

dried. Reverse transcription reactions were performed on the RNA-primer hybrids in 25 

pi of reverse transcriptase buffer containing; 0.56 mM dNTPs, 1 x Superscript buffer 

(Life Technologies), 20 units of RNase inhibitor (Promega), 200 units of Superscript II 

(Life Technologies). Reverse transcription proceeded for 1 hour at 42°C and then for 15 

min at 50°C to overcome any secondary structure in the 5’ end of the RNA. Finally the 

reaction was heated to 65°C for 10 mins. The RNA was then digested by incubation 

with 10 units of RNase One (Promega) in the presence of 20 pM EDTA at 37°C for 40
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min. The digested mixture was extracted once with phenol/chloroform and then ethanol 

precipitated, dried and resuspended in 4 p.] of 1 x TE and 4 of RNA gel loading 

buffer. Samples were denatured by boiling for 3 min and then quenched on ice. The 

samples was run on a 6% polyacrylamide gel (Flowgen) in 1 x TBE electrophoresis 

buffer with a parallel sequencing reaction. The sequencing reaction for the extension 

products generated with primer I used the same primer and the genomic DNA as a 

template. The sequencing reaction for the extension products generated with primer II 

used the universal primer (5’-GTTTTCCCAGTCACGACGTTGTA-3’) primed on 

pUClS (Stratagene). The gels were dried under vacuum and exposed to X-ray film for 

up to 1 week.

2.12 Rapid amplification of cDNA ends (RACE)

RACE was carried out using a modified procedure of Frohman et a l,  (1988).

2.12.1 5’ RACE

First strand cDNA was synthesised using Superscript II reverse transcriptase on 

poly(A)^ from control and 4 hour LPS-treated rat uterus tissue. Reverse transcription 

was carried out in a total volume of 20 pi, containing: 100 ng of poly(A)^ RNA, 4 pi of 

5 X first strand buffer, 2 pi of 0.1 M DTT, 4 p i of 2.5 mM dNTPs, 200 ng of random 

hexamers (Promega) and 1 pi of Superscript II (200 units) at 42°C for 45 min followed 

by 50°C for 15 min. Reverse transcription was terminated by incubation at 75°C for 15 

min. The reaction was ethanol precipitated and resuspended in 5 p i of water, the 

cDNA/RNA hybrid was then denatured by boiling for 2 min and quenched on ice. The 

cDNA was tailed using terminal transferase (Boehringer Mannheim). The following
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reaction mix was prepared on ice and incubated at 37°C for 30 min: 2 pi of 5 x TdT 

buffer (1 M potassium cacodylate, 125 mM Tris-HCl, 1.25 pg/ml BSA), 1 pi of 15 mM 

C0 CI2 , 1 pi of 1 mM dATP, 5 pi of cDNA mix and 1 pi of terminal transferase (all 

reagents supplied with kit). The enzyme was inactivated by heating at 65°C for 2 min. 

The tailed cDNA was ethanol precipitated and the pellet resuspended in 10 pi of water. 

The tailed cDNA was subsequently amplified using a Tn adapter primer (5’- 

GACTCGAGTCGACATCGA(dT)i7-3 ’) and a BKBi receptor-specific primer (5’- 

GAGCCTGTAGCGGTCCTG-3’) located at the 5’ end of exon 2. The PGR 

amplification was performed in a total volume of 50 pi containing 1 pM of each primer, 

0.2 mM dNTPs, 5 pi of Taq polymerase buffer (Perkin Elmer) and 1 pi of Taq 

polymerase (Perkin Elmer). PGR amplification was carried out using 30 cycles of: 95°G 

for 40 s, 42°G for 2 min and 72°G for 3 min. Finally the reaction was incubated at 

72°G for 10 min. 1 pi of the first round PGR products was then used for a second round 

of amplification using the adapter primer (5’-GAGTGGAGTGGAGATGG-3’) and a 

BKBi receptor-specific primer (5'-GTATGGTTAAGGGGTGGTGGGT-3') internal to 

the BKBi receptor-specific product amplified. PGR amplification was carried out using 

35 cycles of: 95°G for 30 s, 55°G for 1 min and 72°G for 3 min. The reaction was then 

incubated for a further 10 min at 72°G. 10 pi of the reaction product was analysed on a 

1% agarose gel and Southern blotted. This was hybridised with a third end labelled 

BKBi receptor primer ( 5 -GGTGGAGGTGGAAGAAGAGGTGGGAGGGGA-3 ) lying 

internal to the BKBi receptor primers used for amplification. The 5' RAGE products 

were cloned directly into the pGR 2.1 vector (Invitrogen) and sequenced.
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2.12.2 3 RACE

3’ RACE cDNA was synthesised using poly(A)'^ RNA isolated from control and 4 hour 

IL-1 p-treated JTC-19 cells. 100 ng of poly(A)"  ̂RNA were primed for cDNA synthesis 

using the Tn adapter primer and the conditions used for 5'RACE. The cDNA was 

subsequently amplified using the adapter primer and a BKBi receptor-specific primer 

(5’-GGACAGAAGGAGGCCAGCAGGAC-3’) located at the 3’ end of exon 2. A 

second round of amplification was carried out using the adapter primer and a BKBi 

receptor-specific primer (5 ' -GAGTGATCCAGGACTGCTC-3 ') located internal to the 

BKBi receptor-specific product amplified. The PCR reactions were performed as 

described for 5’ RACE. 10 [x\ of reaction products were analysed as described in 

section 2.12.1 and hybridised with a third end labelled BKBi receptor-specific primer 

(5 ' -CTTT AT A A ATG ATGC A ACCG AGA A-3 ' ) lying internal to the BKBi receptor 

products amplified. The 3’ RACE products were cloned directly into the pCR2.1 vector 

and sequenced.

2.13 Cell culture

Rat embryonic lung fibroblasts, JTC-19, rat smooth muscle cells, A10, rat liver 

hepatoma cells, H4, and human foetal lung fibroblasts, IMR-90, were obtained from 

European collection of animal cell cultures (ECACC). JTC-19 cells were cultured in 

3% CO2 at 37°C in Dulbecco’s minimal essential medium (DMEM)/Nutrient Mix F I2 

(1:1) without L-glutamine with pyridoxine (Life Technologies) supplemented with 10% 

foetal bovine serum (FBS) (Life Technologies). H4, A10, and IMR-90 cells were 

cultured in 5% CO2 at 37°C in DMEM supplemented with 10% FBS. When confluent, 

the cells were seeded at 1:4. The media was removed and the cells were washed in 1 x
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PBS. Cells were trypsinised by the addition of 1 ml of 1 x Trypsin/EDTA (0.25% 

trypsin, 1 mM EDTA) (Life Technologies) per 34 cm^ of culture dish. Where mediators 

were added to cells, the cells were used between passages 3 and 10 (where each passage 

was between 4-7 days).

2.14 Measurement of [^H]desArg^°kallidin binding

BKBi receptor number was determined by binding of [^H]desArg^\allidin to intact 

JTC-19 cells in culture. 1 x 10̂  cells per well of a 24-well plate were grown for 15-18 

hours. Cells were treated with mediators for times shown in the figure legends. Cells 

were then washed with 1 ml of binding buffer (10 mM TES, 300 mM sucrose, 0.1% 

BSA, 10 p-M thiorpan (Sigma), 1 pM enalopril (Sigma) and 1 pM MERGEPTA, pH 7.4 

(Calbiochem)). 0.5 ml of binding buffer containing 2 nM [^H]desArg^\allidin (740 

Gbq/mmol (MEN)) was then added to each well. Non-specific binding was determined 

in the presence of 3 pM unlabelled desArg^\allidin. After binding for 1 hour at room 

temperature, the cells were washed 3 times with 0.5 ml of wash buffer (50 mM Tris-Cl 

pH 7.4 and 300 mM sucrose). The cells were solubilised with 0.2% SDS for 30 mins, 

the lysate was transferred to scintillation vials and the wells were washed with a further 

0.5 ml of wash buffer, which was transferred to the scintillation vials. 4 ml of Ready 

Flow (Beckman) was added to each of the scintillation vials and the amount of 

radioactivity determined in a Wallac scintillation counter. All determinations were 

performed in triplicate. Student’s unpaired t tests were performed to determine 

significant differences between groups. P values < 0.05 were considered significant.
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2.15 Reverse transcription-polymerase chain reaction (RT- 

PCR)

RT-PCR was carried out to analyse the inducible expression and alternative splicing of 

BKBi receptor mRNA. Total RNA (1 |xg) or poly (A)^ RNA (500 ng) from control and 

treated rat tissues and control and treated rat cell lines were treated with RNase free 

DNase (Promega) for 1 hour at 37°C. Reverse transcription was carried out using 

Superscript II reverse transcriptase in a 20 p,l reaction with random hexamers as 

described in 5'RACE (section 2.12.1). The PCR reactions were performed using 1 |il of 

first-strand cDNA, in a 50 |Lil reaction containing 1 pM of each primer, 0.2 mM dNTPs, 

5 pi of Taq polymerase buffer and 1 pi of Taq polymerase. PCR amplifications were 

carried out using 25 cycles of 95°C for 30s, 58°C for 30s and 72°C for 30s. Finally the 

reaction was incubated at 72°C for 10 mins. Primers used for analysis of inducible 

expression in rat cell lines were; sense 5 '-TCTTTGGCCTCTTGGGGAACCT-3' and 

anitsense 5’-CAAGCCTCGTGGGGGAAAAG-3’. Amplified products were separated 

on a 1% agarose gel and Southern blotted. BKBi receptor specific products were 

analysed by hybridisation with an end-labelled primer 5’- 

TGGTGGTGGCAGCAACGACAGA-3'. Intron spanning primers used for analysis of 

BKBi receptor splice variants were; sense 5 ' -G AGCTGCCCC AGGAC AG A-3 ' and 

anti sense 5 ' -TCGC AGG AGGT A ATGTTGG-3 '. Amplified products were separated on 

a 4-20% polyacrylamide gel (Novex) in 1 x TBE gel electrophoresis buffer, stained with 

Vistra Green nucleic acid gel stain (Amersham Pharmacia Biotech) and visualised with 

a Molecular Dynamics STORM 840.
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2.16 Construction of reporter plasmids

A 2.9 kb fragment spanning the nucleotides -2838 to + 8 8  bp of the rat BKBi including 

all of exon 1 was cloned into PGL3-Basic (Promega). The resulting construct was 

named pG29261uc. The construct pG7311uc spanning the nucleotides -643 to + 8 8  bp 

was constructed by Bam HI digestion of pG29261uc to remove a 2.2 kb 5’ fragment. 

Two further constructs (pG485 and pG791uc) were generated by PCR using 

oligonucleotide linker primers based on the reporter constructs described by Ni et al., 

(1998b). The construct pG4851uc spanning the nucleotides -477 to + 8  bp was 

generated using the sense oligonucleotide, 5’-

G AG AGGT ACCCCT AGT A ATTGCCCTTC A-3 ', with an additional Kpn I restriction 

site added to the 5’ end and the anti sense oligonucleotide, 5’- 

GAGAAAGCTTGCAGCTCCCTGGACACA-3’, with an additional Hind m  restriction 

site added to the 3’ end. The construct pG791uc spanning the nucleotides -71 to + 8  bp 

was generated using the sense oligonucleotide 5’- 

GAGAGGTACCTTTTTGGGTAATCCCCTG-3’ with an additional Kpn I restriction 

site added to the 5’ end and the same anti sense oligonucleotide as above. PCR products 

were amplified using 10 pg of cosmid RBI template using the conditions described in 

section 2.15 for RT-PCR. PCR products were digested with the restriction enzymes 

Kpn I and Hind DI and cloned into Kpn I/Hind XU cut PGL3-Basic. All of the constructs 

were sequenced to verify the absence of errors introduced by PCR and to check their 

orientation. The human BKBi receptor-directed reporter gene constructs with and 

without the upstream NF-xB-like site (Schanstra et al, 1998) were a generous gift from 

Dr. Jean-Loup Bascands.

91



________________________________________________________________________________________ Chapter 2

2.17 DNA transfections

DNA was transfected into cultured cells using lipid transfection technology with either 

FuGENE 6  transfection reagent (Boehringer Mannheim) or LipofectAMTNE reagent 

(Life Technologies).

2.17.1 Transient transfections

The day before transfection cells were seeded at a concentration of 6  x 10"̂  per well of a 

24-well plate. Test plasmids were co-transfected with a plasmid (at a ratio 1:500) 

containing the Renilla luciferase under the control of the SV40 promoter, pRL-SV40 

(Promega) as a control to monitor the transfection efficiency. Using the FuGENE 6  

transfection protocol, 1.2 pi of FuGENE 6  was diluted in 40 pi of serum-free media and 

added to 0.8 pg of DNA for 15 mins. The cell media was replaced with 500 pi of 

normal growth media to which the transfection complexes were added and incubated for 

5 hours after which the transfection mixture was removed and replaced with normal 

media. Using LipofectAMTNE, 0.4 pg of DNA were diluted in 25 pi of serum-free 

media and precomplexed with 2 pi of lipofectAMINE for 15 min. Media was removed 

from the cells and replaced with 200 pi of serum-free media to which the DNA- 

lipofectAMINE mixture was added. After 5 hours the transfection mixture was replaced 

with normal growth medium. 48 hours following transfection, cells were treated with or 

without mediators for 3 hrs before harvesting the cells for luciferase activity. For 

analysis of BKBi receptor expression, the transfection was scaled up to 80 cm^ culture 

flasks using 28.8 pi of FuGENE 6  diluted in 960 pi of serum-free media added to 19.2 

pg of DNA. Media was removed from the cells and replaced with 12 ml of normal 

media. After 5 hours the transfection mixture was replaced with normal growth
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medium. 48 hours following transfection, cells were treated with or without mediators 

and total and poly (A)+ were purified as described in sections 2.8 and 2.9.

The transfection efficiency of JTC-19 cells using FuGENE 6  reagent was determined by 

transfecting cells in either 24-well plates or 80 cm^ culture flasks with a P-Gal-CMV 

plasmid. 48 hours following transfection the media was removed and cells were washed 

with PBS. The cells were fixed for 10 mins at room temperature in a solution of 50% 

methanol and 50% acetone. The cells were washed 3 times with 1 x PBS and overlaid 

with 1 X PBS containing 1 mg/ml X-gal (Sigma), 5 mM potassium ferricyanide, 5 mM 

potassium ferrocyanide and 2 mM MgCl: in. The cells were left for 12 hours. 

Transfection efficiency was determined by the percentage of blue stained cells 

indicating the presence of the P-galactosidase enzyme.

2.17.2 Stable transfections

The IkB mutant (iKB-mut) construct which contains a deletion of the base pairs 

encoding the first 36 amino acids (Brockman et al, 1995) was a kind gift from Dr. Dean 

Ballard. The IicB-mut construct was co-transfected with pMCl-Neo (Stratagene) at a 

ratio of 1:10. The transfection was carried out using the FuGENE 6  transfection reagent 

and scaled up using 25 cm^ culture flasks. 48 hours following transfection, cells were 

cultured in the presence of 350 pg/ml G418 to select for those cells that expressed the 

neomycin gene. Following selection cells were diluted so that when they were 

transferred to a 96 well plate, each well contained approximately 1 cell. Single clone 

populations were examined for iKB-mut expression by immunoprécipitation and 

immunoblotting as described in section 2.19.
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2.18 Dual-Luciferase assay

Following treatment of the transfected cells with mediators, luciferase activities were 

measured using the dual-luciferase assay kit (Promega). Media was removed from cells 

and replaced with 100 |li1 of passive lysis buffer. Lysis occurred whilst shaking at room 

temperature for 15 min. 10 pi of the lysate was transferred to a 96 well plate for 

measurement of luciferase activity. 100 pi of luciferase assay reagent, LARE, was 

added successively to each well by injector on a luminoskan. A 2 second 

premeasurement delay was followed by a 1 0  second measurement of firefly luciferase 

activity for each sample. Renilla luciferase activities were measured in the same way by 

the addition of 100 pi of Stop and Glo reagent. Background levels were determined by 

measurement of control non-transfected cells. Values were adjusted for background and 

firefly luciferase activity normalised with Renilla luciferase activity. All the values are 

the mean ± standard error of the mean number (n) (SEM) of the experiments performed.

2.19 Immunoprécipitation and immunobiotting

JTC-19 cells and the stable cell line expressing IxB-mut were cultured in 9-cm dishes to 

confluency. Cell monolayers were washed in ice cold 1 x PBS and then lysed in 0.5 ml 

of lysis buffer containing 50 mM Tris, pH 7.6, 150 mM NaCl, 2 mM EDTA, 2 mM 

ethyleneglycol Glycol-bis(p-aminoethyl Ether) (EGTA), 1 mM phenylmethylsulfonyl 

fluoride (PMSF), 1 pM pepstatin, 10 pg/ml aproprotin, and 1% Nonidet P-40, for 20 

mins on ice. Extracts were scraped from the dish and transferred to eppendorfs and 

cleared by centrifugation at 14,000 rpm for 15 mins at 4°C. The supernatant was 

removed and protein concentrations were determined by the Bradford method (Bio- 

Rad). 500 pg of protein were pre-cleared for 1 hour at 4°C with 30 pi of the agarose-
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conjugate, protein A7G PLUS-agarose (Santa Cruz Biotechnology). The beads were 

then pelleted by centrifugation at 2,500 rpm for 5 mins at 4°C. The supernatant was 

mixed for 15 hours with either 4 pg of anti-FLAG goat polyclonal IgG (D-8 ) (Santa 

Cruz Biotechnology) or 4 pg of anti-lKB-a rabbit polyclonal IgG (C-21) (Santa Cruz 

Biotechnology). The samples were then immunoprecipitated by the addition of 30 pi of 

protein A/G PLUS-agarose for 2 hours at 4°C. Immunoprecipitates were collected by 

centrifugation at 2,500 rpm for 5 mins at 4°C, and washed three times with lysis buffer. 

After the final wash, the pellet was resuspended in 30 pi of Laemmli’s sample buffer 

(0.16 M Tris-HCl ,pH 6 .8 , 5% SDS, 25% glycerol, 0.0025% bromophenol blue, Bio- 

Rad) with 5% 2-mercaptoethanol. Samples were boiled for 5 mins and resolved by 

electrophoresis on a Tris-glycine gel (Bio-Rad) in 1 x Tris-glycine electrophoresis 

buffer (25 mM Tris, 250 mM glycine, pH 8.3, and 0.1% SDS) followed by 

electrotransfer to nitrocellulose membranes (Schleicher and Schuell) in 1 x transfer 

buffer (39 mM glycine, 48 mM Tris base, 0.037% SDS and 20% methanol). The 

membrane was blocked by incubation for 1 hour in 1 x PBS, 0.1% Tween (Sigma), 

(PBS-T) containing 10% nonfat dry milk followed by a 1 hour incubation with the 

primary antibody, anti-FLAG mouse monoclonal antibody (1/500) (Stratagene) in a 

solution containing PBS-T containing 2.5% nonfat dry milk. Membranes were washed 

three times with PBS-T and incubated for 1 hour with a 1/5,000 dilution of a 

peroxidase-coupled anti-mouse antibody (Pierce) in PBS-T containing 2.5% nonfat dry 

milk. Membranes were washed three times in PBS-T and detection of the antibody- 

protein complex was carried out using chemiluminescence detection reagents (Pierce) 

and exposure to high performance chemiluminescence film (Amersham Pharmacia 

Biotech).
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2.20 Nuclear Extract preparation

Control and treated JTC-19 cells were harvested by centrifugation at 2,000 rpm for 5 

min in 1 X PBS. The cell pellet was resuspended in 10 ml of ice cold buffer A (10 mM 

N-[2-Hydroxyethyl]piperazine-N’[2-ethanesulfonic acid (HEPES) pH 7.9, 1.5 mM 

MgClz, 10 mM KCl, 0.5 mM DTT and 0.5 mM PMSF) with 0.1% Nonidet P40 per 170 

cm^ culture flask and homogenised slowly with 25 strokes of a Dounce homogeniser. 

The homogen ate was centrifuged for 5 min at 2,000 rpm and resuspended in a further 10 

ml of ice cold buffer A and centrifuged as described above. For EMSAs, nuclei were 

resuspended at 10  ̂ nuclei/ml in ice cold buffer C (5 mM HEPES pH, 7.9, 26% v/v 

glycerol, 0.2 mM EDTA and 1.5 mM MgCb), NaCl was then added to a final 

concentration of 300 mM and the nuclei proteins extracted on ice for 30 min. After 

centrifugation at 14,000 rpm for 20 mins at 4°C, the supernatants were transferred to 2 

ml cryogen tubes (Nunc) and stored in liquid nitrogen. Protein concentrations were 

determined by the Bradford method (Bio-Rad).

2.21 Nuclear Run-On

Nuclei from control and treated JTC-19 cells were prepared as described in nuclear 

extract preparation. The transcription run-on was performed according to a modified 

method of Greenberg and Ziff (1984).
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2.22 DNase I hypersensitive site assay

DNase I hypersensitive sites were assayed in JTC-19 cells by a modified method 

according to Forrester et al., (1987).

2.23 Electromobility shift assay (EMSA)

The EMSA was carried out using probes corresponding to the AP I site, CRE site and 

NF-KB-like site in the rat 5’ flanking sequence and probes corresponding to a consensus 

NF-kB site and AP I site (Table 2.1). To obtain the double stranded oligonucleotides, 

single stranded oligonucleotides with Hind DI linkers (sense and antisense) were 

synthesised by Genosys. These were dissolved in 1 x TE to a stock concentration of 100 

mM. Stocks were diluted in water to a concentration of 10 |xM and mixed in equal 

amounts. Samples were denatured by placing in a boiling water bath and then cooled 

slowly to room temperature. The double stranded oligonucleotides were labelled by 

filling in the overhangs using Klenow polymerase (Stratagene) and a-^^P dATP. 10 

pmoles of double stranded oligonucleotide were labelled in a 2 0  p.1 reaction containing 2  

ILil of 5 X buffer, 0.5 mM dCTP, dOTP and dTTP, 2 p-l of a-^^P dATP and 1 \i\ of 

Klenow (100 units) at 3TC  for 30 minutes. 1 p.1 of 5 mM dNTPS were added and the 

reaction incubated for a further 10 min at 3TC. The labelled oligonucleotides were 

purified on a 6 % polyacrylamide gel in 1 x TBE buffer. The oligonucleotides were 

eluted in 300 pi of 1 x TE for 15-18 hr at 37°C. Using a scintillation counter, 1 pi of the 

probe was used to determine the specific activity. Binding reactions were performed 

using 40,000 cpm of labelled oligonucleotide probe, 0.2-0.7 pg of nuclear protein, 1 pi 

of calf thymus DNA, and 10 pi of 2 x gel shift buffer (12 mM HEPES, pH 7.9, 60 mM
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KCl, ImM EDTA, ImM PMSF, ImM DTT and 15% glycerol) in a final volume of 20 

p,l at room temperature for 20 minutes. For competition assays, 700-1,000 fold molar 

excess of unlabelled specific oligonucleotides, or oligonucleotides spanning the rat 

BKBi receptor AP-lsite, NF-KB-like site and NF-KB site (Table 1.2), or mutant 

oligonucleotides (Table 1.2) or oligonucleotides containing consensus AP I site, CRE 

site and NF-kB sites (Promega) were added to the binding reaction for 20 min on ice 

before the probe was added. The nuclear proteins bound to the CRE site were identified 

by preincubation of the nuclear extract for 2 0  min on ice with an antibody (0 . 2  jig) 

directed against the CREB protein (Santa Cruz Biotechnology). After the binding 

reaction the samples were electrophoresed for 1.5 hours on a 4% nondenaturing 

polyacrylamide gel (19:1) in 0.25 x TBE electrophoresis buffer. Gels were dried under 

vacuum and exposed to X-ray film at -70°C for up to three days.
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Table 2.1 Sequences of the double-stranded oligonucleotides used in the EMSA.

Primer Sequence
R AP-1 5 ' -AAGCTTGAGACTCACTTTTGGA-3'
(-78 to -72 bp) 3 ' ACTCTGAGTGAAAACCTTCGA-5'

Mut AP-1 5 ' -A A G CTTG ctA CTCA CTTTTG G A -3'
3 ' ACgaTGAGTGAAAACCTTCGA-5 '

AP-1 5 ' -GATCCGCTTGATGAGTCAGCCGGAA-3'
3 ' GCGAACTACTCAGTCGGCCTTCTAG-5'

RCRE 5 ' -AAGCTTGTGACATCATGGGA-3'
(- 51 to -46 bp) 3 ' ACACTGTAGTACCCTTCGA-5'

Mut CRE 5 ' ' -AAGCTTGcaACATCATGGGA-3'
3 ' A CgtTGTA GTA CCCTTCGA-5'

Ru NF-kB 5 ' ' -GATCCAAGTGGGAAAGCCCATG-3'
(-64 to -57 bp) 3 ' TTCACCCTTTCGGGTACCTAG-5'

Rd NF-kB 5 '' -AAGCTTGGGTAATCCCCTGTGA-3'
(-1192 to -1183 bp) 3 ' ACCCATTAGGGGACACTTCGAA-5 '

Mut NF-kB 5 '’ -A AG CTTGctTAATCCCCTG TGA -3'
3 ' ACgaATTAGGGGACACTTCGAA-5'

NF-kB 5 '' -GATCAGTTGAGGGGACTTTCCCAGGC-3'
3 ' TCAACTCCCCTGAAAGGGTCCGCTAG-5'

The NF-kB and AP-1 oligonucleotides were modified, from those available from Promega to 
contain 5’ overhangs. Mut= mutated oligonucleotide, mutated nucleotides shown in lower 
case. R= site present in the rat 5’ flanking sequence. Ru= rat upstream, Rd= rat downstream. 
The putative transcription factor binding sequences in the rat 5’ flanking sequence are shown in 
bold.

2.24 Materials

The materials and reagents used in this study which have not been described in the text 

are shown below.

2.24.1 Mediators added to cell cultures

Rat recombinant IL-lp, rat recombinant TNF-a, and mouse recombinant IL-lRa were 

purchased from R and D systems. Actinomycin D, cycloheximide, LPS (from E. coli 

serotype 0111:B4), dibutyryl cAMP (dbcAMP) forskolin and G418 were obtained from
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Sigma. SB203580 and PD98059 and LY294002 were obtained from Calbiochem. 

DesArg^BK was obtained from Bachem. DesArg'^kallidin was obtained from 

Peninsula.

2.24.2 Materials for buffers and hybridisation solutions

Boric acid, HEPES, EDTA, MOPS, SDS, PBS, TES, KCl, NaCl, NaOH, sodium 

acetate, sodium citrate, dextran sulphate, DEPC, formaldehyde, formamide, Tris-base, 

Tris-HCl, Triton X-100, MgCli, gelatin, p-mercaptoethanol, PMSF were obtained from 

Sigma. HCl, sucrose and glycine was obtained from BDH. Nonidet P40 was obtained 

from Boehringer Mannheim. Glycerol was obtained from Life Technologies.

2.24.3 Other materials

All restriction enzymes and restriction enzyme buffers were obtained from NEB. 

Ammonium acetate, chloroform, phenol, ethanol, isopropanol, methanol, acetone, were 

obtained from Sigma. Agarose was obtained from Life Technologies.
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Chapter 3

Isolation and characterisation of the rat

BKBi receptor gene

3.1 Introduction

Kinins exert their effects by the activation of specific G-protein coupled receptors. Two 

mammalian receptors, BKBi and BKB2 have been characterised by a number of criteria 

described in Chapter 1. Most of the in vivo effects assigned to the kinins are thought to 

be mediated by BKB% receptors (Hall et al, 1992; Bhoola et al, 1992), with BKB% 

receptors being constitutively expressed in many mammalian tissues (Hall, 1992; Ma et 

al, 1994a). In contrast, the BKBi receptor is either absent, or present in low levels, but 

unlike the BKB2 receptor its expression can be dynamically regulated. Initial studies 

carried out in isolated vascular tissues showed that the responsiveness to BKBi receptor 

agonists occurs as a function of time in a process dependent on both RNA and protein 

synthesis (Regoli et al, 1978; Deblois et al, 1987; Bouthillier et al, 1987). Pursuant to 

these studies, a number of agents, in particular IL-1 and LPS, were shown to induce the 

responsiveness to desArg^BK both in vitro (Deblois et al, 1988, 1989, 1991; Bouthillier 

et al, 1987), and in vivo (Regoli et al, 1981; Deblois et al, 1989, 1991; Bouthillier et 

al, 1987; Marceau et al, 1984). To date, BKBi receptor up-regulation has been 

determined in both vascular and non-vascular tissues for a number of species including
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humans and rats (Chapter 1, Table 1.1). A role for inducible BKBi receptors in 

pathophysiology has been demonstrated in a number of models of tissue injury and 

inflammation, many of which have been developed in rodents (Chapter 1, Table 1.2). 

However, very little is known about the role of the BKBi receptors in healthy tissues.

At the onset of these studies, the in vivo and in vitro characterisation of the BKBi 

receptors had been performed using pharmacological agents with no molecular 

confirmation of the up-regulation process. Moreover, although de-novo synthesis of the 

BKBi receptors was verified from pharmacological studies with metabolic inhibitors, 

knowledge of the regulation at the level of the BKBi receptor gene was unknown. 

Recent studies have reported the isolation of cDNA clones for the human and rabbit 

BKBi receptors (Menke et ai, 1994; MacNeil et ai, 1995). These studies showed that 

the BKBi receptor encodes a protein belonging to the superfamily of G-protein coupled 

receptors. Interestingly, although the human and rabbit BKBi receptors show protein 

sequence homology of 78%, they exhibit significant species-related pharmacological 

differences (MacNeil et al, 1995). For example, the affinity of the human and rabbit 

receptors for the agonist desArg^^kallidin are similar, whereas the rabbit receptor has 

more than 10 fold higher affinity for the agonist desArg^BK. The pharmacological 

characteristics of BKBi receptors in the mouse macrophage cell line, RAW264, have 

been studied using [H^jdesArg^^Pro^kallidin binding in the presence of competing 

ligands (Burch and Kyle, 1992). However, molecular cloning was required to determine 

a detailed pharmacological profile for the rodent receptors (Hess et al, 1996; Pesquero 

et al, 1996; Ni et al, 1998b; Jones et al, 1999). In contrast to humans, kallidin and its 

derivative desArg^\allidin are not formed in rodents (Furoto-Kato et al, 1985, Hess et 

al, 1996). Therefore, it is possible that the human BKB] receptors have evolved high
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affinity towards kallidin and its derivatives and rodent receptors, in the absence of 

kallidin have evolved high affinity for bradykinin and its derivatives instead.

This chapter describes the isolation of both genomic and cDNA clones for the rat BKBi 

receptor and characterisation of the genomic structure. Using this DNA as a species- 

specific probe, the molecular nature of the BKBi receptor up-regulation is established. 

In addition, a rat embryonic fibroblast cell line, JTC-19, retaining the characteristics of 

BKBi receptor up-regulation is reported.
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3.2 Results

3.2.1 isolation of genomic and cDNA clones for the rat BKBi receptor

A plasmid clone containing the human BKBi receptor cDNA was isolated by expression 

cloning in Xenopus oocytes from a cDNA library synthesised using mRNA purified 

from the human fibroblast cell line, WI38. This work is briefly described in Jones et al, 

(1999), but was not a part of this thesis. The isolation of the rat sequences described in 

Jones et ai, (1999) forms a major part of this thesis. A rat genomic library constructed 

in the cosmid vector, SuperCos 1, was screened to isolate a clone containing the rat 

BKBi receptor gene. A 750 bp Xba I to Eco RI fragment located in the ORE of the 

human BKBi receptor cDNA sequence was used as a probe for screening the library 

under low stringency hybridisation conditions (see Methods and Materials). From 1 x 

10  ̂ clones screened, one was obtained that contained the rat BKBi receptor, hereafter 

called RBI. The cosmid clone was mapped using restriction enzymes and subsequent 

Southern blot analysis with the human BKBi receptor as a probe. A 2.2 kb Bam HI 

fragment containing the BKBi receptor gene was identified which was subcloned into 

pBluescript KSn. Restriction digestion with Eco RI excised a 0.9 kb fragment from the 

3'end of the subclone, which did not hybridise to the human probe, leaving a 1.3 kb 

insert. This insert was sequenced in its entirety and a predicted ORE corresponding to 

the rat BKBi receptor protein was identified. The predicted ORE spanned 1014 bp 

encoding a 338 amino acid protein.

In order to obtain the cDNA sequence for the rat BKB] receptor, an 864 bp Pst I 

fragment (Probe A) located within the putative rat BKB] receptor ORE was used to
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screen a rat bladder cDNA library. The cDNA library was synthesised with Poly(A)^ 

RNA purified from rat bladders, treated as described in Methods and Materials, to 

obtain maximum expression of the BKB] receptor mRNA. From 1 x 10  ̂ clones 

screened, a single clone was isolated and sequenced. The clone contained a single ORF 

of 780 bp flanked by 103 bp of 5’ untranslated sequence and 159 bp of 3’ untranslated 

sequence. The cryptic poly(A) addition signal, CATAAA, was not an exact match to 

the consensus sequence (A AT A A A) and was located 28 bp upstream from the start of 

the poly(A) tail. Sequencing of the entire cDNA revealed that there was a deletion in 

the region encoding the predicted TM domains VI and VII. Consequently, the following 

primers were synthesised, 5’-AGGTCACCATCAAAAACACAGG-3’ and 5’- 

CTTCTTGGCTCCCTGCTGTT-3’, corresponding to the most 5’ and 3’ cDNA 

sequence, respectively. Using these primers, RT-PCR was performed on the same 

source of poly(A)^ RNA as used for construction of the cDNA library. A 1.3 kb product 

corresponding to the predicted size for an undeleted clone was amplified and cloned into 

pCR2. Sequence analysis of the PGR product revealed identical sequence to the deleted 

clone but with the inclusion of TM domains VI and VII corresponding to an ORF of 

1014 bp.

Based on the hydrophobicity profile, the amino acid sequence of the rat BKB] receptor 

cDNA was predicted to have seven TM domains as determined for the human BKB] 

receptor (Menke et al, 1994; Jones et al, 1999), this is characteristic of the superfamily 

of G-protein coupled receptors. Figure 3.1 shows an alignment of the predicted 338 

amino acid ORF from the rat receptor with that of the mouse (Hess et al, 1996; 

Pesquero et al, 1996), rabbit (MacNeil et al, 1995) and human receptors (Menke et al, 

1994; Jones et al, 1999). Some features of G-protein coupled receptors observed in the
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human BKBi receptor are conserved in all four species (Menke et al, 1994). These 

include three potential N-linked glycosylation sites and two conserved cysteine residues 

that are proposed to form a disulphide bridge. However, whereas the rat and mouse 

ORFs are similar, there are marked differences compared to the human and rabbit 

receptor sequences. Two striking differences are evident between the predicted protein 

sequence of the rat receptor with both the rabbit and human BKBi receptors (Figure 

3.1). Firstly, the rat BKBi receptor protein is 26 amino acids shorter than the human 

and the rabbit sequences at the C-terminus. Secondly, the rat contains an extra 11 

amino acids within the first intracellular loop. Like the rat, the predicted mouse BKBi 

receptor sequence also has a longer first intracellular loop, in this case with an extra 8  

amino acids, and the same shortened tail as seen in the rat receptor. In addition, the rat 

sequence lacks a consensus site for palmitoylation which is found in the human and 

rabbit receptors. Palmitoylation has been shown for the BKB2 receptor but has yet to be 

determined for the BKB, receptor (Soskic et al, 1999). Determination of the receptor 

homologies between the species showed that the rat and human predicted proteins have 

73.1% identity, the rat and rabbit proteins have 71.6% identity and the rat and mouse 

have 89.9% identity. The pharmacological profile for the rat receptor was characteristic 

of a BKBi receptor, exhibiting high affinity for the desArg metabolites, desArg^BK and 

desArg^\allidin (Jones et al, 1999).

3.2.2 A distinct tissue expression pattern for the BKBi receptor mRNA

Detection of the receptor protein is preferable to detection of mRNA levels in regulation 

studies, as this represents the physiological end point of gene regulation. However, 

specific antibodies for the rat BKB, receptor were not available while the studies in this
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thesis were performed. Therefore, Northern blot analysis was used to determine 

whether there was a correlative increase in the BKBi receptor mRNA levels in isolated 

organs from LPS-treated rats compared to control animals. Poly(A)^ RNA was isolated 

from ex-vivo tissues from LPS-treated and control rats, and analysed by Northern blot 

studies as described in Methods and Materials. Hybridisation with probe A showed the 

presence of three mRNA transcripts of 1.6, 4 and 8  kb (Figure 3.2A). The large 

transcripts of 4 and 8  kb were only detected in Northern blots from tissues that exhibited 

high levels of induced expression. The 1.6 kb transcript corresponds to the expected 

size of the mRNA from the cDNA clone and is equivalent to the reported human BKBi 

receptor mRNA transcript of 1.4-1.7 kb (Bachvarov et ai, 1996; Chai et ai, 1996; 

Phagoo et al, 1997). For quantitation of the 1.6 kb transcript, blots were stripped and 

re-probed with cyclophilin (Figure 3.2A). All future measurements of BKBi receptor 

mRNA levels by Northern blot analysis were detected and quantified according to this 

protocol, unless stated otherwise. Figure 3.2B shows that low levels of BKBi receptor 

mRNA are found in control tissues, with the exception of spleen where BKBi receptor 

mRNA levels were undetectable. Interestingly, control uterus exhibited almost 10 fold 

higher BKBi receptor mRNA levels than any of the other control tissues tested. 

Treatment of rats with LPS showed an up-regulation of the receptor mRNA in all of the 

tissues tested, in heart ( 8  fold), bladder (25 fold), lung (25 fold), kidney (7 fold), spleen, 

and uterus (14 fold). Of the isolated tissues from LPS-treated rats, the highest BKBi 

receptor mRNA levels were observed in the uterus. This tissue exhibited 5 fold more 

receptor mRNA levels compared to the lung, the tissue with the next highest receptor 

mRNA levels.
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3.2.3 Expression of BKBi receptor mRNA in cultured cell lines

Due to limitations in the lifespan of primary cell cultures and and the low quantity of 

cells, primary cell cultures were not used for analysis in these studies. Therefore, to 

study the mechanisms of BKBi receptor up-regulation, a rat cell line retaining these 

inducible characteristics was identified. A number of functional responses, including 

mitogenesis (Bascands et al, 1993; Issandou and Darbon, 1991) and cytokine release 

(Tiffany and Burch, 1989), have been attributed to BKBi receptors in rat cell lines. 

However, these responses were observed in the absence of inducing agents suggesting a 

high constitutive level of BKBi receptor expression under the cell culture conditions 

used. Menke et al, (1994) observed that binding of [^H]desArg^\allidin in IMR-90 

human foetal lung fibroblast cells was up-regulated following treatment with EL-Ip. 

This study analysed the rat embryonic lung cell line, JTC-19 and the mouse fibroblast 

cell line, NIH-3T3 for inducible BKBi receptor mRNA levels. Since the effects of LPS, 

in some cell types, can be mediated through the autocrine effects of several mediators, 

including IL-1 (Sweet and Hume, 1996), IL-ip was used as a more specific inducing 

agent to analyse BKBi receptor gene expression. NIH-3T3 and JTC-19 cells were 

treated with IL-ip (10 ng/ml) for four hours prior to RNA isolation. Previous studies 

established a dose response curve for IL-ip and showed that 10 ng/ml was super- 

maximal for induction of BKBi receptor mRNA levels (data not shown). RT-PCR was 

performed and the amplified products were run through a 1% agarose gel and Southern 

blotted (see Methods and Materials). An oligonucleotide located within the PCR 

product was end labelled using y-^^P ATP and used as a probe to confirm the specificity 

of the amplification products. The results of the analysis in Figure 3.3 show that both 

JTC-19 cells and NIH-3T3 cells express BKB] receptor mRNA which is up-regulated
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following treatment with IL-ip. For quantitative analysis, JTC-19 cells were further 

analysed by Northern blot studies using poly(A)^ RNA (Figure 3.4). Three mRNA 

transcripts of 1.6, 4 and 8  kb were detected following IL-lp-treatment as described for 

the Northern blot analysis from LPS-treated rat tissues (see Figure 3.2). This 

corresponded to a 16 fold induction of BKBi receptor mRNA levels (Figure 3.4B). In 

contrast, the same dose of IL-ip failed to induce BKBi receptor mRNA levels in rat H4 

liver hepatoma cells (data not shown). In addition, H4 cells did not express BKBi 

receptor mRNA when treated with LPS as an alternative inducing agent. The presence 

of undegraded mRNA from H4 cells was verified by stripping and re-probing the blots 

with cyclophilin. More recent studies have shown that rat VSMCs, and the rat smooth 

muscle cell line, A10, express inducible BKB] receptor mRNA levels (Ni et al., 

1998a,b). BKB] receptor mRNA levels from control, EL-lp and LPS-treated AlO cells 

were examined in this study by Northern blot analysis (data not shown). The addition of 

IL-lp and LPS resulted in a 3 and 4 fold increase in BKB] receptor mRNA levels, 

respectively. Thus, these data show that the JTC-19 cell line is a good model system in 

which to study the up-regulation of the rat BKB] receptor gene. Consequently, these 

cells were used in subsequent studies of BKB] receptor gene expression as described in 

Chapters 4 and 5.

3.2.4 Characterisation of the genomic BKBi receptor clone, RB1

As a first step to study the regulatory mechanisms that contribute to the BKBi receptor 

regulation, the gene structure was determined. To elucidate the structural organisation 

of the BKB] receptor gene and the sequences of the exon-intron boundaries, the
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genomic and cDNA sequences were aligned. The sequences were identical over the 

ORF and the 3’ UTR demonstrating that the protein coding region is contained within 

one exon. This resembles a large number of other G-protein coupled receptors, such as 

muscarinic Mi and M4 receptors (Pepitoni et al, 1997; Wood et al, 1995), angiotensin 

n  ATi and AT2 receptors (Cumow et al, 1992; Langford et al, 1992; Takeuchi et al, 

1993; Nakajima et al, 1993) and (X2 and P adrenergic receptors (Kobilka et al, 1987a,b; 

Emorine et al, 1987). Alignment of the 5’ non-coding cDNA and genomic sequences 

showed evidence for a splice site located 51 bp upstream of the start codon. Restriction 

digests and Southern blot analysis of RBI using an end-labelled oligonucleotide probe 

located within the 5’ end of the cDNA identified a 1.6 kb Bam HI fragment containing 

the 52 bp of upstream non-coding sequence. Sub-cloning and sequencing of this 

fragment revealed that it was located directly upstream of the 2.2 kb Bam HI fragment 

containing the BKBi receptor coding exon. An intervening intron of 1126 bp spanning 

the Bam HI fragments was identified. The remaining 52 bp of cDNA sequence was 

found to be contiguous with the genomic sequence. Thus, these data indicate that the rat 

BKBi receptor gene is encoded on 2 exons with an intervening intron of 1126 bp 

(Figure 3.5C).

The restriction enzymes Not I and Eco RI were used to map RBI and determine the 

location of the BKBi receptor gene within the insert. A Not I complete restriction digest 

and Eco RI partial restriction digests of the cosmid were separated by electrophoresis 

and analysed by Southern blotting as described in Methods and Materials. T7 and T3 

oligonucleotides located within the polylinker were end-labelled with ATP and 

used as probes for Southern blot analysis. Figure 3.6 A and 3.6B show restriction maps 

of the Eco RI and Not I sites in RBI. Hybridisation with probe A from the coding
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region was used to determine the position of the coding exon. To determine the 

orientation of the coding sequence a 900 bp Eco RI to Bam HI fragment located 

downstream of the coding sequence was used as a probe. As illustrated in Figure 3.6 A 

and 3.6B the cosmid contains approximately 13 kb of 5’ sequence and 20 kb of 3’ 

sequence relative to the coding exon. The 5.2 kb Eco RI fragement spanning the BKBi 

receptor gene was subcloned into pBluescript KSn and sequenced. Figure 3.5C 

represents a restriction map of the Eco RI to Bam HI fragment showing the location of 

the BKBi receptor gene. Sites used to generate fragments for subcloning and for the 

synthesis of probes are highlighted. The sequence of this fragment is shown in 

Appendix I.

3.2.5 Organisation of the rat BKBi receptor gene

The existence of multiple mRNA transcripts was noted in previous Northern 

experiments (see Figures 3.2 and 3.4). Such transcripts could be explained by the use of 

alternative splice variants, unspliced intermediate transcripts, alternative 

polyadenylation sites or different subtypes of receptor. To elucidate the exon-intron 

boundaries and the start and end of the transcripts, the cDNA ends were mapped using 

primer extension analysis and RACE. Primer extension analysis can be used to 

determine the location of the TIS(s). Furthermore, this technique can be used to 

quantitate the amount of a given RNA product. RACE was developed by Frohman et 

al, (1988), this method is based on PCR and is specifically designed to amplify the 5’ 

and 3’ ends of mRNA molecules for rare sequences. Enriched sources of BKBi receptor 

transcripts from LPS-treated rat bladder and uterus and from IL-l(3-treated JTC-19 cells 

were used in these investigations to increase the yield of BKZBi receptor cDNA products.
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3.2.5.1 Identification of multiple transcription initiation sites using primer 

extension analysis

Primer extension analysis was performed using two different antisense primers for the 

synthesis of extension products, primer I, located at the 3’ end of exon 1 and primer n, 

located at the 5’ end of the coding exon. Comparison of the extension products 

generated with these primers would identify possible differential splicing to alternative 

upstream exons. Primer I was hybridised with 50 pg of total RNA from rat bladder 

(treated as described in Methods and Materials). Extension products were synthesised 

according to Methods and Materials and separated by electrophoresis on a 6 % 

polyacrylamide gel. The result in Figure 3.6A shows two bands corresponding to TISs 

at the first and second of three G residues. Nucleotide numbering of the rat sequence 

starts at +1 at the first of these two G residues. Primer H, was hybridised to 5 pg of 

poly(A)^ RNA isolated from control and LPS-treated rats uterus tissue. As shown in 

Figure 3.7B transcripts were only detected in poly(A)^ RNA derived from LPS-treated 

rat uterus tissue. The extension products from this poly(A)^ RNA revealed the presence 

of two sets of transcripts. The large initiations shown by arrow 1 in Figure 3.6B 

correspond to TISs at the second and third of the three G residues consistent with the 

products generated using primer I. In contrast, the transcripts shown by arrow 2 in 

Figure 3.6B are 41 bps shorter. The smaller transcripts were only identified using 

primer II suggesting differential splicing of alternative 5’ sequences to the coding exon.
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3.2.S.2 Alternative splice acceptor sites generate multiple BKBi receptor 

transcripts

5’ RACE was performed on cDNA synthesised from RNA isolated from control and 

LPS-treated rat uterus tissue and from control and IL-iP-treated (4 hours) JTC-19 cells 

as described in Methods and Materials. Products were analysed by separation on a 1% 

agarose gel, Southern blotting and hybridisation with a primer located within the PCR 

products. Southern analysis showed a smear of DNA between 300 to 500 bp from the 

treated samples. The lack of hybridisation to a specific band was probably due to non

specific amplification. PCR products were cloned into pCR 2.1 and DNA was isolated 

from 10 recombinants and sequenced. Sequence analysis of the clones revealed TISs 

located 30 and 31 bp upstream from the 5’ end of the cDNA clone at the first and 

second of three G residues as determined using primer extension analysis (Figure 3.7). 

The additional 31 bp of sequence is contiguous with the genomic sequence and thus 

verifies the two exon structure for the rat BKBi receptor gene. Furthermore, sequence 

analysis revealed the presence of an alternative splice acceptor site. This alternative 

splice acceptor site is located 10 bp upstream of the start codon resulting in a 41 bp 

difference between the mRNA transcripts as shown in Figure 3.7. Moreover, this 

finding suggests that the smaller products in the primer extension analysis with primer II 

correspond to mRNA transcripts generated using the 3’ splice acceptor site (Figure 3.6B 

arrow 2). The 3’ splice acceptor site is equivalent to the location of the splice site in the 

human BKBi receptor gene (Bachvarov et al, 1996; Yang and Polgar, 1996). The 41 

bp size difference between the alternative mRNA transcripts would be indistinguishable 

by Northern blot analysis. The functional significance, if any, of the alternative mRNA
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transcripts remains to be determined. Expression profiles for these mRNA transcripts 

are assessed in Chapter 4.

Thus, these data from RACE studies and primer extension analysis show that the rat 

BKBi receptor gene consists of two exons of 87 or 8 8  bp (depending on which start site 

is used) and 1224 bp, separated by an intron of 1126 bp. However, this gene structure 

does not explain the presence of the additional 4 and 8  kb transcripts identified by 

Northern blot studies.

3.2.S.3 Alternative 3’ processing of BKBi receptor mRNA generates 

multiple transcripts

To analyse the 3’ end of the BKB] receptor cDNA, 3’RACE was performed. RACE 

cDNA was synthesised from control and IE-ip-treated (4 hour) JTC-19 cells. Products 

were analysed by Southern blotting and hybridisation with a primer located within the 

PCR products. PCR products were cloned into pGEM-T and DNA was prepared from 

six recombinants and sequenced. Two of the clones appeared to be PCR artifacts. Three 

of the clones showed the same 3’ end as identified previously (Figure 3.8). These 

corresponded to a coding exon of 1244 bp and contain the poly(A) addition site 

(CATAAA). The remaining clone contained an additional 372 bp of sequence which 

was contiguous with the genomic sequence. Sequence analysis revealed the presence of 

a poly(A) addition site (ACTAAA) within this region located 374 bp downstream of the 

first identified poly(A) site. Assuming the poly(A) tails are of equivalent length, 

utilisation of the downstream poly(A) addition site would generate mRNA transcripts 

372 bp longer than those generated using the upstream first identified poly(A) addition
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site. However, alternative mRNA transcripts exhibiting this size difference were not 

detected by Northern blot analysis. The functional significance of these alternative 3’ 

UTRs thus remains to be determined.

The 1.6 kb transcript corresponds to the predicted BKBi receptor mRNA size, however, 

the origin of the 4 and 8 kb transcripts could not be explained. RACE studies and 

primer extension analysis showed no evidence for the large transcripts. These large, 

hybridising bands were present after washing the blots to high stringency (data not 

shown) suggesting that they are due to transcription of the BKB] receptor gene. 

Therefore, transcription must be occurring either further upstream, due to alternative 

TISs, or proceeding further downstream, due to read-through at the 3’ end of the gene. 

To elucidate the nature of the 4 and 8 kb transcripts, probes were synthesised spanning 

the 5’ and 3’ flanking regions of the BKB] receptor gene and used in Northern blot 

studies. BKBi receptor mRNA levels were analysed from JTC-19 cells treated with IL- 

IP for 2 hours. Using a 594 bp probe located -1941 to -2535 bp, hybridisation 

products were not detected (data not shown). Figure 3.9B shows the Northern blot 

analysis using a 450 bp probe spanning the genomic DNA starting at the sequence 

located 6 bp downstream of the most 3’ poly(A) addition site. Two mRNA transcripts 

of 4 and 8 kb were detected using this probe. To confirm the existence of all three 

transcripts the same blot was stripped and reprobed with probe A, the canonical rat 

BKBi receptor probe (Figure 3.9A). Thus, these findings suggest that the large 

transcripts are not generated by differential 5’ processing but are produced by 3’ read- 

through and inefficient termination of the transcript.
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3.2.6 Comparison of the rat and human BKBi receptor gene structure

Whilst this work was carried out, the human BKBi receptor gene structure was reported 

(Bachvarov et al, 1996, Yang and Polgar., 1996). In comparison with the rat, the 

human BKBi receptor gene contains 3 exons of 92, 119 and 1086 bp separated by 

introns of approximately 7000 bp and 900 bp (Figure 3.11 A). Consequently, 

comparative Southern blot analysis of restriction digests from rat genomic DNA and 

cosmid RB1 DNA were carried out to eliminate the possibility of a deletion within the 

cosmid clone. Restriction digests were separated by electrophoresis on a 1% agarose gel 

and transferred to nylon membranes by Southern blotting. Hybridisation with probe A 

showed the presence of equivalent cosmid and genomic Bam HI and Eco RI fragments 

of 2.2 kb and 5.2 kb, respectively (Figure 3.10). A map corresponding to the rat BKBi 

receptor genomic structure is illustrated in Figure 3.II  A.

To elucidate the nature of the differences in gene structure between the rat and human 

BKBi receptor genes, the non-coding exon sequences were aligned (Figure 3.1 IB). 

Alignment of the rat and human BKBi receptor non-coding exon sequences revealed 

64.7% identity between exon 1 of the rat with exon 1 of the human. In contrast, 

alignment of exon I of the rat with exon 2 of the human shows 35.2% identity. These 

data suggests that exon 1 of the rat BKB] receptor gene is equivalent to exon I of the 

human BKBi receptor gene and one can further speculate that the human exon 2 arose 

by duplication and divergent evolution of the primordial precursor of exon I.
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Figure 3.1 BKBi receptor amino acid alignment.

Predicted ORFs from the rat (this study, Jones et al, 1999; Ni et ai, 1998b), mouse 

(Pesquero et al, 1996; Hess et al, 1996), rabbit (MacNeil et al, 1995) and human 

(Menke et al, 1994; Jones et al, 1999) were aligned using the GCG PILEUP program. 

Predicted transmembrane domains are underlined. Potential sites of N-linked 

glycosylation are shown by an asterisk. The conserved cysteine residues of the second 

and third extracellular loops ,which may form a disulphide bond, are joined by the 

dotted line.
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Figure 3.2 BKBi receptor mRNA levels in control and LPS-treated rat tissues.

A Northern blot analysis showing BKBi receptor mRNA levels from control and 4 hour 

LPS-treated (i.v. injection of 3 mg/kg) ex-vivo rat tissues. The same blot was stripped 

and re-probed with cyclophilin as shown in the lower panel. B The amount of 

radioactivity in the 1.6 kb transcript was quantified using the Storm phosphorimager 

and ImageQuaNT software and normalised to the respective cyclophilin band. The 

normalised signal was plotted against the tissues. B= Bladder, K= Kidney, S= Spleen , 

U= Uterus, L= Lung, H= Heart, the presence of a -t- sign indicates treatment of the rat 

with LPS.
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Figure 3.3 RT-PCR Southern blot analysis of BKBi receptor mRNA from rat and 

mouse cell lines.

Total RNA was extracted from control and 4 hour IL -1 ̂ -treated (10 ng/ml) JTC-19 cells 

and NIH-3T3 cells. 1 |Ltg of total RNA was treated with DNase I and used in the reverse 

transcription reaction using reverse transcriptase as described in M ethods and materials. 

PCR was conducted for 30 cycles using cDNA or 10 pg of RBI template as a positive 

control, using primers spanning the ORF and the products separated by electrophoresis. 

Hybridisation was carried out using an end-labelled oligonucleotide located within 

the amplified product. The + sign indicates treatment with 1L-1|3.
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Figure 3.4 Effect of IL-ip on BKBi receptor mRNA levels in JTC-19 cells.

A Northern blot analysis showing the BKBi receptor mRNA levels from control and 4 

hour IL-iP-treated (10 ng/ml) JTC-19 cells. The same blot was stripped and re-probed 

with cyclophilin as shown in the lower panel to allow quantitation. B The amount of 

radioactivity in the 1.6 kb transcript was quantified using the Storm phosphorim ager and 

ImageQuaNT analysis software and normalised to the respective cyclophilin band 

intensity. The normalised signal was plotted against the appropriate treatment. The 

Northern blots shown are representative of two separate experiments.
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Figure 3.5 Restriction map of the BKBi receptor cosmid clone, RBI.

A and B show the cosmid insert RBI with the relative positions of the restriction 

enzymes Not I in (A) and Eco RI in (B). The boxed region represents the cosmid insert. 

The shaded area within the boxed cosmid insert represents the coding exon. The lines 

adjoining the end of the cosmid insert represent the Supercos 1 sequence with the 

position of the T7 and T3 sequences shown. C shows an amplified Eco RI-Bam HI 

fragment of RBI containing the BKBi receptor gene. The boxes represent the exons, 

with the hatched box representing the ORF for the receptor. Restriction enzymes used 

for the generation of fragments for subcloning and as probes are shown, E= Eco RI, X= 

Xba I, B= Bam HI and P= Pst I. The location of Probe A, the canonical rat BKBi 

receptor probe used in these studies is illustrated.
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Figure 3.6 Determination of the transcription initiation sites by primer extension 

analysis.

A 50 |Lig of total RNA isolated from rat bladders (treated as described in Methods and 

Materials) was hybridised with an oligonucleotide, primer I (5’- 

CCGGATAGAAAAGCAAAGAGC- 3’), located in exon 1. Extension products were 

synthesised with reverse transcriptase as described in Methods and Materials and size 

fractionated on a denaturing polyacrylamide gel alongside a Sanger dideoxynucleotide 

sequencing ladder (G,A,T,C) primed on a genomic plasmid subclone with the same 

primer. Arrow 1 indicates the initiations. Arrow 1 corresponds to two TISs located 87 

and 88 bp from the 3’ end of exon 1. The TIS is represented diagrammatically on the 

genomic BKBi gene receptor in (A) (right hand panel). Exons are indicated by solid 

boxes, the coding region is shown by a hatched box inside exon 2. The arrow shows the 

location of the TIS.

B 5 pg of poly(A)^ RNA isolated from control (U) and LPS-treated (U+) rat uterus 

were hybridised with an oligonucleotide, primer II (5’- 

GCTGGAGCTCCAACAAGACCTCGGACGCCA-3’), located in exon 2 and extended 

with reverse transcriptase as described in Methods and Materials. Extension products 

were size fractionated on a denaturing polyacrylamide gel alongside a Sanger 

dideoxynucleotide sequencing ladder (G,A,T,C) primed on pUC18 with the universal 

primer (5’-GTTTTCCCAGTCACGACGTTGTA-3’). Arrows numbered 2 and 3 

indicate the initiations. Arrow 2 corresponds to two TISs located 87 and 88 bp from the 

3’ end of exon I. Arrow 3 corresponds to two TISs 41 bp smaller than the initiation 

sites shown by arrow 2, these products can be explained by an alternative splice 

acceptor site identified using 5’ RACE. The TISs and possible splice patterns are 

represented diagrammatically on the genomic BKBi receptor structure shown in (B) 

(right hand panel). The exon structure is the same as described in (A), the arrow shows 

the location of the TIS, the location of primer II is shown. The primer extensions shown 

are representative of three separate experiments.
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Exon 1

GGAGCTGCCCCAGGACAGAAACCTCCCAAGACAGCAGTCACCATCAAAAACACAGGTGAAGCTGTGAGCTCTTTGCTTTTCTATCCGÎ
Exon 2 

Intron
■̂ CCACAGCTGGATTTGACCTCCTGTACTGTGTCAACGTCA^TCACTGTGGATO

Figure 3.7 5’ UTR sequence of the BKBi receptor cDNA ends isolated by 5’ RACE.

5’RACE products were isolated from LPS-treated rat uterus and from IL-iP-treated JTC-19 cells (see Methods and Materials). Nucleotide 

sequence for the products are shown. The TISs are indicated by arrows. The first nucleotide of the cDNA clone isolated from the rat bladder 

cDNA library is underlined. The start codon (ATG) of the coding region is presented in boldface. The splice donor site is represented by the [. 

Alternative splice acceptor sites are represented by ].



TGATGCAACCGAGAAGCCTCATGCCCATGTGGCCCAACAGGAAGGGACTCTTCCAATTATCCTGCTGGAATTCAAACAGCAGGGAGCCAAGAAGCC 

TGGCTTCTTGACCAACCATCTCTGGTATCATAAAGACCATCTGGTCAGCTGACCCACAGCCÇACAAAGATACCCAGGGTAAAAGTTATTAGCAGGG 

TAGTCGGGTAGTCGGGACCTTGAAGGGCAATTACTAGGGCTCTGGAGATTAGGCTGATCCTGAAGTTTTTCGGGACAGAGGGAGAAGCATAGCCAC 

AGCGGTTCTTTTAAGAGGGGATTTTGGAGGGCTGCAATGCATGGACAGAAGCAGAGGTCAGAGTGTGGTGAGGAAGGCGGCACCAGCCCGAGGACA 

GCAGGCACCCTGAGAGGCTGGAAAAGAAAGAACACAGGCAGACATCCTCTCTGAAACCTCCAGGAAAGACCAGACTTGGCCAACGTGCCGATGCCA 

GCCCTGCCCCCCAGGTACTGTGAGAGAGTAAAGCTGCACTCTGATTTGCCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Figure 3.8 3’ UTR sequence of the BKBi receptor cDNA ends isolated by 3’ RACE.

[3 3'RACE products were isolated from IL-lp-treated JTC-19 cells according to Methods and Materials. Nucleotide sequence for the largest

product is shown. The sequence starts with the STOP codon, TGA, shown in boldface. Polyadenylation sites are shown in boldface and 

underlined. Of the six recombinants sequenced, only one corresponded to the utilisation of the downstream polyadenylation site (AGTAAA). 

Three clones utilised the upstream polyadenylation site (CATAAA), in these cases the poly(A) tail started at the C nucleotide (underlined) 

located 28 bp downstream of the polyadenylation site. The remaining two clones were PCR artifacts.
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Figure 3.9 Detection of BKBi receptor mRNA transcripts using probes spanning 

different regions of the BKBi receptor gene.

A Northern blot analysis showing the BKBi receptor mRNA transcripts from control 

and IL -lp-treated  (lOng/ml) JTC-19 cells hybridised with probe A. In panel B the 

same blot was hybridised with a probe located downstream of the poly(A) addition site 

in the BKB] receptor gene (DS probe). The diagram below the Northern blot analysis 

shows a schematic representation of the rat BKB] receptor gene structure with the probe 

locations. The boxes area represent the exons, with the hatched box representing the 

ORF. The probe used for Northern analysis in panel (A) is labelled A and that used in 

panel (B) is labelled DS.
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Figure 3.10 Southern blot analysis of genomic and cosmid DNA restriction digests.

The figure shows the results obtained from Southern blot analysis of restriction digests 

of rat genomic DNA and DNA from the cosmid clone, RBI .  6.5 )j.g of rat genomic 

DNA and 1 |ag of RBI cosmid DNA were digested with Eco RI or Bam HI restriction 

enzymes as indicated. Digested products were separated by electrophoresis and 

Southern blotted (see M ethods and Materials). Southern blots were hybridised with 

probe A. Hybridisation to a 5.2 kb Eco RI fragment and a 2.2 kb Bam HI fragment in 

both genomic and cosmid DNA are shown by arrows.
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Rat Exonl TTTGCTTTTCTATCCGG. . .

Hum Exon2 TCGAGTTGCTGGGACCACAG
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Figure 3.11 Structural organisation of the rat and human BKBi receptor genes.

A Shows a schematic diagram representing the structural organisation of the rat and 

human (Yang and Polgar, 1996) BKBi receptor genes. Locations of exons and introns 

and their sizes are shown. Exons are indicated by solid boxes, the coding region is 

shown by a hatched box inside exon 2 of the rat gene and exon 3 of the human gene. B 

Upper panel shows an alignment of exon 1 of the rat with exon 1 of the human. Lower 

panel shows an alignment of exon 1 of the rat with exon 2 of the human. The rat 

sequence is shown above in boldface and the human sequence is shown below, lines 

join identical nucleotides. The percentage of identity between exon 1 of the rat gene 

with the respective human exons are shown below the alignment.
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3.3 Discussion

This chapter describes the elucidation of the exon-intron structure of the rat BKBi 

receptor gene. This was achieved by isolation and characterisation of cDNA and 

genomic clones. Using these sequences as specific probes, a distinct expression pattern 

for the BKB] receptor gene in a number of tissues and the rat cell line, JTC-19, has been 

determined.

The rat BKB] receptor cDNA clone contains a single ORF encoding a G-protein 

coupled receptor of 338 amino acids, and is identical to that recently described by Ni 

and colleagues (1998b). The structure of the rat receptor shows a high degree of 

similarity to the mouse BKB] receptor (Hess et al, 1996; Pesquero et al, 1996). In 

contrast, both rodent receptors show marked differences with the human and rabbit 

receptor sequences. The large insertion of basic amino acids in the first intracellular 

loop together with the shortened C-terminal cytoplasmic tail, may be reflected in 

differences in coupling of the rat and human receptors to heterotrimeric G-proteins 

(Strader et al, 1994; Wong and Ross, 1994; Capeyrou et al, 1997). Significant 

divergence of the BKB] and BKB2 receptors has been noted previously (Menke et al, 

1994). Despite their limited homology to each other, the BKBi and BKB2 receptors are 

obviously functionally related since they are both activated by kinins. Indeed, the 

human receptor genes are located close together on human chromosome 14q32 (Ma et 

al, 1994a; Kammerer et al, 1995; Pesquero et al, 1994; Chai et al, 1996; Bachvarov et 

al, 1998a). The BKBi and BKB2 receptors are most likely derived by divergent 

evolution from the same ancestral gene which may resemble the chicken omithokinin 

receptor (Schroeder et al, 1997). The structural differences between the BKB]
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receptors from different species represents further divergent evolution within this 

subgroup of receptors.

Following the isolation of the rat BKBi receptor, the pharmacological properties of the 

rat and human receptors were examined by investigating the ability of a range of 

agonists and antagonists to inhibit the binding of [^H]desArg^\allidin (This work was 

carried out by other colleagues in the laboratory and is reported in Jones et al, 1999). 

These studies showed that the rat BKBi receptor has higher affinity for des- 

Arg^\allidin (Ki value 1.6 ± 0.2 nM) than desArg^BK (Ki value 15 ± 5 nM), although 

Ni et al, (1998b) report that these ligands have equal affinity for the rat receptor. 

Significantly, at the human receptor, desArg^\allidin was about ten times more potent 

than at the rat receptor (Ki value 0.19 ± 0.05 nM), with 5,000 fold greater affinity 

compared to desArg^BK (Ki value 1620 ± 153). In addition, the potential kininase I 

derivative of T-kinin, desArg'^T-kinin had relatively high affinity for the rat BKBi 

receptor (Ki value 46 ± 14 nM), with 30 fold lower activity at the human receptor. 

Therefore, it would appear that due to differences in the kinin systems between rodents 

and humans (see Chapter 1 section 1.1), the human receptor has evolved greater 

sensitivity towards kallidin and desArg^\allidin and the rodent receptor has evolved 

sensitivity towards bradykinin and T-kinin derivatives. Other studies have shown that 

the mouse BKBi receptors exhibit a 2 to 3 fold greater selectivity for desArg^BK over 

desArg^\allidin (Hess et al, 1996; Pesquero et al, 1996). The region of the receptor 

responsible for these binding affinities has not been elucidated. Whether these different 

pharmacological properties can be explained by differences between the species in the 

first intracellular loop and the C-terminus remains to be determined. Studies carried out
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on chimeric BKB] and BKB2 receptor proteins have shown that the TM VI of the BK 

receptor affects the binding of desArg^\allidin (Leeb et al, 1997). Alignment of the 

BKB] receptor protein sequences over TM VI and the third extracellular loop has shown 

the location of a number of amino acids that are different between the rodent receptors 

compared to the rabbit and human receptors (Jones et al, 1999).

The findings presented in this chapter show that the rat BKB] receptor gene structure 

consists of two exons, this differs from that seen in the human receptor gene which 

spans three exons (Bachvarov et al, 1996; Yang and Polgar, 1996). However the 

coding domain of both the rat and human receptors are located on a single exon. 

Preliminary observations of the human and rat BKB] receptor exon-intron sizes 

suggested that exon 1 of the rat is equivalent to exon 2 of the human BKBj receptor and 

that the rat BKB] receptor gene was incompletely characterised. However, alignment of 

the non-coding sequence presented here shows that exons 1 of the rat and human 

receptor genes are homologous indicating that the differences in gene structure are 

species-specific. The BKB] receptor genomic structure for other organisms remains to 

be determined. The data show the presence of two adjacent TISs. In contrast, a recent 

report by Ni and co-workers (1998b) describes the existence of a TIS located 20 bps 

upstream from the start sites reported in this study. Similar discrepancies have been 

reported for the identification of the TIS in the human BKB] receptor gene (Bachvarov 

et al, 1996; Yang and Polgar, 1996). These data suggest that there may be subtle 

differences in the transcription of the gene in different cell types. No evidence was 

found from primer extension or 5’RACE for the existence of a TIS at the beginning of 

the coding exon, analagous to that suggested for the human BKB] receptor in lMR-90 

cells (Yang and Polgar, 1996). Analysis of 5’RACE products shows the existence of an
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alternative splice acceptor site, a finding recently reported by Ni et al, (1998b). The 

downstream splice acceptor site is equivalent to the exon-intron junction observed in the 

human BKBi receptor gene (Bachvarov et al, 1996; Yang and Polgar, 1996). However, 

it is not known if similar splice variants exist in the human BKBi receptor mRNA. 

Analysis of the expression of these splice variants is described in Chapter 4. 

Investigation of the 3’ cDNA ends of the rat BKBi receptor gene by 3’ RACE revealed 

the existence of alternate polyadenylation usage, although alternative transcripts 

generated by these sites were not detected by Northern blot analysis. However, it is 

possible that variations in polyadenylation of the transcripts generated by these sites 

render them indistinguishable by Northern blot studies. In addition, hybridisation 

experiments using a 3’ genomic fragment showed that the large mRNA transcripts of 4 

and 8 kb are generated by alternative 3’ processing of the BKBi receptor gene.

The BKB] receptor gene expression is induced under some pathophysiological 

conditions. In particular, in vivo induction of the BKB] receptors has been characterised 

in the mediation of inflammatory and cardiovascular responses following treatment with 

a sub-lethal dose of LPS (Campos et al, 1996; Regoli et al, 1981; Siebeck et al, 1989, 

1996, 1997; Tokumasu et al, 1995; Nicolau et al, 1996). The present study shows that 

the rat BKB] receptor mRNA is up-regulated by LPS in a distinct tissue expression 

pattern. In all the tissues tested the mRNA was up-regulated from basal levels. In 

uterus, bladder and lung the final levels of BKB] receptor mRNA were particularly high 

compared with the other tissues. Whether this increase in mRNA results in an increase 

in BKB] receptor protein has not been shown directly. However, it is well established 

for the majority of genes that the difference in mRNA expression levels are paralleled 

by differences in protein composition (Latchman, 1995). The basal levels of BKB]
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receptor mRNA in uterus were 10 fold higher than in any of the other tissues tested. 

The significance of BKBi receptor mRNA under normal conditions remains unclear but 

one can speculate that the BKBi receptor is important in the function of the uterus and 

may be regulated by oestrogen as has been shown for the BKB2 receptor (Madeddu et 

al, 1997b). However, another study showed high levels of receptor mRNA in the rat 

prostate with no effect of the sex hormones on BKBi receptor mRNA levels (Ni et al, 

1998b). A separate study has shown a similar tissue expression pattern for BKBi 

receptor mRNA as that reported in this chapter, with additional tissues showing 

increased receptor mRNA in duodenum and undetectable levels of receptor mRNA in 

brain, spinal cord and DRG (Jones et al, 1999). Other studies have analysed the BKBi 

receptor mRNA levels in rats and mice by RT-PCR following LPS treatment (Pesquero 

et al, 1996; Ni et al, 1998b; Marin-Castano et al, 1998). The induction of BKBi 

receptor mRNA resulted in increased functional receptor expression in the rat nephron 

(Marin-Castano et al, 1998). Thus, the BKBi receptor up-regulation produced by LPS 

in different in vitro and in vivo systems is caused by mRNA induction. However, within 

this up-regulation there is a great deal of heterogeneity, this could be due to a number of 

effects including tissue-specific regulation, the ability of the tissues to generate an 

inflammatory response or the local concentration of LPS between tissues.

Data presented in this chapter shows that the rat fibroblast cell line, JTC-19, and the 

mouse fibroblast cell line, NIH-3T3 increase BKBi receptor mRNA levels following 

treatment with IL-1(3 in a similar way to that observed with the human fibroblast cell 

lines, IMR-90 and WI38 (Bachvarov et al, 1996; Phagoo et al, 1997,1999; Zhou et al, 

1998; Shanstra et al, 1998; B asti an et al, 1998). More recent studies have shown that 

rat VSMCs, and the rat cell line, A10, express inducible BKBi receptor mRNA (Ni et
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al, 1998a,b). BKBi receptor mRNA levels in AlO cells are induced 3-4 fold following 

the addition of inducing agents. However, the 16 fold induction observed following IL- 

Ip treatment in JTC-19 cells resembles the increases observed in rat tissues. In contrast, 

expression of BKBi receptor mRNA is non-inducible in rat hepatoma H4 cells.

In summary, these data show the isolation, characterisation and expression of the rat 

BKBi receptor gene. The identification of JTC-19 cells as a cellular model for analysis 

of BKB] receptor up-regulation will allow detailed analysis of the mechanisms of BKB] 

receptor gene expression.
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Chapter 4

Expression and regulation of the rat BKBi 

receptor gene

4.1 Introduction

There is ample evidence showing that IL-ip and LPS induce the responsiveness to 

desArg^BK both in vitro (Deblois et a/., 1988, 1989, 1991; Bouthillier et a/., 1987) and in 

vivo (Regoli et a/., 1981; Deblois et a/., 1989, 1991; Bouthillier et a/., 1987; Marceau et 

a/., 1984; Davis and Perkins 1994b; Perkins and Kelly, 1994; Campos et a l ,1995, 1996). 

In addition, other cytokines including IL-2, IL-8 and TNF-a have been shown to 

increase BKBi receptor expression (Davis and Perkins, 1994b; Phagoo et ai, 1997; 

B asti an et ai, 1998; Ni et ai, 1998a). In contrast, other in vitro and in vivo studies have 

shown that TNF-a does not increase BKBi receptor responsiveness (Deblois et al, 

1988, 1991; Davis and Perkins, 1994b; Perkins and Kelly, 1994). Thus, the 

physiological role of TNF-a in the induction of BKBi receptors remains unclear. 

Recent studies have shown that the kinins, BK and desArg^\allidin can autoregulate 

human BKBi receptor mRNA levels in IMR-90 cells (Schanstra et a/., 1998; Phagoo et 

a l ,1999). In addition, complex autocrine interactions between the cytokines, LPS and 

the kinins may contribute to the increased levels of BKB] receptor expression in vivo
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(Dinarello and Krueger, 1986; Tiffany and Burch, 1989; Dinarello, 1992; Vassalli, 

1992; Tsukagoshi et al, 1999). A central role for IL-1 was initially proposed to explain 

the action of diverse agents that can increase the BKBi receptor (Deblois et al, 1991). 

This is supported by a number of in vitro and in vivo studies which have shown an 

important role for IL-1 in the IL-8, IL-2 and BK mediated up-regulation of the BKBi 

receptor following examination of the effects of EL-lRa (Davis and Perkins, 1994b, 

1996; Bastian et al, 1998; Phagoo et al., 1999). However, in vivo studies using IL-lRa 

failed to inhibit the LPS-induced hypotensive responses to desArg^BK in rabbits 

suggesting that these effects were not mediated by IL-1 (Whalley et al, 1993). 

Molecular determination of the effects of IL-lRa on the LPS-mediated up-regulation of 

the BKBi receptor remains to be determined. More recently, the identification of a 

conserved cAMP response element (CRE) site in the human and rat BKBi receptor 5’ 

flanking sequences suggests a possible role for cAMP signalling pathways in the BKB i 

receptor mRNA up-regulation (Ni et al, 1998a,b). Moreover, activation of cAMP 

signalling pathways by the addition of cAMP activators or LPS has been shown to 

induce IL-ip mRNA expression (Chandra et al, 1995).

The previous chapter established that BKBi receptor mRNA levels are increased 

following the addition of EL-Ip or LPS. A number of stages intervene between the 

initial synthesis of the primary RNA transcripts by the action of RNA polymerases and 

the eventual production of the mRNA. It is therefore conceivable that any of these 

stages may be subject to regulation. Many studies have shown that cytokines and LPS 

can control gene regulation by both transcriptional (reviewed in Bankers-Fulbright et al., 

1996; Sweet and Hume, 1996; Collins et al., 1995) and post-transcriptional mechanisms 

(Chu et a l , 1994; Ristimaki et a l ,1994; Newton et aZ., 1997a; Croft et a l ,1999; Barrios-

138



________________________________________________________________________________________ Chapter 4

Rodiles et al, 1999). In addition, studies in the previous chapter consistently showed the 

induction of three BKB] receptor mRNA transcripts of greatly differing length, 

generated by alternative 3’ processing. Moreover, the existence of alternative splice 

acceptor sites and alternative polyadenylation sites were identified, resulting in more 

subtle differences in mRNA transcript size. Use of alternative polyadenylation signals 

have been shown to cause 3’ heterogeneity in many mammalian genes (reviewed in Leff 

et al, 1986). Interestingly, differences in the 3’ UTR have been shown to serve a role in 

the post-transcriptional regulation of a number of genes (Chu et a/., 1994; Lu and 

Menon, 1996; Miyamoto et a/., 1996; Newton et a/., 1997a). Furthermore, multiple 

mRNA species have been shown to be differentially regulated by events such as 

development, infection and differentiation (Murtagh et <2 /., 1991; Mann et a/., 1993). To 

fully understand the mechanisms of BKB] receptor gene expression, it is important to 

determine the significance of these BKB] receptor transcripts in gene regulation.

This chapter examines the effect of the cytokines EL-Ip and TNF-a, the bacterial 

endotoxin LPS, the rat BKB] receptor agonists, and cAMP activators on BKB] receptor 

gene expression in the rat embryonic lung cell line, JTC-19. Furthermore, the 

contribution of transcriptional and post-transcriptional mechanisms in the IL-ip and 

LPS-mediated up-regulation of the BKB] receptor gene are studied.
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4.2 Results

4.2.1 Expression of BKBi receptor in JTC-19 cells

A radioligand binding assay was performed on JTC-19 cells to show that the increase in 

BKBi receptor mRNA levels correlated to an increase in receptor protein. Radioligand 

binding was analysed in control, IL-l|3-treated and LPS-treated (4 hours) cells (see 

Methods and Materials). As shown in Figure 4.1 the specific binding of the agonist, 

[^H]desArg^\allidin, showed a 6 fold increase following the addition of IL-1 (3 and an 

11 fold increase following the addition of LPS. Saturation binding isotherms were not 

performed, so true Bmax values were not determined. Therefore, a change in the binding 

affinity of the BKBi receptors for [^H]desArg^\allidin cannot be excluded to explain 

the increase in binding.

4.2.2 cAMP activators increase BKBi receptor mRNA levels

A role for the cAMP signalling pathway was investigated by direct activation with 

dbcAMP, or indirectly by using an inducer of endogenous cAMP, forskolin. Poly(A)^ 

RNA was purified from JTC-19 cells treated with dbcAMP or forskolin for 2 hours. 

BKBi receptor mRNA levels were determined by Northern blot analysis (Figure 4.2A). 

Figure 4.2B shows that the addition of dbcAMP or forskolin increased BKBi receptor 

mRNA levels 20 and 8 fold respectively, compared to control cells. The role of new 

protein synthesis in the dbcAMP-mediated up-regulation of BKBi receptor mRNA 

levels was investigated by pre-treating the cells with the translational inhibitor, 

cycloheximide, prior to the addition of dbcAMP (Figure 4.3). Figure 4.3B shows that in 

the presence of cycloheximide, dbcAMP treatment increases BKBi receptor mRNA
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levels relative to the dbc AMP-mediated up-regulation in the absence of cycloheximide. 

Thus, protein synthesis, including dbc AMP-induced expression of IL-1 P, is not required 

for the dbc AMP-induced BKBi receptor gene expression.

4.2.3 BKBi receptor agonists increase BKBi receptor mRNA levels

To determine whether an autoregulatory mechanism increases rat BKBi receptor mRNA 

levels, JTC-19 cells were treated with the rat BKB] receptor agonists, desArg^BK or 

desArg^^kallidin in the absence or presence of LPS for 4 hours. Poly(A)^ RNA was 

extracted and BKB] receptor mRNA levels were measured by Northern blot analysis 

(Figure 4.4A). Figure 4.4B shows that the BKB] receptor mRNA levels are not up- 

regulated following the addition of BKB] receptor agonists per se. However, in the 

presence of LPS, the BKB] receptor agonists desArg^BK and desArg^^kallidin increased 

the BKB] receptor mRNA levels 1.4 and 1.2 fold, respectively, above the induction 

observed with LPS alone. These data suggest that an up-regulated population of BKBi 

receptors is a prerequisite for the inducing effects of the rat BKB] receptor agonists.

4.2.4 BKBi receptor mRNA expression patterns following IL-ip, TNF-a or 

LPS treatment

In vitro studies have shown that the responsiveness to BKB] receptor agonists following 

the administration of inducing agents was observed following a delay of several hours 

(Bouthillier et a/., 1987; Deblois et a/., 1988, 1989). Similar time delays have been 

reported in cultured cell lines (Schneck et a/., 1994; Menke et a/., 1994; Levesque et 

1995a,b; Galizzi et a i ,1994). In the present study IL-ip, TNF-a and LPS were
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examined for their ability to up-regulate BKBi receptor mRNA levels in JTC-19 cells. 

Dose response curves for these compounds showed that the concentrations used in this 

study were super-maximal for induction of the BKBi receptor mRNA (data not shown). 

IL-lp (10 ng/ml), was administered to JTC-19 cells for various lengths of time up to 24 

hours and poly(A)^ RNA was analysed by Northern blotting (see Methods and 

Materials). As shown in Figure 4.5A, three mRNA transcripts of 1.6, 4 and 8 kb were 

detected, with the 4 and 8 kb transcripts only observed following the addition of the 

inducing agent. Figure 4.5B shows that BKBi receptor mRNA levels were up-regulated 

at the earliest measured time point of 30 minutes following EL-Ip treatment. Maximum 

mRNA levels were reached 2 hours post-EL-lp treatment corresponding to a 15 fold 

increase compared to basal levels. Even after 24 hours post-IL-ip treatment, mRNA 

levels were still 5 fold higher than basal levels. TNF-a (10 ng/ml) was administered to 

JTC-19 cells for varying lengths of time up to 10 hours. Poly(A)^ RNA was extracted 

from the cells and BKBi receptor mRNA levels were determined by Northern blot 

analysis (Figure 4.6A). Maximum mRNA levels were attained 2 hours post-TNF-a 

treatment resulting in a 30 fold increase in BKBi receptor mRNA compared to basal 

levels (Figure 4.6C). At 10 hours post-treatment the mRNA levels were still 7 fold 

higher than basal levels. In contrast to EL-ip and TNF-a, maximum mRNA levels were 

attained 1 hour post-LPS treatment (Figure 4.7). This corresponded to a 27 fold 

increase in BKBi receptor mRNA levels compared to basal levels (Figure 4.7B).

The expression analyses described above were carried out as separate studies. However, 

cultured cells may exhibit changes in their responsiveness as a function of culture time. 

Therefore, the fold induction of these inducing agents cannot be accurately compared.
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Consequently, Northern blot analysis was performed on JTC-19 cells of equivalent 

passage number treated with either IL-ip, TNF-a or LPS for times corresponding to 

peak levels of BKBi receptor mRNA induction. As can be seen from Figure 4.8, the up- 

regulation of the 1.6 kb transcript is greatest following treatment with LPS. These data 

showed a 15 fold induction with IL-ip, a 19 fold induction with TNF-a and a 25 fold 

induction with LPS (Figure 4.8C). The fold induction for LPS and IL-lp are 

comparable to those observed in Figures 4.5 and 4.7. In contrast, the levels of BKBi 

receptor mRNA induced by TNF-a showed greater variability. The variability observed 

with TNF-a could result from the the cell culture time or the stability of the compound.

Previous experiments have not examined the biological stability of these inducing 

agents. Therefore, Northern blot analysis was carried out to determine whether the 

inducing agents were liable to degradation. IL-ip, TNF-a and LPS were administered 

for double the maximal up-regulation times. The reagents were then re-administered 

half way through this period. At the same time control samples were treated with the 

inducing agents for maximal induction times. Poly(A)^ RNA was purified and BKBi 

receptor mRNA levels were analysed by Northern blot studies (Figure 4.9). 

Quantitative analysis in Figure 4.9B shows that a repeat application of IL-ip or LPS 

does not increase BKBi receptor mRNA levels above those determined for the maximal 

times determined in Figures 4.5 and 4.7. In contrast, re-administration of TNF-a over 4 

hours resulted in higher BKBi receptor mRNA levels compared to the levels at 2 hours 

(the maximal time of induction determined from the timecourse in Figure 4.6). This 

result suggests that the TNF-a-induced BKBi receptor mRNA levels are affected by the 

stability of the mediator. Based on these observations, and on the established role of IL-
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ip  and LPS in mediating increased BKBi receptor responsiveness, these studies have 

focused on analysis of the IL-ip and LPS-mediated mechanisms of BKBi receptor up- 

regulation.

4.2.5 IL-1P does not mediate the major effects of LPS-induced BKBi 

receptor mRNA levels

To assess whether the LPS-induced BKBi receptor mRNA levels are mediated by the 

autocrine release of IL-1, the effects of IL-lRa were analysed on IL-1 P and LPS-induced 

BKBi receptor mRNA levels. Poly(A)"  ̂ RNA was purified from control and treated 

JTC-19 cells in the absence or presence of IL-lRa and BKBi receptor mRNA levels 

were determined by Northern blot analysis (Figure 4.10A). The results in Figure 4.10B 

show that IL-lRa reduced the LL-iP-induced BKBi mRNA levels by 67%. In contrast, 

IL-lRa reduced the LPS-mediated up-regulation of BKB] receptor mRNA levels by only 

12%. Therefore, these data indicate that the major response of the LPS-induced increase 

in BKB] receptor mRNA is not due to the secondary release of IL-l. In addition, these 

data suggest that the majority of the LPS response does not use the IL-1 receptor to 

transduce signals in these cells.

4.2.6 IL-ip and LPS do not alter BKBi receptor mRNA stability

To examine whether IL-lp and LPS increase the BKB] receptor mRNA levels by 

altering mRNA stability, the effect of the transcription inhibitor, actinomycin D, was 

assessed. Cells were pre-treated with IL-ip for 2 hours or with LPS for 1 hour. This
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pre-treatment was followed by the addition of actinomycin D to both treated and control 

cells. RNA was isolated from the cells at several time points following the addition of 

actinomycin D. Poly(A)'*' RNA was purified and BKBi receptor mRNA levels were 

measured by Northern blot analysis ( Figures 4.11 A and 4.12A). In order to visualise all 

the bands from control cells, 8 |ig of poly(A)'^ RNA were used in Northern blot analysis. 

The graphs in Figures 4.1 IB and 4.12B represent the stability of the most abundant 1.6 

kb transcript. Under control conditions the BKBi receptor mRNA transcript decayed 

with a half-life of 59 minutes ± 4 minutes. Following treatment with IL-ip or LPS the 

half life of the 1.6 kb transcript was not altered. Therefore, these data indicate that the 

mechanism of BKB] receptor mRNA up-regulation by LPS and IL-1 (3 at the peak time 

of induction is independent of changes in mRNA stability. As reported previously, the 4 

and 8 kb transcripts are only detectable following induction. Nevertheless, it is possible 

that low levels of expression of these transcripts may exist which are beyond the limits 

of detection by Northern blot analysis. To determine whether the larger transcripts 

exhibit equivalent stability to the 1.6 kb transcript following induction, the mRNA half- 

lives of the 4 and 8 kb transcripts were examined. Half-lives of the large transcripts 

were determined from the Northern blots of IL-iP-induced BKB] receptor mRNA 

expression presented in Figure 4.11. The graph in figure 4.13 represents the stability of 

the 4 and 8 kb transcripts. The half-lives of the 4 and 8 kb transcripts are both 

approximately 1 hour. In addition the half-lives of the large transcripts following LPS 

treatment of JTC-19 cells using the Northern blot analysis in Figure 4.12 were also 

approximately 1 hour (data not shown).
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4.2.7 Pre-treatment with a transcription inhibitor prevents IL-lp and LPS- 

induced BKBi receptor gene expression

An experiment, in which actinomycin D was added prior to treatment with LPS or EL- 

Ip, was carried out to determine the contribution of transcription mechanisms in the 

BKB] receptor up-regulation. This is the converse of the previously described 

experiment. mRNA was purified and Northern blot analysis was carried out to 

determine the BKB] receptor mRNA levels (Figure 4.14A). Quantitative analysis in 

Figure 4.14B shows that pre-treatment with actinomycin D completely abolished the IL- 

lp  and LPS-mediated BKBj receptor mRNA up-regulation. Thus, these data indicate 

that an increase in transcription rather than mRNA stabilisation is primarily responsible 

for the IL-lp and LPS-mediated increase in BKB] receptor mRNA. Nuclear run-on 

experiments were performed to show a direct effect of IL-ip and LPS on the rate of 

transcription of the BKB] receptor gene. However, hybridisation signals were not 

detected. One explanation for the absence of a hybridisation signal is the low levels of 

expression of BKBj receptor mRNA, even under induced conditions, relative to the total 

RNA expression levels.

4.2.8 Pre-treatment with a translation inhibitor super-induces BKBi 

receptor mRNA levels

To determine if new protein synthesis is required for BKBj receptor mRNA 

transcriptional up-regulation, JTC-19 cells were pre-treated with the translation 

inhibitor, cycloheximide, prior to treatment with IL-ip (2 hours) or LPS (1 hour). 

mRNA was purified and BKB] receptor mRNA levels were analysed by Northern blot
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studies (Figures 4.15). Figure 4.15B shows that in the presence of cycloheximide, the 

BKBi receptor mRNA levels from control, EL-lp and LPS-treated JTC-19 cells were 

increased relative to their counterparts in the absence of the translation inhibitor. A 

number of mechanisms have been attributed to the super-inducible effects of 

cycloheximide and are discussed in section 4.3. Failure of the translation inhibitor to 

block IL-ip and LPS-mediated increases in the BKBi receptor mRNA levels 

demonstrates that protein synthesis is not required for the up-regulation of mRNA 

levels.

4.2.9 BKBi receptor mRNA splice variants are expressed in control and 

treated rat tissues and JTC-19 cells

The biological role of the splice variants described in Chapter 3 (section 3.2.6.2) 

remains unclear. It is possible that differential expression of the variants in different 

tissues or under different cell conditions exists, or that the variants may have different 

stabilities or translation efficiencies. The transcripts generated using the alternative 

splice sites are indistinguishable by Northern blot analysis, therefore RT-PCR was 

performed to analyse the expression of these transcripts in vivo from control and LPS- 

treated rats and from LPS-treated JTC-19 cells. Primers were designed to amplify 

products of 170 bp and 129 bp corresponding to the upstream and downstream splice 

acceptor sites, respectively. Amplification products were separated on a 6% 

polyacrylamide gel and visualised according to Methods and Materials. Figure 4.16 

shows that both splice variant cDNA products were expressed in control and LPS- 

treated rat heart, lung, kidney, bladder and uterus tissues. In addition, both PCR 

products were expressed in LPS-treated JTC-19 cells. These findings suggest that the
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alternative splice variants are not differentially expressed in tissues from control and 

LPS-treated rats.
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Figure 4.1 [^H]desArg^\allidin binding in control and treated JTC-19 cells.

Confluent JTC-19 cells grown in 24-well plates were cultured with medium only 

(control), or LL-ip-treated (10 ng/ml), or LPS-treated (10 pg/ml) for 4 hours prior to 

performing binding assays. Radioligand binding assays were carried out at room 

temperature as described in Methods and Materials. The specific binding was 

determined and plotted against the appropriate mediator. Each value is the mean ± 

SEM (n=3). * indicates p < 0.05, ** indicates p < 0.01 (compared with binding of 

control cells).
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Figure 4.2 Effect of dbcAMP and forskolin on BKBi receptor mRNA levels.

A Northern blot analysis showing the BKBi receptor mRNA levels from control, and 

dbcAMP-treated (1 mM) or forskolin-treated (10 pM) JTC-19 cells for 2 hours. The 

same blot was stripped and re-probed with cyclophilin as shown in lower panel. B The 

amount of radioactivity in the 1.6 kb transcript was quantified using the Storm 

phosphorimager and ImageQuaNT analysis software and normalised to the respective 

cyclophilin band. The normalised signal was plotted against the appropriate mediators. 

The Northern blots shown are representative of two separate experiments.
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Figure 4.3 Effect of cycloheximide pre-treatment on dbcAMP-induced BKBi 

receptor mRNA levels.

A Noilhem blot analysis showing the BKBi receptor mRNA levels from JTC-19 cells 

pre-treated with cycloheximide (10 pg/ml) for 30 minutes, followed by treatment ± 

dbcAMP (1 mM) for 2 hours. The same blot was stripped and re-probed with 

cyclophilin as shown in the analysis in the lower panel. B The amount of radioactivity 

in the 1.6 kb transcript was quantified using the Storm phosphorimager and 

ImageQuaNT analysis software and normalised to the respective cyclophilin band. The 

normalised signal was plotted against the appropriate mediators. The Northern blots 

shown are representative of two separate experiments.
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Figure 4.4 Effect of BKBi receptor agonists on BKBi receptor mRNA levels.

A Northern blot analysis showing the BKBi receptor mRNA levels from JTC-19 cells 

treated with the BKBi receptor agonists desArg^BK (DBK) or desArg'^kallidin (DKD) 

(0.1 pM) in the absence or presence of LPS (10 pg/ml) for 6 hours. The same blot was 

stripped and re-probed with cyclophilin as shown in the lower panel. B The amount of 

radioactivity in the 1.6 kb transcript was quantified using the Storm phosphorimager and 

ImageQuaNT analysis software and normalised to the respective cyclophilin band. The 

normalised signal was plotted against the mediators added to JTC-19 cells.
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Figure 4.5 IL-iP-induced expression of BKBi receptor mRNA levels.

A Northern blot analysis showing the BKBi receptor mRNA levels from JTC-19 cells 

treated with IL -ip  (10 ng/ml) for 0-24 hours. The same blot was stripped and re-probed 

with cyclophilin as shown in the lower panel. B The amount of radioactivity in the 1.6 

kb transcript was quantified using the Storm phosphorimager and ImageQuaNT analysis 

software and normalised to the respective cyclophilin band. The normalised signal was 

plotted against the time course with IL -ip . The Northern blots shown are representative 

of two separate experiments.
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Figure 4.6 TNF-a-induced expression of BKBi receptor mRNA levels.

A Northern blot analysis showing the BKBi receptor mRNA levels from JTC-19 cells 

treated with TNF-a (10 ng/ml) for 0-10 hours. The same blot was stripped and re

probed with cyclophilin as shown in the lower panel. B The amount of radioactivity in 

the 1.6 kb transcript was quantified using the Storm phosphorimager and ImageQuaNT 

analysis software and normalised to the respective cyclophilin band. The normalised 

signal was plotted against the time course with TNF-a. The Northern blots shown are 

representative of two separate experiments.
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Figure 4.7 LPS-induced expression of BKBi receptor levels.

A  Northern blot analysis showing the B K B i  receptor mRNA levels from JTC-19 cells 

treated with LPS (10 pg/ml) for 0-10 hours. The same blot was stripped and re-probed 

with cyclophilin as shown the lower panel. B The amount of radioactivity in the 1.6 kb 

transcript was quantified using the Storm phosphorimager and ImageQuaNT analysis 

software and normalised to the respective cyclophilin band. The normalised signal was 

plotted against the time course with LPS. The Northern blots shown are representative 

of two separate experiments.
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Figure 4.8 Comparison of IL-lp, TNF-a and LPS-induced expression of BKBi 

receptor mRNA levels.

A Northern blot analysis showing the BKBi receptor mRNA levels from IL-IP- 

treated (10 ng/ml), TNF-a-treated (10 ng/ml) or LPS-treated (10 pg/ml) JTC-19 cells for 

maximal induction times (2 hours for IL-ip and TNF-a, and 1 hour for LPS). The same 

blot was stripped and re-probed with cyclophilin as shown in the lower panel. B The 

amount of radioactivity in the 1.6 kb transcript was quantified using the Storm 

phosphorimager and ImageQuaNT analysis software and normalised to the respective 

cyclophilin band. The normalised signal was plotted against the appropriate mediators. 

The Northern blots shown are representative of two separate experiments.
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Figure 4.9 Analysis of BKBi receptor mRNA levels following re-administration of 

IL-ip, TNF-a or LPS.

A Noithem blot analysis showing the BKBi receptor mRNA levels from control, IL-IP- 

treated (10 ng/ml), TNF-a-treated (10 ng/ml) or LPS-treated (10 pg/ml) JTC-19 cells. 

The number in brackets refer to the time (hours) of treatment of one or two doses 

(applied at separate times) of the inducing agents. The same blots were stripped and re

probed with cyclophilin as shown in the lower panel. B The amount of radioactivity in 

the 1.6 kb transcript was quantified using the Storm phosphorimager and ImageQuaNT 

analysis software and normalised to the respective cyclophilin band. The normalised 

signal was plotted against the appropriate mediators. The Northern blots shown are 

representative of two separate experiments.
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Figure 4.10 Effect of IL-lRa on IL-lp and LPS-induced BKBi receptor mRNA 

levels.

A Northern blot analysis showing the BKBi receptor mRNA levels from JTC-19 cells 

pre-treated (30 minutes) in the absence or presence of IL-IRa (50 ng/ml) before 

treatment with IL-ip (1 ng/ml) or LPS (1 pg/ml) for I hour. The same blot was stripped 

and re-probed with cyclophilin as shown in the lower panel. B The amount of 

radioactivity in the 1.6 kb transcript was quantified using the Storm phosphorimager and 

ImageQuaNT analysis software and normalised to the respective cyclophilin band. The 

normalised signal was plotted against the appropriate mediators. The Northern blots 

shown are representative of two separate expenments.
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Figure 4.11 Analysis of BKBi receptor mRNA stability in control and IL-lp- 

treated JTC-19 cells.

A Northern blot analysis showing the BKBi receptor mRNA levels from JTC-19 cells 

cultured in medium only (control) or pre-treated with IL-ip (10 ng/ml) for 2 hours. 

Following the addition of actinomycin D (5 pg/ml) to the cultures, mRNA was isolated 

at 0, 1, 2, 3, 4 and 6 hours. The blots were stripped and re-probed with cyclophilin as 

shown in the lower panels. In order to visualise all the bands, 8 pg of poly(A)^ RNA 

from the control samples were loaded, while 3 pg of poly(A)^ RNA from the IL-ip pre

treated samples were loaded. B The amount of radioactivity in the 1.6 kb transcript was 

quantified with the Storm phosphorimager and ImageQuaNT analysis software and 

normalised to the respective cyclophilin band. The normalised signal was plotted as a 

percentage of radioactivity at time 0 against the time course of addition of actinomycin 

D. The Northern blots are representative of two separate experiments.
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Figure 4.12 Analysis of BKBi receptor mRNA stability in control and LPS-treated 

JTC-19 cells.

A Northern blot analysis showing the BKBi receptor mRNA levels from JTC-19 cells 

cultured in medium only (control) or pre-treated with LPS (10 |xg/ml) for 1 hour. 

Following the addition of actinomycin D (5 pg/ml) to the cultures, mRNA was isolated 

at 0, 1 , 2 ,4  and 6 hours. The same blots were stripped and re-probed with cyclophilin 

as shown in the lower panels. In order to visualise all the bands, 8 pg of poly(A)^ RNA 

from the control samples were loaded, 3 pg of poly(A)^ RNA from the LPS pre-treated 

samples were loaded. B The amount of radioactivity in the 1.6 kb transcript was 

quantified with the Storm phosphorimager and ImageQuaNT analysis software and 

normalised to the respective cyclophilin band. The normalised signal was plotted as a 

percentage of radioactivity at time 0 against the time course of addition of actinomycin 

D. The Northern blots shown are representative of two separate experiments.
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Figure 4.13 Analysis of BKBi receptor mRNA stabilities of the 4 and 8 kb 

transcripts in IL-lp-treated JTC-19 cells.

The amount of radioactivity in the 4 and 8 kb transcripts, shown in the Northern blot 

analysis in Figure 4.11, were quantified with the Storm phosphorimager and 

ImageQuaNT analysis software and plotted as a percentage of radioactivity at time 0. 

This data represent one of two experiments showing similar results.
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Figure 4.14 Effect of actinomycin D pre-treatment on IL-lp and LPS-induced 

BKBi receptor mRNA levels.

A Northern blot analysis showing the BKBi mRNA levels from JTC-19 cells pre

treated for 30 mins in the absence and presence of actinomycin D (Act D) (5 pg/ml) 

followed by treatment with IL -ip  (10 ng/ml) for 2 hours or with LPS (10 jiig/ml) for 1 

hour. The same blot was stripped and re-probed with cyclophilin as shown in the lower 

panel. B The amount of radioactivity in the 1.6 kb transcript was quantified using the 

Storm phosphorimager and ImageQuaNT analysis software and normalised to the 

respective cyclophilin band. The normalised signal was plotted against the appropriate 

mediators. The Northern blots shown are representative of two separate experiments.
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Figure 4.15 Effect of cycloheximide pre-treatment on IL-1 (3 and LPS-induced 

BKBi receptor mRNA levels.

A NoiThem blots showing the BKBi receptor mRNA levels from JTC-19 cells. Cells 

were pre-treated with cycloheximide (chx) (10 fig/ml) for 30 minutes followed by 

treatment with IL-1 (3 (10 ng/ml) for 2 hours, or treatment with LPS (10 mg/ml) for I 

hour. The same blots were stripped and re-probed with cyclophilin as shown in the 

lower panels. B The amount of radioactivity in the 1.6 kb transcript was quantified 

using the Storm phosphorimager and ImageQuaNT analysis software and normalised to 

the respective cyclophilin band. The normalised signal was plotted against the 

appropriate mediators. The Noithem blots shown are representative of two separate 

experiments.
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Figure 4.16 RT-PCR analysis of BKBi receptor mRNA splice variants.

Poly(A)^ RNA was isolated from control and 4 hour LPS-treated (i.v. injection, 3 

mg/kg) rat tissues and from 4 hour LPS-treated (10 |ig/m l) JTC-19 cells. 500 ng of 

poly(A)^ RNA was used for cDNA synthesis in the reverse transcription as described in 

Methods and Materials. PGR was conducted for 40 cycles using intron spanning 

primers. Amplification products were separated on a 4-20% polyacrylamide gel, stained 

with Vistra Green and visualised by fluorimager analysis. H= heart, K= kidney, L= 

lung, B= bladder, U= uterus. The presence of a + sign indicates LPS treatment.
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4.3 Discussion

This chapter describes the inducing effects of IL-ip, TNF-a, LPS, the BKBi receptor 

agonists and cAMP activators on BKBi receptor mRNA levels in JTC-19 cells. Using 

EL-ip and LPS as inducing agents, the present study shows that BKBi receptor mRNA 

up-regulation is achieved through a transcriptional mechanism that is independent of 

new protein synthesis.

The data in this chapter show that the difference in BKBi receptor mRNA levels 

following treatment with LPS or IL-lp are paralleled by increases in the receptor 

binding in JTC-19 cells. The most obvious conclusion for this increase in BKBi 

receptor binding is an increase in receptor density; however, an increase in affinity of 

the receptor for the agonist cannot be eliminated. This interpretation is supported by 

radioligand binding studies carried out in rabbit smooth muscle cells (Galizzi et al., 

1994; Levesque et al, 1995b; Schneck et a l, 1994) and IMR-90 cells (Bastian et al, 

1998: Phagoo et al., 1999), which show an increase in BKBi receptors with no change 

in ligand affinity following treatment with inducing agents.

The current study shows that dbcAMP, alone, is capable of inducing BKBi receptor 

mRNA levels with no involvement for protein synthesis in this pathway. However, the 

mechanisms of cAMP-induced BKBi receptor mRNA levels remains to be determined. 

The role of the CRE site in the rat BKB] receptor 5’ flanking sequence and the signal 

transduction pathways activated by cAMP will be discussed in detail in Chapter 5.
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The findings in this chapter show that the rat BKBi receptor agonists, desArg^BK and 

desArg^\allidin increase the BKBi receptor mRNA levels only in the presence of LPS. 

Although the effects of BKBi receptor antagonists were not examined in this study, one 

can speculate that the effects are mediated by activation of the up-regulated BKBi 

receptors. Indeed, other studies have documented an autoregulatory mechanism for 

desArg^\allidin via activation of the human BKBi receptors (Schanstra et al, 1998; 

Phagoo et al, 1999). In addition, in lMR-90 cells, BK stimulation of BKB2 receptors 

increases BKBi receptor mRNA in a mechanism dependent on production of 

endogenous IL-ip (Phagoo et al., 1999). Thus, these mechanisms may contribute to the 

elevated levels of BKBi receptors at the sites of kinin and cytokine production in vivo.

The increase in physiological responses to BKBi receptor agonists in response to IL-ip 

and LPS treatment are well established (Regoli et a/., 1981; Deblois et a/., 1989, 1991; 

Bouthillier et a/., 1987; Marceau et a/., 1984; Campos et a l ,1995, 1996; Davis and 

Perkins 1994b; Perkins and Kelly, 1994). In contrast, there are conflicting data 

regarding the role, if any, of TNF-a (Deblois et <3/., 1991; Davis and Perkins, 1994; 

Perkins and Kelly, 1994; Phagoo et a l ,1991 \ Ni et al, 1998a). This study shows that 

the cytokines IL-ip and TNF-a, and the endotoxin, LPS are capable of inducing BKBi 

receptor mRNA levels in JTC-19 cells in a time-dependent manner. The expression of 

BKBi receptor mRNA in JTC-19 cells was observed to peak at 2 hours for the cytokines 

and at 1 hour for LPS. In addition, LPS consistently exhibited a stronger inducing effect 

compared to IL-ljJ and TNF-a. Interestingly, the TNF-a-mediated up-regulation 

showed greater variability compared to LPS or IL-lp. Analysis of the stability of these 

inducing agents showed that TNF-a was more labile in comparison to IL-ip or LPS.
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Therefore, one could speculate that the variability in the up-regulation of the BKBi 

receptor in response to TNF-a may be due to the instability of this reagent. The passage 

number of the cultured cells may also influence the effects of these mediators. Whether 

these effects contribute to the controversial role of TNF-a as an inducing agent for the 

BKBi receptor in other cell types remains to be determined. Molecular determination of 

the effects of IL-lRa on the LPS-induced BKBi receptor mRNA levels show that the 

majority (88%) of the induction is mediated by a mechanism independent of the 

secondary release of IL-1. In addition, LPS utilises a distinct cell surface receptor to 

activate the signal transduction cascade leading to increased BKBi receptor mRNA 

levels.

At the onset of these studies the molecular mechanisms involved in the IL-lp and LPS- 

mediated up-regulation of the BKBi receptor had not been investigated. IL-lp and LPS- 

induced BKBi receptor mRNA levels show the presence of multiple transcripts of 1.6, 4 

and 8 kb, expressed in the ratio 10:3.5:2. The most abundant transcript of 1.6 kb 

corresponds to use of the proximal poly(A) site. This is consistent with studies which 

show that in genes containing multiple poly(A) sites the upstream site, even if it is 

weaker, is preferentially selected (Batt et a/., 1994; Schul et a/., 1998). Two lines of 

evidence show that the increase in BKBi receptor mRNA levels following the addition 

of IL-lp or LPS are a consequence of transcriptional activation. Firstly, there is no 

change in the stability of the mRNA following the addition of IL-1 P or LPS. Secondly, 

pre-treatment with a transcriptional inhibitor prevents the up-regulation of BKBi 

receptor mRNA. Attempts to measure the transcription rate directly by nuclear run-on 

analysis could not be achieved in these cells. Since this technique labels all the nascent
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RNA transcripts, the most likely explanation for this result are the low relative levels of 

BKBi receptor expression. The data presented in this chapter show that the 1.6 kb 

BKBi transcript is rapidly degraded, thus allowing for rapid and precise adjustments of 

transcript levels following a change in the rate of transcription. However, the stability 

of the 4 and 8 kb transcripts could not be measured under control conditions due to non- 

detectable expression levels. Nevertheless, the equivalent mRNA half-lives and 

unchanged ratio of expression of these transcripts following induction, compared to the

1.6 kb transcript, indicates that they exhibit co-ordinated regulation. Moreover, the 

equivalent half-lives of these transcripts suggests that elements involved in their decay, 

if any, are located within the shared 1.6 kb sequence. A number of sequence elements 

have been identified that determine mRNA stability (Sachs, 1993). In particular, a 

number of genes contain the instability motif AUUUA within the 3’ UTR (Shaw and 

Kamen, 1986), however this motif is absent from the 3’ UTR of the 1.6 kb BKBi 

receptor transcript. These data have examined the mechanisms of regulation of the rat 

BKBi receptor gene at the point of maximal induction. Thus, the contribution of post- 

transcriptional mechanisms at other stages in the timecourse of up-regulation cannot be 

excluded.

Recent studies have examined the role of transcriptional and post-transcriptional 

mechanisms in the up-regulation of the human BKBi receptor gene in IMR-90 cells 

(Zhou et fl/.,1998; Schanstra et a/., 1998). Zhou and co-workers (1998) showed that a 

combination of transcriptional and post-transcriptional mechanisms contribute to the IL- 

lp-mediated up-regulation. In contrast, Schanstra et al, (1998) showed an increase in 

transcriptional activation of the human BKBi receptor gene in response to IL-lp and
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desArg^\allidin, with no change in mRNA stability. It is possible that differences in 

the induction time may explain these discrepancies.

Data presented in this study show that the protein synthesis inhibitor, cycloheximide, 

super-induces the basal and dbcAMP, IL-ip and LPS-induced BKBi receptor mRNA 

levels. These findings are consistent with an increased responsiveness to BKBi receptor 

agonists in rabbits following a pulse exposure to cycloheximide (Deblois et al.,l99l). 

More recently, studies in IMR-90 cells and rat VSMCs have demonstrated a similar 

super-induction of BKBi receptor mRNA levels (Zhou et a / . ,  1998; Ni et <3/., 1998a). 

Several mechanisms can account for the effects of these inhibitors. A post- 

transcriptional mechanism may either block the production of a rapidly generated 

protein, which under normal conditions maintains the mRNA at low levels, or it may 

prevent translation-dependent degradation of the mRNA (Shaw and Kamen, 1986). 

However, other studies have shown that the effects of cycloheximide can be attributable 

to transcriptional mechanisms (Newton et a l ,1996, 1997c; Faggioli et al, 1997). Zhou 

and co-workers (1998) have shown that cycloheximide-mediated up-regulation of the 

human BKBi receptor occurs as a result of increased mRNA stability with no change in 

transcription. However, the mechanism responsible for the cycloheximide-mediated up- 

regulation of the rat BKBi receptor gene remains to be determined. In addition, the 

increase in IL-ip and LPS-mediated BKB] receptor mRNA levels in the presence of 

cycloheximide shows that new protein synthesis is not required for the transcriptional 

increase in BKBi receptor gene expression. These data suggest that the BKBi receptor 

is an early response gene for dbcAMP, IL-ip and LPS.
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Alternative 3’ processing and alternative splice sites of the rat BKBi receptor generate 

multiple mRNA transcripts. The BKBi receptor alternative splice variants were 

expressed in a number of tissues from control and LPS-treated rats. Furthermore, a 

recent study by Ni et a/.,(1998b) confirms the presence of the alternative splice variants 

in a number of LPS-treated rat tissues. A differential role, if any, for the 4 and 8 kb 

BKBi receptor mRNA transcripts compared to the 1.6 kb transcript remains elusive. 

Multiple protein factors are required for the formation of mRNA 3’ ends (Zhao et 

ai, 1999). Studies have shown that RNA polymerase H, through the conserved carboxyl 

terminal domain of its largest subunit, has properties which make it an authentic 

cleavage factor (Hirose and Manley, 1998; McCracken et a i ,1991). An interesting 

corollary to these findings is that the efficiency of 3’ processing might vary depending 

on the strength of the promoter and how well the polyadenylation factors are loaded 

onto the carboxyl terminal domain. Therefore, it could be hypothesised that following 

the increase in transcription of the rat BKBi receptor gene, there may be a subsequent 

change in the efficiency of 3’ mRNA processing, resulting in the generation of the 4 and 

8 kb transcripts. Moreover, the efficiency of transcription termination correlates with 

the strength of the polyadenylation signal (Edwalds-Gilbert et a/., 1993; Greger and 

Proudfoot, 1998). Consequently many regulated poly(A) sites are weak, either as a result 

of non-consensus signal sequences or due to an unfavourable sequence context 

(Edwalds-Gilbert et al, 1997). Interestingly, a number of studies show that sequences in 

the 3’ UTR can effect the efficiency of translation (Jackson and Standart, 1990; Lu and 

Menon, 1996; Miyamoto et al, 1996). Whether the alternative 3’ UTRs in the rat BKBi 

receptor mRNA transcripts are differentially translated remains to be determined.
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In conclusion, the data in this Chapter establish a time-dependent increase in BKBi 

receptor mRNA levels in JTC-19 cells following the addition of cAMP activators, EL- 

Ip, TNF-a or LPS. These studies show that the major effects of the LPS-induced BKBi 

receptor mRNA levels in these cells occurs by a mechanism independent of endogenous 

IL-1 release. Furthermore, analysis of the mechanisms of BKBi receptor up-regulation 

following the addition of IL-ip and LPS shows that at the peak time of induction there 

is an increase in transcription with no change in mRNA stability. Analysis of the 

mechanisms of transcriptional regulation of the BKBi receptor gene are described in the 

following chapter.

Analysis of the BKB i receptor mRNA levels in the presence of actinomycin suggests that a 

transcriptional mechanism increases the BKBi receptor mRNA levels following the 

addition of IL-ip or LPS. However, due to close coupling of the related processes of 

transcription, termination and translation of mRNA, inhibition of transcription by 

actinomycin D may indirectly effect mechanisms of post-transcriptional regulation. Thus, 

to unambiguously distinguish the relative contributions of transcriptional and post- 

transcriptional mechanisms to regulation of the inducible expression of BKBi receptor 

mRNA, direct measurement of the transcription rate is required.
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Chapter 5

Studies on the mechanisms of rat BKBi 

receptor transcriptionai reguiation

5.1 Introduction

Studies in the previous chapter have shown that both IL-ip and LPS increase BKBi 

receptor mRNA levels up to 30 fold, and that this up-regulation was primarily due to 

an increase in transcriptional activity. The first phase in transcriptional regulation is 

the processing of extracellular and/or intracellular signals, such that they lead to 

activation of transcription factors that bind to DNA. These DNA bound factors 

influence transcription through direct or indirect protein-protein interactions with 

components of the general transcription machinery, thereby resulting in an enhanced 

recruitment or stabilisation of the transcription complex to the template (Latchman, 

1995). IL-lp and LPS have been shown to activate a large number of intracellular 

cascades, with most of the IL-1 and LPS induced immune and inflammatory genes 

regulated by NF-kB activation (reviewed in O’Neill, 1995; Sweet and Hume, 1996; 

Bankers-Fulbright et al, 1996).
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Whilst these studies were in progress a number of conflicting reports describing the 

mechanisms of transcriptional regulation of the human BKBi receptor gene were 

published (Ni et al, 1998a; Zhou et al, 1998; Yang et al., 1998a; Schanstra et al, 

1998; Marceau et al, 1998). Two separate NF-KB-like sequences were identified 

located at -55 to -64 bp (Ni et al, 1998a) and -1115 to -1127 bp (Schanstra et al, 

1998) in the 5’ flanking region. These sites were shown to confer XL-1(3 inducibility 

of reporter gene expression. Furthermore, reduced IL-iP-mediated BKBi receptor 

gene expression in the presence of an inhibitor of NF-kB activation, PDTC, verified a 

role for NF-kB. (Schanstra et al, 1998). In addition, recent analysis of the rat BKBi 

receptor 5’ flanking sequence showed that a 79 bp fragment spanning the conserved 

downstream NF-KB-like site increased reporter gene expression by 2.5 fold following 

the addition of LPS (Ni et al, 1998b). In contrast, Zhou et al, (1998) showed that 

PDTC failed to block the IL-lp-mediated up-regulation in IMR-90 cells. Moreover, 

other studies have shown a lack of inducibility using human BKBi receptor-directed 

promoter constructs spanning the NF-KB-like sites (Yang et al, 1998a; Marceau et al, 

1998). Other putative transcription factor binding sites have been identified in the 5’ 

flanking sequence including a conserved CRE site in the human and rat BKBi 

receptor genes (Ni et al, 1998a,b). The presence of this site is consistent with the 

dbcAMP-mediated up-regulation of BKBi receptor mRNA levels shown in Chapter 4. 

Ni et al, (1998a) have shown that the CRE site is important for basal, and LPS and 

IL-iP-induced transcriptional regulation of reporter gene expression. In addition, 

MAPK inhibitors and protein tyrosine kinase inhibitors have also been effective in 

reducing the IL-iP-mediated up-regulation of the human BKBi receptor mRNA levels 

(Larrivee et al, 1998; Zhou et al, 1998). Thus, these findings suggest that IL-lp and

175



________________________________________________________________________________________ Chapter 5

LPS may increase the BKBi receptor through more than one transcriptional 

mechanism.

This chapter describes some of the mechansims of transcriptional regulation of the rat 

BKBi receptor gene. Specific inhibitors and activators of signal transduction 

pathways, were used to investigate the role of signalling pathways in the BKBi 

receptor up-regulation. Promoter activity of the 5’ flanking sequences was determined 

by analysis of transiently transfected reporter gene constructs. In addition, the ability 

of transcription factors to bind to upstream elements were investigated using EMSAs.
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5.2 Results

5.2.1 NF-kB is involved in the iL-ip, and LPS-induced BKBi receptor 

expression but not in the dbcAMP-induced BKBi receptor expression

The role of NF-kB activation in the BKBi receptor up-regulation was studied using a 

dominant-negative mutant of the iKB-a protein. In the last step of the NF-kB/IkB 

degradation cascade, phosphorylation of two amino-terminal sites in iKB-a results in 

dissociation and degradation of the inhibitory protein (Baeuerle and Baltimore, 1996). 

A form of iKB-a with the amino terminus deleted (iKB-mut) cannot be phosphorylated 

and therefore retains NF-kB in an inactive form within the cytoplasm (Brockman et 

al, 1995). This construct was used to examine the role of the NF-kB signalling 

pathway in the IL-lp, LPS and dbc AMP-mediated up-regulation of the BKBi receptor 

gene. iKB-mut was co-transfected with pMCl-Neo. To eliminate the residual activity 

of NF-kB in untransfected cells, a stable clone was selected as described in Methods 

and Materials. Immunoprécipitation and immunoblotting analysis demonstrated that 

this FLAG epitope-tagged iKB-mut was expressed in the cytoplasm (Figure 5.1). The 

iKB-mut cell line and control JTC-19 cells were treated with LPS, IL-lp or dbc AMP 

followed by purification of poly(A)^ RNA and Northern blot studies (Figure 5.2). 

Figure 5.2B shows that in the presence of NF-kB inactivation, the DL-iP-mediated up- 

regulation was reduced by 70% and the LPS-mediated up-regulation was reduced by 

30%, compared to control treated cells. These findings suggest that the NF-kB 

activation pathway serves a larger role in the IL-iP-mediated up-regulation of the 

BKB] receptor compared to the LPS-mediated induction. In comparison, the increase 

in BKBi receptor mRNA levels following treatment with dbc AMP were unchanged in
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the presence of NF-kB inactivation (Figure 5.2). Thus, these data show that an NF-kB 

activation pathway is involved in the LPS and IL-lp-mediated up-regulation of the rat 

BKBi receptor but not in the dbc AMP activated signalling pathway of induction.

5.2.2 PI 3-kinase is involved in the IL-1|3 and LPS-induced BKBi 

receptor expression

The studies above suggest that IL-lp and LPS activate multiple signalling pathways, 

including the NF-kB/IkB degradation pathway, resulting in BKBi receptor up- 

regulation. To further characterise the components of these signalling pathways the 

effects of protein kinase inhibitors were examined. Studies show that IL-1 and LPS 

can activate the MAPK cascades (O’Neill et al, 1998; Paul et al, 1997; Kyriakis et 

al, 1996; Saklatvala et al, 1999; Hall et al, 1999; Carter et al, 1999) and PI 3- 

kinase (Sizemore et al, 1999; Marmiroli et al, 1998; Reddy et al, 1997; Donaldson 

et al, 1996). Initial studies with MAPK inhibitors require further investigation since 

the dilutent, dimethyl sulphoxide (DMSG), was found to increase BKBi receptor 

mRNA levels. The role of PI 3-kinase in the IL-ip and LPS-mediated up-regulation 

of BKBi receptor mRNA levels was examined using the specific PI 3-kinase inhibitor, 

LY294002 (Vlahos et al, 1994). JTC-19 cells were pre-treated with LY294002 for 

15 minutes followed by treatment with IL-ip or LPS for 1 hour. Poly(A)^ RNA was 

purified and BKBi receptor mRNA levels were measured by Northern blot analysis 

(Figure 5.3). As shown in Figure 5.3B, LY294002 inhibited the IL-iP-induced BKBi 

receptor mRNA levels by 65% and the LPS-induced BKBi receptor mRNA levels by 

56% in response to LPS, with no effect on basal receptor levels. These results show.
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for the first time, that activation of PI 3-kinase by IL-1 P or LPS can increase BKBi 

receptor mRNA levels.

5.2.3 Alignment of the 5’ flanking sequence of the rat and human BKBi 

receptor genes

To determine whether any consensus transcription factor binding sites are present 

within the 5’ flanking sequence which might account for the observations of induction 

of the BKBi receptor gene, the 5’ flanking region was analysed. The 5’ flanking 

sequence from -2839 bp to +1 bp relative to the TIS was sequenced in its entirety 

(Appendix I). As noted previously, exon 1 of the rat and human BKBi receptor genes 

exhibit 65% identity suggesting they are equivalent. Therefore, the rat sequence from 

-1201 to +88 bp was aligned with the human 5’ flanking sequence (Bachvarov et al, 

1996; Yang and Polgar, 1996) to determine the identity within this region (Figure 

5.4). Alignment of the rat and human BKBi receptor gene sequences from -2839 to 

+88 bp exhibit 54% identity. The highest region of identity was observed in the 

sequence located -457 to +88 bp, corresponding to 66% identity. A number of 

reports have described elements within the 5’ flanking sequence important for 

regulation of the human BKBi receptor gene (Ni et al, 1998a; Schanstra et al, 1998; 

Yang et al, 1998a). These elements are underlined in Figure 5.4 and include a TATA 

box, a CRE site, two A P I sites, two polyoma virus enhancer A-binding protein-3 

(PEA-3) sites, an NF-l-like site and two NF-KB-like sites. In addition, an AP I site, 

CRE site and NF-KB-like site located within the first 100 bp of 5’ flanking sequence 

in the rat BKBi receptor described in the study by Ni and co-workers (1998b) are
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highlighted in Figure 5.4. A search for transcription factor binding consensus 

sequences in the rat 5’ flanking sequence using SignalScan (Prestridge, 1991) revealed 

the presence of other putative transcription factor binding sites. These include a non- 

classical TATA box, two SV40 protein-1 (SP-1) sites, a CCAAT/enhancer binding 

protein (C/EBP) site and an NF-kB site. A 174 bp stretch of pyrimidines between 

-1077 to -903 bp is also shown. Analysis of the shared putative transcription factor 

binding sites between the rat and human BKBi receptor genes, reveal a conserved 

TATA box, a CRE site, a NF-KB-like, a C/EBP site, a PEA-3 site and two AP I sites.

Alignment of the rat 5’ flanking sequences from this study with the equivalent 

sequence reported by Ni et al, (1998b) from -500 to +1 bp showed that they diverged 

from -412 bp upstream of the TIS (Figure 5.5). The reason for this discrepancy is 

unclear. However, alignment of the alternative rat sequences with the equivalent 

sequence of the human BKBi receptor revealed that the rat sequence reported in this 

study exhibits 85% identity with the human sequence. In contrast, the sequence 

reported by Ni and co-workers (1998b) shows only 42% identity with the human 

sequence. Thus, these data suggest that the rat 5’ regulatory sequence reported in this 

study is the true orthologue of the human BKBi receptor gene.

5.2.4 Identification of positive and negative regulatory elements in the 5’ 

flanking region of the BKBi receptor gene

To delineate the sequences essential for transcription of the BKBi receptor gene and 

identify important regulatory domains, 2.9 kb fragment from the 5’ flanking sequence, 

including all of exon 1 was cloned upstream of the firefly luciferase reporter gene in
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pGL3-Basic. The resulting construct was called pG29261uc and spans the sequence 

from -2838 to +88 bp. Restriction digestion of this fragment with Bam HI generated 

a 5’ deletion of this construct spanning the sequence -643 to +88 bp, called pG7311uc. 

Two further constructs were generated by PGR equivalent to those reported by Ni et 

al, (1998b). Construct pG4851uc contains 485 bp of sequence from -477 to +8 bp 

and construct pG791uc contains 79 bp of sequence from -71 to +8 bp. These 

constructs contain elements that drive luciferase gene expression and confer LPS 

inducibility of the reporter gene following transfection in AlO cells (Ni et al, 1998b). 

Whereas pG791uc contains identical sequence to those described by Ni et al, (1998b), 

construct pG4851uc differs over the most 5’ 66 bp. A schematic representation of 

these constructs is shown in Figure 5.6A. The promoter activity of these constructs 

were determined by transient transfection in JTC-19 cells as described in Methods and 

Materials. The luciferase activity data were normalised for each of the constructs by 

monitoring the transfection efficiency of the co-transfected Renilla luciferase and 

expressed as fold over expression of the promoterless pGL3-Basic vector (Figure 5.6). 

Constructs, pG29261uc, pG7311uc and pG4851uc expressed 5-10 fold activity above 

the promoterless vector. Construct pG791uc did not drive expression significantly 

above the promoterless vector suggesting that elements contained within the sequence 

-71 to +8 bp are not sufficient for transcription of the reporter gene. Therefore, 

sequence from -477 to -71 bp contains positive elements which can drive reporter 

gene expression. In addition, the higher activity of pG7311uc compared to the other 

constructs suggests the presence of positive regulatory elements between -643 to 

-478 bp and negative regulatory elements between -2838 to -644 bp. Studies by Ni 

et al, (1998b) show a similar ratio of activity for the 485 bp and 79 bp constructs in
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AlO cells. However, these data are difficult to interpret since they are expressed 

relative to the 485 bp construct, with the fold induction over a promoterless vector not 

presented.

5.2.5 Cell type-specific regulation of the the BKBi receptor 5’ flanking 

region

To determine whether the regulatory elements within the 5’ flanking region of the 

BKBi receptor gene exhibit cell type-specific promoter activity, constructs pG791uc, 

pG4851uc, pG7311uc and pG29261uc were transiently transfected into the rat BKBi 

receptor expressing cell lines, JTC-19 and AlO cells and the non-BKBi receptor 

expressing liver hepatoma cell line, H4. Luciferase activities were measured as 

described in Methods and Materials (Figure 5.7). The activities of the constructs were 

higher in JTC-19 and AlO cells compared to H4 cells indicating the presence of cell 

type-specific elements required for activation and/or repression of the constructs. The 

increase in activity of pG4851uc compared to pG791uc observed in JTC-19 and AlO 

cells, is absent in the H4 cells suggesting that there is a cell type-specific enhancer in 

the region from -477 to -72 bp. The activity of pG7311uc exhibited the highest 

activity in all three cell types suggesting that the positive regulatory elements from 

-643 to -478 bp can function in all cell types. Furthermore, the negative regulatory 

elements located from -2838 to -644 bp, can reduce the activating function of this 

positive regulatory region in all three cell types.
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5.2.6 IL-1 p and LPS have no effect on reporter gene expression

5.2.6.1 IL-lp and LPS have no effect on rat BKBi receptor-directed 

reporter gene expression

To characterise the inducible elements within the 5’ flanking region, constructs 

pG791uc, pG4851uc, pG7311uc and pG29261uc were transiently transfected into JTC- 

19 and AlO cells. 48 hours following transfection cells were treated with IL-ip or 

LPS for 3 hours. Luciferase activities were measured as described in Methods and 

Materials (Figure 5.8). As shown in Figure 5.8, treatment of the transfected cells with 

IL-ip or LPS did not increase luciferase activities above that found in cells treated 

with medium only. In contrast. Ni et al, (1998b) showed that LPS caused a 2.5 fold 

increase in the activity of constructs equivalent to pG791uc and pG4851uc in AlO 

cells. This discrepancy is difficult to explain. One possible explanation could be the 

difference in composition of the media in the presence of mediators. A number of 

studies have examined human and rat BKBi receptor gene expression in serum-free 

media to eliminate the inducible effects of serum (Ni et al, 1998a,b; Yang et al, 

1998a). Therefore, reporter gene expression levels were determined in the presence or 

absence of serum. Construct pG4851uc was transiently transfected into JTC-19 and 

AlO cells. 48 hours following transfection cells were treated with medium only or 

LPS for 3 hours in the presence or absence of 10% serum. Luciferase activities were 

determined as described in Methods and Materials (Figure 5.9). These data show that 

serum has no effect on reporter gene expression. To account for variability in the 

translation efficiency of the luciferase reporter gene compared to endogenous BKBi 

receptor gene expression, luciferase activities were analysed at different times
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following the addition of mediators. These data showed the same expression profiles 

as shown in Figure 5.10 following treatment with IL-1|3 or LPS for 0.5, 2, 4 and 6 

hours, with no increase in luciferase activity following the addition of mediators (data 

not shown). In addition, the same expression profiles were observed using 

lipofectAMINE as an alternative transfection reagent (data not shown).

S.2.6.2 IL-1p and LPS have no effect on human BKBi receptor-directed 

reporter gene expression

In addition to the reporter constructs described above, the activity of two human BKBi 

receptor-directed reporter gene constructs were determined. One of these constructs 

contains 5’ flanking sequence spanning the upstream NF-KB-like site, (+ NF-kB), the 

other construct contains 5’ flanking sequence without the NF-KB-like site, ( -  NF-kB) 

These constructs have been shown to drive reporter gene expression, with + NF-kB 

inducing a five fold increase in expression following the addition of EL-ip or 

desArg^\allidin to IMR-90 cells (Schanstra et al, 1998). The constructs were 

transiently transfected into JTC-19 cells as described in Methods and Materials. 

Normalised luciferase activities were determined following a 3 hour treatment with 

IL-ip or LPS and expressed as fold over basic (Figure 5.10). These results show that 

the constructs exhibited promoter activity 6 fold over basic, however no increase in 

activity was observed following the addition of mediators. Similar results were 

obtained following transient transfection of the constructs in AlO cells (data not 

shown). However, due to the low transfection efficiency of IMR-90 cells, the data 

reported in the study by Schanstra et al, (1998) could not be replicated. Thus, the 

inability to reproduce the inducible activity of the rat and human BKBi receptor-

184



________________________________________________________________________________________ Chapter 5

directed reporter gene constructs in JTC-19 cells suggests that the transfection 

procedure itself may be critical to the sensitivity of the response.

5.2.7 Inhibition of LPS-induced BKBi receptor gene expression 

following transient transfection

To assess the effects of the transfection procedure on BKBi receptor gene expression, 

receptor mRNA levels were examined in transfected and non-transfected cells. JTC- 

19 cells were transiently transfected with pG7311uc as described in Methods and 

Materials. 48 hours following transfection, non-transfected and transfected cells were 

treated with or without LPS for 3 hours. mRNA was isolated and BKBi receptor 

mRNA levels were determined by Northern blot analysis (Figure 5.11). As shown in 

Figure 5.1 IB, following transfection and in the absence of LPS, the endogenous BKBi 

receptor mRNA levels are equivalent to the levels in non-transfected JTC-19 cells. 

However, following LPS treatment, BKBi receptor mRNA levels were found to be 

reduced by 43% in transfected cells compared to non-transfected cells. Thus, these 

data show that the native BKBi receptor promoter is affected by the transfection 

procedure.

Furthermore, to assess a possible role for IL-ip and LPS-mediated chromatin re

modelling in the regulation of the BKBi receptor gene, the 5’ regulatory region was 

examined for DNase I-hypersensitive sites. Preliminary analysis did not reveal the 

presence of DNase I-hypersensitivity in the 5’ flanking region following treatment 

with IL-ip or LPS (data not shown). However, this may have been due to the location 

and/or size of the probe and requires further investigation.
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5.2.8 Specific protein-DNA interactions within the 5’ regulatory region of 

the BKBi receptor gene.

The ability of the conserved AP I site, CRE site and downstream NF-KB-like site, and 

the upstream NF-kB site to interact with transcription factors were examined by 

FMSAs using probes that span these sites.

5.2.8.1 Nuclear proteins bind to the NF-KB-like site and NF-kB site in the 

BKBi receptor regulatory region

Following the determination of a role for NF-kB in the IL-ip and LPS-mediated up- 

regulation of the BKBj receptor, the ability of the downstream NF-KB-like site (-64 to 

-57 bp) and the upstream NF-kB site (-1192 to -1183 bp) to interact with nuclear 

proteins were examined. FMSAs were used to study the binding of nuclear proteins 

to the NF-KB-like site from control, IL-lp or LPS-treated JTC-19 cells. Nuclear 

extracts were harvested from control and treated JTC-19 cells as described in Methods 

and Materials. Initially, a probe spanning the 5’ regulatory sequence from -64 to -49 

bp (rd NF-kB) containing the NF-KB-like site was end-labelled and used in binding 

studies. This demonstrated no complex formation with any of the nuclear extracts. 

To confirm the presence of NF-kB in the nuclear extracts an oligonucleotide 

containing a consensus NF-kB site was synthesised and used in an FMSA (Figure 

5.12). Nuclear extracts from control JTC-19 cells demonstrate binding (lanes 1, 3 and 

4) which is increased in IL-lp and LPS treated JTC-19 nuclear extracts (lanes 

5,7,8,9,11 and 12) indicating the accumulation of NF-kB in the nucleus. The 

specificity of the observed DNA-protein interaction was confirmed by the ability of
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excess unlabelled NF-kB oligonucleotide to inhibit binding (specific competitor) 

shown in lanes 2, 6 and 10 and the addition of a mutant oligonucleotide that did not 

block binding shown in lanes 3, 7 and 11. The addition of excess unlabelled rd NF- 

kB oligonucleotide in lanes 8 and 12 reduced the DNA-protein interaction, however 

no reduction in the DNA-interaction was observed from control nuclear extracts (lane 

4). These data show that the NF-KB-like site has affinity for nuclear proteins from the 

IL-ip and LPS-treated nuclear extracts when added in 700 fold excess but binding is 

undetectable when the oligonucleotide, rd NF-kB, is used as a probe. Figure 5.13 

shows the result of competition experiments with unlabelled oligonucleotide spanning 

the rat upstream (ru) NF-kB like site located. As described above, the labelled 

consensus NF-kB oligonucleotide demonstrated binding in nuclear extracts from IL- 

ip  and LPS treated JTC-19 cells. The specificity of the reaction was determined as 

described above using excess unlabelled specific competitor in lanes 2 and 6 and non

specific competitor in lanes 3 and 7. The addition of excess unlabelled ru NF-kB 

oligonucleotide in lanes 4 and 8 partially blocked binding suggesting that the site has 

affinity for NF-kB when added in 700 fold excess. Although the ru NF-kB 

oligonucleotide inhibition was not as specific as the consensus NF-kB oligonucleotide 

(lanes 2 and 6 versus lanes 4 and 8), the inhibition displayed by ru NF-kB 

oligonucleotide appeared to be greater than that observed with the rd NF-kB 

oligonucleotide (Figure 5.12 lanes 8 and 12 versus Figure 5.13 lanes 4 and 8).
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S.2.8.2 The AP-1 site in the BKB1 receptor regulatory region does not 

bind to nuclear proteins

A probe spanning the AP-1 site from -79 to -67 bp was synthesised and used in the 

EMSA. This did not exhibit binding activity with any of the nuclear extracts. A 

consensus AP-1 oligonucleotide was synthesised and used as a probe to confirm the 

presence of AP-1 protein dimers. Nuclear extracts from control, IL-ip and LPS- 

treated JTC-19 cells demonstrated binding as shown in Figure 5.14 lanes 1, 5 and 9. 

The specificity of the interaction was confirmed by the ability of excess unlabelled 

probe to inhibit the binding, lanes 2, 6 and 10, and the addition of the mutant 

oligonucleotide in lanes 3, 7 and 11, that did not block binding. Competition with 

unlabelled oligonucleotide from the AP-1 site in the rat 5’ regulatory region did not 

block binding, lanes 4, 8 and 12. These data suggest that this AP-1 site is not 

functional in JTC-19 cells.

5.2.8 3 CREB binds to the CRE site in the BKBi receptor regulatory 

region

The increase in BKBi receptor mRNA levels following the addition of cAMP 

activators suggests the involvement of CREB in the regulation of the BKBi receptor 

gene (see Chapter 4, Figure 4.2). Using a probe spanning the CRE site from -53 to 

-40 bp, binding activity was observed in control, IL-ip and LPS-treated JTC-19 

nuclear extracts (Figure|5.15 lanes 1, 6 and 11). The binding complexes were entirely 

competed with non-labelled probe (lanes 2, 7 and 12) and by an oligonucleotide 

containing a consensus CRE site (lanes 4, 9 and 14) but not by a mutant
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oligonucleotide, (lanes 3, 8 and 13) indicating the specificity of binding. An antibody 

against the CREB protein was pre-incubated with the nuclear extracts to further 

characterise the nuclear protein and this resulted in a supershift of the complex (lanes 

5, 10 and 15). Thus, these findings show that the CRE site binds to CREB in control, 

IL-ip and LPS-treated JTC-19 cells.
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kB-mut

T ransfected 
stable cell line

Control 
JTC-19 cells

— 51 kD 
— 38 kD

Figure 5.1 Immunoblot analysis of iKB-mut expression.

JTC-19 cells were transfected with plasmids encoding FL A G -kB -m ut and 0 4 18 

resistance. A clonal cell line was isolated following selection with 0418 . Cellular 

extracts from this cell line and control JTC-19 cells were isolated. 500 pg of each 

protein sample were analysed by immunoprécipitation with either a FLAO-polyclonal 

antibody (anti-FLAO(P)), an kB -o t polyclonal antibody (anti-lKB-a(P)) or no antibody 

(control) as described in Methods and Materials. Samples were resolved by 

polyacrylamide gel electrophoresis, followed by Immunoblot analysis with a FLAO- 

monoclonal antibody.
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Figure 5.2 Effect of NF-kB inactivation on IL-ip, dbcAMP and LPS-induced 

BKBi receptor mRNA levels.

A Northern blot analysis showing the BKBi receptor mRNA levels from JTC-19 cells 

(control) and the stable iKB-mut expressing cell line (iKB-mut) with medium only, IL- 

1 P-treated (10 ng/ml) for 2 hours, dbc AMP-treated (1 mM) for 2 hours or LPS-treated 

(10 pg/ml) for 1 hour. The blots were stripped and re-probed with cyclophilin as shown 

in the analysis in the lower panel. The presence o fa  + sign indicates the presence of the 

mediator. B The amount of radioactivity in the 1.6 kb transcript was quantified using 

the Storm phosphorimager and ImageQuaNT analysis software and norm alised to the 

respective cyclophilin band. The normalised signal was plotted as a percentage of the 

up-regulation observed in JTC-19 cells.
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Figure 5.3 Effect of PI 3-kinase inhibition on IL-ip and LPS-induced BKBi 

receptor mRNA levels.

A Northern blot analysis showing the BKB, receptor mRNA levels from JTC-19 cells 

pre-treated in the absence or presence of LY294002 (LY) (20 pM) before treatment with 

IL-ip (10 ng/ml) or LPS (10 pg/ml) for 1 hour. The same blot was stripped and re

probed with cyclophilin as shown in the lower panel. B The amount of radioactivity in 

the 1.6 kb transcript was quantified using the Storm phosphorimager and ImageQuaNT 

analysis software and normalised to the respective cyclophilin band. The normalised 

signal was plotted as a percentage of the up-regulation in the absence of the inhibitor.
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FIGURE 5.4
-1201 CTGCCAAGTGGGAAAGCCCATGGCTTTTGAGCTTTTCCTGGGCTAAGCCA rat 

NF-kB I
 CATACTGAAG human

-1151 GCCCTGTGCATATAAAAAGTGTCTAGATGGCTCACAACACCGCACCTCTT rat
I I I I I I I I I  I I I I  I I  IGGAGAATAAGCACGCACGGGCTGGAGAGACCCCCGCCTACATTACTAAGT human

NF-KB-like
-1101 GGGAGGGGTGGGAGAAGGGAAGAGAGTTTGTGAGTGTGTGTGTGTGTGGG rat

I I I  I I  I I I I  I I I  I I I  I I I  I I  IAACAGGAAAGGCTAAGATTTGGAGCCTTCTCCGGTTCAGATCTATCCCGG human 
-1051 TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTTGTGTGGGTGT rat

I I I I  I I I I I I I I I IGAGTAATGGAAGATGCTTGCCTGTTGACAATTTTTTTTTATTAAAAATCC human
-1001 rnrTrTTnrTrTrTrTrTrTrTrTPTrTrTrTrTrTrTrTrTrTrTrTnT rat 

I I I  I I I I I I |Polypyri|nidine tract | | | | | | | | |

CACCCAGGAGGTCTCTCCTGATAGGAGGGGACCATCCTATC.CTCTAAGG human
-951 rTnTrTrTrTrmTTnmrTnTrTrTTTTGGTTTrGrTTTrGrTGTT..... rat

I I I I I  I I  I I  I I I  I I I I I I ICAAATCCCAGCTTCTTCCCTGAAATGTACATCCGCTACTGAGCCTCAGAA human 
-906 lECnUATTTACCTTTCTGCTTCCATGATCCCACATCCCCTAGCGACAAGAG rat

I n i l  I m i l l  I I  I I I I  I I I  I I ITGCTATTTGTTCCACCACTTCCACAGTGTTAAGGTCTTCAGCAACAGGAG human 
-856 AAGACATCTGGAAA TGTTGCTAGGGGCCGTGAAGTCATG rat

m i l l  I m i l  m i l  i i  i  i i  m iAAGACAGCAGGAAAACTTGAAGTGTAGTTGCGTCCCGCTGAGATGTCACT human 
-817 GGGGGAAAAAATAAAAAGAAAAGAGGG............ AGGGAGACCGG rat

I m m  I I  I I I  I I I I  I I I  IAGCAGAAAAAGGGAACACAAGCAAAAGGCAAGATTCTAAAGACAGAGGTG human 
-779 GTTTCAGAAATTTGAAGCCTTTCCTGGATGAGTT.....GGACTCACCTT rat

I I I I  I I I I  I I I  I I I  I I  I I I  IACACC TTC TGCTCCAAACATTTGGAGGGTCAC TTTTC CAGAAGTCAGAC T human 
-739 TAGAAACAGAGTTTCCGCCATGAACCTGGGCTGGGCAGTTT........  rat

I I  I I I  I m m  I I I  I I  ICGAAGTCCTGAATTCTGGCATGAATGAGTTCTCCTACGTGTAGCGGGTGG human 
-693 .CCAGCAGTAAGGGCAGACAGAGAGAGAGAGATGGCTGGCCGGTGGCTGG rat

I I I I I I I I  I I  I n i l  I I I ICCTGGAAAGATCTTAATTTGTAAGTTGACAGGTAAGGGGCCTTCAGTTGG human 
-644 AGGATCCTGTCGCCCAGTCTCGGTGGAAGTCAGGAATTTCTGCCTCTCTG rat

I I  I I I  n i l  I I  I I I I I  I I  I I I  I I I  I I  n i lAGAATCTTGTCACC...TGATTCTCAAAGCCAAAAATATCTTACTGTCTG human 
-594 AAA.GCCAGGTCTAGGGTAGATCAGCTTCACTGAAGCCAACTCACACCAA rat

I I I  m i l l  I n i l  I I I  I I  I I  I I I IAAACATGAGGTCTTGAGTAGTTCAACTGTACCCATG...........CAG human
-545 AACCAAACCCAGAGCTGCCAGCAAGGATTAGGAAAATA.GCGGCCAGTCT rat

I I I  n i l  n i l  n n n n n n i  i i  i n nACATAACTTGAGAGACGCCAAGGAGGATTAGGAAAAAATGTATCTGGTCT human 
NF-1-like PEA 3

-496 TACTCAACTCTGAGCCCTGCGTGAGTCAAACTTTTTTCCGAGCTCACTGT rat
n n n n n n i  i i n  n n n n n  n n n  i n n  n nTACTCAACTCTGAACATTGCATGAGTCAAAC.GTTTTCCTAGCTCTCTGT human 

C /EB P AP-1 PEA 3
-446 TTGTACAACGGGGTCCACACTGATGGATTCTTGGCTTGTGTGTCCTTCGC rat

n i l  I n n n n  n n n n n n n n  i n  n  i nTTGTGTGA.TGGGTCCACTCTGATGGATTCTTGGC.GATGTATCTTTCAT human
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-396 TGCTCAGATTGAAAGGGAGCTGTCCTCGTGTGCTCCCA.AGAACCTGTGG rat
I I I I I  I I I  I I I  I I l l l l l l l  I I I  I I I  IGACCAAAATTCAAAAGAGGCCATTCGAAGTGGCTCCCACAAAAGCTGCTG human 

-347 TCAAATCCCAGACCTCCTGGAGCCAACAGGGAACTGG..GGAAGCCATCA rat
I l l l l l l l  I I I m i l l  I I  I I I  I I  I l i u mCAGAGCCCCAGACATTCAGAAGCCAATAGTGAAGGGGCCAAAAGCCATCC human 

-299 TTCAACAT..CCCGACAGGGGGCGAGCCTTGAGAGTATTGTCTGCACT.G rat
n i l  I I n i l  n n n n n  i i i n  i iCTCAATGTTCACTGACACTTTGCGAGCCTTGGGGCAAGTGTGCGATGTCA human 

-252 AAATGTGTCTTCAGGGCCTGTTTGCCAACACACAGTACTT....AGGTGA rat
I I I  I I I  I I  m i l  n n n n n n  n n  i n  i nAAACATGTTTTTAGGGCGTGTTTGCCAACATACAGGTCTTGGGCAGGATT human 

-206 ATCGACAGGCGGAAAATGTCAGCAGAGAAAGTGCAAAATGGTGGTCAAAG rat
I I I  S P -11 I I I I  I n i l  I I I I I  I I IGCAGACCTCTGCAGATGGTACCAAAGTAAAGGGGGAGATGTGAGCTGAAT human 

-156 AACCTCCCACTATCTATCCCTAAGCAAGTGAAA.GGCAATGCCACGCCCC rat
I I  I I I  I I I I  I n n n n  I m i  s p - i nAATCTCTTATCATCCCTAAAGTGCAAAGTGAAATGAGAGTGGATTTTTCC human 

-107 CTCCAAACCTCAGCCTCCTCTGGCTTGAGAGACTCACTTTTTGGGTAATC rat
TTCCAAATCCACTTGGAGTGAGTCCCGAAAGACTCACTTT'

AP-1
CCGGCAATC human

NF-KB-like

-57 ÇÇ..CTGTGACATCATGGGAACAGAGGTGGTTTATTTAAGACCAGCCAGC rat
I I  I n n n n  n n  i i n n  i n  n  i i n  i n  iCCCACAATGACATCACGGGAGCGGAGGTTATATAATTTAAAGCAACCA. C human 

Ü R Ê  TATA
-9 GTGTGTCCAGGGAGGTGGGCCAGGAGAGAAAGGTGGGAAGAGAGGAGTCl rat

I I  I I I  I I I  I I m i l  I I  n i l  I I I
ATCTCCACAGCACTTCCCAGAAGAGAAAACTCCTCCAAAAGCAGCTCTCA human 

+ 42 IG G ATGA ■ A A A A G A rA G G T G A A G r.T G T G A G nT G T T T G G T T T T G T A T G G G ?^ rat
I n i l  m i l  I I  I I I  i n n  i i n  n n n  i i

CTATCAGAAAACCCAACTACAGTTGTGAACGCCTTCATTTTCTGCCTGA human

Figure 5.4 Nucleotide sequence alignment of exon 1 and the 5’ flanking regions of 

the rat and human BKBi receptor genes.

Alignment of rat and human (Yang and Polgar, 1996) receptor genes from -1201 to -h 

88 bp. Homologous bases between the rat and human BKBi receptor genes are shown 

by vertical lines. Nucleotide numbering of the rat sequence starts with +1 at the TIS. 

Exon 1 of the rat is shown by the boxed region. The arrow on the rat sequence indicates 

the start site shown by Ni et al, (1998b). The A residue shown in bold shows the TIS 

for the human sequence (Yang and Polgar, 1996). Regulatory elements which have 

been shown to be important for human BKBi receptor expression are underlined and 

labelled, those that are conserved in the rat sequence are shown in boldface. Other 

putative regulatory elements within the rat sequence are underlined and labelled.
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- 5 0 0  CTTACTCAACTCTGAGCCCTGCGTGAGTCAAACTTTTTTCCGAGCTCACT

GGATCAGCCTAATCTCCAGAGCCCTAGTAATTGCCCTTCAAGGTCCCGAC 

- 4 5 0  GTTTGTACAACGGGGTCCACACTGATGGATTCTTGGCTTGTGTGTCCTTC 

TACCCTGCTAATAACTTTCCCTGGGTATCTTTGTGGGCTGTGTGTCCTTC 

- 4 0 0  GCTGCTCAGATTGAAAGGGAGCTGTCCTCGTGTGCTCCCAAGAACCTGTG

GCTGCTCAGATTGAAAGGGAGCTGTCCTCGTGTGCTCCCAAGAACCTGTG

Figure 5.5 Nucleotide sequence alignment of rat BKBi receptor 5’ flanking 

regions.

Nucleotide sequences were aligned for the 5’ flanking region from -500 to -350 bp for 

the rat sequence from this study, shown in boldface, with the rat BKBi receptor 

sequence reported by Ni et al, (1998b) shown below. Homologous bases are shown by 

vertical lines, the point of divergence between the two sequences at position -412 bp is 

underlined.
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Figure 5.6 Luciferase reporter assays with the rat BKBi receptor-directed reporter gene constructs.

A represents a map of the constructs pG791uc, pG4851uc, pG7311uc and pG2926luc spanning the 5’ flanking region of the rat BKB] receptor 

gene cloned in front of the the firefly luciferase gene. The arrow indicates the position of the TIS, the solid box represents exon 1. B shows the 

activity of the constructs from panel A following transient transfection into JTC-19 cells as described in Methods and materials. All data are 

corrected for transfection efficiency according to Renilla luciferase expression driven by co-transfected pRL-SV40. Results are expressed as 

expression over the promoterless pGL3-Basic vector. Each value is the mean ± SEM (n=3). The data shown are representative of three separate 

experiments.
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Figure 5.7 Luciferase reporter assays with the rat BKBi receptor-directed 

reporter gene constructs in different cell types.

JTC-19, AlO and H4 cells were transiently transfected using the constructs pG791uc, 

pG4851uc, pG7311uc and pG29261uc as described in M ethods and M aterials. All data 

are corrected for transfection efficiency according to Renilla luciferase expression 

driven by co-transfected pRL-SV40. Results are expressed as expression over the 

promoterless pGL3-Basic vector. Each value is the mean ± SEM  (n=3). The data 

shown are representative of three separate experiments.
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Figure 5.8 Luciferase reporter assays of the rat BKBi receptor-directed reporter 

gene constructs following IL-1 (3 or LPS treatment.

Constructs, pG791uc, pG4851uc, pG7311uc and pG29261uc were transiently transfected 

into JTC-19 cells (A) and AlO cells (B) as described in Materials and Methods. 48 

hours following transfection cells were treated for 3 hours with medium only or EL-ip 

(10 ng/ml) or LPS (10 pg/ml) followed by analysis of luciferase activities. All data are 

corrected for transfection efficiency according to Renilla luciferase expression driven by 

co-transfected pRL-SV40, results are expressed as expression over the promoterless 

pGL3-Basic vector. Each value is the mean ± SEM (n=3). The data shown are 

representative of three separate experiments.
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Figure 5.9 Effect of serum on luciferase reporter assays with a rat BKBi receptor- 

directed reporter gene construct.

Construct pG4851uc was transiently tiansfected into JTC-19 cells (A) and into AlO cells 

(B). 48 hours following transfection, cells were treated for 3 hours with serum free 

media ± LPS (10 pg/ml) or with media containing 10% serum ± LPS (10 pg/ml), 

followed by analysis of luciferase adivities. All data are corrected for transfection 

efficiency according to Renilla luci erase expression driven by co-transfected pRL- 

SV40, results are expressed as expression over the promoterless pGL3-Basic vector. 

Each value is the mean ± SEM (n=3). The data shown are representative of three 

separate experiments.
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Figure 5.10 Luciferase reporter assays with the human BKBi receptor-directed 

reporter gene constructs.

JTC-19 cells were transiently transfected using the human BKBi receptor-directed 

reporter gene constructs with and without the upstream NF-KB-like sequence, donated 

as a kind gift by Dr. Bascands and reported in Schanstra et ai, (1998). 48 hours 

following transfection cells were treated for 3 hours with medium only, or IL -ip  (10 

ng/ml) or LPS (10 fig/ml) followed by analysis of luciferase activities. All data are 

corrected for transfection efficiency according to Renilla luciferase expression driven by 

co-transfected pRL-SV40, results are expressed as expression over the promoterless 

pGL3-Basic vector. Each value is the mean ± SEM (n=3). The data shown are 

representative of three separate experiments.
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Figure 5.11 Analysis of BKBi receptor mRNA levels following transfection.

JTC-19 cells were transiently transfected using the rat construct pG7311uc. 48 hours 

following transfection cells were treated with medium only (transfected control) or with 

LPS (10 pg/ml) for 3 hours. At the same time non-transfected cells were treated with 

with medium only (control) or LPS (10 jUg/ml). A Northern blot analysis showing the 

BKBi receptor mRNA levels from normal and transfected JTC-19 cells ± LPS. The 

same blot was stripped and re-probed with cyclophilin as shown in the lower panel. B 

The amount of radioactivity in the 1.6 kb transcript was quantified using the Storm 

phosphorimager and ImageQuaNT analysis software and norm alised to the respective 

cyclophilin band. The normalised signal was plotted against the appropriate mediator. 

The Northern blots shown are representative of two separate experiments.
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Figure 5.12 EMSA analysis of the nuclear protein binding activity of the NF-KB- 

like site in the BKBi receptor regulatory region.

Nuclear proteins were extracted from  control (lanes 1-4), 2 hour IL -1 (3-treated (10 

ng/ml) (lanes 5-8) and 1 hour LPS-treated (10 pg/ml) (lanes 9-12) JTC-19 cells. 

Binding to the labelled consensus N F-kB oligonucleotide was determined by 

EMSAs as described in Methods and M aterials. The induced complex is indicated by 

the arrow 1. The presence of com petitors is shown by a 4- sign above the appropriate 

lane; Specific= unlabelled NF-kB oligonucleotide (700-fold excess), Mutated= 

unlabelled oligonucleotide mutated in the N F-kB site (700-fold excess), rd NF-kB= 

unlabelled dowsntream NF-KB-like sequence in the 5’ flanking region of the rat BKBi 

receptor gene (700-fold excess). Arrow 2 shows unbound labelled probe.
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Figure 5.13 EMSA analysis of the nuclear protein binding activity of the NF-kB 

site in the BKBi receptor regulatory region.

Nuclear proteins were extracted from 2 hour IL -1 (3-treated (10 ng/ml) (lanes 1-4) and 

from 1 hour LPS-treated (10 fig/ml) (lanes 5-8) JTC-19 cells. Binding to the 

labelled consensus NF-kB oligonucleotide was determined by EM SAs as described 

in M ethods and Materials. The induced complex is indicated by the arrow 1. The 

presence of competitors is shown by the + sign above the appropriate lane; Specific^ 

unlabelled NF-kB oligonucleotide (700 fold excess), M utated= unlabelled 

oligonucleotide mutated in the NF-kB site (700 fold excess), ru NF-kB=  unlabelled 

upstream NF-kB sequence in the 5’ flanking sequence of the rat BKB, receptor gene 

(700 fold excess). Arrow 2 shows unbound labelled probe.
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Figure 5.14 EMSA analysis of the nuclear protein binding activity of the AP-1 

site in the BKBi receptor regulatory region.

Nuclear proteins were extracted from control (lanes 1-4), 2 hour IL-iP-treated (10 

ng/ml) (lanes 5-8) and 1 hour LPS-treated (10 pg/ml) (lanes 9-12) JTC-19 cells. 

Binding to the labelled consensus AP-1 oligonucleotide was determined by 

EMSAs as described in Methods and Materials. The induced complex is indicated 

by the arrow. The presence of competitors is shown by a + sign above the 

appropriate lane; Specific= unlabelled AP-1 oligonucleotide (700-fold excess), 

M utated= unlabelled oligonucleotide mutated in the AP-1 site (700-fold excess), R 

AP-1= unlabelled AP-1 like sequence in the 5 ’ flanking region of the rat BKBi 

receptor gene (700-fold excess).
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Figure 5.15 EMSA analysis of CREB binding activity to the CRE site in the 

BKBi receptor regulatory region.

Nuclear proteins were extracted from control (lanes 1-5), 2 hour IL-iP-treated (10 

ng/ml) (lanes 6-10) and 1 hour LPS-treated (10 pg/ml) (lanes 11-15) JTC-19 cells. 

Binding to the labelled CRE oligonucleotide, located in the 5’ flanking region of 

the rat BKBi receptor gene was determined by EM Ss as described in M ethods and 

M aterials. The presence of competitors and antibody is shown b y a  + sign above the 

appropriate lane; Specific^ unlabelled CRE oligonucleotide, the same as that used for 

labelling (1,000-fold excess), M utated= unlabelled oligonucleotide mutated in the 

CRE site (1,000-fold excess), cons CRE= unlabelled consensus CRE 

oligonucleotide, (1,000-fold excess), CREB= CREB antibody. The induced complex 

is indicated by the arrow 1. Arrow 2 indicates the supershift complex where the 

nuclear proteins were incubated with CREB antibody. Arrow 3 shows the unbound 

labelled probe.
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5.3 Discussion

The previous chapter showed that IL-ip and LPS significantly induce rat BKBi 

receptor mRNA levels via a transcriptional mechanism. This chapter further 

characterises the molecular mechanisms of transcriptional regulation of the rat BKBi 

receptor gene.

A cell line expressing a dominant negative iKB-a protein was used to analyse the role 

of NF-kB activation in the up-regulation of BKBi receptor mRNA. This iKB-mut 

protein has been shown to prevent the IL-lp, TNF-a and LPS-mediated increase in 

expression of reporter constructs containing NF-kB binding sites (Brockman et al, 

1995; Krushel et al, 1999). The present study has verified expression of iKB-mut in 

the stable cell line, however, confirmation of the decrease in NF-kB binding has not 

been shown directly. These data show that part of the DL-ip and LPS-mediated up- 

regulation of BKBi receptor mRNA uses the NF-kB activation pathway. Moreover, 

these findings indicate that multiple signalling pathways, including the NF-kB 

activation pathway, contribute to the IL-ip and LPS-induced BKBi receptor mRNA 

levels. Studies in this chapter have identified a conserved downstream NF-KB-like 

site and an upstream NF-kB site within the 5’ flanking region. EMSA analysis shows 

that these sites exhibit binding affinity for nuclear proteins when used in competition 

assays. Characterisation of the nuclear proteins binding to the NF-kB site has not 

been determined in this study. Increased binding was observed in extracts from IL-ip 

and LPS-treated cells consistent with studies showing an increase in NF-kB nuclear 

localisation following IkB degradation (Baeuerle and Baltimore, 1996). However, a
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change in the binding affinity of the NF-kB site following the addition of inducing 

agents cannot be eliminated. Similarly, EMSA analysis of the human NF-KB-like 

sites has shown high affinity binding to nuclear proteins from IL-lp, TNF-a, 

desArg^\allidin or LPS-treated cells (Schanstra et al, 1998; Ni et a l, 1998a). 

Schanstra et al, (1998) showed that the upstream NF-KB-like site binding complexes 

contained p65, p50 and c-Rel forms of NF-kB.

Recent studies have demonstrated that IL-1 intracellular signalling involves PI 3- 

kinase (Donaldson et al, 1996; Reddy et al, 1997, Marmiroli et a l, 1998). 

Examination of the effect of an inhibitor of PI 3-kinase shows that this pathway plays 

an important role in the IL-ip and LPS-mediated up-regulation of the BKBi receptor. 

The downstream targets for activated PI 3-kinase in the IL-ip and LPS-mediated up- 

regulation of the BKBi receptor remain to be determined. Interestingly, IL-1 activated 

PI 3-kinase has been shown to activate N F-kB by phosphorylation in a parallel 

cascade to the IkB degradation (Marmiroli et al, 1998; Sizemore et al, 1999). Other 

studies have shown that one of the downstream targets of PI 3-kinase, the 

serine/threonine kinase Akt or PKB can activate the N F-kB /IkB degradation pathway 

by phosphorylation of IKKl (Ozes et al, 1999; Romashkova and Makarov, 1999). In 

addition, PI 3-kinase activated Akt/PKB induces Serine 133 phosphorylation of CREB 

and recruitment of CREB binding protein (CBP) (Du and Montminy, 1998). PI 3- 

kinase has also been shown to activate MAPK (Bondeva et al, 1998) and various 

isoforms of PKC and PLC (Rameh and Cantley, 1999). Consequently, numerous 

signal transduction cascades involving PI 3-kinase are possible.
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dbcAMP-induced expression of the BKBi receptor mRNA was demonstrated in 

Chapter 4, although the mechanism of regulation has not been determined. cAMP 

results in phosphorylation of CREB by activation of protein kinase A (PKA) which is 

regulated by changes in intracellular cAMP levels (Gonzalez and Montminy, 1989). 

Following binding of cAMP to the regulatory subunit of PKA, the catalytic subunit of 

PKA translocates to the nucleus, where phosphorylation of CREB occurs at serine 133 

in a region called the kinase inducible domain (KID) (Hagiwara et al, 1993). In 

addition, two glutamine rich regions within the CREB protein, called Q1 and Q2 are 

required for transactivation (Montminy, 1997). Phosphorylated CREB, bound to the 

CRE site, then recruits the co-activator, CBP a homologue of the EIA-associated 

protein p300 (Chrivia et al, 1993; Kwok et al, 1994; Eckner et al, 1994; Parker et 

ai, 1996). Accumulating evidence suggests that CBP/p300 functions as a molecular 

integrator that co-ordinates complex signalling events at the transcriptional level 

(Kamei et ai, 1996; Goldman et al, 1997; Giles et ai, 1998). Several mechanisms by 

which CBP/p300 regulates transcription have been shown, including interaction with 

components of the basal transcription machinery and chromatin re-modelling by the 

intrinsic hi stone acetyltransferase (HAT) activity (reviewed in Goldman et al, 1997; 

De Cesare et al, 1999). Activated PKA has also been shown to phosphorylate other 

members of the CREB/activating transcription factor (ATE) family such as, cAMP 

response element modulator (CREM) and ATF-1 (Sassone-Corsi, 1995), and other 

transcription factors including C/EBPp (Trautwein et al, 1994) and NF-kB (Muroi 

and Suzuki, 1993). Studies in the present chapter have shown that NF-kB is not 

involved in the dbc AMP-mediated up-regulation of the BKBi receptor mRNA. 

However, the role of specific transcription factors in the dbc AMP-mediated up- 

regulation of the BKB] receptor remains to be determined. A role for the dbc AMP-

209



________________________________________________________________________________________ Chapter 5

mediated phosphorylation of CREB is supported by EMSA studies showing that the 

CRE site is capable of binding CREB in vitro. No change in binding activity was 

observed between control and IL-ip or LPS-treated nuclear extracts, however, the 

affinity of CREB for a CRE site is generally accepted not to be a regulated process 

(Andrisani, 1999). Investigation of CREB phosphorylation in control and treated 

conditions would determine whether IL-ip and LPS can regulate this process. In 

addition to the cAMP-PKA signalling pathway of CREB activation, CREB can also 

be phosphorylated by the MAPK pathways, ERK and p38 (Tan et ai, 1996; Xing et 

ai, 1996, 1998; DeCesare et ai, 1998), by Ca^Vcalmodulin-dependent protein kinases 

(Sheng et al, 1991; Sun et al, 1994), and by PI 3-kinase activation of Akt/PKB (Du 

and Montminy, 1998). CREB activation by these pathways results from 

phosphorylation of serine 133, as targetted by PKA. Whether IL-ip and LPS activate 

the cAMP signalling pathway and/or CREB phosphorylation and furthermore, 

whether these signal transduction components converge remains to be determined.

Sequence analysis of the 5’ flanking region of the rat BKBi receptor gene identified a 

non-classical TATA box and numerous putative transcription factor binding 

sequences. Alignment of the rat and human 5’ regulatory regions exhibited high 

identity, with a number of conserved transcription factor binding sites within the 

proximal 100 bp. The conservation of these binding sites suggests an important 

regulatory function for these elements. Similarly, rodent and human 5’ flanking 

sequences for the cytokine inducible genes, COX-2 (Lukiw and Bazan, 1998) and E- 

selectin (Becker-Andre et al, 1992) have retained important recognition sites. 

Transient transfection analysis of chimeric constructs spanning the 5’ regulatory 

region of the BKBi receptor identified two regions containing positive regulatory
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elements and a region containing negative regulatory elements. Furthermore, the 

positive regulatory elements from -477 to -72 bp exhibit cell type-specific regulation. 

In addition, reduced expression levels of the constructs in H4 cells implies the 

involvement of other cell type-specific factors which could act to repress or activate 

the BKBi receptor gene accordingly. Similarly, examination of the human BKBi 

receptor regulatory region has shown cell type-specificity (Yang et al, 1998a; Ni et 

al, 1998a).

Intriguingly, the reporter gene constructs presented in this study showed no 

inducibility following the addition of IL-lp or LPS. Initial observations suggested 

that regulatory elements located either upstream or downstream of the cloned reporter 

constructs are required to induce transcription of the gene. However, the lack of 

inducible activity of the human BKBi receptor-directed reporter gene constructs 

described by Schanstra et al, (1998) indicated that this was not the case. 

Interestingly, treatment of transiently transfected cells with LPS showed only 43% of 

the maximal BKB] receptor mRNA levels compared with control LPS-treated cells. 

In addition, the transfection efficiency in these cells is approximately 50%. These 

observations suggest that the transient transfection procedure could either reduce the 

LPS responsiveness of the entire cell population, or alternatively, prevent the up- 

regulation of the BKB] receptor gene in the population of successfully transfected 

cells. One possible mechanism for these findings is that binding of transcription 

factors and/or co-activators to the more accessible DNA stmcture of the transfected 

DNA may transrepress the endogenous gene expression by competition and dilution 

of limiting factors below a threshold necessary for induction. A number of studies 

have established that although nucleosomes are deposited onto non-replicating DNA
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in transfected cells, the overall structure is disorganised, suggesting the DNA is more 

open and accessible than cellular chromatin (Cereghini and Yaniv, 1984; Jeong and 

Stein, 1994; Reeves et al, 1995; Archer, 1992). Furthermore, possible differences in 

chromatin structure between the transfected DNA and the endogenous gene, provide a 

tangible explanation for the lack of inducibility of the reporter constructs. Thus, 

according to this hypothesis the transfected DNA may reflect the chromatin re

modelled actively transcribed gene, or alternatively, chromatin re-modelling may 

recruit an activating transcription factor that cannot be acquired by the transient 

template. Indeed, for a number of genes, significant differences occur between the 

transfected DNA and the endogenous promoter that are thought to be a consequence 

of differences in chromatin structure (Kim et al, 1993; Bulla et al, 1992; Cannon et 

al. 1994; Kitabayashi et al, 1992; Archer et a l, 1992). Further studies are required to 

investigate a possible role for chromatin-remodelling in the regulation of the BKBi 

receptor gene.

In summary, these data have shown a role for the transcription factors, NF-kB and 

CREB in the regulation of the BKBi receptor gene. The IL-ip and LPS-mediated 

increase in transcription of the BKBi receptor gene involves activation of PI 3-kinase 

with a bifurcation in the activated signal transduction cascades resulting in NF-kB- 

dependent and and NF-kB-independent pathways of regulation.
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Chapter 6

General Discussion

The demonstration of a role for inducible BKBi receptors in pathophysiological states, 

has resulted in increased interest in regulation of this receptor subtype. Pharmacological 

studies have shown that BKB] receptor responsiveness is up-regulated in biological 

systems following the addition of bacterial materials and cytokines. A large number of 

these studies have been characterised in rodent models of tissue injury and 

inflammation. However, a question that has remained unresolved from these studies is; 

how do cytokines and bacterial agents increase BKBi receptor expression? Although de 

novo synthesis of the BKBi receptors has been demonstrated from pharmacological 

studies, little was known about the regulation process due to a lack of molecular tools 

such as antibodies and cDNA clones. This study has addressed the regulation of BKBi 

receptors by cloning the rat BKBi receptor gene and using this as a probe to analyse the 

structure of the gene and mechanisms of up-regulation following the addition of 

inducing agents and inhibitors.

Molecular cloning of the rat BKBi receptor gene

Cloning and characterisation of the rat BKBi receptor gene has allowed detailed analysis 

of the receptor protein coding sequence. To date, studies have reported the isolation of 

cDNA clones for the human (Menke et al, 1994; Jones et al, 1999), rabbit (MacNeil et
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al, 1995), mouse (Pesquero et ai, 1996; Hess et al, 1996) and rat BKB% receptors (this 

study, reported in Jones et al, 1999; Ni et al, 1998b). These studies have been vital in 

determining a detailed pharmacological profile for the receptors and have shown that the 

relative potencies of the agonists for the BKBi receptors vary between species. The 

availability of these clones opens new avenues for identifying the regions of the receptor 

which determine species-specific agonist affinités. One approach could be the synthesis 

of recombinant receptor proteins, such as chimeric receptors, whereby regions of the 

homologous receptors are exchanged between species, or constructs with more subtle 

single amino acids mutations, followed by analysis in heterologous expression systems. 

These studies may aid in development of novel potent antagonists for the BKBi 

receptor. In addition, this research will be useful in extrapolating data obtained from 

studies using rat models to determination of the effects in humans. Cloning of the rat 

receptor should also facilitate in the production of antipeptide antibodies. Although 

human BKBi receptor antibodies have been reported, in both cases the most effective 

peptides correspond to the carboxy terminal domain of the receptor (Hess et al, 1996; 

Schanstra et al, 1998). Since this region differs significantly between the rodent and 

human receptors these antibodies cannot detect the rodent receptors. The generation of 

rat antibodies would provide a powerful tool in the study of receptor protein up- 

regulation. Immunohistochemical studies would allow the determination of the cell 

types which express the BKBi receptor in vivo. These studies may also prove 

particularly interesting in elucidating the cellular location of the BKBi receptors that 

mediate hyperalgesia.
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Expression of the BKBi receptor gene

Using the rat BKBi receptor as a specific probe, this study shows for the first time, a 

quantitative tissue expression pattern for the BKBi receptor mRNA. Although studies 

have shown a role for both BKBi and BKB2 receptors in cardiovascular and renal 

function of normal dogs (Staszewska-Wooley et al., 1991; Rhaleb et al, 1989; Lortie et 

al, 1992; Nakhostine et al., 1993; Belichard et al., 1996), very little is known about the 

role of BKBi receptors in healthy tissues. The higher levels of constitutive BKBi 

receptor mRNA expression in the uterus may therefore be of particular interest in 

understanding the role of BKBi receptors in healthy tissues. Furthermore, these findings 

are an important consideration in the use of BKBi receptor antagonists as therapeutic 

agents. The studies in this thesis have confirmed the molecular up-regulation of the 

BKBi receptor following the in vivo administration of LPS. All the tissues examined 

up-regulated BKBi receptor mRNA although the degree of up-regulation varied 

markedly between tissues. Further investigation may determine whether tissue-specific 

activators or repressors control up-regulation. This report demonstrates that the rat 

embryonic cell line, JTC-19, is an excellent model system in which to study the BKBi 

receptor up-regulation. A recent study has shown that the rat vascular smooth muscle 

cell line, AlO, can up-regulate BKBi receptor mRNA in response to inducing agents (Ni 

et al, 1998b). However, evidence presented in this thesis shows that the increase in 

BKBi receptor mRNA levels in JTC-19 cells resembles the induction observed in highly 

up-regulated tissues in vivo. Therefore, JTC-19 cells should be useful for the analysis of 

other aspects of the role of BKBi receptors, such as signal transduction pathways and 

desensitisation mechanisms. In addition, the identification of a non-BKBi receptor 

expressing cell line reinforces a need for tissue/cell type-specific transcriptional 

regulation.
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This study shows that the inducing agents, EL-ip, TNF-a and LPS increase BKBi 

receptor mRNA levels in a time-dependent manner, with LPS being the most potent 

mediator of BKBi receptor expression. This thesis has shown that the major effects of 

LPS are not mediated by the secondary release of IL-1 and thus utilise a distinct cell 

surface receptor. Recent studies have shown that members of the TLR family, which 

utilise the IL-IR signalling pathway, are important mediators of LPS signalling (Yang et 

al, 1998b; 1999; Kirchshning a/., 1998; Chow er a/., 1999). However, further studies 

are needed to determine the cell surface receptor that transduces the effects of LPS in 

the up-regulation of the rat BKBi receptor gene. Molecular determination of the 

inducing effects of these mediators has strengthened the role of these mediators as 

inducing agents of BKBi receptor expression in vivo. It would therefore, be interesting 

to examine the extent to which these mediators exert synergistic effects. One could 

postulate that the complex network of interactions between these mediators in vivo may 

contribute to the maintenance of elevated levels of BKBi receptors observed at the sites 

of tissue injury.

Mechanisms of BKBi receptor gene regulation

Maximal levels of IL-ip and LPS-induced BKBi receptor mRNA levels were shown to 

be attained through increased transcription in a process independent of new protein 

synthesis. This increased transcription generates multiple transcripts by read-through of 

the RNA polymerase at the 3’ end of the gene. Given that these transcripts exhibit 

equivalent profiles of expression and mRNA half-lives, their functional significance, if 

any, remains unclear. Evidence has been presented showing the involvement of NF-kB 

in the IL-ip and LPS-mediated transcriptional up-regulation of the BKBi receptor gene.
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In addition, IL-lp and LPS-mediated activation of PI 3-kinase are also involved in 

BKBi receptor up-regulation. Given these roles for NF-kB and PI 3-kinase it would be 

interesting to determine if and how these pathways converge. Evidence exists for the 

involvement of PI 3-kinase in both the IkB degradation pathway (Ozes et al, 1999; 

Romashkova and Makarov, 1999) and the parallel pathway leading to phosphorylation 

of NF-kB (Sizemore et al, 1999). In addition to the NF-kB-dependent pathway this 

study has provided evidence for an NF-KB-independent pathway for IL-ip and LPS- 

mediated transcriptional up-regulation of the BKBi receptor gene. Further 

investigations are required to determine the components of this pathway although one 

potential candidate is activated CREB. Studies presented in this thesis have shown that 

the addition of dbc AMP up-regulates BKB] receptor expression via an NF-KB- 

independent pathway. Additional studies are required to further delineate the signal 

transduction pathways involved in both the NF-KB-dependent and independent 

mechanisms of BKB] receptor induction. The availibility of a plethora of tools are 

available to examine these pathways, including specific inhibitors and activators, 

dominant negative and constitutively active mutants, in vitro kinase assays and 

phosphorylation-specific antibodies, will allow these pathways to be closely examined.

Preliminary studies have provided evidence for the existence of cell type-specific 

regulatory cis elements in the BKBi receptor gene. However, in contrast to studies by 

Ni et al, (1998b), the rat BKB] receptor reporter gene expression used in this thesis was 

not induced following the addition of IL-ip or LPS. The reasons for these differences 

are unclear, although the transiently transfected DNA in these studies may not 

adequately model the chromatin configuration necessary for BKB] receptor induction.
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Examination of stable, replicating reporter constructs would allow these issues to be 

resolved. Comparitive analysis of these stable replicating templates in BKBi-expressing 

and non-expressing cell lines combined with mutagenesis studies would be useful for 

further characterisation of the elements involved in BKBi receptor regulation. The 

identification of numerous putative regulatory cis elements in the 5’ flanking region of 

the rat BKBi receptor gene suggests that a complex transcription factor network may be 

involved in the receptor gene regulation. Interestingly, the transcription of a number of 

genes can be increased via the synergistic activation of transcription factors. In 

particular, NF-kB has been shown to activate transcription synergistically with Spl 

(Perkins et al, 1994), the C/EBP families (Matsusaka et al, 1993; Kunsch et a l, 1994; 

LeClair et al, 1992) and AP-1 (Stein et al, 1993). Such interactions have been shown 

to magnify IL-ip and LPS-meditated responses (Matsusaka et al, 1993; Klampfer et al, 

1994; Ray et al, 1995; Collins et al, 1995). Therefore, it would be interesting to 

determine whether a similar synergistic mechanism exists to increase BKBi receptor 

expression. In vitro studies presented in this thesis have shown that the CRE site can 

bind CREB and the NF-kB sites exhibit weak nuclear protein binding affinity. However 

it is possible that additional 5’ flanking sequences are required to facilitate binding. 

Analysis of DNase 1 protection mapping could be used as an alternative approach to 

determine which regions of the BKBi receptor gene bind nuclear proteins.

The inability to induce reporter gene expression has led to a proposed role for chromatin 

re-modelling in BKBi receptor transcriptonal regulation. Two important chromatin re

modelling systems are involved in the transcription process. One system includes 

several members of the evolutionarily conserved SWl/SNF family with ATP-dependent 

nucleosome destabilising activity (reviewed in Tsukiyama and Wu, 1997); the other
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system involves post-translational modifications of chromatin components, in particular 

histone acétylation (reviewed in Berger, 1999). For a given gene it is thought that the 

binding of transcriptional activators recruits large co-activator complexes which 

function in part as chromatin re-modelling factors. Many of the individual proteins 

within these co-activator complexes are shared between the different complexes. 

Recent studies suggest that the role of these co-activators are dependent upon 

alternative interaction interfaces in the co-activator configuration (Korzus et al., 1998; 

Peri s si et al, 1999). Particularly interesting, is the multi-functional co-activator 

CBP/p300. This was originally identified as a protein that interacts with phosphorylated 

CREB (Chrivia et al, 1993; Kwok et al, 1994), however, more recent studies have 

shown that these co-factors make contact with and connect the functions of many 

transcription factors, including NF-kB (Gerristen et al, 1997; Perkins et a l, 1997; 

Zhong et al, 1998). Thus, CBP/p300 is an attractive target to co-ordinate the findings 

from these studies. This co-activator acts as an integrator of multiple signal 

transduction pathways in the nucleus and functions as a “molecular scaffold” in the 

assembly of multiprotein complexes (Kamei et al, 1996; Peri s si et a l, 1999). In 

addition, competition for limiting levels of CBP/p300 between signal transduction 

pathways is thought to contribute to the control of specific gene expression patterns 

(Kamei et al, 1996; Zhang et al, 1996; Wadgaonkar et al, 1999). Furthermore, 

regulation of transcription by CBP/p300 has been demonstrated by a number of 

mechanisms including its intrinsic HAT activity (Baibas et al, 1998; Perissi et al, 

1999). Experiments using anti-CBP antibodies could be used to determine whether this 

co-activator plays a crucial role in co-ordinating the multiple transduction pathways 

activated by IL-113 or LPS in the inducible BKBi receptor expression.
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In conclusion, it is hoped that the work presented in this thesis will stimulate and aid 

further experimentation into the regulation of BKBi receptor gene expression. Further 

studies are required to dissect the signal transduction pathways that are involved in the 

up-regulation and the convergence of these pathways on specific transcription factors. 

Specifically and importantly, the role of chromatin-remodelling and the analysis of co

activator complexes will need to be investigated. Knowledge of the molecular 

mechanisms of the regulation and induction of the BKBi receptor gene will lead to a 

better understanding of the role of the BKBi receptor in healthy and injured tissues. 

Moreover, this research may be useful in understanding the mechanisms of regulation of 

other inducible genes at the site of tissue injury. The determination of these 

mechanisms could allow the development of novel therapeutic tools for controlling 

BKBi receptor gene expression.
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Appendix I

FIGURE A.1
G G AA TTCTCTCAACAA ATCCTGGGCATCCCACAATGCA TCAGCCTGGTGGCTGGTGTTGAAA

CTG TG ACCATAATACAGGGAGAGATTAAACACACTTATTGCTGGGAGACCTCACACGCCCAC

TCAGGGCGCAGCAAATGAGAGCTAACACGTGTGTATAGAATACATGGA AAGTGGCAAGCGG

AATGAAGATCCAGGAAGCCAGGGAGGAGGAGGAGG GGGGAGGAGAG GGGGAGGGGGAGG

G GGAGGGGGAGGAAAAGGCTCCAAAAATGGCTGCATCTCCAGACATCTTGTAGAAACAGGA

A G AC CTG AGGAGGTAAGCGTGAG GCTTCTTGGGTAAGCCGCTCCTCGGCAGAGGAAG CCGG

CA A TCC CA AG G CTC TG TGGTGAAAGATGTGTCAGCTCTAAGACGGTTGAGGAGGTCTGGAGG

G CC TG TG A GA GCATCAGGACTGGCATGGGTG GCCTTGAAGACCGCCATCCTGCCTTAGTTCC

TG CTG GA G A CA G AGGGTCAATGTTTCAAGGGTATAAAGGTCTTAGATTCCAAAAGATAAAGA

AGCAGA G TTGA TTG TCCA G G TTCAG A CCCCGA TA GG G CCTTG G A G AA G TTTCCTCTTG A GG A

CTGGAACCCAG G G CTG AG A TTCCCTTG TG A GG A G CA CCTG G G AG A CCCCATG TCCTTTTCCA

A G CAGCGCAGAACAGGGTCCAAGAGCACAGGTGGGTTCCTTATAAACTCCCCCTGGAGCATG

G A AC CCTG GTCCAGCTTCCA CCCCCCAGTGAGCAG CTTCTCACCCCAGGGCACTGCTCAGAG

CC CC CCTGCCTCAGGCTAGCTGCAGGTGGCTCAGGCCAGGGCCACACCTAGCATGAAGACGG

TCTCATACACACAACCACCCACTGAAGAGGTCCCAGTGTCCCTATATTCCTCA GCCAGGTGCT

A GATAAGGGCTGTGGGGGACAGGGGCGATGGATGAGATCTG AACAGGAAAAGACGCCTAGG

CA G G AG A G A TG CCCG G TTAG CCTGA TG TCCCG TCTCTG GTCAA TG A CTG GTCTA G CTTG TCCT

CCATG CCCTG G CTTCTCCA CTTTTTTTTTAA CCCA G G GG A CTG A CTCA G CG A AG TTCA A G AG A

CA G TG AG G A TG A G CCAG CCTTTA CTG CAG A TGG A G G GTCCCTCCTCTCCTCA TACCTG TTTG G

CCCCCATATCTCCCTTTCCCATCATCCATTGCCTCAAAGACAAAGG GGAACCTCTCCTCTCCA

G CTCTAG GCCACTTTCCCA CTA TG GCGG G A A TA A G CCTG CTTTCA A A AA G TTCTCTA A CTTA C

CC A GG G TGGCCCTGGACCCGATCCAGACACCACAGATTCATTCCCCTAA AGTCCAGCTTCCT

CA G CC TCCA CAAGGCTTCTGAGTGCGGTCCCACCCAAATCTGGCCGTCTGCCCTCGGCTGTTC

TCA TTCCTTCA G A CA TG CA TGTCGA CATA TCTTCTA G GTCGG G G AA TCTG A G AG G CCCTCCTT

CCTCCCACCAGAACTAATCAAAGACTCTGCCGAGGGCGGGACACTGCAGGGCAGA GAGACA

TG TG C CCA G G A CCGACGCTTCTCAGCCATGCATCAGTCCAGACTGTTGTG AAATCAAGGGAG

A GTTTGCACTG G CTA G CA AG G CCTGG CTA CACTGCCA A GTG G G AA A G CCCA TG G CTTTTGA G

CTTTTCCTGGGCTAAGCCAGCCCTGTGCATATAAA AAGTG TCTAGATGGCTCACAACA CCGC

ACCTCTTG G G A GG G CTG G GA G A AG G CA A G AG A CTTTCTCAG TCTCTCTCTCTCTCCCTCTCTC

TC TCTC TCTCTCTC TC TCTCTC TC TCTCTCTC TTC TCTCG CTC TC G CTCTTG CTCTC TC TCTCTC

TC TC TC TC TC TC TC TC TCTCTC TC TCTCTCTC TCTCTCTC TTTC TC TCTCTCTTTTG CTCTCG C TT

TCGCTCTTTCTCA TTTA CCTTTCTG CTTCCA TGA TCCCA CA TCCCCTA G CG A CA A GA G A A GA C

A TCTGGAAATGTTGCTAGGGGCCGTGAAGTCATGGGGGG AAAAAATAAAAAGAAA AGAGGG

AGGGAG ACCG G GTTTCA G A AA TTTG AA G CCTTTCCTG GA TG AG TTG GA CTCA CCTTTA GA A A

CA G A GTTTCCGCCATGAA CCTGGGCTGGGCAGTTTCCAGCAGTAAGGGCA GACAGAGAGA G
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AGAGA TGGCTG G CCG GTG G CTG GA G G A TCCTG TCG CCCA GTCTCG GTG G A AG TCA G G AA TTT

CTGCCTCTCTGAAAGCCAGGTCTAGGGTAGATCAGCTTCACTGA AGCCAACTCACACCAAA A

CCAAACCCAGAGCTGCCAGCA AGGATTAGGA AAATA GCGGCCAGTCTTACTCAACTCTGAGC

CCTGCG TG A G TCA AA CTTTTTTCCG A G CTCA CTG TTTGTA CA A CG G G GTCCA CA CTG A TGG A T

TCTTG GCTTG TG TG TCCTTCG CTG CTCAG A TTGA A A GG G A G CTG TCCTCG TG TGCTCCCA AG A

ACCTGTGGTCAAATCCCAGACCTCCTGGAGCCAACAGGGAACTGGGGAAGCCATCATTCAAC

ATCCCG ACAG G G G GCGA G CCTTG A G A GTA TTGTCTG CACTGA A A TGTG TCTTCA G G GCCTG T

TTGCCAA CACACAGTACTTAGGTGAATCGACAGGCGGAAAATG TCAGCAGAGAAAGTGCAA

AATGGTGGTCAAAGAACCTCCCA CTATCTA TCCCTA AGCAAGTGAAAGG CAATGCCACGCCC

CC TCCA A A CCTCAG CCTCCTCTG G CTTG A G AG A CTCACTTTTTG GG TA A TCCCCTG TG A CA TC

A TG G G AACAGAGGTGGTTTATTTAAG ACCAGCCAGCGTGTGTCCAGGGAGCTGCCCCAGGAC

AGAAA CCTCCCAA GACAGCAGTCACCATCAAAAA CACAGGTGAAGCTGTGAGCTCTTTGCTT

TTCTA TCCG G gtA A GTCTA TA G G G A TCA TTTTCCTTTCA G GG CTTA A ATTCCTTTA A A TGG A A T

TGW A TCATGTCTCTTAGCCAAAGGACACCAAACAGAAAGCGTTCTTTTCTACCATATGCATC

CCAGGA G AG A TA GA CTTCAG CCG TTCGTTTTA AA A G GA TTTTTA TCCTGTG TTTGG TCTG TTT

CG G TTTG TTTCTG G G TTTG G G G G TG G TG G TG G CTTTTTG TTG TTG TTTTG A TA CA G A C TCTTC

CTG TG TA CCCCTAA G TTGTTTCA G G GCTCCTCAG TTCTG G G TTTG CCA G G TGTG A A CCA CTA T

ACCCA GCCTCTG G TTAA G G GG TTTA A CCA A TCCG TG TG TG TGTG TG TG TG TTGA G A TA G TTCT

CC TCTA CCCAGCCCTTACTGTCCTGGATCTTCCA CTATATAGACCAAGACTGG TCCAGAACTC

ACAG AGATCGCAGCTCTGCCTGTG GAGTG CTCTGAGTAAAGGCCTGTGCCACCATGCCTGGC

CCTTG TCC CTTCTA CTTTCA A A AC TTG TTTTGC CTCTG TG TG TA TGTA G G TG C AC TGA G TAC G

TG CA A TG C CTG TG GAGGACA GAAGAGGGCGTCAGGTTCCCTGGGACTGGAGTCGCAGATGG

TTGTA A G TG G CCTTG TTG GTTG CTA A AA CTCA AA CCCTG G TCCcTCCG G G AA G A G CA GCCG G

AA CTTTTAACTAATGAGCCTACTTAGCACCACTTCCTACCAGTTCCCCCTTTTAACCTAAGAG

GTCA GTCCTTCTCTTCCTCCAAAGGA ACTGAGTAAATA CCATCAGTTTTGCAA GCCACACCGA

CTG TG CTGGGCCCACTCTGGTCTGCCATCACAGCACATGAAAATCATCCCAG ACGCCTTCTAC

A CA G TCA TGG A G TAATGTCGTGTGCCAATAAAACTTTA TTGTCAGGCTGGAA CGGTTAG GAA

CA C TG A CTGTTCTTCCAGAGGTCCTGAGTTCGATTCCCAGCAACCACATGGCGGCTCACAACC

ATCTG AA A TG GG G A TC CGAATACCCTTTTCTGGTATGTGTCAAGAAAGAGTGACACTATATT

CACATATATGAAATAAATAAATCTTTTAAAAAAAACAAA AAAAAGGAAAACCTTTATTGGTT

TGGA A CCagA CCACA GCTGG A TTTG A CCTCCTG TA CTG TG TCA A CG TCA G G TCA CTG TG G A TG

GCG TCC GA GGTCTTGTTGGAGCTCCAG CCCTCTA ACCGA AGCCTGCAGGCCCCTGCCAACA T

TACCTCCTG CG A GA G TGCCCTA G A A GA CTG G G ACCTG CTG TATCGG G TG CTG CCA G G GTTCG

TCA TCA CTA TCTG CTTCTTTG GC CTCTTG G GG A A CCTTTTA GTC TTG TCC TTC TTC CTTTTGC C

TTGGCGACAGGGTGGTGGCAGCAACGACAGAGGCAGCAGCGCTTAACCATAGCGGAAATCT

ACCTGG CTA A CTTG GCGG CTTCCG A TCTGG TG TTTG TCCTGG G CCTGCCCTTCTG G G CA G AG A

ACA TCGGGAA CCGTTTCAACTGGCCCTTCGG AACTGACCTCTGCCGGGTGGTCAGCGG GGTC

ATCA A GG CCA ACCTG TTTG TCA G CA TCTTCCTGG TG GTG G CTA TCA G TCA GG A CCGCTACA G

GCTCCTGGTATACCCCATGACCAGCTGGGGGTACCGGCG GCGACGGCAAGCCCAAGCTACGT
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GCCTG C TC A TC TGG G TA GC CG G GG G TCTCTTG A GC A TC CC CA CA TTCCTTCTA CG C TC TGTTA

A A G TC GTCCCCGA TCTG A A CG TCTCTG CCTG CATCCTG CTTTTCCCCCA CG A G G CTTGG CACT

TTGC A AG G A TGG TG GA G TTGA A CG TTTTGG G TTTC CTCC TCCC CG TG AC TGC TA TC ATC TTC T

TCA A CTA TCA CA TCCTGGCCTCCCTGAGAGG ACAGAAGGAGGCCAGCAGGACTAGGTGTGGG

G GTCCCAA G G GCA GCAA G A CG A CG G GG CTG A TCCTCA CA CTG GTA G CCTCCTTCCTGG TCTG

C TG G TGCCCTTA CCA CTTCTTCG CTTTCCTG G A TTTCCTG G TCCA G GTA A GA G TG ATCCA G G A

C TG CTCCTG GA A G GA G A TCA CA G ACCTG G GCCTG CA G CTCG CCA ACTTCTTTG CCTTTG TCA A

C A G CTG CTTG A ACCCA CTG A TTTATG TCTTCG CA G G CCG G CTCCTTAA G A CCAG G G TTCTGG G

G A CTTTA TA A A T G A TGCAACCGAGAAGCCTCATGCCCA TGTGGCCCAA CAGGAAGG GACTCT

TCCAATTATCCTGCTGGAATTCAAACAGCAGGGA GCCAAGAAGCCTGGCTTCTTGACCAACC

A TCTCTGGTATCATAAAGACCATCTGGTCAGCTGACCCACAGCCCACAAAGATACCCAGGGT

AAAA G TTATTA G CA GG G TA GTCGG G TA GTCGG G A CCTTG A AG G G CA A TTA CTA G G GCTCTG G

AGATTA G GCTGA TCCTGA A G TTTTTCG G G ACAG A G G GA G A AG CATA G CCA CAG CGG TTCTTT

TA A G A G GG G A TTTTG G AG G GCTGCAATGCATGGACAGAAGCAGAGGTCA GAGTG TGGTGAG

GAAGGCGGCACCAGCCCGAGGACAGCAGG CACCCTGAGAGGCTGGAAAAGAAAGAACACAG

GCAGACATCCTCTCTGAAACCTCCA GGAAAGACCAGACTTGGCCAACGTGCCGATGCCAGCC

CTG CCCCCCA G G TA CTG TG A GA G A GTA A A GCTGCA CTCTG A TTTG CCAA G TTTG TG G TTA TT

G A TA C CA TTTG G AAACTTATGCGAGTACCTGACCCCCGGCAAGCGTCTGCTGTTTGA CGCGT

CCACTCACCCAGACCTTCCTAGGCTAACGTGAGGTGAGGTGGCTGCAGACCCTGTCCGCAAG

GAACTTGTAGAGCTCTAAG TAACCCCGAGTAAGAACAGGGAGCTCCCAGGGAACGGGCCAG

CTC CTCCCTCAGCTCCATGTAGGGTAGACGCTGGGGCCCATG GAGACAGACAGGAAGAGCTA

A G TTC CCACCCAATCCCTGCAGTACGGGGAAGGACCAGGCTGCTGCCTGGAGTTCGCAGGAA

TATTACCAAATGCTGGAGCCTCCATCCAATCTCTCTGTGGCCTCAAGGATCC

Figure A .l Nucleic acid sequence of the 6006 bp Eco RI to Bam HI fragment 

containing the rat BKBi receptor gene.

The position of the TIS from which the nucleotide numbering in the text begins and the 

start and stop codons for the protein coding sequence are shown in bold, and underlined. 

The location of the exon-intron boundaries are shown in lower case and underlined. 

The sequence corresponding to the full length cDNA has been submitted to the EMBL 

database (Accession number A Jl32230).
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Appendix 2

Normalised radioactive signal data from Northern studies
Figure
3.2

B B+ K K+ S S+ U U+ L L+ H H+

Data 1 0.006 0.2 0.001 0.008 0 0.002 0.07 1.1 0.008 0.2 0.004 0.034
Data 2 0.005 0.163 0.008 0.006 0 0.001 0.06 0.96 0.008 0.22 0.003 0.026
Figure
3.4

Cont IL-lp Figure
4.2

Cont DbcA
MP

Forsko
iin

Figure
4.3

Cont Chx DbcA
MP

DbcA 
MP + 
chx

Data 1 1.16 18.88 0.04 1.04 0.33 0.09 0.4 2 5.02
Data 2 0.04 0.68 0.02 0.51 0.12 0.26 1.3 5.23 13.78
Figure
4.4

Cont LPS DBK DKD DBK 
+ LPS

DKD 
+ LPS

Data 1 0.152 0.71 0.14 0.154 1.06 0.85
Data 2 0.02 0.3 0.017 0.016 0.025 0.022
Figure
4.5

0 0.5 1 2 4 6 8 16 25

Data 1 0.2 0.71 1.14 3.12 1.68 1.95 1.8 1.19 1.05
Data 2 0.005 0.0185 0.0325 0.08 0.04 0.045 0.037 0.031 0.026
Figure
4.6

0 0.5 1 2 3 4 6 8 10

Data 1 0.001 0.014 0.03 0.05 0.038 0.014 0.013 0.009 0.011
Data 2 0.002 0.026 0.052 0.08 0.064 0.024 0.02 0.015 0.011
Figure
4.7

0 0.5 1 2 4 6 8 10

Data 1 0.028 0.12 0.32 0.24 0.11 0.06 0.072 0.076
Data 2 0.04 0.18 0.46 0.34 0.17 0.08 0.107 0.11
Figure
4.8

Cont IL-13 TNF-a LPS

Data 1 0.063 0.87 1.2 1.58
Data 2 0.09 1.26 1.755 2.34
Figure
4.9

Cont lL-13
(2)

lL-13
(4,2)

lL-13
(4)

Cont LPS
(1)

LPS
(2.1)

TNF-a
(2)

TNF-a
(4,2)

Data 1 0.35 6.6 3.83 3.67 0.05 1.06 1.02 0.59 0.79
Data 2 0.045 0.77 0.55 0.51 0.03 0.75 0.65 0.47 0.52
Figure
4.10

Cont IL-lRa lL-13 IL-13 
+ 1L- 
IRa

LPS LPS + 
IL-lRa

Data 1 0.14 0.15 0.83 0.27 1.36 1.19
Data 2 0.03 0.03 0.23 0.07 0.35 0.31
Figure
4.11

IL-lb 0 1 2 3 4 Cont 0 1 2 3 4

Data 1 100 48.4 26.7 8.5 6.2 100 56.3 14.1 8.9
Data 2 100 51.3 27.3 9.2 5.8 100 55.9 25.2 6.3
Figure
4.12

LPS 0 1 2 4 Cont 0 1 2 4

Data 1 100 51.24 24.7 2.5 100 61.2 31.4 4.4
Data 2 100 50.46 22.5 1.1 100 58.4 30.2 5
Figure
4.13

4 kb 0 1 2 3 4 8 kb 0 1 2 3 4

Data 1 100 49.19 28.72 13.45 12.5 100 48.6 23.4 24.3 13.16
Data 2 100 52.3 31.86 14.2 9.9 100 49.5 27.41 24.3 12.1
Figure
4.14

Cont IL-13 LPS Act D 
+ IL-
IP

ActD 
+ LPS

Data 1 2.86 76.46 84.66 2.33 3.33
Data 2 0.08 1.71 2.32 0.12 0.09
Figure
4.15

Cont IL-13 Chx IL-13 
+ chx

Cont Chx LPS + 
chx

LPS

Data 1 0.4 10.17 0.92 12.87 0.1 0.43 2.73 2.3
Data 2 1.3 31.4 3.31 39.33 1.5 4.88 49.78 41.48
Figure
5.1

Cont LPS Cont
Trans

LPS
trans

Data 1 0.095 1.4 0.12 0.78
Data 2 0.03 0.45 0.05 0.32
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