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Foreword

Please note that the data in chapters 3, 4 and 5 o f this thesis has been published in the 

following two papers:

1. Boorman, J. P., Groot-Kormelink, P. J., & Sivilotti, L. G. (2000).

Stoichiometry of human recombinant neuronal nieotinie receptors containing the 

(33 subunit expressed 'mXenopus oocytes. J.Physiol 529 Pt 3, 565-577.

2. Groot-Kormelink, P. J., Boorman, J. P., & Sivilotti, L. G. (2001). Formation of 

functional a3p4a5 human neuronal nicotinic receptors mXenopus oocytes: a 

reporter mutation approach. BrJ.Pharmacol. 134, 789-796.

Additionally, the data presented in chapter 6  has recently been submitted for 

publication.

Boorman, J. P., Beato, M, Groot-Kormelink, P. J., & Sivilotti, L. G. (2002). The P3 

subunit increases channel conductance but has only subtle effects on other properties of 

human recombinant neuronal nicotinic a3p4 receptors.



Abstract

Using a reporter mutation approach and the two-electrode voltage clamp technique, 

Groot-Kormelink et al (1998) have shown that the ‘orphan’ (33 subunit can be 

incorporated into a functional ‘triplet’ a 3 (34(33 neuronal nicotinic acetylcholine 

receptor, when expressed in Xenopus oocytes.

Based on the observation that in a3(34 receptors the EC50 value decreases with the 

number of 9'T mutations, we used the same reporter mutation approach to determine the 

stoichiometry of ‘triplet’ receptors. When either a3 or p4 carried the 9'T mutation in 

‘triplet’ a3p4p3 or a3p4a5 receptors, the observed decreases in EC50 values were 

similar and larger than if only P3 or a5 were mutated. This suggests a3 and P4 are 

present in equal copy number, greater than that of p3 or a5, namely: 2 copies of a , 2 

copies of p and 1 copy of p3 or a5.

Potency ratio data for a3p4 and a3p4p3 receptors demonstrated that the incorporation 

of p3 reduced the potency of lobeline (relative to ACh) from 23.0 to 7.14 (p 0.01). 

However, the rank order of the seven nicotinic agonists tested was unchanged.

Schild analysis showed that the Kd for the competitive antagonist trimetaphan was not 

affected by p3 incorporation (75.5 and 66.0 nM for a3p4 and a3p4p3, respectively), 

suggesting that p3 may not contribute to the properties of the agonist binding site.

Calcium permeability data failed to detect differences in calcium permeability for a3p4 

and a3p4p3 receptors, with mean shifts in reversal potential of 7.68 mV for a3p4 and 

5.20 mV for a3p4p3 (for a 10 times increase in external calcium concentration).
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the N-terminus 

nAChR = nicotinic acetylcholine receptor

Nic = nicotine

PCR = polymerase chain reaction

RNAase = ribonuclease

Tm = melting temperature

TM = transmembrane domain

U.V. = ultraviolet

13



Chapter 1: Introduction
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1.1. Receptors: A brief history

In the study of pharmacology the term receptor is used to describe a class o f cellular 

macromolecules which are specifically and directly involved in transmitting information 

between and within cells by way of specific chemical messengers, resulting in a change 

in cellular activity.

It was Du Bois Reymond who first proposed in 1877 that the transmission of nervous 

stimuli could be of a chemical or electrical nature:

‘"''Of known natural processes that might pass on excitation, only two are, in my opinion, 

worth talking about; either there exists at the boundary o f  the contractile substance a 

stimulatory secretion....; or the phenomenon is electrical in nature. ” (Cited in H. P. 

Rang and M. M. Dale: Pharmacology, 2""̂  edition, pl25).

The concept of a receptor was introduced around the same time by Paul Ehrlich and 

John Newport Langley.

Ehrlich, working together with the organic chemist A. Bertheim, studied the relationship 

between chemical structure and biological action o f a series of organometallic 

compounds. Ehrlich proposed that chemicals that have a biological action must become 

bound to become effective (cited in H. P. Rang and M. M. Dale: Pharmacology, 2"  ̂

edition, pl25).

Langley studied the salivation stimulating action of pilocarpine and the block of this 

action by atropine on the salivary gland of the dog.
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''‘the pilocarpine secretion that has been stopped by atropine can be removed by 

pilocarpine and again stopped by atropine... there is some substance or substances in 

the nerve ending or gland cell with which both atropine and pilocarpine are capable o f  

forming compounds. ” (Langley, 1878).

Thus Langley had introduced the concept o f receptors into pharmacology, 

demonstrating that both pilocarpine and atropine were working on the same receptor 

(now known as the muscarinic receptor).

In 1904 T R Elliot re-affirmed the idea that chemical transmission could be involved in 

mediating nervous stimuli, suggesting that adrenaline could act as a chemical 

transmitter in the sympathetic nervous system (H. P. Rang and M. M. Dale: 

Pharmacology, 2"  ̂edition, p i25). However, Elliot’s hypothesis was not taken very 

seriously until a year later when Langley found more compelling evidence for the 

existence of receptors, while working on the action of nicotine (Nic) and the Nic 

blocking action o f curare on the skeletal muscle o f chickens. Langley hypothesised that 

the muscle possessed a ""receptive substance"' that specifically interacted with Nic and 

curare (Langley, 1905).

""Since, in the normal state, both nicotine and curari abolish the effect o f  nerve 

stimulation, but do not prevent contraction from being obtained by direct stimulation o f  

the muscle or by a further adequate injection o f nicotine, it may be inferred that neither 

the poisons nor the nervous impulse act directly on the contractile substance o f  the 

muscle but on some accessory substance.
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Since this accessory substance is the recipient o f  stimuli which it transfers to the 

contractile material, we may speak o f it as the receptive substance o f the muscle.'’"' 

(Langley, 1905).

While the concept of receptors had started to become accepted by pharmacologists, 

more experimental evidence was required to validate the chemical transmission 

hypothesis of Du Bois Reymond. Dixon was the first person to attempt to 

experimentally verify the hypothesis of chemical transmission in 1907. Dixon’s idea 

was to electrically stimulate the vagus nerve of a dog’s heart, stopping the heart from 

beating. Dixon proposed that if chemical transmission did indeed occur, then the 

stimulation of the vagus nerve would release a chemical into the blood that would be 

capable o f inhibiting the heart. Thus applying a sample o f this blood to a second heart 

would stop it from beating. However, his experiment failed and he abandoned the idea 

with some embarrassment (H. P. Rang and M. M. Dale: Pharmacology, 2"  ̂edition, 

pl26).

It wasn’t until 1921 that Otto Loewi picked up where Dixon left off, to provide the first 

convincing experimental evidence of chemical transmission. Loewi this time using two 

frog hearts, showed that when the vagus nerve of the first heart was stimulated, the 

nerve terminals secreted a chemical substance. When Loewi applied this unknown 

chemical substance to the second heart, it stopped beating (Loewi, 1921). He termed the 

chemical substance ‘ Vagusstoff (vagus substance), which was later identified as 

acetylcholine (ACh).

Thus Loewi demonstrated the action of ACh on the heart, adding to the known action of 

ACh on the adrenal medulla previously described by Reid Hunt in 1900 (Hunt, 1900).
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However, it was Sir Henry Dale who first classified the activity of ACh into two 

pharmacologically distinct groups in 1914. Dale distinguished the different actions of 

ACh on the heart (released from the vagus nerve) and the adrenal medulla as muscarinic 

and nicotinic, with muscarinic actions defined as those that are reproduced by injection 

o f muscarine (one of the active compounds of the poisonous mushroom Amanita 

muscaria), and abolished by small doses o f atropine. After the muscarinic effects have 

been blocked by atropine, higher doses of ACh are required to produce another set of 

effects, reproduced by the injection of Nic (see Dale et al., 1914; Dale et a l,  1936). At 

the time Dale did not realise that the muscarinic and nicotinic effects of ACh were 

caused by the action of two different ACh receptors.

1.2. Acetylcholine receptors

It is now well established that synaptic transmission mediated by ACh involves two 

major classes of ACh receptors, muscarinic and nicotinic. The muscarinic acetylcholine 

receptor (mAChR) mediate the majority of inhibitory and excitatory effects of ACh on 

central neurons and the periphery (Caulfield, 1993). The muscarinic class consists of at 

least five distinct types, named Mi, M2, M 3, M4, and M5. All mAChRs are G-protein- 

coupled receptors, which upon the binding of an agonist can cause a variety of effects, 

including activation of phospholipase C, inhibition of adenylate cyclase, activation of 

potassium channels or inhibition of calcium channels (Nathanson, 1987; Bonner, 1989; 

Wess, 1996).

The nicotinic acetylcholine receptors (nAChRs) are members of a gene family o f 

ligand-gated ion channels that mediate fast signal transmission at synapses. The 

nicotinic family o f ligand-gated ion channels also includes the glycine, y-aminobutyric
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acid (GABAa & GAB Ac), and the serotonin 5HT] receptors (for reviews, see Stroud et 

a l, 1990 and Karlin & Akabas, 1995). All subunits in this family are of similar size and 

demonstrate considerable sequence identity, with four hydrophobic membrane-crossing 

segments (usually termed transmembrane domains or TM), a large extracellular N- 

terminal domain, and a variable cytoplasmic domain between TM3 and TM4. These 

receptors can either be excitatory (the cation-conducting channels; nAChR and 5-HTs) 

or inhibitory (the anion-conducting channels; Glycine, GABAa, and GAB Ac) at the 

synapse. Another characteristic of this family of receptors is the presence of two 

cysteine residues at positions 128 and 142 (numbering of the Torpedo a l  subunit 

without the signal peptide), forming a cysteine loop in the N-terminal domain.

1.3. The muscle nicotinic acetylcholine receptors

1.3.1. Structure of the muscle nicotinic acetylcholine receptors

The muscle type nAChR at the neuromuscular junction (NMJ), and in the electroplaque 

membranes of Torpedo rays, is the best-characterised member o f the ligand-gated ion 

channel family (Hille, 1992; Karlin, 1993; Sivilotti et a l,  2000). Unwin has resolved 

much of the Torpedo nAChR structure to 4.6 Â resolution and new light comes from the 

recent discovery and structure solution of the ACh binding protein of Lymnaea 

stagnalis (AChBP), a pentameric protein highly homologous to the extracellular nAChR 

domain. Additionally, a wealth of single channel data from muscle nAChRs has led to a 

greater understanding of the mechanism of activation. Hence it is useful to review this 

data, as much of it is relevant to the study o f neuronal nAChRs.

The receptor is a membrane spanning hetero-oligomer of approximately 300,000 Da, 

composed of a ring o f five membrane-spanning subunits (a, y, a , Ô, p in Torpedo and
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embryonic muscle or a , s, a , ô, (3 in adult muscle) arranged as a pentamer around a 

narrow central, cation-conducting pore (Unwin, 1993 & 2000).

Electron microscope data from tubular crystal structures of the Torpedo ray nAChR at 9 

Â resolution (Unwin, 1993) show that the receptor is approximately 120 Â in length, 

protruding approximately 65 Â into the extracellular domain and 20 Â into the 

intracellular domain. The pore is flanked on either side by 20 Â wide vestibules, whose 

inner walls are lined with negatively charged residues. The charged residues on the 

vestibule wall are thought to selectively attract cations (repelling anions) to the pore 

(Imoto et a l,  1988; Konno et a l,  1991 ; Unwin, 2000). The pore is shaped by the 

contribution of 5 kinked a  helical rods, one from each of the subunits in the pentamer 

(Unwin, 1993; Unwin, 1998; see figure 1.3.1.a).

More recent 4.6 Â resolution data of the Torpedo nAChR from the same group 

(Miyazawa et a l, 1999) describes an ‘inverted pentagonal cone’ at the cytoplasmic end 

o f the pore that extends approximately 40 Â away from the cytoplasmic membrane, 

where it is associated with what is proposed to be the anchoring protein rapsyn. The 

cone structure is thought to restrict the flow of ions through the pore and is formed by a  

helical rods of approximately 30 Â in length contributed by the loop between TM3 and 

TM4 from each of the subunits in the pentamer (Miyazawa et a l ,  1999). Unwin 

proposes that two narrow (approximately 8 À in diameter and 15 À in length), 

transverse tunnels at the bottom of the inverted cone structure (one in each of the a  

subunits; see figure 1.3.1.a), are negatively charged and provide dedicated channels for 

the flow of cations into (and out of) the cell. The negative charges on the tunnel 

would restrict the flow only to cations, by repelling the cytoplasmic anions away from 

the conducting pore (Miyazawa et a l,  1999).
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Figure 1.3.1.a. The three dimensional structure of the Torpedo nicotinic receptor

Figure 1.3.1.a. Shows a com puter generated model of the three-d im ensional structure of the Torpedo  nAChR, based on 

electron m icroscope data (Unwin, 2001). The positions of the or, and as subunits are indicated, w ith the ligand binding 

pockets w ith in  each a  subunit (asterisks). The proposed locations of the gate of the closed channel (9') and the 

narrow est constricting of channel in the open state (2') are indicated. The transverse tunnels at the bottom  of the 

inverted cone structure, one in each of the a  subunits (TrTn %  and TrTn a^) and the anchoring prote in rapsyn are 

indicated (adapted from Unwin, 2001).

M u scle  nA C hR  subunits are encoded  by different but related g en es, and consequently  

have sim ilar am ino acid  seq u en ces. The subunit p o lyp ep tid es vary in length betw een  

4 3 7  ( a )  and 501 (Ô) am ino acid  residues. Each subunit contains: ( 1 ) a lon g , highly  

con served  extracellu lar N -term inal dom ain, ex p o sed  to the synaptic cleft; (2 ) four 

con served  hydrophobic transm em brane dom ains (TM  1 - 4); (3 ) a long cy top lasm ic  loop  

betw een  TM  3 and TM  4, varying in am ino acid  seq u en ce betw een  the subunits; (4) an 

extracellu lar C -term inal dom ain  (see  figure 1 .3 .l.b ; for a review , see  G alzi &

C h an geu x, 1995).

S egm en ts o f  the first extracellu lar dom ain are im portant in form ing the ligand-b ind ing  

dom ain  (d iscu ssed  b e low ). The subunits are c la ssed  as either a  or n o n -a  ((3, y, Ô or e) i f

21



they posses or lack a pair of adjacent cysteine residues at positions 192 and 193 (Cys 

192 and Cys 193, numbering of the Torpedo a l  subunit without the signal peptide), in 

the N-terminal domain.

The TM2 domain of each subunit contributes to the formation of a cation-conducting 

pore in the membrane (Unwin, 1993; Unwin, 1995; Unwin, 1998; Miyazawa et a i, 

1999; for a review, see Hucho et a l,  1996; see also figure. 1.3.l.b). The TM2 domain is 

thought to have a dominant a-helical conformation (with slight elongation for the 

middle portion) on the basis o f photolabelling and cysteine mutation scanning data 

(Hille, 1992; Karlin, 1993; Karlin & Akabas, 1995).

The long cytoplasmic loop between TM3 and TM4 has been shown by Williams et a l 

(1998) to be involved in targeting neuronal nAChRs to specific subdomains of the 

subsynaptic membrane. The cytoplasmic loop also contains a number of consensus 

segments for phosphorylation, the function of which is ill-understood (see Moss et a l ,

1996).
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Figure 1.3.1.b. The membrane topology of a nicotinic receptor subunit

COOH

Memb

Figure 1.3.1.b. Shows the four transm em brane dom ains of one subunit, including the extracellu la r ligand b ind ing N- 

term inal (NH 2 ) domain. Note the pore lining TM 2 dom ain is h ighlighted in blue. B shows a representation of the pore- 

lining region, form ed by the five  TM 2 dom ains (one from  each subunit) h ighlighted in blue. The m em brane is 

represented by the grey band surrounding the TM2 dom ains (m em b).

1.3.2. The ACh binding site

There are tw o A C h b inding sites located in the extracellular N -term inal portion o f  the 

receptor. S in g le  channel data has show n that tw o m olecu les o f  A C h are required to bind  

in order to produce a high probability o f  op en ing . M on o-ligan d ed  op en in gs do occur in 

the m uscle  nA C hR , but are rare even ts unless very low  A C h concentrations are used  

(C olquhoun & Sakm ann, 1985).

E xpression  studies o f  m ouse m uscle  subunits exp ressed  in fibroblasts have show n that 

the a  subunit on its ow n  can form  co m p lex es w ith Ô or y, but not (3 (B lou n t & M erlie, 

1989). W hile a y  and a ô  com p lex es a lso  bind carbachol (C C h) and the com p etitive  

antagonist -F-tubocurarine (-F-tubo), a  on its ow n cannot bind either (B lou n t & M erlie, 

1989; B lount et  al . ,  1990; Gu e t  al. ,  1991b; Pedersen & C ohen , 1990; S ine & C laudio,
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1991a). Thus ay and aô  complexes are required for the formation of the ligand binding 

site, aô  pairs have also been shown to have high affinity for ACh and low affinity for +- 

tubo, whereas ay has comparatively low affinity for ACh and high affinity for +-tubo 

(Blount & Merlie, 1989). Single channel data has also established that the two binding 

sites display different binding affinities for ACh (Jackson, 1988; Sine et a l, 1990;

Zhang et a l,  1995).

However, the nature of the binding sites and the molecular basis for their disparate 

affinities is still controversial. There are currently two main proposals:

1.3.3. The a-ô, a-y subunit interface:

It is proposed on the basis of affinity binding, photoaffinity labelling, mutational 

analysis, cross linking and amino acid sequence analysis of Torpedo and muscle nAChR 

that ACh binds at the interface between a-ô and a-y subunits (Pedersen et a l,  1990;

Sine & Claudio, 1991b; Czajkowski et a l,  1993; for a review see Arias, 1997). More 

recent data in support o f this model comes from the solving of the crystal structure of 

the snail ACh binding protein at 2.7 Â (Brejc et a l, 2001; discussed below). In the 

muscle model of the binding site, the interface consists of an a  specific principal 

binding domain and a complementary site on the neighbouring ô or y subunit (Arias,

1997). Thus the two sites differ because different residues from the contributing 

subunits form them.

The principal binding domain is formed within the tertiary structure of the a l  subunit, 

by interactions between three separate segments of predominantly aromatic residues and 

the a  subunit specific pair of adjacent cysteines (Cys 192 and Cys 193; Torpedo a l
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numbering), contributed by the extracellular N-terminal domain and highly conserved 

throughout the nicotinic a  subunits. The three segments (termed loops A, B and C, 

reviewed by Galzi & Changeux 1995) of residues are conserved throughout all 

a  nAChR subunits, except in the triplet forming a5, which is most similar in terms of 

amino acid sequence to p3 and is only termed a  on the basis that it has the adjacent 

cysteine residues 192 and 193 (see table 1.3.5.d).

In the human muscle nAChR the main conserved residues for each loop are Tyrosine 

(Tyr) 93 (Loop A; numbering of the Torpedo a l) ;  Tryptophan (Trp) 149 (loop B); and 

Tyr 190, Cys 192, Cys 193 and Tyrl98 (loop C, see figure 1.3.3.a). It is thought that 

these residues form a binding pocket that interacts with the ester moiety of the ACh 

molecule (Karlin & Akabas, 1995).

The complementary binding domain, contributed by the 5 or y (c in adult muscle) 

subunit, is formed by another three separate segments o f the extracellular N-terminal 

domain (termed loops D, E and F, see Galzi & Changeux, 1995). In the ô and s 

subunits, the first section downstream of the N-terminus is formed by the residue Trp 55 

(Loop D; Torpedo a l  numbering). The second section is formed by residue Tyrosine 

(Tyr) 117 (loop E) and the third is formed by residues Aspartic acid (Asp) 166 and 

Glutamic acid (Glu) 175 (loop F, see figure 1.3.3.a). In the y subunit loop E is formed 

by Threonine (Thr) 117. This part o f the binding site is negatively charged, due to the 

Asp and Glu residues and may interact with the quaternary ammonium moiety o f the 

ACh molecule (Karlin & Akabas, 1995).

The high affinity +-tubo binding site is thought to be formed at the a-y interface (and 

the low affinity at the a-ô interface) as revealed by expressing pairs of ay or aô  mouse
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m u scle  subunits in fibroblasts (B lount & M erlie, 1989). Here + -tu bo inhibited  the initial 

rate o f  radiolabelled  bungarotoxin  b inding m ost potently  w hen on ly  a y  w ere expressed , 

w ith an /C 50 o f  19 nM  com pared to 2 8 0  nM  for a ô  (B lou n t &  M erlie, 1989).

S in e  (1 9 9 3 ) w ent on to identify  residues 116,  117 and 159 (T o rp e d o  a l  num bering) on  

the y  and 6 subunits as b eing  responsib le for determ ining the different affin ities for +- 

tubo at the a - y  and a - ô  interfaces, as revealed  by m utating sin g le  residues in chim eras 

o f  m ouse y  and 8 subunits exp ressed  in H E K 293 ce lls . Here m utating V al 116,  Thr 117 

and Ser 159 on  the 8 subunit to the corresponding lie 116,  Tyr 117 and Lys 159 o f  the y  

subunit confers a y -lik e  -t--tubo affin ity to the a 8  m utant (S in e  1993).

Figure 1.3.3.a. The a-8, a-y interface

T r p 5 5  n

I hr 117 E

Figure 1.3.3.a. Adapted from  Gaizi & C fiangeux, 1995 and Arias, 1997. Shown here is a d iagram  of the a-8 bind ing 

interface m odel of the m uscle nAChR bind ing site. ACh (b lue circle) is represented in all possib le orientations, b ind ing at 

the interface betw een a  and 8 subunits, interacting w ith the principal b ind ing dom ain (loops A-C) on the a  subunit and 

the com plem entary binding dom ain (loops D -  F) on the 8 subunit. Red circ les indicate the residues of loops A-C and 

light blue circ les indicate the residues of loops D-F. Each residue is labe lled w ith the three-le tter am ino acid code and its 

num bering as in Torpedo a^.
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1.3.4. The a  subunit binding pocket

On the basis of electron microscope data from tubular crystal structures of the Torpedo 

ray nAChR, Unwin suggested that ACh binds to cavities (pockets) entirely within the a  

subunits (as opposed to at the interface between a-ô and a-y subunits; Unwin, 1993). 

These cavities are formed by three a  helical rods from each a l  subunit (see figure

1.3.4.a), but have different conformations in the absence of ACh binding.

At 4.6 Â resolution, narrow ‘tunnels’ o f approximately 10  to 15 A in length can be 

resolved in the walls of the extracellular portion o f the receptor (Miyazawa et a l,  1999). 

These tunnels lead from the pore, through the walls of the vestibules and into the ACh 

binding pockets in the a  subunits. A further tunnel can be resolved in the oty subunit, 

closer to the membrane and leading from the binding pocket to the extracellular space, 

away from the pore (Unwin, 2000). This second tunnel cannot be resolved in the 

ag subunit in the absence o f ACh. However, upon ACh binding both a  subunits assume 

a similar conformation. Unwin proposes that this second tunnel may act as an exit 

tunnel for ACh into the extracellular space, only appearing in the a§ subunit upon ACh 

binding (Unwin, 2000). Miyazawa et a l, (1999) draw parallels with structures described 

in the enzyme acetylcholinesterase (Sussman et a l ,  1991) and propose that these tunnels 

provide a specific route of access for ACh to the binding pockets in both a  subunits. 

Here ACh would initially be conducted through the pore of the channel with other 

cations, until it reaches the narrow tunnels in the vestibule walls, travelling along the 

tunnels to the binding pocket.

In this model, it is proposed that the non-equivalent affinities o f the two a  binding sites 

are a result o f different neighbouring subunits (5 or y). Here the ô and y subunits would
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contribute different charged or arom atic side chains not to the b inding pocket, but to the 

tunnels lead ing  to b ind ing pock ets, unequally d istorting the tunnels and interacting w ith  

the quaternary am m onium  group in A C h (U n w in , 20 0 0 ).

Figure 1.3.4.a. An electron micrograph of the ACh binding pockets

-A C h

I- ' ' C l '

Tunnel

I.,..

fACh

Figure 1.3 .4.a. Shows e lectron m icroscope data (9Â) of the ligand b ind ing pockets in the two a-subun its  be fore (- ACh) 

and after brie f exposure to ACh (+ ACh). Panels A and B show the data for the % -subunits and panels C and D the a r  

subunits. The three a  helical rods, which are thought to form  the ligand b ind ing pocket in each of the a  subunit, are 

h igh lighted in orange. Upon ACh binding, the three a-he lica l rods of the os subunit appear to tw ist around the cen tre of 

the  binding pocket (+), causing the as subunit to establish a new configuration. However, in the absence of ACh the 

three a-he lica l rods of the ay  subunit resem ble the ACh bound configura tion of as. Further, the con figura tion of the 

a -h e lic a l rods of the ay  subun it does not appear to sign ificantly change upon b ind ing ACh. The dotted line shown in 

panel C fo llow s a tunnel in the a , subunit, leading from  the binding pocket to the extracellu la r space (Adapted from 

Unw in, 2001).
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1.3.5. Insights from a snail acetylcholine binding protein

The recent discovery of an ACh binding protein (AChBP) in the snail and the solving of 

its crystal structure has thrown new light on our understanding o f the binding site (Smit 

et a l,  2001; Brejc et a l,  2001). Whole cell recordings from glial cells have shown that 

the AChBP is released into the synaptic cleft of snail synapses from perisynaptic glial 

cells in response to the activation of an a-bungarotoxin (a-Bgt) sensitive nAChR by 

presynaptically released ACh (Smit et a l,  2001). Smit et a l (2001) propose that once in 

the synaptic cleft o f the snail cholinergic synapses, the protein binds presynaptically 

released ACh and suppresses cholinergic transmission.

The AChBP binds radiolabelled a-Bgt, with a Kd of 3.5 nM (Smit et a l,  2001). 

Competitive binding experiments have shown that radiolabelled a-Bgt binding is 

inhibited by known nicotinic agonists and antagonists in a concentration dependent 

manner (Smit et a l ,  2001). The agonists ACh and Nic produced IC50 values of 4.2 pM 

and 98 nM respectively (Smit et a l,  2001).

In terms of amino acid sequence, the AChBP aligns with the subunits of the nAChR 

family, but lacks the transmembrane domains. The N-terminal domain of the AChBP 

does contain a cysteine loop analogous to the loop formed by cysteine 128 and 142 in 

the nicotinic AChR subunits, although it is not fully conserved in the AChBP, being 

separated by 12 residues as opposed to 15. The AChBP shares most sequence similarity 

with nAChR a  subunits (and especially with a l ,  see below), as it contains the adjacent 

cysteine residues (Cys 192 and Cys 193). The majority of the residues involved in 

fo rming the loops in the subunit interface model of the binding site are also conserved:
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Tyr 93, Trp 149, Tyr 190, Tyr 198 and Trp 55 (numbering of Torpedo a l ;  see table

1.3.5.a).

The crystal structure of the AChBP has been solved to a resolution of 2.7 Â (Brejc et 

a l,  2001): it can be seen that 5 identical AChBP ‘protomers’ (or subunits) form a 

pentameric cylinder 62 Â high, with a diameter of 80 Â and a central hole of 

approximately 18 À (Brejc et a l, 2001). Each protomer has both a positive and negative 

side, thus protomers form dimer interfaces with their neighbour, with the first protomer 

interfacing its positive side with its neighbour’s negative side. The dimensions of the 

AChBP pentamer are in good agreement with the 4.6 Â data from Unwin’s group 

(Miyazawa et a l,  1999) on the Torpedo nAChR. The orientation of the AChBP 

pentamer is also analogous to the nAChR, with the N-terminal domain at the top 

(extracellular face o f the nAChR) and the C-terminal at the bottom (cytoplasmic face of 

the nAChR).

Brejc et a l  (2001) report that each AChBP protomer contains a large uncharged, 

hydrophobic pocket framed by |3-strands and analogous to the ACh binding pocket of 

Torpedo (Miyazawa et a l,  1999). Brejc et a l  (2001) also describe a distinct second 

cavity and propose that this second cavity, which is occupied by a HEPES molecule in 

the crystal, is the location of the ligand binding site.

The second cavity is lined with the residues conserved from the presumed ACh binding 

site o f the muscle nAChR, located close to the outer edge of the pentamer, at the 

interface between the protomers. Brejc et a l  (2001) describe additional residues lining 

this cavity that are not assigned to the formation of the binding site in the muscle 

nAChR subunit interface model described above.
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Table 1.3.5.a. Residues in the second cavity of the AChBP 

________Loop_______________ Torpedo______________ AChBP
A

B

C

D

E

Y93

W149

Y190, 0192, 0193 
Y198

W55

Y/T117

D166, E175

Y93

W149, H151

Y190, 0192, 0193 
Y198

W55, Q57

R109, V111, L117, 
M119

Y169

Table  1.3.5.a. The residues contributing to the ligand b ind ing dom ain loops are indicated w ith the s ing le  am ino  acid 

code and the corresponding residue num ber, a ligned w ith the Torpedo  a1 subunit.

The primary plus side of the interface (A) consists of loops A, B & C. The minus side of 

the interface is formed by p-strands in the neighbouring protomer (B), contributed by 

loops D, B & F. Together all 6  loops form and line the cavity as summarised in table

1.3,5.b.

Table 1.3.5.b. Residues lining the second cavity of the AChBP

Region of Cavity Residues from Protomer A Residues from Protomer B

Bottom Loop A, Tyr 190 from loop 0 Trp 55 from loop D and Loop F

Walls Trp 149, main chain of His 151 side chain of Gin 57 from loop D
from loop B; Tyr 198, Cys 192, and side chain of Met 119 from
Cys 193 from loop C loop E

Top hydrophobic parts of: Arg 109,Val 
111 and Leu 117 from loop E

Table 1.3 .5.b . The residues lin ing the second cavity o f the A C hB P  contributed by ne ighbouring  p rotom ers A  and B are 

indicated w ith the three le tte r am ino acid code and residue num ber, using the num bering  o f the Torpedo  a1 subunit.

Interestingly, Brejc et al. (2001) report that HEPES, a buffer with a quaternary 

ammonium group like ACh, binds to Trp 149 in loop B, but the precise orientation of 

the molecule could not be resolved.
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Brejc et al. (2001) propose that this interface that they see in the AChBP is analogous to 

the nAChR binding site. Aligning the amino acid sequence of the nAChR subunits to 

the AChBP reveals that many of the binding site loops of the AChBP are conserved in 

the nAChR subunits (see tables I.3.5.C. and 1.3.5.d.). In this alignment Brejc et a l 

(2001) propose that the observed variability of AChBP loop F in the Torpedo and 

muscle nAChR y and ô subunits, may account for disparate binding affinities at the two 

binding sites in the nAChR.
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Table I.3.5.C. An alignment of the Torpedo and human muscle nAChR subunits with the residues of the AChBP model of the ligand binding 

site

Loop

No.

D A E

53 55 89 104 106 112 114

AChBP W Q Y R V L M
a l Torpedo - - Y - - - -

a l Human - - Y - - - -

Y Torpedo w E - L Y Y L
y Human w E - L S Y L
8 Human w G - L Y T L
Ô Torpedo w D - L R T L
Ô Human w E - L Y Y L

B

143 145 164 185 187 188 192

W
W
w

w
Y
Y

Y

D
A
A
A
G

Y C C Y
Y C C Y
Y C C Y

Table 1.3.5.c. S how s a sequence a lignm en t o f Torpedo  and hum an m uscle  nA C hR  subunits  to  the am ino acid residues (s ing le le tte r code) involved in the  A C hB P  m odel o f the ligand bind ing site (loops 

indicated w ith num bering o f the A C hB P). The subun it type and spec ies  are ind ica ted. Note the va riab ility  in loop F between 8 and y o r e subunits.
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Table 1.3.5.d. An alignment o f the neuronal nicotinic subunits with the residues of the AChBP model of the ligand binding site

Loop

No.

D A E B F C

53 55 89 104 106 112 114 143 145 164 185 187 188 192
AChBP W Q Y R V L M W W Y Y C C Y

o2 Human W K Y H F H V W Y D Y C C Y

a3 Human w K Y L K T 1 W Y D Y C C Y

a4 Human w K Y H F Q T w Y D Y C c Y

a6 Human w R Y L K T T w Y D Y C c Y

0.1 Human w Q Y L N Q L w Y G Y C c Y
a8 Chick w Q Y L N Q 1 w H N Y C c Y

a9 Human w R Y V R T D w Y D Y C c Y

alO Human w R Y V R R D w H D Y C c Y

P2 Human w T Y V S F L w Y D F D s Y

p4 Human w K Y 1 R L L w Y D P D p Y

a5 Human w K F V R T T w Y D D C c Y
P3 Human w K F 1 K V T w Y D D V Y Y

Table 1.3.5.d. Shows a sequence a lignm en t o f hum an (except a 8 ) neuronal nA C hR  subun its  to  the am ino acid res idues (s ing le  le tte r code) involved in the A C hB P  m odel o f the ligand b ind ing s ite  (loops 

ind ica ted w ith num bering o f the A C hB P ). The subun it type  is indicated.
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1.3.6. Subunit arrangement

The subunit arrangement of the functional muscle nAChR has been extensively 

investigated, mainly by expressing Torpedo nAChRs. It is generally accepted that one 

o f the a  subunits pairs with a 5 subunit and that the other a  subunit pairs with the y 

subunit in embryonic muscle or Torpedo nAChR (s for the adult muscle nAChR) in 

order to form the ligand binding site (discussed above). However, there is still some 

controversy over the position of the p subunit in the functional receptor complex.

On the basis of cross-linking studies coupled with immunoprécipitation data using a 

toxin specific antibody, Chatrenet et al. (1990) propose that the p subunit is located in- 

between the two a  subunits and the low and high affinity ACh binding sites are located 

close to y (or e) and 8  respectively. Interpretation of electron microscopy data of tubular 

crystals o f Torpedo nAChRs at 9 A resolution, led Unwin to suggest that the p subunit 

is located between the two a  subunits leading to the clockwise arrangement of a  pay8 

(and ap aed  consequently for the adult form, Unwin, 1998).

Photoaffinity labelling data using +-tubo on Torpedo nAChRs (Pedersen & Cohen, 

1990) demonstrates that +-tubo binds between a -y  and a - 8  subunits, but not between 

a - p  or a  on its own. In the subunit interface model of the binding site, both a  subunits 

must maintain the same orientation in order to contribute the same subunit face to 

interface with neighbouring 8  or y subunits. In this model the p subunit cannot be 

located in-between the a  subunits. Further, toxin cross-linking experiments (see Blount 

& Merlie, 1989; Karlin, 1993; reviewed by Karlin & Akabas, 1995) support this view, 

leading to a clockwise arrangement of a y a p 8 .
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More recently Brejc et al. (2001) solved the crystal structure of the snail AChBP, 

leading them to propose an anticlockwise orientation for the principal vs. the 

complementary binding site. Brejc et al. (2001) propose that in the adult muscle 

nAChR, this results in an anticlockwise acaôp  subunit arrangement.

1.3.7. Receptor assembly

We have seen the proposed models for the subunit arrangement o f the muscle nAChRs, 

but what determines this precise assembly? We know that muscle nAChRs are 

assembled in the secretory pathway and that specialised mechanisms assist in the 

folding and assembly o f proteins produced in this pathway.

Initially the mRNAs are specifically targeted to the rough endoplasmic reticulum 

membrane where the ribosome simultaneously translates and translocates each subunit 

protein chain into the endoplasmic reticulum, where assembly o f the complex begins. 

The first assembly events occur simultaneously with translation, starting from the 

emerging N-terminal end, and are described as ‘co-translational’. Co-translational 

events include: membrane insertion of subunits, the attachment of the core N-linked 

glycan, the cleavage o f the N-terminal signal peptide, and initial rapid folding. Slower 

folding reactions proceed at the end of translation, involving various chaperone 

proteins. These slower folding reactions allow separate subunit domains to interact and 

other types of editing or quality control to occur, including disulphide bond formation 

and proline isomérisation. Incorrectly assembled subunits are retained within the 

endoplasmic reticulum and degraded (Green, 1999). Although the initial assembly of 

muscle nAChR subunits shares many o f the general features for proteins produced in
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the secretory pathway, important differences have been described (Green & Millar, 

1995; Green, 1999).

The main difference between other membrane proteins and the muscle nAChR, is that 

the muscle nAChR (in common with other ion channels) is a large heteromeric protein, 

which in order to form functional channels requires a precise subunit composition, 

stoichiometry and arrangement. Due to the large complex structure of the assembled 

receptor and the requirement for precision, assembly is likely to be more demanding and 

less efficient than for other proteins in the secretory pathway. Merlie & Lindstrom 

(1983) report that the assembly of nAChRs is a long and inefficient process (mouse 

muscle nAChRs expressed in BC3H-1 cells), taking 2-3 hours and yielding only 20-30 

% of correctly assembled nAChR complexes. In order to avoid rapid degradation, each 

subunit is required to interact with chaperone proteins in order to correctly fold and 

associate with other subunits, stabilising the intermediate step towards the formation of 

the nAChR complex (Keller et a i, 1996; Keller et a l,  1998). Pulse-chase data from a , 

y, Ô and p subunits expressed individually in mouse fibroblasts demonstrates that 

unassembled or incorrectly folded subunits are rapidly degraded, with maximum half 

lives of approximately 40 mins (Claudio et a l,  1989; Blount & Merlie, 1990). Gu et a l 

(1991a) report that assembly and arrangement of the subunits into the specific structure 

of the pentamer is required within the endoplasmic reticulum before export of the 

subunits to the Golgi complex, en route to the membrane. Specific residues in the N- 

terminal domain are thought to control the precise assembly and arrangement of the 

subunits around the pentamer (Gu et a l,  1991b; Kreienkamp et a l,  1995).

Two models for the assembly o f the muscle nAChR subunits have been proposed so far 

(for a review see Green, 1999). Both models agree that assembly involves the 

progressive formation of defined intermediates of the four subunits that then assemble

37



into the a(2)Pyô pentamer. The two models are summarised in figures 1,3.8 .a. and

1.3.S.b.

1.3.7.a. The ‘hetero dimer’ model

This was proposed on the basis of data obtained from the expression of single or paired 

subunits (Blount et a l, 1990; Gu et a l,  1991b; Saedi et a l, 1991; Kreienkamp et a l, 

1995).

Here the majority o f the subunit folding is thought to be required postranslationally 

before hetero-oligomerisation can proceed. During this slow folding, the cysteine loop 

between the cysteine residues 128 and 142 {Torpedo a l  numbering) forms in the a  

subunit and is required for a-Bgt binding (Blount et a l ,  1990). The epitope recognised 

by the monoclonal antibody mAb35 also forms during this slow folding period, to form 

the ‘mature’ a  subunit (note that mAb35 was raised against the native nAChR; Saedi et 

a l,  1990). The ‘mature’ a  subunit then associates with free y or ô subunits to assemble 

into ay or aô  heterodimers, which provide different affinity binding sites for +-tubo 

(Blount & Merlie, 1989, see above). The two heterodimers are then thought to associate 

with the free p subunit to form the a(2)pyô pentamer.

1.3.7.b. The sequential model

In contrast to the ‘heterodimer’ model, data for the ‘sequential’ model has been acquired 

in the presence of all four subunits, using the pulse-chase method (Green & Claudio, 

1993; Green & Wanamaker, 1997; Green & Wanamaker, 1998; Green, 1999). Here the 

assembly intermediates are identified by co-immunoprecipitation using subunit specific
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antibodies, by immunoprécipitation with conformation-dependent antibodies or by 

precipitation with affinity resin (Green, 1999).

In this model the rapid assembly of a , p and y subunits into ayP trimers (majority of the 

trimers formed within 5 min) is required before the slow folding of the a  subunit can 

proceed to form the cysteine loop between residues 128 and 142 {Torpedo a l  

numbering), as identified by co-immunoprecipitation with mAh 35 (conformation 

dependent antibody specific for the a  subunit) and precipitation by the a  subunit 

cysteine loop specific mAb 259 (Green & Claudio, 1993; Green & Wanamaker, 1997). 

The formation of the trimers occurs too quickly for the experiments to be able to detect 

pairs of subunits. It is possible that all the possible heterodimers (ap, ay, py) are 

adequate precursors to trimer assembly (Green & Claudio, 1993). Because the 

formation of the trimers is so fast. Green & Claudio (1993) propose that it may occur 

co-translationally, while the ribosome is still producing the protein, in order to prevent 

misfolding of key functional domains.

The trimer continues to fold and shortly after the formation of the cysteine loop between 

residues 128 and 142 on the a  subunit, the a  subunit undergoes a conformational 

change, making the cysteine loop inaccessible to mAb 259 binding. Folding continues 

and the first a-Bgt binding site is formed (Green & Wanamaker, 1997; Green, 1999; 

Mitra et a l ,  2001). Further conformational changes in the trimer occur over the next 2 

hours, with the appearance of an epitope specifically recognised by mAb 14. This step is 

quickly followed by the addition of the 5 subunit to the trimer and formation of the 

apyô tetramer (which also binds mAb 14).

Next, the disulphide bond forms between Cys 192 and Cys 193 in the a  subunit, 

exposing an epitope for mAb383c. Shortly after the disulphide bond formation, the first
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ACh binding site appears, between a  and y subunits (oty ACb binding site), indicated by 

the appearance of the mAb 247g epitope (Green & Wanamaker, 1998; Mitra et a l,

2001). In the next step, the cysteine loop between residues 128 and 142 on the P subunit 

undergoes a conformational change, which is required for the addition of the next 

subunit, i.e. the second a  subunit (as demonstrated by deletion o f cysteine 128; Green & 

Wanamaker, 1997). Shortly after the second a  subunit associates with the tetramer, the 

second ACb and a-Bgt binding sites form between the second a  and the ô subunit (ag 

ACb binding site), resulting in the final assembled a(2)Pyô nACbR complex. The whole 

process takes more than 40 hours to complete for Torpedo nACbR subunits expressed in 

mouse fibroblasts and pulse chased at 20°C in order to reduce the rate of assembly and 

provide more accurate isolation of assembly intermediates (Green & Claudio, 1993; 

Green & Wanamaker, 1998; Mitra et a l, 2001). Green & Claudio (1993) verified the 

sequential model data (for mouse muscle nACbR) at 37°C, where assembly is much 

faster (within 2  hours).

Thus in the sequential model, subunit folding continues throughout assembly. Recent 

data from Green & Wanamaker (1998) suggests that ‘late’ folding events occur outside 

the endoplasmic reticulum, along the secretory pathway at a site close to where the 

receptor is targeted, and is required for correct channel function.

1.3.8. The heterodimer model vs. the sequential model

Most of the evidence for the beterodimer model comes from experiments in which only 

a limited number o f subunits were expressed. Green & Claudio (1993) point out that the 

prediction of the sequential model only differ from those of the beterodimer model if  the 

full complement of subunits is expressed. Green (1999) also suggests that differences in
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the techniques used for isolating assembly intermediates may also be important. This is 

because data in support of the beterodimer model tend to come from experiments with 

relatively harsh solubilisation conditions, whereas data for the sequential model tend to 

use milder detergents, i.e. conditions that avoid the dissociation of assembled 

intermediates (Green & Claudio, 1993).

More recent data from chimeric subunits support the sequential model of assembly and 

indicate that the N-terminal domain is important for the rapid formation of assembly 

intermediates and that the C-terminal of the y subunit is required in order to allow 

addition of the 5 and second a  subunit to the a|3y trimer (Eertmoed & Green, 1999).
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Figure 1.3.8.a. The beterodimer model of assembly

©
©

Subunit Folding

Bgt sites 

form

MAb 35 
epitope

forms

Subunit Oligomerisation

%

Figure 1.3 .8 .a. Show a schem atic d iagram  of the heterodim er m odel of nAChR assem bly. Subunit fo ld ing reactions are denoted by the black arrows and o ligom erisa tion events by the blue arrows. 

Form ation of the a -B g t b inding sites and the mAb 35 ep itope precedes all subunit associations. The tw o different ACh binding sites, the high affin ity -r-Tubo site (dTC) and the low affin ity +-Tubo site (ACh), 

appear on a , or a^ heterodim ers, respective ly (adapted from  Green, 1999).
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Figure 1.3.8.b. The sequential mode! of assembly Subunit Folding and 
Oligomerisation Events 

(detergent-sensitive)
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Figure 1,3.8.b. Show a schem atic diagram  of the sequentia l m odel of nAChR assem bly. Subunit fo ld ing reactions are denoted by the b lack arrows and oligom erisation events by the blue arrows. The trim ers 

rapidly form  shortly after translation. Next the a  subunit cyste ine loop region undergoes a conform ationa l change, followed by the form ation of the first a -B g t (Bgt) bind ing site and the appearance of the mAb 

14 ep itope on the a ^y  trim ers, sho rtly  fo llow ed by the addition of the 8 subunit, form ing the a|5y8 tetram er. Next the disulphide bond form s between cyste ine 192 and 193 in the a  subun it and the first ACh 

binding site is form ed betw een a  and y subunits. N ext the p subunit cyste ine loop region undergoes a conform ational change, fo llowed the addition of the second a  subun it. F inally the second a-B g t and ACh 

binding sites appear on azPy8 pentam ers be tw een a  and 8 subunits (adapted from  Green, 1999). Note the two different ACh bind ing sites, the high affin ity +-Tubo site (dTC) and the low affin ity +-Tubo site 

(ACh),
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1.3.9. The channel gate

It is widely accepted that the gate of the channel is located within the pore-lining TM2 

region. However, the identity and precise location of the gate still remains controversial.

One hypothesis is based on substituted-cysteine accessibility data (Akabas et a l,  1992; 

Akabas et a l 1994). In this technique, residues in the TM2 domain of the a l  subunit are 

mutated one at a time to cysteine. The activated muscle nAChR is permeable to 

methanethiosulfonate-ethylammonium (MTSEA), which reacts with the sulfhydryl (- 

SH) group on cysteine. When applied to the mutant receptor, MTSEA will react with 

any cysteine residue that it can reach, bind covalently and block the channel. Thus the 

residues mutated to cysteine provide binding sites for MTSEA within TM2. Upon 

removal o f MTSEA, the extent of block it has produced can be assessed. If MTSEA is 

applied to the channel in the absence of agonist, then it will only reach as far down the 

channel as the gate.

Akabas et a l  (1994) proposed that the gate is located at least as close to the intracellular 

end of the channel as the 3*̂  ̂residue downstream from the NH2-terminal end of TM2 

(Leu 3').

In contrast to the location proposed by Akabas, a more extracellular position o f the 

channel gate has been proposed on the basis of photoaffinity labelling data from open 

channel blocking non-competitive antagonists. Here radiolabelled photoreactive 

derivatives of compounds such as chlorpromazine - CPZ, triphenylmethyl-phosphonium 

- TPMP, meproadifen - Mep mustard or trifluoromethyliodophenyl-diazirine - TID are 

co-applied with agonist and subjected to an intense flash of U.V. light. Thus the
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compounds block the open channel and covalently bind to neighbouring amino acid side 

chains upon U.V. activation, labelling pore-lining residues involved in the binding site 

of the compound used. All the compounds studied to date bind with highest affinity to 

sites within TM2 (Giraudat et a l,  1986; Hucho et a l,  1986; Pedersen & Cohen, 1990; 

White & Cohen, 1992; for a review see Karlin & Akabas, 1995). Interestingly, CPZ 

labels 3 rings of 5 residues, contributed by all subunit, near the middle of the pore 

(Giraudat et a l, 1987; for a review see Karlin & Akabas, 1995). These rings are: the 

highly conserved ring of Leu, located 9 residues downstream from the NH2-terminal 

end of TM2 (Leu 9' in the numbering of Miller, 1989); the ring of threonines, located 6 

residues downstream from the NHz-terminal end of TM2 (Thr 6 '); the ring o f serines, 

located 2 residues downstream from the NHi-terminal end of TM2 (Ser 2'; see figure 

l.B.lO.e.).

Further evidence in support of a more extracellular position of the gate comes from 

experiments using the permanently charged quaternary ammonium compound QX222, 

which only blocks the nicotinic channel in the open state when applied extracellularly 

(Leonard et a l 1988; Chamet et a l, 1990; reviewed in Ionic channels of excitable 

membranes, Hille, 2"  ̂edition, p 430). The equilibrium binding affinity and the dwell 

time of QX222 in the open channel of both wild-type and TM2 mutant receptors is 

compared in two papers from Lester’s group (Leonard et a l 1988; Chamet et a l 1990). 

Here the TM2 mutations were: polar Ser or Thr in 2', 6 ' or 10' to non-polar alanine (Ala) 

and vice versa. The mutants were progressively introduced into the subunits of the 

receptor complex, with a maximum copy number of 5. Affinity and dwell time of 

QX222 in the open channel decrease by approximately 35 % for each Ala residue 

introduced in 6 ', whereas an approximate 29 % increase in affinity and dwell time was
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observed for each Ala residue introduced in the more extracellular 1 O' (Leonard et al. 

1988; Chamet et a l,  1990).

Chamet et a l,  (1990) propose that the basis for this opposite effect in 6 ' and 10' is due 

to the charged amino moiety of QX222 binding to the polar residues in 6 ' and the 

nonpolar end binding to the polar residues in 10'. Thus decreasing the number of polar 

residues in 6 ' reduces the ability of the charged amino moiety to bind at 6 ', resulting in a 

reduction in binding affinity and dwell time, whereas decreasing the number of polar 

residues in 1 0 ' increases the ability of the non-polar end to bind at 1 0 ', increasing 

binding affinity and dwell time (Chamet et a l,  1990). Thus, the binding site for QX222 

extends as intracellularly as 6 ' (Leonard et a l  1988; Chamet et a l,  1990). Because 

QX222 only blocks the open channel from the extracellular side, it would seem 

reasonable to assume that the QX222 binding site is beyond (towards the cytoplasmic 

side) the channel gate and therefore the channel gate would be more extracellular than 

6 '.

Indications of a more extracellular location of the gate than 6 ' are in agreement with 

Unwin’s hypothesis that the gate is near the hydrophobic residue in 9'. This hypothesis 

is attractive because 9' is a hydrophobic amino acid in this superfamily of ligand gated 

ion channels. Indeed 9' is a Leu residue conserved not only throughout the nicotinic 

subunits (except a5 and p3 which have valine in 9'), but also in GABAa & 5-HT].

What is possibly the strongest evidence in favour of the role o f 9'Leu as the channel 

gate comes from Unwin’s electron microscope data of tubular crystals of Torpedo 

nAChRs at 9Â (Unwin, 1993). Unwin proposed that the inactive channel is held closed
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by hydrophobic interaction between the side chains of the ring of 5 conserved 9'Leu 

residues.

Unwin later went on to describe the Torpedo nAChRs in the open state, after a brief 

spray of carbachol, before rapidly freezing the receptors in the open state (Unwin, 

1998). This data further supports the role for 9' as the channel gate (Unwin, 1998). His 

analysis indicates that the TM2 domains that form the pore-lining region of the channel 

are bent a  helices. The bend in the five a  helices is located approximately at the 

midpoint of the pore and occludes the channel in the closed state, forming the channel 

gate. Unwin initially proposed that the channel gate is the highly conserved ring o f 9' 

leucine residues, with each leucine projecting its hydrophobic side chain into the pore 

(Unwin, 1998). In the closed state, the leucine residues would form a narrow 

hydrophobic ring, impermeable to hydrated ions.

However, more recent data at 4.6 Â resolution from the same group, suggests that the 

leucine side chains are not close enough in the closed pore to form a simple 

hydrophobic ring (Unwin, 2000). This data describes the closed state as having a hole, 

with a radius of approximately 3.5 Â at the position o f the gate. This radius is smaller 

than the radius of hydrated Na^ (5.6 Â) or (3.8 Â) ions and therefore, in order to 

provide an efficient barrier to ion permeation, the gate must prevent surrounding polar 

groups in the 6 ' ring (Ser) and 2' ring (Ser/Thr) from removing part of the ion hydration 

shell (Unwin, 2000). Unwin proposes that ion permeation is prevented by a hydrophobic 

‘girdle’, formed between the conserved 9'Leu ring and the conserved 13' valine ring, 

located one turn of the a  helix above 9'Leu. Further, Unwin proposes that in the closed 

state the 9'Leu side chains weakly interact with neighbouring side chains on serine or 

alanine residues in 10', providing a limited stability to the ‘girdle’. Upon ACh binding,
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these weak side chain interaction would be readily disrupted by conformational changes 

in the receptor, destabilising the girdle and allowing ion permeation.

Additional, indirect evidence comes from site directed mutagenesis studies of the 

homomeric neuronal nACh al receptors, which demonstrate a role for 9' in the receptor 

sensitivity to ACh (Revah et a l, 1991). Revah et a l (1991) introduced hydrophobic 

valine (Val) or phenylalanine (Phe), or hydrophilic threonine (Thr) or serine (Ser) into 

the 9' position o f al. Because al is a homomeric receptor (see below), mutant receptors 

contained 5 copies of the mutation (one from each a  subunit). Revah et a l (1991) report 

that these 9' mutations increase the sensitivity of the receptor to ACh. The ACh ECso 

was decreased from its wild-type value of 115 pM to 30 pM and 6.2 pM for and 

respectively. Hydrophilic mutations produced greater decreases in EC50, to 0 .8  

pM and 0.7 pM for and a7^^*^ respectively. Single channel data from wild-type 

and mutant receptors showed that the 9' mutations do not affect the main 46 pS 

conductance seen in the wild-type. However, 9' mutant channels display a second, 

higher conductance state of 80 pS. Revah et a l (1991) suggest that the 9' mutation 

makes the desensitised state conducting. This hypothesis is based on the observation 

that the mutant receptor is active at lower concentrations than the wild-type 

(desensitised states by definition have high affinity). Hence Revah et a l  (1991) 

proposed that in the wild-type receptor the 9' residues swing into the channel in the 

desensitised state, blocking conductance.

However, in contrast to Revah et a l (1991), Filatov & White (1995) propose that 9'Leu 

does not swing into the channel to form a block in the desensitised state, because only 

one copy of the 9'Thr mutation is required to decrease the channel closing rate as 

determined from the open time distribution in the single channel records of wild-type
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and mutant muscle nAChR (Filatov & White, 1995). Here a(2)Py^^'^ô receptors have a 

mean open time of 174 ms vs. 2.4 ms (Filatov & White, 1995). Single channel data also 

revealed that wild-type and a(2)Py^^’̂ô receptors have the same single channel 

conductance (Filatov & White, 1995), with no additional conductance states.

Data from both Filatov & White (1995) and Labarca et a l  (1995) provide further 

evidenee for the role of 9' Leu in the gate of the channel. Both groups exploited the 

known stoichiometry of muscle nAChR (2:1:1:1 for a , p, y and ô subunits) to 

investigate the effects of introducing increasing numbers of hydrophilic threonine 

(Filatov & White, 1995) or serine (Labarca et a l, 1995) residues into the 9' position. 

Whole cell data (looking at both binding and gating) demonstrated a subunit- 

independent, progressive decrease in ACh EC50 (approximately 10-fold for each copy of 

the mutation incorporated). Thus the channel became more sensitive to ACh as more 

copies of the mutation were introduced. These effects were interpreted in terms of 

changes in ACh efficacy.

The idea that 9' residues affect gating (and not binding) is supported by the observation 

that the Kd  for +-tubo is unchanged for wild-type and mutated muscle nAChR (Filatov 

& White, 1995).

Data from Chang & Weiss, (1998) and Chang & Weiss (1999) also support the view 

that 9' mutations affect gating: mutating the 9'Leu to Ala, Gly, Ser, Thr, Val or Tyr in 

homomeric p i GABAa receptors (containing 5 copies of the mutation Chang & Weiss, 

1998) or to Ser in heteromeric alp2y2 receptors (Chang & Weiss, 1999), produced 

spontaneous openings, indicated by an increase in holding current in the absence of 

agonists. The reversal potential o f spontaneously active receptors was shifted to less
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positive potentials upon reducing the external chloride concentration, indicating that this 

spontaneous current is a Cl' conductance. Interestingly, the spontaneous activity of 

mutant p i receptors was reduced by low GAB A concentrations, resulting in a decrease 

in the holding current, suggesting that the agonist destabilises the spontaneously active 

state (R* + A) and the receptor proceeds to a bound, but inactive state (AR;

R* -  ,  R + A -  ,  AR AzR -  ,  AR*).

Chang et a l (1996) also used 9'Leu to Ser mutations to examine the stoichiometry of rat 

a i p 2 y2  GABAa receptors expressed inXenopus oocytes. Receptors containing the 

9'Ser mutation demonstrated increased sensitivity to GAB A, indicated by a leftward 

shift in the G ABA concentration response curve. However, in contrast to the findings of 

Filatov & White (1995) and Labarca et a l (1995) for the muscle nAChR, in aip2y2 

GABAa receptors the magnitude o f the shift was dependent on the subunit type which 

carried the mutation. The greatest decrease in EC50 was observed when the p2 subunit 

carried the mutation, producing a 1308-fold decrease in G ABA EC50, compared to a 

153-fold and 46-fold decrease when y2 or a l  carried the mutation (Chang et a l,  1996). 

Furthermore, in a lp2y2 GAB Aa receptors, the magnitude of the decrease in GAB A 

EC50 is only progressive up to a mutation copy number o f two, whereupon additional 

copies of the mutation produce no further decrease in EC50 (Chang & Weiss, 1999). 

Because the effect o f the mutation was dependent on the subunit type and only 

progressive up to a copy number o f two, the stoichiometry of a l p 2 y2  receptors could 

not be directly determined from changes in the EC50 as previously shown for the muscle 

nAChR Filatov & White (1995) and Labarca et a l (1995).

In order to tackle this problem, Chang et a l (1996) co-expressed mixtures of wild-type 

and mutant subunits, producing a heterogeneous population of wild-type and mutant
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receptors. The principle being that if  a subunit is present in two copies, then a mixed 

injection will produce a population of receptors which will include all wild-type, all 

mutant and hybrid receptors. Analysis of concentration response curve data from such 

mixed populations allowed the fitting of multiple components. When co-expressing 

mutant and wildtype a l  or mutant and wildtype (32 with wildtype and y2, 3 components 

could be fitted (all wildtype, all mutant and hybrid), suggesting that these subunits are 

present in two copies. On the other hand, when co-expressing mutant or wildtype 

y2 with wildtype a l  and (32, only 2 components could be fitted (a l (32y2'^ and 

aip2y2^^^’̂; Chang et a i,  1996). Chang et al. (1996) therefore proposed a stoichiometry 

of 2:2:1 for alp2y2 receptors. This stoichiometry is in good agreement with the 

findings o f Farrar et al. (1999) using fluorescence energy transfer techniques.

Taking the data of Filatov & White (1995) and Labarca et al. (1995) together with those 

of Chang et al. (1996), we can conclude that mutating the 9'Leu ring can be a useful tool 

for analysing the stoichiometry of ligand gated ion channels, if  we can verify that the 

mutation produces a subunit-independent and progressive reduction in the agonist ECso.

1.3.10. The open pore

In the absence of ACh, the Oy and ag subunits have different conformations around their 

ACh binding pockets. The binding of ACh is thought to cause rapid simultaneous 

twisting o f the cavity lining rods of both a  subunits, resulting in both subunits adopting 

a similar conformation (Unwin, 2000). Here the twisting of oty has the effect of pulling 

the p subunit away from ag, while ag twists into the space previously occupied by 

p. Thus ACh initiates localised disturbances in the a  subunits, which are co-ordinated 

by the neighbouring 5 and y subunits (see figure 1.3.10.a.). The disturbances cause
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further sm all rotations o f  the other subunits, cau sin g  the kinked T M 2 a  h e lices  to tw ist 

to the side, d isrupting the gate-form ing residues (U n w in , 1998). In the open  state, the 

tw istin g  o f  the a  h e lices  not on ly  transiently increases the pore d iam eter to a llow  ion  

perm eation, but a lso  ex p o ses  the sm all polar side chains o f  a line o f  serine or threonine 

residues at the n a n o w est portion o f  the pore (2'; U n w in , 1998). T hese residues are the 

m ost lik ely  candidates for the channel se lec tiv ity  filter, w h ich  is know n to a llow  Na^, 

and to som e extent C a“̂  ions to perm eate.

Figure 1.3.10.a. All subunits undergo a conformational change upon ACh binding

N on -T M 2  
structural dom ain

m

a  helical T M 2

Figure. 1 .3 .10.a. Shown here is a com puter generated m odel, based on electron m icroscope data, of the transition from  

the closed state (blue) to the open state (white) of tubular crysta ls of the nAChR of the Torpedo  ray (adapted from 

Unwin, 1998). The a  helical rods are represented in blue in the absence of ACh, w ith their fina l position in the presence 

of ACh traced in white. The structura l, non-TM 2 elem ents of the prote in are represented by the star-shaped rim of 

e lectron density, b lue in the absence of ACh and Red in the presence of ACh. Upon ACh bind ing, the a  helica l rods 

(from  the TM 2 dom ains of each subunit) s im ultaneously  tw ist and m ove back towards the star shaped rim of electron 

density, transiently  opening the channel.

U n w in ’s data are in good  accord with the observations from  site d irected m utagenesis o f  

the T M 2 o f  T o t p e d o  nA C hR s (Im oto e t  al . ,  1988; Im oto e t  al . ,  1991). T hese studies  

indicated that four hydrophilic residues in and c lo se  to the T M 2 dom ain  o f  each subunit
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face the pore and have a major effect on the single channel conductance of Torpedo 

nAChRs expressed in oocytes. These residues are; -4', - \ \ T  and 20' (TM2; see figure

1.3.10.C.). Each subunit contributes these four residues to the formation of four ‘rings’ 

inside, and at the cytoplasmic face of the pore; -4' cytoplasmic ring; -T intermediate 

ring; 2' central ring; 20' outer ring (Imoto et a l,  1988; Imoto et a l,  1991). The side 

chains of residues in the cytoplasmic, intermediate and outer rings all have an overall 

net negative charge. The residues of the central ring are hydrophilic and are uncharged 

(see figure 1.3.10.C.). The net charge and hydrophilic nature of these four rings is 

conserved throughout most of the nicotinic subunits (see figure 1.3.I0.e.).

Cytoplasmic ring: In Torpedo, the -4 ' cytoplasmic ring has a net negative charge and is 

composed of aspartic acid (D) in a  and p and glutamic acid (E) in ô, contributing 

negative charges. The remaining y subunit has an uncharged glutamine (Q) residue in 

y -4 ' (Imoto et a l,  1988). Thus the total charge of the cytoplasmic ring is -4  for 

Torpedo (this is the same for human adult muscle receptors; see figure I.3.I0.C. and

1.3.10.d).

Intermediate ring: The -T intermediate ring also has a net negative charge and is 

composed of E in a , P and 5, contributing negative charges, with the remaining 

y subunit contributing an uncharged Q. Thus in Torpedo and human adult muscle the 

total charge of the intermediate ring is also - 4  (see figure 1.3.I0.C. and 1.3.10.d).

Central ring: The 2' central ring is uncharged and it is composed of hydrophilic T in a  

and y, and Serine (S) in p and 5. Thus in Torpedo and human adult muscle there is no 

charge on the central ring (see figure 1.3.I0.C. and I.3.I0.d).

53



Outer ring: The 20' outer ring is composed of E in a  and D in p, contributing negative 

charges, with uncharged Q in y and ô. Thus in Torpedo the total charge o f the 

cytoplasmic ring is - 3 .  However, in human adult muscle the ô subunit contributes a 

positively charged K residue, with a total charge on the cytoplasmic ring o f -2  (see 

figure 1.3.10.C. and 1.3.10.d).

Imoto et al. (1988) reports that reducing the net negative charge on the cytoplasmic, 

intermediate or outer ‘ring’ by inserting a positively charged Lysine (K) or neutral Q 

residue, decreases the single channel conductance of Torpedo nAChRs (summarised in 

table see figure 1.3.10.b.). The greatest decrease in conductance (measured as chord 

conductance) is observed when the -T  intermediate ring is mutated. Mutating the 

uncharged -T Q  to positively charged - I 'K  in the y subunit reduces the net negative 

charge from -4  to -3  and the conductance from 85 to 18 pS (see table 1.3,10.b.). On the 

other hand, increasing the side chain length of uncharged residues in the 2' central ring 

reduces conductance, with the greatest reduction produced by hydrophobic side chains 

(Imoto et a l,  1991; Villarroel et a l, 1991). Note that the magnitude of this effect is 

dependant on the permeant ion i.e. little change for sodium, more for pure potassium 

and more still for rubidium, and also that p3 possess a serine residue in 2', whereas a3 

and p4 contain threonine (see figure 1.3.10.e.). From the data o f Imoto et a l  (1991) it 

can be seen that a serine to threonine mutation, or vice verse, produces little change in 

conductance (10 pS at the most) in pure potassium and zero calcium. Thus the nature of 

the 2' is unlikely to effect sodium conductance.
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Table 1.3.10.b. Summary of tbe effects on single channel conductance of mutations in the TM2 cytoplasmic, intermediate or outer rings 

of charges in Torpedo nicotinic receptors

-4’ cytoplasmic ring 
mutants

Net charge -1' intermediate ring 
mutants

Net charge y 20' outer ring 
mutants

Net charge Y
(pS)

Wild-type -4 85 Wild-type -4 85 Wild-type -3 85
a D-4'E -4 80 aE-1'D -4 80 yQ20'K -2 80
yQ-4'K -3 75 ÔE-1'Q -3 45 a E20'D -3 78
5 E-4'K -2 73 PE-1'Q -3 40 5Q20'K -2 75

yQ-4'K + ô E-4'K -1 70 yQ -TK -3 18 P D20'K -1 72
a D-4'N -2 65 aE-1'Q -2 20 a E20'Q -1 70
a D-4‘K -2 58 y + ôQ20'K -1 65

p D-4'K + yQ-4'K -1 55 P D20'K + yQ20'K 0 60
P D-4'K + 5 E-4'K 0 50 P D20'K + 5Q20'K 0 58

a D-4'K 0 45 a E20'K +1 40
a D-4'R 0 42 pD20'K + yQ20'K + 6Q20'K 4-1 38

p D-4'K + yQ-4'K + 0E-4‘K +1 40 a E20'R +1 35
aD -4 'K  + iO-4'K +1 35 aE20 'K  + 0Q 20‘K +2 25
a D-4'K + 6 E-4'K +2 30 a E20'K + p D20'K +3 10
a D-4'K+ p D-4'K +2 25

Table 1,3.10.b: The m utations of the residues in the cytop lasm ic (-4 ’), interm ediate (-T ), central (2 ') and outer (20’) rings (single letter am ino acid code) and the resulting net cha rge are indicated. Positively 

charged residues are indicated in red, negative ly charged residues in blue and uncharged residues in the black, y is the resulting single channel conductance (pS). Table constructed from  figures 2 and 3 

from  (Im oto e t al., 1988 and Im oto e t al., 1991).
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Figure 1.3.10.C. The TM2 domains of Torpedo nicotinic receptors
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Ô
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Figure 1.3.10.C. A shows the TM 2 dom ain of a, (i, y and Ô. R esidues in A and C are labe lled w ith the s ingle letter am ino 

acid code. The cytop lasm ic (-4 ’), in te rm ed iate (-T ), cen tra l (2 ’) and outer (20') rings are boxed and the 9' position of the 

reporter m utation is labelled fo r re ference (bold). B shows a representation of w hat the Torpedo  receptor m ay look like 

from  the top. C shows a graphica l representation of the pore of the channel, w ith the residues lining the pore form ing the 

cytop lasm ic (-4 ’), in term ediate (-1 ’), centra l (2 ’) and ou ter (20 ’) rings. Note the constriction of the pore in-between the 

inte rm ed iate ring and the cen tra l ring. Positively charged residues are indicated in red, negative ly charged residues in 

b lue and neutral residues in green. The subunit arrangem ent shown is based on that described for the AChBP.

TM 2—»*
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Figure 1.3.10.d. The TM2 domains of human adult muscle nicotinic receptors
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Figure 1.3.10.d. A shows the TM 2 dom ain of a l ,  |3I, Ô and e. See the legend to figure 1.3.10.0.
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Figure 1.3.10.e. Residues in the cytoplasmic, intermediate, central and outer 

rings of the human muscle and neuronal nicotinic 

acetylcholine receptor subunits
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Figure 1.3.10.e. The residues of the cytop lasm ic (-4’), in term ediate (-1 ’), centra l (2 ') and outer (20 ’) rings (rings indicated 

by boxed residues) for the hum an m uscle and neuronal n icotin ic ace tylcholine receptor subunits are shown according to 

the s ingle le tter am ino acid code. Note the rx8 subunit is on ly found in chick and the sequence is on ly shown for 

com parison w ith the group. Positive ly charged residues are indicated in red and negative ly charged residues in blue.
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1.4. Function of the muscle nicotinic receptor at the neuromuscular junction

Fast synaptic transmission is well characterised at the synapses between the axons of 

spinal motor neurons and skeletal muscle fibres of vertebrates (NMJs). Here fast 

synaptic transmission is mediated by the neurotransmitter ACh acting on muscle 

nAChRs.

Activation of the motor neurone (presynaptic cell) results in action potentials that travel 

from the axon hillock, along the axon to the presynaptic terminal. Upon arrival at the 

presynaptic terminal, the action potential activates a number o f voltage gated ion 

channels, including voltage gated Câ "̂  channels in the presynaptic terminal membrane. 

The activation of the Ca^^ channels results in an influx of Ca^^ into the terminal, 

triggering the release of ‘docked’ ACh vesicles held close to the membrane by the 

cytoskeleton (exocytosis). Released vesicles fuse with the membrane and release ACh 

into the synaptic cleft. ACh then diffuses across the cleft, binding to, and transiently 

activating multiple muscle nAChRs located on the surface of junctional folds in the 

postsynaptic membrane of the skeletal muscle fibre. The resulting net influx of Na^ 

generates a rapid, transient depolarisation of the postsynaptic membrane, known as the 

endplate potential (EPP). The junctional folds in the postsynaptic membrane of the 

motor neurone are not electrically excitable, but the EPP spreads electrotonically to 

surrounding areas o f the membrane that do contain voltage gated sodium channels. Here 

new action potentials are generated: these rapidly travel along the muscle fibre and 

cause the sarcoplasmic reticulum to release calcium, resulting in muscle contraction 

(Berne et al 1993; see figure 1.4.1.).
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A large body of work has been produced on the study of the mechanism of activation of 

the muscle nAChR at the NMJ, including the factors that control the time course o f the 

synaptic current (for review, see Edmonds et a l,  1995). The time course for the 

macroscopic synaptic current represents the sum of all the individual single-channel 

currents of the receptors on the postsynaptic membrane (Edmonds et a l,  1995). In 

principle, this time course should be determined by (a) the amount of transmitter 

released, (b) the time course o f release, (c) the shape of the synaptic cleft and the 

location o f the clustered postsynaptic receptors, (d) the rates at which diffusion, 

catabolic enzymes, and endocytosis mechanisms remove transmitter from the cleft, and 

(e) the rates of activation, deactivation, desensitisation, and block of the receptors by the 

transmitter (Edmonds et a l,  1995). In practice the main determinant is burst length and 

there is a good correlation between the time constant for the exponential decay of the 

synaptic current and the mean burst lifetime of the nAChR channel. This is because 

ACh in the synaptic cleft rapidly reaches millimolar concentrations, dropping sharply 

(within less than 1ms) as ACh both diffuses from the synaptic cleft into the extracellular 

space and becomes quickly hydrolysed by choline esterases associated with the 

postsynaptic membrane. Thus ACh that unbinds from the nAChR does not, on average, 

rebind. The high ACh concentration is sufficient to ensure a very fast on-rate, which 

drives binding of ACh to the subsynaptic nAChRs (reviewed in Edmonds et a l, 1995).
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Figure 1.4.1. The muscle nicotinic receptor at the neuromuscular junction
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Figure 1.4.1. Shows a representation of fast synaptic transm ission at the NMJ. The action potentia l (ind icated by the red 

zigzag arrow) arrives at the presynaptic term inal, activating a Ca2+ influx through voltage gated Ca2+ channels. Ca2+ 

m ediated phosphorylation events cause the re lease of docked ACh vesicles, w hich fuse w ith the m em brane and re lease 

ACh (red dots) into the cleft. ACh then binds to the nAChR (indicated in blue) in the postsynaptic m em brane of the 

m uscle fibre and activates a net flow  of Na+ into the m uscle cell and K* out. The resulting depolarisation spreads in the 

m uscle fibre, in itiating an action potentia l and causing the m uscle to contract.
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1.5. Diversity of muscle nicotinic acetylcholine receptors

The earliest studies, by Katz and Miledi, on the structure and ion permeation of the 

nAChR channel had already demonstrated that there had to be more than one type of 

muscle nAChR. It was found that the receptor that is present in the non-junctional 

membrane of denervated muscle fibres differs from that found at the NMJ of normal 

adult endplates (Katz & Miledi, 1971). Later work showed that the receptors present in 

denervated rat muscle fibres are not the same as those in the non-junctional membrane 

of neonatal muscle endplates, and can be recognised because they have longer channel 

mean open times than receptors found in adult endplates (Sakmann & Brenner, 1978; 

Fischbach & Schuetze, 1980). On the basis of this data, Fischbach & Schuetze (1980) 

proposed that the neonatal type receptors are replaced by the adult type during postnatal 

development.

With the advent of molecular biology techniques, it became apparent that the difference 

between the two receptors resulted from replacement of the foetal y subunit by the adult 

8 subunit, which is encoded by yet another gene. In terms of the TM2 domain, replacing 

y with 8 increases the net negative charge on both the cytoplasmic and extracellular 

rings of charges, which would predict an increase in single channel conductance for the 

adult receptor. Indeed, single channel data from adult and foetal bovine muscle nAChRs 

expressed in Xenopus oocytes demonstrate a single-channel conductance of 40 pS for 

a(2)Pyô (foetal) vs. 60 pS for a(2)Psô (adult). The mean open lifetime of the channel also 

differed, 7.2 ms for a(2)Pyô vs. 2.3 ms for a(2)ps6 . Thus, a(2)pyô (foetal) receptors have 

longer, smaller openings than the a(2)P8Ô (adult) receptors (Mishina et a l,  1986).
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1.6. The neuronal nicotinic acetylcholine receptors

Even when briefly reviewed as in the previous section, the wealth of data on muscle 

nAChRs shows how well its structure, physiological function and kinetic behaviour are 

understood. The situation is much more complex for neuronal nAChR. On the one hand, 

in autonomic ganglia, neuronal nAChRs (mostly a3(34, see below) do mediate fast 

synaptic transmission (as at the NMJ; for a review see McGehee & Role, 1995). On the 

other hand, the role of neuronal nAChRs in the CNS is less clear. Irrespective o f the 

physiological role o f central nAChRs, the expression profile and composition o f these 

nAChRs in the CNS was initially thought to be simple, given the high expression of a4  

and p2 mRNA throughout the CNS. However, at least 9 subunits are expressed 

throughout the mammalian CNS (a2-a7, P2-p4) and more recent studies suggest that 

multiple subunits may be involved in the formation of functional receptors in the brain 

(discussed below). Consequently, the challenging questions to be answered are: What 

functional subunit combination exist in the CNS and what is the physiological 

significance of such diversity ? Before we can answer such questions, it is essential to 

establish which subunit combinations can be expressed in heterologous expression 

systems and ascertain their stoichiometry, pharmacological and biophysical properties 

in order to identify such receptors in situ. The following chapters will attempt to answer 

these questions for neuronal nAChRs containing the p3 subunit.

1.6.1. The cloning of the neuronal nicotinic subunits

The a3 subunit of the rat was the first neuronal nAChR subunit to be cloned by Boulter 

and colleagues in 1986 (Boulter et a l,  1986). Shortly afterwards the same group showed 

that a3, a4  and P2 could form functional a3p2 and a4p2 receptor when expressed in
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Xenopus oocytes (Boulter et a l,  1987). Their work stimulated interest in the young field 

of neuronal nAChRs and a number of articles from various groups quickly followed, 

describing the newly cloned members of the growing neuronal nAChR family (see 

Sargent, 1993 for a review). The clones were classified as a  subunits on the somewhat 

artificial criterion that their amino acid sequence should contain a pair of adjacent 

cysteines (Cys 192 and Cys 193; Torpedo a l  numbering) as ‘markers’ of the presumed 

ACh-binding site. Subunits lacking these two adjacent residues were labelled as non-a, 

later to be renamed p. It soon became apparent that the neuronal subunits, although 

related by a common ancestor to the muscle nAChR subunits, were far more diverse, 

having multiple a  and p subunits. The human muscle a l  subunit has an amino acid 

sequence identity of 51 % with the neuronal a3 subunit, showing that divergence from a 

common evolutionary ancestor must have occurred a long time ago (Le Novère & 

Changeux, 1995). To date, 12 subunits have been identified as belonging to the neuronal 

nAChR family: a 2 -a l0  (the muscle a  subunit was renamed a l )  and p2-4 (the muscle p 

subunit was renamed pi).

With 12 different subunits, a large number o f combinations are theoretically possible 

(McGehee & Role, 1995). However, some simplifying assumptions can be made, as 

only some of the possible combinations can form functional channels when expressed in 

heterologous systems; for instance, m Xenopus oocytes some a  subunits (a? to a9) can 

form homomeric channels, sensitive to a-Bgt (see figure 1.6.1.a.). To date alO  has only 

been shown to form a functional channel when co-expressed with a9, the stoichiometry 

o f which is currently unknown (Elgoyhen et a l,  2001 ; Sgard et a l,  2002). The majority 

of the other a  subunits (namely a2-a4  and a 6 ) can form functional channels only if  co­

expressed with a p subunit (either p2 or p4; see figure 1.6.1.a.). The latter type of

receptor (which I shall refer to as a ‘pair’ receptor) is a pentamer with an a  : p
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stoichiometry of 2:3, as shown by radiolabelling and single channel studies on chick 

(x4p2 receptors expressed in oocytes (Anand et al., 1991 ; Cooper et al., 1991 ).

Figure. 1.6.1.a. Examples of nAChR diversity from heterologous expression

studies in Xenopus oocytes

Adult muscle Neuronal homomeric Neuronal ‘pair’

al
alal

aA

e.g. NMJ e.g. al e.g. a4p2

Figure 1.6.1.a. Shown is a graphica l representation of each the three m ain nAChR types that have been expressed in 

Xenopus  oocytes: a,2i(30e (adult m uscle): «7 (neuronal hom om eric) and a4(i2  (neuronal pair). Note the subunit 

arrangem ent shown is based on that described for the AChBP.

1.6.2. Receptors with more than two types of subunit

The simple homomer or pair scheme does not account for subunits such as a5 and p3, 

which can only be assembled into functional receptors when co-expressed with another 

two different subunits, for instance as a4p2a5 or a3p4p3 receptors (which I shall refer 

to as ‘triplet’ receptors; see figure 1.6.2.a.).

Incorporation of «5 into functional receptors in Xenopus oocytes may manifest itself by 

changes in the properties of ‘pair’ nAChR: a4p2a5 receptors are 100-fold less sensitive 

to ACh than a4p2 (Rarnirez-Latorre et a i,  1996). Single channel conductance increases 

(0(4p2a5, Ramirez-Latorre et al., 1996; Sivilotti et al., 1997; Nelson & Lindstrorn,
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1999) and so do the rate and extent of desensitisation and calcium permeability 

(Gerzanich etal., 1998).

Figure 1.6.2.a Triplet receptors expressed \n Xenopus oocytes 

Neuronal ‘triplet’

«5 or p3

e.g. aSp4p3

Figure 1.6.2.a. Shown is a graphica l representation of trip le t neuronal nAChRs expressed in X enopus oocytes. Data in 

support of the sto ich iom etry shown are described in the results section. However, the arrangem ent of the subunits is 

unknown.

The p3 subunit was first cloned and identified as a neuronal nAChR subunit from rat 

brain (diencephalon) cDNA libraries by Deneris et a i (1989). They reported P3 as 

containing the same four transmembrane domain motif of the other neuronal nAChR 

subunits and lacking the adjacent cysteine residues 192 and 193, and therefore classed it 

as a p subunit.

Hernandez et al. (1995) analysed the amino acids sequence of chick p3 and found it to 

be most similar to the chick a5 subunit. If we include both identical amino acids and 

conservative substitutions for both (x5 and p3, then the amino acid sequence similarity 

is 68.2 % for chick (Hernandez et al., 1995) and 80 % for human (Groot-Kormelink et 

a i,  1998). The oc5 and p3 subunits have therefore been classified in a separate group 

within the nAChR phylogenetic tree (Tsunoyama & Gojobori, 1998).
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Deneris et al. (1989) were unable to express functional p3 containing receptors with any 

of the known neuronal nAChR a  subunits (a2 -  a4  at the time) and P3 became labelled 

as an ‘orphan’ or pseudo gene, with no known function. However, in 1998 Groot- 

Kormelink et al. demonstrated the incorporation of P3 into an a3p4p3 triplet receptor 

when expressed with an a3p4 pair in oocytes, using a reporter mutation approach. More 

recently Palma et al. (1999) demonstrated the incorporation of P3 into a ‘pair’ a7p3 

receptor.

The reporter mutation approach substituted the conserved hydrophobic 9' residue in 

TM2 of the p3 subunit (usually Leu, but Val in the case of P3 and a5) with a 

hydrophilic 9'Thr (see figure 1.6.2.b.). As previously discussed, mutating 9' to Thr or 

Ser increases the potency of agonists on a l  neuronal nAChRs (Revah et a l,  1991), 

muscle nAChRs (Filatov & White, 1995; Labarca et a l,  1995), p i (Chang & Weiss, 

1998) and aip2y2 GABAareceptors (Chang et a l, 1996).

Thus the incorporation of p3 into a a3p4p3 triplet receptor could be detected by an 

increase in the sensitivity of the receptor to ACh and a decrease in the wild type ACh 

ECso from 180 pM to 42.6 pM for a3p4p3^^^(Groot-Kormelink et a l,  1998).

However, the stoichiometry of such ‘triplet’ neuronal nAChR receptors and the effects 

of p3 incorporation on the pharmacological and biophysical properties of the ‘pair’ 

receptors are unknown. Chapters 3-6 aim to tackle these questions.
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Figure 1.6.2.b. The reporter mutation

A TM2

9'

a3

(34

(33

V T L C I S V L

(VI T L C I S V L

L S L S T S V L

S L T V F L L V I  T E

A L T F F L L L l  S K

S L T V F L L V I  E E

B

Wild-type
Reporter mutation 
in (33: Val to Thr

À
a 3 A  (3

Figure 1.6.2.b. D iagram m atic representation of the arrangem ent of the TM 2 dom ains in the closed state of a nAChR. 

The kinked TM 2 dom ains are drawn according to Unwin (1998) and the 9' residues (which in this in terpretation forms 

the channel gates) are high lighted w ith the ir one letter am ino acid code. Note that the top half of the two TM 2 dom ains 

at the front have been om itted for clarity, in order to em phasise the ring of hydrophobic residues at the channel gate.
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1.6.3. Native receptors can contain more than two different subunits

There is increasing evidence to suggest that the ‘either homomer or pair’ rule is an 

oversimplification o f the situation for native receptors. Just because one (or two) 

subunits are sufficient to produce a functional nAChR doesn’t mean that native 

receptors are necessarily made in this minimally functional fashion, by just one or two 

types of subunit.

Subunit specific antibody data reports that in chick parasympathetic ciliary ganglia aS 

co-immunoprecipitates with a3 and [34, and sometimes with [32 (Vemallis et a l, 1993; 

Conroy & Berg, 1995). On the basis of this data Conroy & Berg (1995) proposed that 

the main synaptic nAChR in chick parasympathetic ciliary ganglia is made up of 

three/four different subunits, a3, [34 and a5 (with or without p2).

Further evidence that receptors containing the a5 subunit occur in the autonomic 

nervous system comes from the work of Role and co-authors. Subunit specific deletion 

using antisense oligonucleotides targeted to the 5' region around the translation 

initiation site of the subunit in question reveals that chick sympathetic neurons express 

both a l  receptors and receptors containing a3 and/or a5 (Listerud et a l, 1991). The a5 

containing receptors are insensitive to a-Bgt and have a single channel conductance of 

35 pS (Yu & Role, 1998a). Furthermore, deletion of a5 or a3 results in an upregulation 

of a l  containing receptors, signified by an increase in a-Bgt sensitivity and the 

prevalence of an 18 pS conductance (Listerud et a l,  1991; Yu & Role, 1998a; Yu & 

Role, 1998b).
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Conroy & Berg (1998) showed that a significant fraction o f heteromeric receptors in 

embryonic chick brain contain not only a4  and (32, but also a5. This was confirmed by 

Balestra et al. (2000) who immunoprecipitated a l  containing receptors from chick optic 

lobe and a4  containing receptors from chick forebrain-cerebellum, and tested their high 

affinity epibatidine binding. These high affinity epibatidine binding sites could be 

precipitated by either (32 or a5 specific antibodies, indicating that a l  containing 

receptor from the optic lobe and a4  containing receptors from the forebrain-cerebellum 

also contain both (32 and aS.

Further, Balestra et al. (2000) report that the level of epibatidine binding increases 

during development, with significantly more binding in the optic lobe than in the 

forebrain at embryonic day 11 (47 to 225 vs. 47 to 77 fmol/mg of protein at postnatal 

day 1). The increase in binding coincides with an approximate 26-fold increase in a l  

and a5 expression in the optic lobe and an approximate 6 -fold increase in a4  and a5 

expression in the forebrain (Balestra et a l,  2000). Balestra et al. (2000) propose that a5 

forms developmentally regulated a2(32a5 and a4(32a5 receptors in the chick optic lobe 

and forebrain respectively.

An example of the complexity o f neuronal nAChRs in the central nervous system 

involving (33 comes from the data of Forsayeth & Kobrin (1997). Using subunit specific 

antibodies, Forsayeth & Kobrin (1997) report that (33 and p4 co-immunoprecipitate with 

P2 in the cerebellum, indicating that all three p subunits are co-assembled. Furthermore, 

antibodies to a4, p2, p3 or p4 immunoprecipitated at least 75 % high affinity ACh 

binding sites (insensitive to K-Bgt, 10 nM, in order to block ganglionic type receptors, 

and a-Bgt, 10 nM, in order to block a l  receptors; Forsayeth & Kobrin, 1997).
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Forsayeth & Kobrin (1997) propose that a4  co-assembles with p2, P3 and p4 in the 

cerebellum, to form an a4p2p3p4 receptor. In support of this hypothesis, cotransfection 

of a4, p2, P3 and P4 in COS cells produced high affinity ACh binding sites and, in this 

heterologous system, the majority of the high affinity ACh binding sites were 

immunoprecipitated by antibodies specific for a4, p2, P3 or P4 as in the native 

receptors (Forsayeth & Kobrin, 1997).

More recent data show that the highest levels of p3 mRNA in the chick nervous system 

are found in the retina (Vailati et a l, 2000). In the retina, all high affinity radiolabelled 

epibatidine binding sites are precipitated by an a 6  specific antibody and this 

precipitation reduces p3 specific antibody binding, suggesting that a 6  and p3 co- 

assemble (Vailati et a l,  2000). The a 6  precipitated receptors were then eluted from an 

a 6  antibody immunoafflnity column and saturated with radiolabelled epibatidine before 

screening with antibodies specific for the other neuronal nAChR subunits. This showed 

that p4 immunoprecipitated all the a 6  radiolabelled epibatidine binding sites. 50 % of 

these a6p4 receptors co-immunoprecipitated with P3 and 40 % with a3. Only 7.5 % 

were found to co-immunoprecipitate with p2 (Vailati et a l,  2000). When the screening 

was carried out on p3 containing receptors, the immunoafflnity column revealed that 

radiolabelled epibatidine binding sites were reduced by: 26 % for a l ,  35 % for a3, 33 

% for a4 , 45 % for P2 and 42 % by p4 antibodies respectively. Finally, a-conotoxin 

M il (recently shown to be specific for a 6  containing receptors Whiteaker et a l,  2002; 

Champtiaux et a l, 2002) inhibits radiolabelled epibatidine binding to receptors which 

co-immunoprecipitated with p3 and a 6 , but has no effect on receptors 

immunoprecipitated by P3 alone. On the basis of this data Vailati et a l (2000) propose 

that more than two populations of p3 containing receptor are present in the chick retina.
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The first is a6p4p3, with the remaining populations consisting o f p3 associated with 

any o f the following subunits: a2, a3, a4 , P2 and p4.

1.7. Evolution of nicotinic acetylcholine receptor subunits

The evolution of vertebrate nAChR subunits in both neuronal and muscle type receptors 

has been hotly debated in the literature (Le Novère & Changeux, 1995; Orteils & Lunt, 

1995). It is generally accepted that two groups of nAChR subunits separated after the 

emergence of the subunits in insects and nematodes. However, the identity of the 

subunits constituting the two groups remains controversial, mainly because of 

differences in the methods used for constructing the evolutionary trees and in the 

definition of the data to be used (i.e. DNA vs. amino acid sequence).

On the basis of DNA sequence alignment, using only the first 2 codon positions from 

270 shared codons from each subunit sequence (to avoid superimposed mutations which 

may affect the construction of the tree). Orteils & Lunt (1995) have constructed an 

evolutionary tree for the nAChR superfamily. In the construction of their tree. Orteils & 

Lunt (1995) have excluded “regions where there is no obvious sequence identity”, 

which they define as:

''‘the N-terminal domain; cytoplasmic loop between TM3 and TM4; and several other 

short sequences.”

On the basis of these data. Orteils & Lunt propose that a l  and a 8 neuronal nAChRs are 

the most primitive, splitting off from the early common ancestor before the other 

subunits (note that a9  was not included and alO  had not yet been cloned at the time).
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Next, structural non-a subunits, lacking the adjacent cysteine residues (with the 

exception of (33) split off from the remaining a  subunits, forming two main groups: one 

containing a l - a 6  and p3 subunits and the other containing p i, p2, P4, y, ô, and s 

subunits. Subsequently the neuronal and the muscle type receptors split off into separate 

groups o f a  (including P3) and non-a subunits. Next the neuronal a  subunits split off to 

form one group containing a2 -a4  and a 6  and the other group containing a5 and p3.

The muscle non-a subunits also split off with y, ô and s in one group and p in the other.

In contrast to this, on the basis of amino acid sequence alignment (excluding signal 

peptide, non-conserved portion of N-terminal domain, cytoplasmic loop between TM3 

and TM4 and C-terminus), Le Novère and Changeux (Le Novère & Changeux, 1995) 

propose that the muscle a l  subunit and all the neuronal subunits (a2-a6 and P2-p4) 

constitute one main group and all the muscle non-a subunits {i.e. p i, y, ô, and e) 

constitute the other main group.

More recently, Tsunomaya and Gojobori (Tsunoyama & Gojobori, 1998) constructed a 

phylogenetic tree on the basis of amino acid sequence alignment for all the nAChR 

subunits. Here they analysed the complete protein sequence (from start codon to stop 

codon) of 84 subunits divided over 18 different species, more nAChR subunits than the 

previous groups.

Here they also propose that initially the common ancestral subunit appeared in the 

nervous system and that homomeric receptor forming a l ,  a 8 and a9  subunits are direct 

descendants of the common ancestor, with a9  diverging first (Tsunoyama & Gojobori,

1998). In agreement with the previous view of Orteils and Lunt (1995), this tree shows 

structural non-a subunits, lacking the adjacent cysteine residues (with the exception of
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(33) split off from the a  subunits, forming two main groups, the first eventually giving 

rise to a l - a 6  and (33 subunits and the other to (31, P2, (34, y, 5, and s subunits 

(Tsunomaya & Gojobori, 1998). The same authors also distinguish five different 

subgroups within the neuronal subunits, distinguished on the basis of their sequence and 

functional analysis after over-expression in heterologous cells. The a7, aS, a9  subunits 

can all form homopentameric functional receptors and thus form the first group. In 

contrast, the a2 /a4 , a3 /a6  and (32/(34 groups can form functional receptors as an “a /p ” 

pair, but not the a5/p3 group. However, both a5 and P3 subunits are able to form 

functional receptors when co-expressed with an a/p  pair, forming a ‘triplet’ receptor (as 

discussed above). The grouping of a5 and p3 into the same evolutionary group 

suggests that the p3 subunit may have a similar function to that of a5.

1.8. Distribution of the neuronal nicotinic acetylcholine receptor subunits

In situ hybridisation, immunohistochemistry, Northern blot analysis, and reverse 

transcriptase polymerase chain reaction (RT-PCR) analysis have established that of the 

12 subunits cloned to date, 9 are expressed in the mammalian brain: a l ,  a3, a4, a5, a 6 

& a l  and p2, P3 & p4 (reviewed by Sargent, 1993; McGehee & Role, 1995). The main 

areas found to express nAChRs are: the periaqueductal grey matter, basal ganglia, 

thalamus, hippocampus, cerebellum and retina (for a review see Gotti et a l,  1997). The 

nAChR subunits are distributed throughout the mammalian cortex as follows: 

hippocampus contains a3, a4, a5, a l  and p2, p3 & P4; mesocorticolimbic system all 9 

subunits listed above; the auditory cortex contains a7; retina contains all 9 subunits, 

whereas the chick optic lobe contains a2, a5 , a l  and p2 (Clementi et a l, 2000). Steady 

state binding studies have shown that a4  and p2 represent the majority of high affinity
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Nie binding sites and a l  represents the high affinity a-Bgt binding sites in the CNS (for 

a review see McGehee & Role, 1995).

Using subunit mRNA specific radiolabelled in situ hybridisation probes, Deneris et al. 

(1989) report that in the rat brain p3 mRNA is expressed along with a2, a3, a4  and P2 

in the medial habenula (ventromedial part, see also Le Novère et a l, 1996), in rat 

substantia nigra pars compacta (SNc; also reported by Le Novère et a l,  1996; Han et 

a l,  2000), ventral tegmental area (VTA; also reported by Le Novère et a l,  1996; Han et 

a l,  2000) and the reticular nucleus of the thalamus. Le Novère et a l  (1996) also report 

expression of p3 in the rat locus coeruleus. Thus p3 is particularly important in 

dopaminergic regions o f basal ganglia, i.e. areas that are important in Parkinson’s 

disease and nicotine addiction (see below).

More recent data using the same technique show that most dopaminergic neurons in 

SNc (-95 %) express a4, a5, a 6 , p2 and p3 mRNA. Other subunits are less common, 

with a3 and a l  being present in approximately 60 % of dopaminergic neurons and P4 

only in less than 5 % of dopaminergic neurons (Azam et a l,  2002). Very similar results 

were obtained for dopaminergic neurons of the VTA . Some expression of a4, a l  and 

p2 mRNA was detected in GAB A neurons within the SNc (Azam et a l ,  2002).

Radiolabelled ligand binding data from Quik et al. (2000) demonstrate that the SNc 

contains both high affinity epibatidine and high affinity a-Bgt (selective for a l  

receptors) binding sites, suggesting that heteromeric and a l  receptors are expressed in 

the SNc. Subunit specific in situ hybridisation data confirmed a4, a 6 , a l ,  P2, p3 and p4 

mRNA expression in the SNc, with the greatest expression of a 6  and (33 (Quik et a l, 

2000).
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The expression of |33 mRNA also seems to be affected by damage to the substantia 

nigra (SN). In order to produce Parkinson like damage to the dopaminergic neurons of 

the SN, Quik et al. (2000) studied the changes in the distribution of high affinity ligand 

binding sites and the expression of subunit mRNA produced by treatment of squirrel 

monkeys with the toxin 1 -methyl-4-phenyl-1,2,3,6 ,tetrahydropyridine (MPTP). MPTP 

induced nigrostriatal damage was associated with a decrease in high affinity epibatidine 

binding sites, reduced p3 mRNA to 62 % and increased a 6  mRNA to 143 % of control 

values (Quik et a l,  2000). These data suggest that p3 is incorporated into a receptor 

with high affinity for epibatidine within dopaminergic neurons of the SN. However, the 

functional implications of the reduction in p3 following nigrostriatal damage and the 

role of the a 6  subunit relative to P3 are unclear.

A different technique for lesioning dopaminergic neurons, using the toxin 6 - 

hydroxydopamine, abolishes mRNA signals for a3, a5, a 6  and p4 subunits from the 

SN and a2, a3, a5, a 6 , a7 and p4 from the VTA of the rat. However, mRNA signals 

for a4 , p2 and p3 were still present in the SN and VTA, suggesting that p3 is present in 

non-dopaminergic neurons of the SN and VTA (Charpantier et a l,  1998).

In contrast to the findings of Charpantier et a l (1998), Elliott et a l (1998) report that 6 - 

hydroxydopamine lesions of the rat SN substantially reduce the mRNA signal for a5, 

a 6  and, to a lesser extent, P3. This suggests that P3 is present in dopaminergic neurons 

in the SN.

Single cell RT-PCR data from Klink et a l (2001) showed that dopaminergic neurons in 

the SN and VTA express a3-a7  and p2-p4 mRNA, with the vast majority of neurons

expressing a4, a5, a 6 , P3 and quite often a3. GABAergic projection neurons of the SN
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also contained a5, a 6  and (33, whereas a3 , a4  and (32 were expressed in the VTA 

(Klink et a l,  2001). The same technique in isolated medial habenula neurons 

demonstrates that 95-100 % of neurons contain mRNA for a3-a5, (32 and (34, whereas 

only 40 % of cells were positive for a 6 , a ?  and (33 and no cells contained a2 (Sheffield 

et a l ,  2 0 0 0 ).

Northern blot analysis of RNA isolated from various regions of the chick nervous 

system showed that P3 is expressed in retina, telencephalon, cerebellum and spinal cord 

(Hernandez et a l 1995).

As discussed above, immunoprécipitation studies by Forsayeth & Kobrin (1997) have 

shown that p3 is expressed together with a4, p2 and P4 in rat striatum, cerebellum and 

faintly in the hippocampus.

P3 has also been shown to be expressed in the peripheral nervous system. Polymerase 

chain reaction (PCR) analysis of the cochlea of the mouse has shown the co-expression 

of P3 with p2 and a2  -  a 6  (Drescher et a l,  1995) and rat cochlea (Anderson et a l 

1997). Anderson et a l (1997) also report that p3 mRNA is co-expressed with in a2-a7, 

P2 and p4 in vestibular ganglia and with a3, a5 -  a l ,  a9, P2 and p4 in vestibular end 

organs. The RT-PCR data of Morley et a l  (1998) demonstrates the expression o f p3 

mRNA in the spiral ganglia of the rat cochlea.

Immunoprécipitation in chick retina demonstrates expression of a2 -a4  and a 6  and p2- 

p4, with at least two populations of P3 containing receptors are present: a6p4p3 and the 

second contains a l ,  a3, a4, p2, p3 and p4 without a 6  (Vailati et al., 2000).
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In the chick periphery, p3 mRNA was found to be expressed in developing trigeminal 

and dorsal root ganglia, while low levels were detectable in superior cervical and 

sympathetic ganglia (Hernandez et al. 1995).

1.9. Function of neuronal nicotinic acetylcholine receptors in the CNS

In autonomic ganglia neuronal nAChRs are known to mediate the main excitatory 

synaptic events, i.e. fast synaptic transmission between preganglionic and 

postganglionic neurons, in both the sympathetic and parasympathetic system. Some 

presynaptic terminals may also have neuronal nAChRs (McGehee & Role, 1995; 

McGehee et a l,  1995; Coggan et a l, 1997).

In contrast to the situation in ganglia, in the CNS the role of neuronal nAChRs is 

unclear. In the CNS neuronal nAChRs are found in both the presynaptic and 

postsynaptic membranes (McGehee & Role, 1995; McGehee et a l, 1995; Coggan et a l, 

1997).

1.9.1. Postsynaptic neuronal nicotinic acetylcholine receptors

Neuronal nAChRs mediate fast synaptic transmission in synapses between recurrent 

axons from spinal motoneurons and Renshaw cells (Eccles et a l, 1954). It took more 

than 40 years for the next report of nicotinic fast synaptic transmission in the nervous 

system to appear. This refers to the inner-plexiform layer of the developing retina, 

where cholinergic intemeurons (termed starburst amacrine cells) mediate lateral 

interactions between bipolar cells and retinal ganglion cells, via activation of 

postsynaptic nAChRs (p349, Kandel and Schwartz, Principles o f neural science, 2"^
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edition; Feller et a l,  1996). Feller et a l (1996) propose that activation of postsynaptic 

nAChRs is important for propagating excitation in the developing retina. Roerig et a l 

(1997) describes spontaneous synaptic currents in the developing ferret visual cortex 

which are sensitive to dihydro-beta-erythroidine (DHpE; 100 pM) and insensitive to a- 

Bgt (100-200 nM), suggesting that heteromeric non-a7 receptors are involved in these 

spontaneous currents.

Growing evidence shows that nicotinic fast synaptic transmission takes place in the 

hippocampus. The hippocampus contains intrinsic cholinergic intemeurons, GABAergic 

intemeurons and excitatory glutamatergic neurons that receive cholinergic innervation 

from the septum. Thus cholinergic projections could excite GABAergic intemeurons by 

releasing ACh onto nAChRs in their postsynaptic membranes. Indeed GABAergic 

neurons do have nicotinic receptors. The GABAergic intemeurons can be separated 

into two groups on the basis of the type of agonist-evoked nicotinic currents they 

display. The first group has a fast decaying nicotinic inward current, reproduced by 

choline and sensitive to low concentrations of MLA and a-Bgt, thought to consist of al 

nAChRs (Jones & Yakel, 1997; Alkondon et a l, 1997; McQuiston & Madison, 1999; 

for a review see Jones et a l,  1999). This fast decaying current is abolished in al 

knockout mice (Orr-Urtreger et a l, 1997). The second group demonstrates two 

components: an initial fast decaying inward current, sensitive to choline, MLA and a- 

Bgt; and a slower decaying current sensitive to mecamylamine and DHpE. This second 

component is likely to be mediated by non-a7 receptors (Jones & Yakel, 1997; 

Alkondon et a l 1997; McQuiston & Madison, 1999; for a review see Jones et a l,

1999). Thus GABAergic intemeurons can express more than one class of nAChR in 

their postsynaptic membrane.
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Approximately 50 % of all hippocampal intemeurons have the fast decaying a l  current 

(Jones & Yakel, 1997; McQuiston & Madison, 1999). Furthermore, a l  like currents 

have been described in cultured pyramidal cells (Albuquerque et a l,  2000) or mouse 

CAl pyramidal neurons in acute slices (Ji et a l, 2001), suggesting that a l  may be 

important in intemeurons that control input onto pyramidal cell dendrites.

The slower a-Bgt insensitive agonist induced currents are less common, present in 

approximately 10 % of hippocampal neurons in culture. This current is thought to be 

composed of mostly a4p2 and is highly sensitive to DHpE (10 nM), decreased by 100 

nM MLA and blocked by 1 pM mecamylamine. Approximately 2 % of hippocampal 

neurons in culture display a second slow current, sensitive to 1 pM mecamylamine or 

20 pM +-tubo and resistant to 100 nM MLA, thought to be composed of a3p4 

(reviewed in Albuquerque et al., 2000).

Note that it is still controversial whether pyramidal cells do have nicotinic responses: 

there are reports of both fast a7-type responses (Albuquerque et a l ,  2000; Ji et a l, 

2001) and slow responses (Alkondon et a l,  1999).

The consensus for recent data is that a l  receptors are the main synaptic nicotinic 

receptor in the hippocampus. First of all, Fabian-Fine et a l  (2001) report that a l  

immunoreactivity is present at the majority o f synapses in CAl stratum radiatum 

(including GABAergic and glutamatergic ones). Alkondon et a l  (1998) and Frazier et 

a l (1998) report a7-like receptors mediate fast synaptic transmission onto CAl 

intemeurons, on the basis of sensitivity of synaptic currents (both evoked and 

spontaneous) to desensitisation by choline, or block by MLA (50-150 nM) and a-Bgt
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(100 nM). Such cholinergic currents were relatively rare and were found in only 17/125 

of the intemeurons. Nevertheless they contributed to approximately 10 % of the total 

evoked synaptic current. Hefft et a l (1999) has also reported a7-like synaptic currents 

in pyramidal cells from acute or organotypic slices, where the current is thought to 

contribute to less than 3 % of the total postsynaptic current.

1.9.2. Presynaptic neuronal nicotinic acetylcholine receptors

Neuronal nAChRs have also been shown to have a presynaptic and preterminal location 

at or near the nerve terminal, where they increase neurotransmitter release mainly via 

activation of voltage gated sodium and calcium channels (Wonnacott, 1997; 

MacDermott et a l,  1999; Wonnacott et a l,  2000). Both al and non-a7 receptors can 

play a presynaptic role. For example, al receptors enhance the release of glutamate in 

chick habenula/interpeduncular nucleus co-cultures (McGehee et a l 1995) and in mossy 

fiber terminals in rat hippocampus slices (Gray et a l 1996). However, the type of 

nAChR involved depends both on the brain region and on the nature of the terminal, i.e. 

on the transmitter released. Li et a l (1998) report that noradrenaline release in the 

dorsal raphe nucleus of the rat is sensitive to 100 nM methyllycaconitine (i.e. a7-like), 

whereas 5HT release is unaffected. In the hippocampus, both al and non-a7 receptors 

are thought to enhance GABA release (Alkondon et a l,  1999; Maggi et a l, 2001). 

Furthermore, dopaminergic and noradrenergic neurons express non-a7 nicotinic 

receptors, containing (32 or (34, which enhance the release of dopamine and 

noradrenaline respectively. However, modulation of neurotransmitter release may not 

be the only presynaptic role for nAChRs. It has been proposed that calcium entry 

through nAChRs, particularly through the highly calcium permeable al receptor 

(Pca/PNa >10; Seguela et a l, 1993), may depolarise the neuron and stimulate transmitter
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release independently of voltage gated channels at resting and hyperpolarised membrane 

potentials (for a review see MacDermott et a l, 1999).

Given the well known addictive effects of Nic from tobacco smoke and the 

pharmaceutical interest in developing treatments for Nic abstinence, recent research has 

been concentrated on the role of neuronal nAChRs in areas of the brain implicated in 

reward and addiction. The VTA and the nucleus accumbens are both implicated in 

dopamine mediated reward. In particular, addictive drugs stimulate dopamine release in 

the VTA and nucleus accumbens.

The SNc is also of interest because a reduction in the number o f dopaminergic neurons 

in the SNc causes Parkinson’s disease and is accompanied with a reduction in 

radiolabelled Nic binding sites (Perry et a l 1995). Furthermore, nicotine from tobacco 

smoke is thought to protect against the development of Parkinson’s disease (Janson et 

a l,  1988; for a review see Mihailescu & Drucker-Colin, 2000). In agreement with this, 

a protective effect of nicotine against nigrostriatal damage has been demonstrated in the 

rat (Jeyarasasingam et a l,  2002; Ryan et a l,  2001). This protective effect is sensitive to 

+-tubo, insensitive to a-Bgt and lost in a4  knockout mice (Jeyarasasingam et a l,  2002; 

Ryan et a l,  2001), suggesting that a4  containing nAChRs are important in this 

protective role, although it is unclear whether this protection is mediated by pre or 

postsynaptic receptors.

The VTA and SNc project dopaminergic terminals to the nucleus accumbens and the 

caudate putamen respectively. Systemic application of Nic in the VTA and SNc 

activates nAChRs both on postsynaptic neurons (Clarke & Pert, 1985; Picciotto et a l, 

1998; Klink et a l, 2001; Jones et a l, 2001) and on presynaptic terminals (Rapier et a l,
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1990; Grady et a l, 1992; el Bizri & Clarke, 1994; Soliakov & Wonnacott, 1996; 

Soliakov & Wonnacott, 2001; Jones et a l,  2001). Activation of postsynaptic nAChRs 

depolarises the dopaminergic neurons in the VTA and SNc, causing the release of 

dopamine in the nucleus accumbens and the caudate putmen (Imperato & Di Chiara, 

1986; Mereu et a l,  1987; Benwell & Balfour, 1997; Pidoplichko et a l,  1997; Azam et 

a l,  2 0 0 2 ).

The importance of neuronal nAChRs in the reward system is illustrated by the fact that 

p2 knockout mice do not self-administer Nic, unlike their wild type counterparts 

(Picciotto et a l, 1998). However, the subunit composition of the nAChR receptor 

subtypes involved in the reward system is unclear. This is because dopaminergic 

neurons in the VTA and SNc express mRNA for several neuronal nAChR subunits: al, 

a3, a4, a5, a 6 , al, p2, p3 and P4 subunits, with the largest expression of a3, a4, a5, 

a 6 , P2 and P3 (Elliott et a l, 1998; Charpantier et a l ,  1998; Klink et a l,  2001; Azam et 

a l, 2002). Electrophysiological and pharmacological data from wild-type and gene 

knockout animal models suggests that at least 3 receptor subtypes are present in 

dopaminergic neurons. ACh evoked currents in these neurons have at least two 

components. The first component shows fast a7-like desensitisation, is activated by 

choline and blocked by a-Bgt and MLA (1 nM) and is abolished in al knockout mice 

(Klink et a l,  2001). The second component is a slower non-a7 desensitising current 

that is sensitive to block by mecamylamine (10 pM; Pidoplichko et a l,  1997; Fisher et 

a l,  1998; Klink et a l, 2001) and DHpE (2 pM; a concentration selective for p2 

containing receptors; Klink et a l,  2001) and is abolished in p2 knockout mice (Klink et 

a/., 2001).
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The second non-a7 component is likely to be mediated by two receptor subtypes. The 

first is insensitive to MLA and the second is sensitive to both -MLA (1 nM) and 

a-conotoxin Mil (10 nM). The current amplitude of the second component is 

substantially reduced, but not abolished by a-conotoxin M il (10 nM) or MLA (1 nM; 

Klink et a l, 2001). Further, the degree of antagonism produced by a-conotoxin Mil 

was unaffected by co-application of MLA (1 nM), suggesting that MLA and 

a-conotoxin Mil affect the same receptor (Klink et a l, 2001).

Recent data from Champtiaux et a l (2002) demonstrates that a-conotoxin M il is 

selective for receptors containing the a 6  subunit and suggests that the a-conotoxin M il 

and MLA sensitive receptor in the second component contains at least P2a6. Radio­

labelled a-conotoxin Mil binds with high affinity to areas in the brain including 

dopaminergic neurons in a3 knockout mice (Whiteaker et a l,  2002), but high affinity 

binding is abolished in a 6  knockout mice along with high affinity epibatidine sites 

sensitive to a-conotoxin M il and resistant to the nAChR agonist cytisine (Cyt; 

Champtiaux et a l,  2002).

Furthermore, data from a4  knockout mice demonstrates that the MLA sensitive subtype 

consist of at least a4p2a6  and that the MLA insensitive subtype consist of p2a5 with at 

least another a  subunit, probably a3. The second component of ACh evoked currents in 

a4  knockouts demonstrate a reduced amplitude and faster rate of decay, insensitive to 

MLA (1 nM; Klink et a l,  2001). Klink et a l (2001) propose that this speeding up of 

decay is due to a greater contribution of a5 containing receptors (probably in 

compensation for a4  being knocked out).
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Through their effects on glutamate and GABA release, presynaptic nAChRs could 

modulate learning and memory formation. For example, activation of homomeric a l  

receptors increases the release of glutamate from the presynaptic nerve terminal of 

mossy fibres onto hippocampal CA3 pyramidal cells, increasing the frequency of 

miniature glutamate mediated currents (Gray et a l, 1996; for a review see Wonnacott, 

1997). Presynaptic a l  nAChRs have also been shown to selectively potentiate 

glutamate transmission mediated by NMDA receptors (implicated in synaptic plasticity 

and memory) in pyramidal cells of the rat prefrontal cortex and auditory cortex, between 

postnatal days 8 and 16 (Vidal & Changeux, 1993; Aramakis & Metherate, 1998; for a 

review see Jones et a l,  1999). Thus a l  nAChR may contribute to synaptic plasticity, 

mediated by NMDA receptors (Jones et a l,  1999).

In terms of effects on GABA release, presynaptic nAChRs (a? and a /p  heteromeric 

receptors) have been shown to increase GABA release from GABAergic intemeurons in 

the hippocampus (Alkondon et a l, 1997; Alkondon et a l,  1999; Alkondon et a l, 2000; 

Zarei et a l,  1999).

In the developing rat hippocampus spontaneous network driven oscillatory events give 

rise to giant depolarising potentials (GDPs; Maggi et a l,  2001), which are thought to be 

important in promoting development of the hippocampus (Goodman & Shatz, 1993). 

GDPs are generated by a positive feedback system consisting o f glutamate and GABA 

mediated excitation. Here glutamate released from pyramidal cells onto postsynaptic 

AMP A receptors on GABAergic intemeurons depolarises the GABAergic intemeurons 

and stimulates GABA release. GABA released from GABAergic intemeurons is then 

thought to activate postsynaptic GABAa receptors on glutamatergic pyramidal cells, 

which in the developing hippocampus produce depolarising excitation (due the chloride

85



concentration gradient maintained by a developmentally expressed Cl importer, NKCC) 

and release further glutamate onto GABAergic intemeurons (Rivera et a l,  1999; Maggi 

et a l,  2001). Glutamate is required for the generation of GDPs, as they are blocked by 

20 pM DNQX (AMPA receptor antagonist; Maggi et a l, 2001). Maggi et a l (2001) 

reports that Nic produces a concentration dependent increase in GDP frequency, which 

is blocked by 50-100 pM DHpE and partially blocked by 50 nM MLA, suggesting that 

both a l  and a /p  heteromeric receptors are involved. Maggi et a l (2001) propose that 

presynaptic nAChRs on GABAergic intemeurons and glutamatergic pyramidal cells 

increase both GABA and glutamate release in the hippocampus, increasing the 

frequency of GDPs. Thus presynaptic nAChRs could be involved in promoting 

development within the hippocampus.

Neuronal nAChRs in the CNS have also been shown to be involved in cognition, since 

Nic enhances cognitive performance and loss of nAChRs is associated with ageing and 

Alzheimer’s disease (AD). Patients with AD typically exhibit dismption of short-term 

memory and associative teaming and are unable to recognise the names of familiar 

people or objects. It is thought that cholinergic pathways project from various basal 

ganglia to areas of the brain associated with teaming and memory formation, namely the 

cerebral cortex, amygdala and the hippocampus. Post-mortem analysis of the brains of 

AD patients reveals substantial degeneration of these cholinergic pathways and a 

significant reduction in the levels of nAChRs throughout the brain, specifically in the 

hippocampus (for a review see Mihailescu & Dmcker-Colin, 2000).

The data discussed above provides increasing evidence for the involvement of 

postsynaptic nAChRs in fast synaptic transmission in the CNS, although the subtypes 

and subunit composition of the receptors involved is complex. Given the widespread 

expression of mRNA for all the nAChR subunits it seems reasonable to assume that
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neurons express multiple classes of nAChRs. Further, a proportion of these receptors 

has been shown to contain three or more different subunits, including P3. Thus it is 

important to characterise p3 containing receptors in expression systems in order to 

develop a pharmacological and biophysical ‘finger print’ for p3 if we are to determine 

its function in native receptors.

1.10. Aims of the research

The aim of this project is to investigate the molecular composition of neuronal nAChRs 

containing the related a5 or P3 subunits, with specific interest in the role of p3. A 

combination of electrophysiological and molecular biology techniques will be used. 

Knowing the subunit composition and stoichiometry o f a receptor is important to our 

understanding of how the structure of the receptor determines its function and underlies 

the physiology of synaptic transmission for receptors that are synaptic. This information 

is also essential in order to express recombinant receptors that reproduce the properties 

o f native receptors, a process of paramount importance in drug development.

What is the role of the |33 subunit in the assembly of neuronal nicotinic receptors ?

The first aim is to extend the reporter mutation approach to investigate the 

stoichiometry of the a3p4 pair and the a3p4p3 triplet:

Is the population o f  triplet receptors homogenous, or do the number o f  copies o f  P3 

incorporated vary ?
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I f  the stoichiometry o f  the triplet is constant, how many copies o f  fI3 are present in the 

triplet ?

Does pS replace an a  or a f  subunit ?

Does the related a5 subunit replace the same subunit type as with the same copy 

number ?

I f  a5 replaces the same subunit type as and the stoichiometry o f  the resulting triplet 

is unchanged, are a5 and f3  examples o f  a third class o f  subunits ?

The second aim is to investigate how the incorporation o f p3 affects the properties of 

the a3p4 pair receptors:

Does p3 contribute to the formation o f  the agonist binding site ?

Does the presence o f  f 3  change the receptor sensitivity to agonist and antagonists 

and/or the biophysical properties o f the nAChR ?

If P3 incorporation does significantly affect the properties o f the receptor, then we can 

move on to further investigation to discriminate p3 containing receptors from non-p3 

containing receptors in vivo:

Do p3-containing receptors exist in native tissue ?

Do their properties resemble those o f  p3-containing recombinant receptors ?



Chapter 2: Materials and methods
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2.1. Preparation of cRNA for oocyte expression

All cRNAs (wild-type and mutant) coding for the neuronal nAChR subunits used in this 

study were prepared, synthesised and sequenced by Dr. Paul Groot-Kormelink.

2.1.1. Plasmid cDNAs of the human neuronal nAChR a3, a5, p3, and p4 subunits

The human neuronal nAChR a3, a4, a5, p3, and p4 subunit cDNAs were a generous 

gift from the Janssen Research Foundation in Beerse, Belgium. All subunits had been 

isolated from the human neuroblastoma cell lines SH-SY5Y and/or IMR-32 by Dr. Paul 

Groot-Kormelink, using a ‘nested PCR’ approach (Groot-Kormelink & Luyten, 1997). 

The ‘nested PCR’ approach permits the selection of optimal primers for the first rounds 

o f PCR to amplify a specific subunit from a cDNA pool. After amplification and 

purification of the desired fragment, the latter can then be used as a single template in 

the second round o f PCR using less optimal ‘nested’ primers. These nested primers 

were designed in such a way that they would amplify the coding region only (from start 

to stop codon), resulting in cDNAs without any 5' or 3' untranslated regions (UTRs). 

Kakinuma et al. (1996) report that removing both 5' and 3' UTRs from thyroid 

stimulating hormone receptor (TSH) cDNA increases the cell surface expression of 

heterologously expressed TSH receptors by approximately 10 fold. Therefore, these 

regions were removed from the nAChR subunits in order to maximise receptor 

expression and to ensure that the subunits are transcribed with equal efficiency when 

co-expressed.

The protein translation was further increased by the addition of a general Kozak 

consensus sequence (GCCACC), introduced in the PCR primers, immediately upstream
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of the start codon (Kozak, 1991). The Kozak consensus sequence is the consensus 

recognition site for the start of the translation of the protein by the ribosome complex. 

The GenBank accession numbers for the cDNA sequences used in this study are; a3, 

Y08418; a4, Y08421; a5, Y08419; p3, Y08417 and P4, Y08416 (Swiss-Prot accession 

numbers for the protein sequences are; a3, P32297; a4, P43681; a5, P30532; p3, 

Q05901 and p4, P30926). All cDNAs were provided in the pSP64T.GL vector, which 

contains 5' and 3' UTRs of the Xenopus p-globin gene (Akopian et al., 1996, see also 

figure 2.1.5.). Xenopus p-globin is a ‘house keeping’ gene, which is readily recognised 

by the ribosome and rapidly translated. Inserting the subunit coding sequence in- 

between these p-globin UTRs increases mRNA stability and improves translation, 

resulting in more than 1000 fold enhanced protein expression levels in Xenopus oocytes 

(personal communication. Dr. Paul Groot-Kormelink).

2.1.2. Creating the 9' mutants

Mutations were created using the QuickChange method (QuickChangeTM Site-Directed 

Mutagenesis Kit, Stratagene), courtesy o f Dr. Paul Groot-Kormelink. Briefly, pairs of 

oligonucleotides (primers) complementary to the opposite strands of the subunit cDNA 

and bearing the desired mutation were designed. Primers were between 25 and 45 bases 

in length with a melting temperature (Tm) of approximately 78 °C.
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The Tm values were calculated using the following equation:

Tm = 81.5 + 0.41 (% GC) - 675/N - % mismatch,

W here  N is the p rim er length in base pairs, % GC is the %  o f sequence conta in ing nucieotides G and 0 , % m ism atch is 

the nu m ber o f inserted nucleotides (m utation) d iv ided by the length o f the prim er, i.e. In troducing tw o new  nucleotides 

as the  m utation and the prim er length is 37 nucleotides. % m ism atch is 2/37 x 100 % = 5.4 % (equation from  

Q u ickC hangeTM  S ite-D irected M utagenesis Kit, p4).

Primers were used in a PCR reaction directed to the pSP64T.GL vector containing the 

inserted subunit sequence of interest. The PCR reaction used Pfu DNA polymerase to 

extend the primers, producing nicked replicates of both strands of the parental plasmid 

bearing the desired mutation. Following PCR, the reaction mixture was treated with the 

restriction endonuclease Dpnl, which only digests methylated or hemi-methylated 

DNA. The parental plasmids (which were isolated from a methylating strain of E. coli) 

were susceptible to Dpnl digestion, whereas the PCR products were unmethylated and 

therefore unaffected by the endonuclease. Digestion thus eliminated the parental DNA 

and the remaining nicked vector DNA containing the desired mutation was 

subsequently transformed into E. coli and mutants were selected by sequencing over the 

mutation.

The cDNA sequence of the selected mutants were then fully verified on both strands to 

check for PCR artefacts. The following TM2 mutants (in the appropriate pSP64T.GL 

plasmid constructs) were used in this study; ^^V290L p^v27ST p^v273L

and (for wild type sequences and corresponding position, see figure 2.1.4.).

These mutants shall be referred to hereafter as % p3^^ \ P 3^^\ and
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2.1.3. In vitro synthesis of subunit mRNA from cloned cDNA

All cDNA-containing pSP64T.GL plasmids were linearised by restriction enzyme 

digestion immediately downstream of the 3' untranslated p-globin sequence (in the 

available polylinker, see figure 2.1.5.), and subsequently the cRNA of mRNA polarity 

was transcribed with the SP6 mMESSAGE mMACHINE kit (Ambion). The 

mMESSAGE mMACHINE kit utilises the SP6 RNA polymerase (which specifically 

recognises the plasmid promoter sequence) to synthesise mRNA with a 7- 

methylguanosine cap at the 5' end. The 5' cap is required for the ribosome complex of 

the oocyte to bind to the mRNA and start translation.

The quality o f the in vitro synthesised cRNA was checked by gel electrophoresis. The 

cRNA was considered to be of good quality if it produced a single band on the gel. The 

concentration of the in vitro synthesised cRNA was estimated by gel electrophoresis 

after staining with ethidium bromide (in order to visualise the cRNA under U.V. 

illumination) and comparison with RNA standards of comparable length and known 

concentration. Aliquots of different concentrations (10 ng, 40 ng, 100 ng, and 1 pg) for 

each cRNA were prepared in RNAse free water and stored at -80  °C. Before injecting 

the cRNA into oocytes, the cRNA aliquots were defrosted on ice and the desired subunit 

mixes were prepared and kept on ice until injection. Aliquots were used only once, 

never refrozen.
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Figure 2.1.4. The 9' mutations

TM2

a3 i.y’i

(34I.9'T

a5 V9’l.

a5 V9’T

[33V9'L

[33V91

9"

V T L C I S V L L S L T V F L L V I T E T I P

V T L C I S V L T S L T V F L L V I T E T I P

M T L C I S V L L A L T F F L L L I S K I V P

M T L C I S V L T A L T F F L L L I S K I V P

I C L C T S V L V S L T V F L L V I E E I I P

I C L C T S V L L S L T V F L L V I E E I I P

I C L C T S V L V S L T V F L L V I E E I I P

I C L C T S V L T S L T V F L L V I E E I I P

L S L S T S V L V S L T V F L L V I E E I I P

L S L S T S V L L S L T V F L L V I E E I I P

L S L S T S V L V S L T V F L L V I E E I I P

L S L S T S V L T S L T V F L L V I E E I I P
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Figure 2.1.4. A, am ino acid sequences of the second transm em brane dom ains (TtVI2) of the a3, «5 , (i3 and (i4 subunits 

are shown. The w ild type 9' residues are shown on the top row and the inserted 9’ m utations on the  bottom  of each 

block. The 9' residues are labelled: V (valine); L (leucine) and T (threonine). B, am ino acid side cha ins for the 

hydrophilic residues leucine (Leu) and va line (Val) and the hydrophobic residue threonine (Thr).
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Figure 2.1.5. In vitro synthesis of subunit mRNA from cloned cDNA

Neuronal nAChR 
Subunit

PolylinkerPolylinker

5’UTR
p-globin

3’UTR
p-globin

PolylinkerSP6

PSP64T.GL

Cap

1
1. Linearisation of plasmid

i
2. Synthesis of capped mRNA (SP6)

5'UTR Neuronal 3’UTR
p-globin nAChR subunit p-globin

Figure 1.2.5. Shows a schem atic diagram  of the In w fro synthesis of subunit m R NA from  cloned cDN A. The pSP64T.G L 

plasm id is indicated, w ith the SP6 prom oter sequence (red dots) and the S' (b lues dots) and 3' UTRs (orange dots) of 

the X enopus  (3-globin gene flanking the nAChR subunit insert (green dots). S tep 1: the plasm id is linearised by 

restriction enzym e digestion in the po ly linker im m ediate ly dow nstream  of the S' UTRs p-globin sequence. Step 2; the 

m R NA is synthesised using the SP6-m M ESSAG E m M AC H IN E kit, resulting in capped mRNA, w ith  the S' and S' p-globin 

UTRs flanking the neuronal nAChR subunit of interest.
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2.2. The Xenopus oocyte expression system

Gordon and co-workers first introduced the Xenopus laevis oocyte as a viable 

expression system for messenger RNA (mRNA) injected into the oocyte cytoplasm in 

1971. When Xenopus laevis oocytes were injected with 9S mRNA coding for 

heterologous haemoglobin and incubated at 19°C, they rapidly and efficiently 

synthesised the haemoglobin protein (as revealed by radiolabelling with ^H-histidine; 

see Gordon et a l, 1971).

However, it was Sumikawa et al (1981) who first showed ûvàX Xenopus laevis oocytes 

could correctly assemble and express heterologous ion channels: using cat skeletal 

muscle mRNA, they obtained muscle nAChR. Boulter et al. (1987) were the first group 

to express a neuronal nAChR in the oocyte by injecting cRNA (rat a3p2). Since these 

early experiments, the oocyte has become an established expression system used by 

many electrophysiologists to study various ion channels (Sigel, 1990). ThQ Xenopus 

oocyte expression system was chosen for the present study because oocytes assemble 

nAChR efficiently and it is easy to control the proportion of subunits transfected for 

complex subunit combinations (for a review see Sivilotti et a l,  2000).

Xenopus laevis oocyte is the precursor of the egg cell, which leaves the oviduct to 

become fertilised. Oocytes are stored in the ovaries in the abdominal cavity of the 

female Xenopus, from where they can be surgically removed for use in 

electrophysiological experiments (for a review see Smart and Krishek 1995). Oocytes 

are ideally suited for use in electrophysiological experiments due to their large size and 

ability to efficiently assemble and express exogenous proteins on their cell surface.
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Because of its size, the oocyte is relatively resistant to damage by electrodes and can be 

injected individually with the genetic material coding for the receptor o f choice.

2.2.1. Xenopus oocyte preparation

Female Xenopus laevis frogs (Blades, UK) were anaesthetised by immersion in 

neutralised ethyl m-aminobenzoate solution (tricaine, methanesulphonate salt; 0.2 % 

solution weight/volume; Sigma Chemical Co.), and killed by decapitation, followed by 

destruction of the brain and spinal cord (in accordance with Home Office guidelines) 

before removal o f ovarian lobes. Clumps of approximately 300 cells freshly removed 

from the ovarian lobes were dissected in pre-incubation Barth’s solution into groups of 

approximately 70 cells, discarding small immature cells that lacked well defined poles 

and uniform pigmentation. The dissected oocytes were gently shaken (Mini Orbital 

S05, Stuart Scientific) in collagenase solution (245 collagen digestion units m f’ in pre­

incubation Barth’s solution, 10-12 oocytes per ml; collagenase type lA, Sigma 

Chemical Co) for 65 minutes at 18 ±1° C ; repeatedly rinsed with fresh, syringe filtered 

Barth’s solution (0.22 pm Millex GP; Millipore, Bedford, USA) and stored at 4° C 

overnight in sterile tissue culture dishes (Falcon, Becton Dickinson). Collagenase 

treated oocytes were then manually defolliculated in order to allow cRNA injection 

(watchmaker forceps, Precista No. 5; Excelta Corporation, Buellton, USA) and the 

largest cells with well defined poles and uniform pigmentation were chosen for cRNA 

injection.
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2.2.2. nAChR injection and expression

The oocytes chosen for injection were placed on a nylon mesh (24 mm X 15 mm, with a 

11 X1 9 grid and each square of the grid measuring 1 mm X 1 mm, glued to a small 

Petri dish 37 mm in diameter) for support and immersed in pre-injection Barth’s 

solution (see figure 2.2.2.a). Injection pipettes were pulled (Drummond glass # 3-000- 

203-G/X, pulled on List Medical L/M-3-PA) and broken to form a staggered tip of 12 -  

16 pm (Narishige MF-830 micro forge). The staggered tip was then fire polished 

(Narishige MF-830 micro forge) and forged into the shape o f a hypodermic needle, in 

order to minimise damage to the oocyte membrane. In order to reduce cRNA 

degradation by RNAses, cRNA for loading the injection pipettes was stored in ethanol 

washed and fire polished borosilicate glass (G C l50-7.5; Clark Medical). Injection 

pipettes were backfilled with mineral oil (M-5904) and loaded from the tip with the 

appropriate cRNA, freshly defrosted from -80°C and centrifuged (to accumulate the 

solution at the bottom of the vial).

cRNA was then injected into the cytoplasm of the oocyte with a Drummond Nanoject 

(Drummond Instruments; see figure 2.2.2.a) and confirmed by a visible real time 

increase in the diameter o f the oocyte (“plumping up”). Upon completion of the 

injection, the oocytes were rapidly transferred with a fire polished Pasteur pipette to 

individual wells in a multiwell plate (24 Multiwell, Falcon, Becton Dickinson), filled 

with syringe filtered post-injection Barth’s solution (0.22 pm Millex GP; Millipore, 

Bedford, USA).

The ratio o f a  to p was 1:1 for a3p4. When expressing a3p4p3 or a3p4a5 receptors, a 

1:1:20 ratio (a3:p4:p3/a5) was chosen to ensure that most of the current was carried by
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triplet receptors (rather than by pair a3(34, Groot-Kormelink et a l ,  1998). The amount 

o f cRNA to be injected (in 46 nl of RNAse-free water) for each combination was 

determined empirically, with the aim of achieving a maximum ACh-evoked current of 

1.5-2 pA. The maximum amount of cRNA injected for each combination is described 

in table 2.4.2.a.

The oocytes were then incubated for approximately 60 hours at 18° C (BDH cooled 

incubator; BDH). After incubation, oocytes were stored at 4° C until needed for 

recording. Experiments were carried out at a room temperature of 18-20° C between 

2.5 and 14 days from injection.
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Figure 2.2.2.a. The oocyte cRNA injection setup

B

• W;vK
DAMOtn

Figure 2 .2 .2 .a. A shows the genera l set up for the cR N A  in jection of oocytes. HS = Hamilton syringe used for dispensing cRNA, DNJ = Drum m ond Nanoject, MO = syringe filled w ith m ineral oil for backfilling 

injection pipettes, NM = nylon m esh for supporting oocytes. B shows the nylon m esh providing support for oocytes im m ersed in pre-in jection Barth 's solution, awaiting in jection. C shows a m agnified im age 

of B.
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2.3. Electrophysiological recording

Oocytes were firmly held in place by a square shaped ‘cage’ formed by 4 metal pins 

(approximately 0.5 mm in diameter and 6 mm in length) stuck in a layer o f Sylgard® at 

the bottom of the chamber. The caged oocyte was protected from the outflow of the bath 

by a thin nylon mesh, forming a second compartment in the bath where both the bath 

ground Ag/AgCl pellet and the outflow suction were located (see figure 2.3.1). The bath 

had a volume of 0.2 ml (the full dimensions of the bath are shown in figure 2.3.1.) and 

oocytes were continuously superfused with the appropriate Ringer solution at 4.5 

ml/min by a gravity fed system (see figure 2.3.2.). The bath level was kept constant by 

suction (Dymax 30 pump, Charles Austen Pumps, Surrey, UK). Cannulae with a 0.46 

mm internal diameter were used for both application and removal of the superfusate 

(see figure 2.3.1). The end of the suction cannula was cut at an angle and positioned 

away from the bath walls in order to reduce excessive fluctuations in the bath volume 

during perfusion. Dedicated valves were used to switch the superfusion from the 

different Ringer solutions (T l) to various agonist/antagonist concentrations (T2; see 

figure 2.3.2.). The oocytes were voltage clamped at the chosen potential, using the two- 

electrode clamp mode of an Axoclamp-2B amplifier (Axon Instruments) and a gain of 

at least 10,000 V/V and a phase lag of 0.15 ms or better. Electrodes were pulled from 

Clark borosilicate glass GC150TF (Warner Instrument Corporation) and filled with 3 M 

KCl. The electrode resistances were 0.5 - 1 MQ for ME, and 1 - 3  MQ for MEy. 

Experiments were terminated if the total holding current exceeded 2 pA, in order to 

minimise series resistance errors (see clamp errors section).
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Figure 2.3.1. The oocyte bath 

A

CM

37 mm

7 mm

B
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Figure 2.3.1. Shown are a schem atic d iagram  of the oocyte bath used, w ith d im ensions in mm (A) and a photo of the bath during recording (B). V = recording m icroelectrode, I = current in jecting electrode, 

IN = the inflow  for R inger and agonist application, O UT = outflow  of waste, Ref = the bath ground electrode, NM = thin nylon mesh. Cell = the oocyte.
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Figure 2.3.2. The two electrode voltage clamp setup

5 ^

Figure 2.3.2. The bath is show n m ounted on a Perspex base and attached to the v ibra tion isolation tab le (AT) by 

magnets. The voltage recording (V) and current in jecting (I) headstages are shown attached to the Narish ige 

m anipula tors (M). Valve T l w as used for sw itching R inger solutions and valve T2 for sw itching be tw een Ringer and 

agonist / antagonist. The W PI d issection m icroscope is labe lled and illum inated by the fibreoptic light (L), both w ere kept 

off the air table to reduce vibra tions. B, is the bleed syringe for rem oving air bubbles from  the grav ity  fed perfusion 

system  (Gf), w ith the w aste  stored in W.
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The agonist solutions (ACh chloride; carbamyeholine chloride - CCh; cytisine - Cyt; 1- 

l-dimethyl-4-phenyl-piperazinium iodide - DMPP; +-epibatidine; +-lobeline 

hydrochloride; nicotine hydrogen tartate - Nic; Sigma Chemical Co.) were freshly 

prepared from aliquots of frozen stock solutions and applied via the bath perfusion. 

Application was continued for a period sufficient to obtain a stable plateau response (at 

low concentrations) or the beginning of a sag after a peak (at the higher concentrations); 

the resulting inward current was recorded on a flat bed chart recorder (Kipp & Zonen) 

for later analysis.

2.4. The voltage clamp

The voltage clamp technique relies on Ohm’s law to measure the flow of ionic currents 

across the cell membrane.

Ohm ’s law: V = IR

W here  V  = po tentia l d iffe rence or vo ltage, I = current and R = resistance

In a voltage clamp experiment the membrane potential (Vm) is kept constant (clamped) 

and set to a desired membrane potential (Vcmd) by the experimenter. The voltage clamp 

amplifier uses a negative feedback circuit to instantaneously inject current (I) into the 

cell, through a micro electrode of resistance R, and hold the membrane at the set 

potential ( V h ) .

104



2.4.1. Two electrode voltage clamp

T he tw o-electrod e vo ltage clam p (T E V C ) techn ique is used to record large currents 

produced by m ultip le ion  channels in w h o le  ce ll recording, m ost com m on ly  in the 

X enopiis  oocy te  exp ression  system  (see  figure 2.4.1 .a.).

Figure 2.4.1.a. The voltage clamp circuit

A2

ME.ME,
Ref

Figure 2 .4 .1 .a. A graphical representation of the TEVC circuit. W here A t represents the high im pedance unity-gain 

p ream plifie r and A2, the high ga in curren t in jecting am plifie r of the Axon voltage c lam p am plifier; MEv, recording 

electrode; ME, current in jecting e lectrode; ref, bath ground Ag/AgCI pellet; V i, potentia l m easured by ME^; Vcmd. clam p 

com m and potentia l.

T E V C  uses a fast, h igh gain current in jecting  am plifier (A 2 ) to provide a negative  

feedback  system  to ‘c la m p ’ the cell m em brane. The m em brane potential (Vm) is 

m easured by the recording electrode inserted in the m em brane (M E v o f  resistance Ry) 

and con n ected  to the high im pedance unity-gain  pream plifier (A1 ) w ith respect to
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ground (Ref). The high impedance of A1 ensures that the amplifier draws negligible 

current from the oocyte and that the potential reaching the input o f A1 ( V i )  is as close to 

Vm as possible. A1 then passes on this signal to A2 for comparison with the set holding 

potential ( V c m d ) -  Any change in V m , caused by the net flow of ions across the 

membrane through activated ion channels, triggers A2 to instantaneously inject current 

(I) into the cell through the current injecting electrode (MEj of resistance Ri) inserted in 

another part of the membrane and clamp the membrane at Vcmd-

The efficiency of the clamp and the accuracy with which the amplifier reaches Vm = 

Vcmd for a given ionic current (current flow through activated ion channels) depends on 

the gain on the amplifier and the access resistance (current injection electrode resistance 

+ cytoplasmic resistance).

For a given ionic current:

V = V ,m cmd
R al

l + A I  + A

W here  Vm is the m em brane potentia l (m V), Vcmd is the c lam p com m and potentia l se t on the  am plifie r, A  is the ga in o f the 

am plifie r, Ra is the access res is tance and I is the ionic cu rren t (equation from  The P lym outh W orkshop  Handbook: 

M icroe lectrode Techniques. p19).

In order to increase the accuracy of the clamp we can increase the gain (A) of the 

amplifier; pull electrodes of lower resistance to reduce the access resistance (Ra) and 

reduce the expression of the ion channel to reduce the ionic current (I). However, the 

access resistance is not eliminated and there will still be an error (see clamp errors 

section).
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The speed at which Vm = Vcmd is reached will be affected by the membrane capacitance 

( C m ) .  When injecting current into the cell, the amplifier must first charge the membrane 

capacitance before Vm = Vcmd with time constant x (see equation 2.3.4.b.).

Equation 2.4.1.b. Time taken to charge the membrane capacitance

W here  t = tim e constant, Ri = curren t in jection e lectrode resistance, Cm = m em brane capacitance  and A  is the am plifie r 

ga in  (Axon gu ide  p93).

Hence, charging time increases with membrane capacitance and electrode resistance and 

decreases with amplifier gain. Large cells like the Xenopus oocyte have large surface 

area and thus large membrane capacitance. This is important when trying to clamp fast 

voltage gated currents (which last for less than 10 ms), but in the case of ligand gated 

currents the exchange time (Ringer to agonist, greater than 500 ms) of the solution in 

the oocyte bath and at the receptors will exceed the charging time of the oocyte 

membrane and thus the value of x becomes less significant.

For all experiments the clamp was tuned to allow a gain of at least 10,000 V/V, with a 

phase lag of 0.15 ms or better in order to avoid oscillation. Electrode resistances were 

recorded before each oocyte impalement and were typically 0 .5 -1  MQ for the current 

injecting electrode and 0 . 5 - 2  MQ for the voltage-recording electrode.
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2.5. Clamp errors

The potential that we measure in practice is measured with a series resistance error. This 

is because current flows in a complete circuit, thus the reference electrode is used both 

for the measurement of V m  and for the return of the holding current ( I h )  to the amplifier. 

Current that is being injected must return to the amplifier through everything that is in- 

between the oocyte and reference electrode input o f the amplifier, passing through a 

series resistance (Rg see figure 2.5.2.). This Rg is the sum of the resistance of the bath 

( R b a t h ) ,  the resistance of the reference electrode ( R r e f )  and the resistance o f any agar 

bridge present (Rggar ; see equation 2.5.1.).

Equation 2.5.1. Series resistance

-  ^ba th  + ^ r e f  + ^ a g a r

R s  = the series resistance, R b a t h  = res is tance o f the bath, R r e f  = resistance o f the A g/AgC I ground e iectrode, R a g a r  ■ 

res is tance o f the agar bridge.

As Rg is small, but finite, the current return will produce a potential across Rg, termed 

Vg. Vg contributes to the measured potential e (see figure 2.5.2.), but is not present 

across the membrane of the oocyte, hence it is a source of error in the value of s. Indeed 

s is the sum of the ‘true’ Vm plus Vg, resulting in the oocyte being clamped at a potential 

that is different to the set Vcmd (see equation 2.5.3.), Furthermore, due to Ohm’s law, the 

size of this error will increase as more current is passed (see equation 2.5.3.).
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Figure 2.5.2. Series resistance in two-electrode voltage clamp

A

A2

ME

'bath

B

A2

ME,

agar bridge

‘agar

R bath

Figure 2.5.2. Shown are graphica l representations of series resistance in a tw o-electrode voltage c lam p circuit w ith (B) or w ithout an agar bridge (A). A t -  the high im pedance un ity-gain p ream plifie r and A2, 

the high gain current in jecting am plifie r of the Axon voltage c lam p am plifier; ME„, recording electrode; ME, current injecting electrode; ref, bath ground Ag/AgCI pellet; Vm, m em brane potentia l; e. m easured 

m em brane potentia l; Vcmd. c lam p com m and potentia l.
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Equation 2.5.3. The series resistance error

and

F = IR,

W here e = the m em brane potentia l reaching am plifie r V2, V m = the ‘tru e ’ m em brane po tentia l and V s=  the po tentia l o f 

the series resistance, Rs = the series res is tance and I = the curren t in jected in o rder to  m a in ta in  the clam p.

A typical value for Rbath for an oocyte in Ringer is 150-200 Q (Axon guide p 39) and 

typical values for the resistance of the 1 mm diameter Ag/AgCl pellet ( R r e f )  are 300-600 

Q, with lower values of Rref achieved when the whole of the pellet is submerged in the 

recording solution (Axon Guide, p39). Therefore, the value of Rs for our experiments 

without the agar bridge was at best 450 Q and at worst 800 Q.

In the current study, in all experiments without the agar bridge we aimed to keep total 

holding current below 2 pA. In practice, the maximum total current (response + holding 

current) recorded was 2.63 pA (a3p4'^^^a5'^^ see table 2.6.3.). The largest total currents 

were recorded in concentration-response curve experiments and they are reported in 

table 2.6.3.
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Given the largest total current measured, we can calculate the degree of series resistance 

error produced by Vs in a worst case scenario (Rs = 1 KQ.):

V, = IR,

V, =2.63x1 

= 2.63 mV

Therefore, in a worse case scenario, the holding potential would be wrong by 2.63 mV. 

Assuming a reversal potential of 0 mV, this corresponds to 2.63/70 = 3.8 % error in the 

driving force, which is likely to be within the experimental variability for the data in the 

current study.

2.6. Estimating V$ in our experimental conditions

While the figure for Vg presented above is an estimate based on typical values of bath 

resistance, we obtained direct evidence that this estimate is reasonable and that we 

operated within the limits in which current was correctly measured in a series of 

preliminary experiments using the a4f>4 combination (the first clones available to us at 

the time). In order to do this, steady state responses to a single concentration of ACh 

were obtained at different holding potentials for two different receptor expression 

levels, in order to construct two current/voltage (I/V) curves with different maximum 

currents (see figure 2.6.2.). If our Rg is large, then we would expect to see a distortion in 

the I/V curve with the greatest maximum current.

Oocytes expressing a4(34 receptors (0.5, or 0.05 ng/46nl cRNA) were initially held at - 

70 mV and 5 pM ACh was applied at an interval of 5 minutes between applications, as
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this was found to be sufficient to ensure reproducible steady state responses. Each 

application was obtained at a different bolding potential, between -70  and -20  mV. In 

order to check and compensate for possible decreases in agonist sensitivity throughout 

the experiment (using the same method described in section 2.9.1.), a standard steady 

state response was recorded at -70  mV every second response. The experiment was 

started only after checking that this standard gave reproducible responses at -70  mV.

Because the I/V curves were obtained from separate oocytes expressing different levels 

o f the receptor, the effect of response rundown on the recorded responses will differ 

between the experiments. For this reason I have chosen to use the compensated ACh 

response data for the I/V curves, in order to remove any distorting affect of the response 

rundown. Thus any distortion in the scaling of the two I/V curves would be caused by 

V s .

Comparing the I/V curve for a4(34 0.05ng/46nl with a4p4 0.5ng/46nl revealed that the 

shape of the I/V curve was unchanged (see table 2.6.1. and figure 2.6.2.).

Table 2.6.1. Summary I/V data for low and high a4p4 receptor expression

Low expression High expression

0.05 ng 0.5 ng

-50 mV -70 mV -50 mV -70 mV

ACh Response (nA) 192 490 480 1175

Holding current (nA) 131 130 70 85

Total current (nA) 323 620 550 1260

Compensated ACh response (nA) 203 490 481 1175

Tab le  2.6.1. AC h response = the response (nA) elic ited by bath applica tion o f ACh. H old ing cu rren t = ho ld ing cu rren t 

be fore AC h applica tion . To ta l curren t = the sum  o f the ho ld ing curren t and the ACh response. The com pensa ted ACh 

response = the  ca lcu la ted ACh response a fte r com pensation fo r rundown.
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Figure 2.6.2. Measuring the series resistance error

V(mV)

- 200 -

-400-

-600-

-800-

- 1000 -

- 1200-"

l(nA)

Figure 2.6.2. Shown are the I A / plots fo r a4 p4  0.05 ng/46 nl ( • )  and a 4 p4  0.5 ng /46 nl {■ ). Note the lack o f d is to rtion  in 

the sca ling o f the I A / curves a t -7 0  mV.

Because we are only changing the expression level of the receptor (and thus the total 

current), if  we had no significant error produced by our value of Vs, then we should be 

able to directly scale the two I/V curves.

We can now calculate the scaling factor between a4(34 0.5ng/46nl and a4p4 0.05 

ng/46nl at -50  mV from the compensated ACh response:

Scale factor = 481
203 

= 2.37

Thus at -70  mV a4p4 0.5 ng/46 nl should produce a maximum current of:

4 9 0 x 2 .3 7  =  1161 nA
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Compared to the actual value of 1175 nA. If we assume that all o f the very small 

discrepancy was caused by Vs, then the amount of error produced would be:

^ 1175-1161.3^ 100 
1161.3

= 1.18 % error at a maximum total current of 1.26 p.A.

This corresponds to 70*0.0118 = 0.83 mV error in the driving force.

Given Ohm’s law, we can now calculate our value of Rg

Vn    error

' I total

' . = T i

Rs ~ 0.66 KO

W here  I total = The agon ist induced cu rren t + the ho ld ing current

Which shows that we are well within the R, estimate o f 1 KQ.
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Table 2.6.3. Summary o f maximum current passed for all concentration response curves

Max total current (nA) Max error due to \4  (%) Mean total current (nA) (oA) No. o f batches n cRNA injected  (ng)
a3p4 2095 2.0 % 1014±  173 184 ± 5 7 2 7 0 .5 -1

a3"-^p4 945 0.9 % 802 ± 44 85 ± 2 9 2 6 0.5

a3p4 '-^ 1890 1.8% 813 ± 386 200 ± 83 2 4 0 .2 5 - 0 .5

a3P4p3"" 930 0.9 % 755+  115 300 ± 83 2 6 0.1 - 10

a3P4p3'"^'^ 508 0.5 % 411 ± 6 4 230 ± 63 2 4 1 - 5

a3P4P3^"'^ 1200 1.1 % 695 ± 87 175 ± 2 4 4 10 0.1 - 5

a3^"'"p4P3^"^ 1650 1.6 % 1 1 4 4 ± 182 148 ± 5 6 3 4 1

a3p4'-"'"P3''^ 1340 1.3% 1 0 8 4 ± 162 9 0 ±  16 3 4 1 - 5

a3:-"'"P4P3''"'" 1815 1.7% 1674 ± 7 8 80 ± 2 0 2 4 5

a3p4'-^'^p3^^^ 1425 1.3% 1 0 1 6 ± 145 83 ± 2 3 2 4 10

a3P4a5'^ 840 0.8 % 631 ±91 126 ± 3 3 2 5 5 - 1 0

a3P4a5^ '^ 1720 1.6 % 901 ± 2 1 7 96 ±31 3 5 5 - 1 0

a3 p 4 a 5 ^ ^ 865 0.8 % 647 ± 40 7 4 ±  19 4 7 1 - 5

a3^®'^P4a5’̂ 1095 1.0 % 968 ± 88 6 8 ±  17 2 4 1

a3'-='Tp4a5'^'' 713 0.7 % 661 ± 32 185 ± 7 5 3 4 1

a3p4"'®V5'^ 2628 2.5 % 1761 ± 328 68 ± 3 9 3 6 0.5

a3P4'-"^a5'^''' 1060 1.0 % 6 8 6 ± 105 76 ± 2 3 4 5 0.5

Tab le  2.6.1. M axim um  total cu rren t = the sum  o f the ho ld ing cu rren t and the m axim um  response. M ax e rro r due to  Vs = the % o f erro r in the d riv ing force produced by Vs w hen the  m axim um  total curren t w as 

passed at -7 0  mV, w here Rs = 0 .66  KQ. Mean total curren t = m ean (± S .D o f the m ean) o f the  total current. IH = the m ean (± SD o f the m ean) in itia l ho ld ing cu rren t a t the s ta rt o f the experim ent.
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2.7. The problem of Vs with an agar bridge

For all calcium permeability data (discussed below) an agar bridge was used to connect 

the bath ground to the amplifier. A typical value for Ragar for an agar bridge 1 mm in 

diameter and 10 mm in length, filled with 3 M KCl, is 510 Q (Axon guide p 39) and 

130 Q for an agar bridge 2 mm in diameter and 10 mm in length. Our agar bridge 

consisted of two parts (see below). First the capillary tube, 1.17 mm in diameter and 

approximately 75 mm in length. Second, part of the syringe filled with agar, 5 mm in 

diameter and 18 mm in length.

Thus in a worse case scenario, the value of Ragar for our agar bridge was:

= 5 1 0 x 7 .5 + 1 3 0 x 1 .8

-  4059 Q 

- 4 K Ü

If we add this to our measured value of Rbath-

=0.66 + 4 

= <5K Q

For all calcium permeability data, the maximum total current recorded was 522 nA at a 

holding potential o f -40  mV (see chapter 6). Thus in the worst case scenario the series 

resistance errors produced by Vs when the agar bridge was used, were:

F, = 0 .5 2 x 5

= 2.6 m V
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Therefore, in a worse ease seenario, the holding potential would be wrong by 2.6 mV. 

However, for the I/V curve experiments we were only interested in the value of the 

reversal potential, where current injection is zero. Hence our data would not be affected 

by the large value of Rg.

2.8. Experimental design 

2.8.1 Solutions

2.8.1.a. Oocyte Ringer

All oocyte Ringer was prepared in water stored only in glass containers (as opposed to 

plastic containers) in order to avoid contamination from plasticisers, which have been 

shown to inhibit nAChRs (Papke et a l, 1994). Atropine (0.5 pM) was added to all 

oocyte Ringer in order to block mAChRs endogenous to the oocyte and prevent their 

contribution to the recording (for an example, see Davidson et a l ,  1991).

Data for full and partial concentration-response curves and negative controls were 

obtained using nominally ealcium-ffee Ringer solution, chosen in order to minimise the 

contribution of Ca^^-gated chloride conductance. This conductance is endogenous to 

the Xenopus oocyte and may be activated by Ca^^ entry through neuronal nAChRs (see 

for an example Sands et a l, 1993). The calcium-free Ringer had the following 

composition (mM): NaCl 150, KCl 2.8, HEPES 10, MgCl] 2, 0.5 pM atropine sulphate; 

pH 7.2 adjusted with 5 M NaOH.

Data for all antagonist experiments were obtained in Ringer containing calcium (1 mM), 

as the presence of calcium was found empirically to reduce the holding current of the
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oocyte and improve the rate of success of the experiments. As the Schild method is a 

null method, any distorting affect on the recorded response caused by the endogenous 

Ca^^-gated chloride conductance would be negligible because the responses were 

matched. The calcium Ringer had the following composition (mM): NaCl 150, KCl 2.8, 

HEPES 10, MgCl] 2, CaCl] 1, 0.5 pM atropine sulphate; pH 7.2 adjusted with 5 M 

NaOH.

Data for calcium permeability experiments were obtained in chloride free, 1.8 and 18 

mM calcium Ringer solutions, with osmolarity adjusted by using sucrose (based on 

solutions used by Gerzanich et a l,  1998), after oocytes had been depleted of chloride by 

incubation in chloride free solution (see below). Chloride free Ringer and low chloride 

electrode solutions were used in order to reduce the contribution of the calcium 

activated ehloride current endogenous to the oocyte (activated by calcium entry through 

the nAChR) and improve the sensitivity of our method. All chloride free recordings 

were made using an agar bridge for the ground electrode (see below).

1.8 mM calcium Ringer, composition (mM): Ca(0H )21.8, NaOH 115, K-gluconate 2.5, 

HEPES 10, sucrose 35, 0.5 pM atropine bromide (osmolarity 263); pH 7.2 adjusted with 

methanesulphonic acid.

18 mM calcium Ringer, composition (mM): Ca(0H )218, NaOH 115, K-gluconate 2.5, 

HEPES 10, 0.5 pM atropine bromide (osmolarity 261); pH 7.2 adjusted with 

methanesulphonic acid.

Low chloride electrode solution, composition: K-acetate 2.5 M, KCl 10 mM (for the 

Ag/AgCl electrode).
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2.8.1.b. Agonist and Antagonist solutions

All agonist and antagonist stock solutions were prepared in calcium-free Ringer, 

aliquoted out and frozen for future use (except Trimetaphan camsylate, kept at 4°C).

For recording, agonist and antagonist solutions were freshly prepared from frozen stock 

aliquots in the appropriate recording solution and the thawed aliquot discarded at the 

end of the day.

2.8.1.C. Oocytes culture solution -  Barth’s

The Barth’s solution had the following composition: NaCl 88; KCl 1; MgCl] 0.82;

CaCl] 0.77; NaHCOs 2.4; Tris-HCl 15; with 50 U m f' penicillin and 50 mg m f’ 

streptomycin; pH 7.4 adjusted with NaOH.

The Barth’s solution was sterile filtered (0.2 pm Cyclopore, Whatman, UK) once 

before storage (4°C) and a second time before applying to the oocytes. The solution was 

discarded after 7 days and a fresh stock made for each oocyte batch. Initially all oocytes 

were cultured in Barth’s solution until selected for recording.

A constant concern is the health of the cultured oocytes, as this affects the experimental 

yield. We found that the addition of 5 % horse serum to the Barth’s solution after cRNA 

injection consistently decreased the initial holding current ( I h )  when recording from 

treated oocytes (for data see table 2.8.I.e.i.). This decrease in holding current was seen 

to indicate an improvement in the health of the oocyte and increased the yield o f data 

from treated cells in agreement with the findings o f Quick et al. (1992).
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During the course of three years of experiments that form the basis of this thesis it was 

found that the health of the Xenopus toads held at UCL had deteriorated. It was 

suggested that a concentration of zinc toxic to the Xenopus may be present in the water. 

Because very low concentrations of contaminants could be potentially detrimental to 

oocyte health, as an extra precaution I switched to using HPLC water (rather than using 

distilled water) for preparing the Barth’s solution.

Table 2.8.1.c.i. Incubating in 5 % horse serum decreases the initial holding

current of oocytes expressing neuronal nicotinic receptors

Mean Ih n n batches p
_______________________(llA)_________________________________________________________

B arth ’s -3 6 4 .3 8  ± 8 1 .3 2  16 2

B arth’s + 5 % -1 6 1 .7 6  ± 3 1 .8 9  17 2 0.03
H orse serum

Tab le  2 .4 .1 .c.i. W here  Mean IH = mean (± S.D. o f m ean) o f the initia l ho ld ing curren t a t the sta rt o f each experim ent 

recorded at -7 0  mV. p  -  resu lt from  a 2 tail f-test assum ing unequal variance. Note the s ign ifican t im provem ent in Ih fo r 

oocytes  stored in B arth ’s + 5 % horse serum .

Pre-injection Barth’s solution for oocyte collagenase treatment and peeling, had a 

composition o f (mM): NaCl 88; KCl 1; MgCh 0.82; CaCb 0.77; NaHCOg 2.4; Tris-HCl 

15; with 50 U ml"̂  penicillin and 50 mg ml"  ̂ streptomycin; pH 7.4 adjusted with NaOH.

Post-injection Barth’s solution for oocyte incubation, had a composition of (in mM): 

NaCl 88; KCl 1; MgCh 0,82; CaCk 0.77; NaHCOs 2.4; Tris-HCl 15; with 50 U ml ' 

penicillin and 50 mg ml ' streptomycin, 5 % heat inactivated horse serum; pH 7.4 

adjusted with NaOH.
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For all recording conditions, oocytes were held in a 0.2 ml bath and continuously 

superfused with the appropriate Ringer solution at a rate of 4.5 ml min'’ using the 

apparatus described above. Agonist or agonist + antagonist solutions were applied via 

the bath perfusion for a period sufficient to obtain a stable plateau response (at low 

concentrations) or the beginning of a sag after a peak (at higher concentrations). The 

resulting peak inward current from each response was recorded on a flat bed chart 

recorder (Kipp & Zonen) for later analysis.

2.8.2. Concentration-response curves

The range of ACh concentrations to be applied in order to obtain a full concentration- 

response curve was determined empirically for each combination tested. Responses to 

agonist applications were plotted (after compensation for rundown) as the experiment 

progressed, in order to make sure that the maximum of the concentration-response curve 

was reached.

Oocytes were held at -70  mV and ACh was applied at 5 minute intervals, as this was 

found to be sufficient to ensure reproducible responses (except for a3(34a5^^ % for 

which a 10-minute interval had to be chosen to allow recovery from desensitisation). In 

order to check and compensate for possible decreases in agonist sensitivity throughout 

the experiment, a standard concentration of ACh (approximately EC20 for the particular 

combination used) was applied every third response. The experiment was started only 

after checking that this standard concentration gave reproducible responses.
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2.8.3. Agonist potency ratios

Recombinant a3p4 and aSp4p3 receptors were characterised by testing their sensitivity 

to a range of agonists. This method was chosen to assess relative potency ratios for the 

agonists concerned and assess any differences between the ‘pair’ and ‘triplet’.

Oocytes were held at -60  mV, in order to minimise agonist self block of the channel, 

and parallel partial concentration-response curves for each receptor combination (a3p4 

and a3p4p3'^) were obtained for all agonists at low agonist concentrations (less than 

EC20), in order to avoid agonist self block and minimise the contribution of the 

desensitised state. The range of agonist concentrations to be applied in order to obtain a 

partial concentration-response curve, parallel to a reference partial concentration- 

response curve of ACh, was determined empirically. Responses to agonist applications 

were plotted on a log/log scale (after compensation for rundown) as the experiment 

progressed, in order to make sure that the partial concentration-response curves were 

indeed parallel with the ACh curve and within the same range of response magnitude. 

As previously done for concentration response curves, a standard concentration of ACh 

(approximately EC20 for the particular combination used) was applied every third 

response, in order to check and compensate for possible decreases in agonist sensitivity 

throughout the experiment. The experiment was started only after checking that this 

standard concentration gave reproducible responses. An interval of 5 minutes was 

allowed between agonist applications, as this was found to be sufficient to ensure 

reproducible responses.
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2.8.4. Schild experiments

Recombinant a3p4 and a3p4p3 receptors were further characterised by testing their 

sensitivity to a range of antagonists. This method was chosen in order to establish 

whether the antagonist tested acted competitively and to measure the equilibrium 

dissociation constant for comparing antagonists.

The experimental design is similar to that for agonist potency ratio measurements. For 

each receptor combination (a3p4 and a3p4p3'^‘) oocytes were held at -70  mV and 

reference parallel partial concentration-response curves were obtained for ACh at low 

concentrations (less than EC20), to minimise the contribution of desensitisation and open 

channel block. The experiment was only started once this reference curve was found to 

be reproducible. Ringer containing the appropriate antagonist was then applied to the 

oocyte for a period determined empirically, in order to achieve equilibrium with the 

receptors (assessed by reaching a stable reduction in the ACh response). The range of 

agonist and antagonist concentrations to be co-applied in order to obtain a partial 

concentration-response curve, parallel to the reference ACh partial concentration- 

response curve, was determined empirically. Responses were plotted as the experiment 

progressed, in order to make sure that the partial concentration-response curves were 

parallel with the ACh curve and within the same range of response magnitude. Note that 

only one concentration of antagonist was tested in each oocyte in order to minimise any 

effects of rundown.
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2.8.5. Calcium permeability experiments

As part of the characterisation of recombinant a3p4 and a3p4p3 receptors I carried out 

measurements of calcium permeability, by the reversal potential method in chloride 

depleted oocytes.

For all I/V ramps, due to the use of chloride free solutions, the bath ground AgCl pellet 

was connected to the bath via an agar bridge. The agar bridge consisted o f a 1 ml 

syringe glued to a capillary tube (7.5 mm in length, 1.17 mm internal diameter, see 

figure 2.8.5.a). The tube and syringe were filled with approximately 300 pi (5 mm in 

diameter and 18 mm in length) of 5 % agar dissolved in 3 M KCl, interfacing with 

approximately 300 pi of 3 M KCl solution. The AgCl pellet was submerged in the 3 M 

KCl solution and connected to the bath ground input on ME,. At the start o f each 

recording day a fresh piece of agar, approximately 2 mm in length, was expelled from 

the syringe in order to allow the agar to make sufficient contact with the Ringer solution 

in the bath. The tip of the agar bridge was then immersed in 1 mM calcium Ringer 

(chloride free, see solutions) for approximately 30 mins, in order to produce a stable 

recording of the electrode tip potential. At the end of each day of recording, the agar 

bridge was removed and stored in 3 M KCl solution.

All oocytes were transferred from the Barth’s solution to 1.8 mM calcium Ringer 

(chloride free, see solutions) for 24-30 hours prior to recording, in order to minimise 

free chloride inside the cell and minimise the calcium activated chloride current 

(activated by calcium entry through activated nAChRs) endogenous to the oocyte.
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O ocytes w ere held at - 4 0  m V  and the h o ld ing  potential w as ram ped from  - 4 0  to 40  m V  

(A x o n  D igidata 1320 interface and pC lam p 8 .1 .) over  a period o f  2 secon d s, recording  

the change in h o ld in g  current in response to the vo lta g e  ramp. A n initial delay  o f  50 m s 

before the start o f  each ramp allow ed  the h old ing  current in the absence o f  the ramp to 

be recorded, m arking the start o f  the experim ent. A  group o f  4 ram ps, w ith each ramp 

separated by 10 secon d s, w ere used for each response. Leak currents w ere m easured by  

applying control ram ps before agonist application . A C h responses w ere obtained in 1.8 

and 18 m M  calcium  R inger (see  so lu tion s) and ramps w ere o n ly  initiated o n ce  the 

agonist response had reached a steady state platen, in order to m easure the e ffect o f  the 

ramp at a constant Popen- A n interval o f  10 m inutes w as a llow ed  b etw een  A C h  

applications, as this w as found to be su ffic ien t to a llo w  the d esen sitised  receptor to 

recover and a llo w  reproducible responses to be obtained. R esp on ses w ere sam pled at 2 

K H z (A xon  D igidata  1320), filtered at 5 0 0  H z (C.IC 8 -p o le  B esse l filter) and stored on  

disk  for later analysis.

Figure 2.8.5.a. The agar bridge

BG

Agar/KCI
AgCl

■'■•'.r'Jl;

Î  I-<-----► I
CT 3 M KCl

F i g u r e  2 . 8 . 5 . a .  S h o w n  a b o v e  is  t h e  a g a r  b r i d g e  c o n s t r u c t e d  f r o m  a  1m l  s y r i n g e ,  c o n t a i n i n g  5  %  a g a r  + 3  M KCl 

(A g a r /K C I ) .  T h e  i n t e r f a c e  o f  t h e  a g a r  w i th  t h e  3 M KCl c o n t a i n i n g  t h e  A g C l  p e l l e t  (A g C l)  is i n d i c a t e d .  C T  = T h e  c a p i l l a r y  

t u b e  filled w ith  5  %  a g a r  a n d  B G  =  t h e  b a t h  g r o u n d  c o n n e c t i o n  ( n o t e  th i s  w a s  l a t e r  s o l d e r e d  a n d  i n s u l a t e d  b e f o r e  

c o n n e c t i n g  to  t h e  g r o u n d  in p u t  o f  t h e  c u r r e n t  i n j e c t in g  h e a d s t a g e  v ia  a  2  m m  g o ld  pin) .
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2.9. Data analysis

2.9.1. Full concentration-response curves

As described above, a standard concentration of ACh was applied at the start o f the 

experiment and then re-applied every third response (1^\ 4̂ ,̂ 7̂ ,̂ 10̂  ̂application etc.), 

bracketing two ACh concentration-response curve data points. Because all the data 

points were bracketed by a known standard, the degree of rundown was assumed to be 

linear for the short period between standard applications and could thus be calculated 

and corrected for each data point.

First, the response of each application of the standard was recorded and the degree of 

reduction (if any) in response was calculated and expressed as a percentage of the initial 

standard in the form of a normalisation factor (see equation 2.5.1.a).

Equation 2.9.1.a. Response rundown calculation

3"̂  ̂ standard normalisation factor = standard / l ^  standard

= 9 0 /1 0 0  

= 90%4

Next, the resulting normalisation factor for each standard was used to interpolate and 

correct for any response rundown in the ACh concentration-response curve data points 

bracketed by the standard (see equation 2.9.1.b.).

126



Equation 2.9.1.b. Rundown compensation and correction

and

S - S  ^
5 , - 2

V 3 y

W here  X r = C orrected ACh data po in t 1, X i = ACh data po in t 1, X^ = C orrected AC h da ta po in t 2, Xz = ACh data po in t 2, 

S i = in itia l standard and Sz = standard at the end o f the bracket.

The resulting corrected ACh concentration-response curves data points were then fitted 

with the Hill equation.

/ = / . max r A T/1[A]"" -h EC50""

W here  I is the response, m easured a t its peak, [A] is the agon is t concentra tion . Lax is the m axim um  response, ECso is 

the agon is t concentra tion fo r 50 % m axim um  response and nn is the Hill coe ffic ient. The Hill equation is an em pirica l 

descrip tion  o f the concentra tion -response curve.

Fitting was done in stages, as follows. Each concentration-response curve was fitted 

separately, individual responses being equally weighted, in order to obtain estimates for 

Imax, ECso and «//. These separate estimates were used to calculate the means and 

standard deviation of the means (see the results section).

Each response in a particular oocyte was then normalised to the fitted Imax for that

experiment; all the normalised responses for a given combination were then pooled.

127



The pooled normalised data points were then fitted again with the Hill equation (with 

weight given by the reciprocal of their variance), in order to obtain the curves displayed 

in chapters 3, 4 and 5. These pooled fits were done for display purposes and to obtain 

fits under the constraint of parallelism when we needed to estimate the horizontal 

distance between the concentration response curves. In any case estimates of EC50 and 

slope from the pooled and separate fits agreed well. For instance, the constrained fits to 

the normalised pooled experiments were used to estimate the horizontal distance 

between the concentration-response curves {i.e. the potency ratio) obtained from 

receptors carrying different 9' mutations (see chapter 3 and 4). Potency ratios were 

expressed relative to either triplet or pair receptors which had only Leu in 9' (which 

therefore had potency ratios of 1). These constrained fits allowed the estimate o f 2.01- 

unit likelihood intervals for the potency ratios (or the EC50 for the two reference 

combinations, a3p4 and a3p4p3^^^): these correspond to 95 % confidence limits (± 2 

standard deviations) for a normally-distributed variable (Colquhoun & Sigworth 1995), 

but have the advantage of being robust to distribution assumptions.

Least squares fitting was used for both partial and full concentration-response curves by 

the program CVFIT, courtesy of D. Colquhoun and I. Vais, available from 

http://www.ucl.ac.uk/Pharmacology/dc.html.

2.9.2. Potency ratios for agonists and Schild experiments with antagonists

All parallel partial concentration-response curves for the various agonist were 

compensated for rundown as described above for full concentration-response curves. 

The data were then plotted on a log/log scale (in order to produce linear plots) and fitted
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with a power function. This derives from the Hill equation (see below) if we assume 

that the agonist concentration is far smaller than the EC50.

The power function corresponds to a straight line in log-log co-ordinates and has the 

general form:

logloW  = -^ + «//loglo[-4]

W here  I is the response, m easured a t its peak, [A] is the agon is t concentra tion , K  is a constan t and Ph is the Hill 

coe ffic ient. The tw o free param eters are hh and K.

Partial concentration-response curves for the range o f agonists (or for agonist in the 

presence of antagonist), used in each oocyte were fitted simultaneously with equal 

weighting and the constraint of equal Hill slopes in order to obtain estimates o f the 

horizontal distance between the partial concentration-response curves {i.e. the potency 

ratios for agonists or dose ratio for antagonists).

Potency ratios for all agonists were expressed as fractions of ACh potency (relative 

potencies), assigning to ACh the standard potency of 1. In this notation, a potency ratio 

of less than 1 means the agonist is more potent than ACh.

In the case of antagonists, the fitted dose ratios obtained for all antagonist 

concentrations were then re-fitted to the Schild equation and the antagonist equilibrium 

constant (ATb) derived from the x axis intercept.
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T he S ch ild  equation:

B

w here r  is the dose ratio, Xa is the an tagon is t concentra tion , and K b is the equ ilib rium  constan t fo r an tagon is t b ind ing (it 

is the on ly  free pa ram e ter in th is case, because the s lope is un ity in the S child equation , i.e. it assum es tha t the 

an tagon is t is com petitive).

The fitted relative potencies for each agonist, or the fitted Kb for each antagonist, were 

then compared between a3p4 and a3p4p3 receptors in a two-tailed Mest assuming 

unequal variance. The Mest assessed the significance of any difference between a3p4 

and a3p4p3 receptors for a given agonist or antagonist, expressed as a/? value. H erep  

values of 0.05 or less were taken to indicate a significant difference.

2.9.3. Permeability data

The sampled data for each group of 4 ramps was averaged using pClamp 8.1 in order to 

reduce the noise on the sampled recording. The noise is reduced by the square root of 

the number of records, thus the greater the number of records, the less significant the 

noise.

Averaged leak currents were then subtracted from ramps obtained during nAChR 

activation, allowing the measurement of agonist dependent currents. The resulting leak 

subtracted ramps were then imported into Origin 6 and used to construct current/voltage 

curves (I/V curves). The plotted I/V curves were then smoothed using a rolling average 

o f 100 data points in order to aid the measurement o f the reversal potential of each 

oocyte for later analysis.
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The reversal potential for both 1.8 and 18 mM calcium conditions was measured as the 

holding potential at which the recorded current was equal to zero. The shift in reversal 

potential from 1.8 to 18 mM calcium was then measured and compared between a3p4 

and a3p4p3 receptors in a two-tailed t-test assuming unequal variance. The /-test 

assessed the significance of any difference between a3p4 and a3p4p3 receptors in the 

change in reversal potential caused by the increase in external calcium, expressed as a jo 

value. Here p  values of 0.05 or less indicate a significant difference and values greater 

than 0.05 indicate no significant difference between the two receptors.

2.10. Computer software used

All text and figures have been produced using Adobe Photoshop 6, Microsoft Office 97 

suite and Microcal Origin 6. All traces were scanned into Adobe Photoshop 6 using a 

Hewlett Packard 4200C USB scanner (set to 300 DPI and 1:1 scale), processed and 

stored in the JPEG format. All I/V ramps were generated and analysed in Pclamp 8.1 

(Axon instruments).
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Table 2.11. Table of materials

Supplier
A ce ty lcho line  ch loride (ACh)
A trop ine  m ethyl brom ide & a trop ine  su lphate  
C alc ium  hydroxide
C arbam ylcho line  ch loride (carbachol)
C o llagenase (Type lA),
(-)-cytis ine hydroch lo ride (Cys)
D ihydro-beta erythroidine hydrobrom ide  (D H pE ) 
1-1-d im ethy-4-phenyl-p iperazin ium  iod ide (D M P P ) 
(+ )-E p iba tid ine  hydroch lo ride (Epi)
E thyl m -am lnobenzoate  m e thanesu lphona te  sa lt (T rica ine ) 
(-)-Lobeline hydroch lo ride (Lob)
M ecam ylam ine hydroch lo ride 
M ethansu lphon ic  acid 
M ineral oil (M -5904)
(-)-n ico tine hydrogen tartra te  (N ic)
Potassium  acetate  and po tassium  g luconate
(+ )-tubocurarine chloride
Trizm a hydroch lo ride (Tris; S igm aU ltra )

S igm a, UK.

Trim ethaphan cam syla te C am bridge Labora tories Ltd, W allsend, Tyne and W ear, UK

C alcium  ch loride 
H iPerS olv (H PLC  water),
M agnesium  chloride
N -2 -hydroxye thy lp iperaz ine-N -2-e thansu lphon ic  acid (H E P E S ) 
Potassium  chloride
Sodium  chloride, Sodium  hydrogen carbona te  and S odium  hydroxide 
Sucrose

BDH Labora to ry Supplies, Poole, UK (analytica l g rade)

H eat inactiva ted horse serum  
P enic illin /S treptom ycin  (P en/S trep)

Life T echno log ies  Ltd, Paisley, UK

0.22 pm  pore syringe filte rs (M illex G P) M illipore, Bedford, USA.

Fa lcon ste rile  m u ltiw e lls  and d ishes B eckton D ickinson, NJ, USA

C lark borosilica te  g lass (G C 150TF) fo r pu lling e lectrodes 
E lectrode ho lders (Q S W -T 15N)
s ilve r e lectrode w ire and s ilve r ch lo ride  bath g round pe lle ts

W arner Instrum ent C orpora tion, Ham den, CT, U SA
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Table 2.12. Table of equipment

A xoclam p 2B Axon Instrum ents, Foster C ity, CA, USA
M b -2 A  neadstage (gain x iu  - cu rren t passing) ana i- ib -.^A  neaas iage  (gam x i, recoram g)

Ham ilton 0.025 ml syringe used to  d isp lace  RN A and ttie  H am ilton 4 -w ay (4 -4) opposing valve, fo r 
sw itch ing the perfusion

H am ilton, Nevada, USA

50 ml m ono ject syringes, used in the perfusion Tyco H ealthcare, G osport, UK

C apilla ry  g lass fo r pu lling in jection needles 
D rum m ond N ano ject system

Laser Lab System s Ltd, UK

S ingle channel fla t bed chart recorde r K ipp & Zonen, Linco ln, UK

List M edical L /M -3P-A  electrode pu lle r (used fo r pu lling in jection needles). D arm stadt, G erm any

N arish ige MF- 830 m icro forge (used fo r po lish ing in jection needles)
N arish ige M M -3 m icrom an ipu la to rs (use fo r record ing)
N arish ige PC-10 Patch e lectrode pu lle r (used fo r pu lling record ing  e lec trodes

N arish ige, Tokyo, Japan

N ikon SM Z645 M icroscope fo r oocyte  d issection and injection N ikon, Tokyo, Japan

Tektron ix  ID S  210 oscilloscope. Tektron ix, OR, USA

N eurolog system D igitim er, H ertfordshire, UK

P ream p 1 and 8 po le bessel filte r C JC  e lectron ics, London, UK

D ym ax 30 pump. C harles A usten Pum ps, Surrey, UK

G ilson P20, P200 and P I 000 m icro  p ipe ttes G ilson, W isconsin , USA
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Chapter 3: Stoichiometry of ‘pair’ a3|34 neuronai nicotinic 

acetylcholine receptors
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As discussed in chapter 1, the stoichiometry of ‘pair’ neuronal nAChR is known to be 2 

a  : 3 p subunits (see for chick a4p2 receptors Anand et a l, 1991; Cooper et a l, 1991). 

The first aim of the project was to test if  the reporter mutation approach (see chapter 1) 

could be used to study stoichiometry in neuronal nAChR. If the reporter mutation 

approach is to be an effective tool to analyse the stoichiometry of neuronal nAChR, the 

increase in receptor sensitivity to ACh must be independent of which subunit type 

carries it. Additionally, the effect of the 9' Thr mutations on agonist EC50 should be 

progressive, increasing with the mutation copy number in the assembled receptor 

complex. While data on muscle nAChRs make these assumptions broadly reasonable 

(Labarca et al., 1995; Filatov & White, 1995), they do not hold for GABAa receptors 

(Chang et a l,  1996; using serine mutations; see chapter 1). Because o f this, I checked 

the validity of these experiments in a nAChR whose stoichiometry is known, before 

applying the method to the new ‘triplet’ nAChR. Thus the reporter mutation 9' Thr was 

introduced in either subunit o f ‘pair’ a3p4 receptors.

The magnitude of the shift in the dose response curve produced by a hydrophilic 9' 

mutation depends on the nature of the mutation, being greater for a Leu to Ser than for a 

Leu to Thr mutation (Revah et a l, 1991; Chang & Weiss, 1998; Chang & Weiss, 1999). 

The Leu to Thr mutation was chosen as it has been previously shown by Groot- 

Kormelink et a l  (1998) to produce a shift in the dose-response curve sufficient to 

demonstrate incorporation o f P3.
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3.1. Mutating either subunit of the a3p4 ‘pair’ increases the receptor

sensitivity to ACh

Full concentration response curves were obtained by bath-application of ACh to oocytes 

expressing ‘pair’ a3p4 wild type or mutant (a3^^^p4 or a3p4^^^) receptors, using the 

protocol described in chapter 2. The data were then fitted as described in chapter 2 to 

obtain the mean and standard error o f the mean values for all the fitted parameters 

{ECso, /max and Hill slope), shown in panel D of figures 3.1.1-3.2.1,

a3p4'^^ pair receptors had a mean ECso of 180 ± 17 pM ACh and a mean «// o f 1.81 ± 

0.09 (n = 7), broadly in agreement with that reported in the literature for human a3p4 

receptors expressed in Xenopus oocytes (in the range of 160 to 203 pM ACh; see 

Gerzanich et a l, 1995; Wang et a l, 1996; Chavez-Noriega et a l,  1997 and Groot- 

Kormelink et a l, 1998). a3^^^p4 and a3p4^^^ receptors had much lower mean ECso 

values of 5.8 ± 1 and 0.75 ± 0.05 respectively. There was also a decrease in «// (1.15 ± 

0.08 and 0.92 ± 0.08 respectively; see table 3.2.4.). Note that in order to estimate the 

size of the shift in the ECso, the data for the wildtype and mutant receptors were refitted 

with the constraint of a common Hill slope. The constrained fit allowed the estimate of 

the horizontal distance between concentration response curves, expressed as dose ratios 

(termed r) in relation to the wildtype (where wild type r  = 1; see table 3.2.4.). For 

mutations that increase the receptor sensitivity to ACh, r is greater than 1, a decrease in 

sensitivity is indicated by r smaller than 1 (see figure 3.2.2. for a graphical description 

o f how r is measured). The figures show the pooled fits, both with and without the 

constraint of parallelism. It can be seen that the distortion introduced by this constraint 

is not serious.
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Figure 3.1.1. Reference a3p4 pair' receptor concentration response curves
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Figure 3.1.1. A  shows exam ples o f inward currents elicited by bath-applied ACh in oocytes expressing a3(54. B shows 

the ACh concentra tion-response curves pooled from experim ents such as the ones shown in A: Pooled norm alised 

results were fitted w ith the Hill equation as a free fit (O ). C shows a sum m ary o f the fitted param eters: EC 5 0 , Imax and Hh 

are the m ean (± S.D. o f m ean) o f param eter estim ates obtained by fitting separate ly each concentra tion-response curve 

with a Hill equation. I h ' \ s  the mean (± S.D. of mean) hold ing current recorded at the start o f the experim ent. Rundown is 

the % (± S.D. o f m ean) o f the response o f the initial standard observed when the standard was applied at the end of the 

experim ent. No. o f batches are the num ber oocyte batches used. cRN A injected is the range o f cRN A injected in order 

to produce acceptab le expression levels fo r the experim ents in A.
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Figure 3.1.2. Mutating the a3 subunit of the a3p4 ‘pair’ increases the receptor’s

sensitivity to ACh
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Figure 3.1.2. A  shows exam ples o f inward currents elicited by bath-applied ACh in oocytes expressing a3^^^p4. B and 

C show  ACh concentra tion-response curves pooled from  experim ents such as the ones shown in A. Pooled norm alised 

results were fitted w ith the Hill equation either as free fit (panel B) or under the constra in t o f equal s lopes (panel C), in 

order to estim ate the horizontal d istance between the curves as a dose-ratio. The concentra tion-response curves refer 

to oocytes injected w ith a3'"®^p4 (□ ) . Panel C also shows fo r reference (dashed curve w ith no sym bols) the 

concentra tion -response curve fo r D shows a sum m ary o f the fitted param eters; ECso, Lax and n» are the mean

(± S.D. of mean) o f param eter estim ates obtained by fitting separate ly each concentra tion-response curve w ith a Hill 

equation, /n is the m ean (± S.D. o f m ean) holding current recorded at the start of the experim ent. Rundown is the % (± 

S.D. o f m ean) o f the response o f the initial standard observed when the standard w as applied at the end o f the 

experim ent. No. o f batches are the num ber o f oocyte batches used. cR N A  injected is the range of cR N A injected in 

order to produce acceptab le expression levels for the experim ents in A.
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3.2. Mutating the P4 subunit is not equivalent to mutating the a3 subunit

in a3p4 ‘pair’ nAChRs

Inserting the 9'T mutation into the p4 subunit produeed a greater increase in a3p4 ‘pair’ 

receptor sensitivity to ACh than when the mutation was in the a3 subunit, shifting the 

EC50 to 0.75 ± 0.05 pM ACh (see table 3.2.4.). A summary of the responses, separate 

and constrained fits for wild type and mutant receptors are shown in figure 3.2.2.

Therefore, a3p4^^^ receptors were approximately six-fold more sensitive to ACh than 

a3^^^p4 receptors {r = 292, 95 % confidence intervals [267-318]; see table 3.2.4.), 

which in turn were 37-fold more sensitive than a3p4 receptors (r = 37.2 [31.2-44.6]; see 

table 3.2.4.). This is consistent with the receptor containing more copies o f p4 than a3.

It is attractive to hypothesise that there are three copies of P4 to two copies of a3 in the 

pentameric a3p4 receptor. These data also confirm the hypothesis that in neuronal 

nAChR the effect of the reporter mutation on the agonist EC50 is roughly independent of 

the subunit type and progressive, increasing with the mutation copy number, as Labarca 

et al (1995) showed for the muscle nAChR (see discussion).

If the effect of each hydrophobic to hydrophilic substitution in 9' is independent of 

position and multiplicative on the ACh EC50 (i.e. additive in terms of free energy), then 

plotting the logarithm of the ACh EC50 against the presumed number of mutations in 

each pentamer channel should yield a linear plot. Figure 3.2.5. shows that this is indeed 

the case for the a3(34 pair, which shows an approximately linear relation between log 

EC50 and the putative number o f mutations in the receptor for up to 3 copies of the 

mutation. Note, there is a reduction in the Hill slope as we proceed from the a3[34 wild­

type to a 3 “̂ ^^p4 and to a3p4^^^ (see figure 3.2.2).
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Figure 3.2.1. Mutating the p4 subunit is not equivalent to mutating the a3 subunit

in a3p4 ‘pair’ nAChRs
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Figure 3.2.1 A shows exam ples o f inward currents elicited by bath-applied ACh in oocytes expressing B and C

show  ACh concentra tion-response curves pooled from experim ents such as the ones shown in A. Pooled norm alised 

results were fitted w ith the Hill equation either as free fit (panel B) or under the constra in t o f equal slopes (panel C), in 

order to estim ate the horizontal distance between the curves as a dose-ra tio . The concentra tion-response curves refer 

to oocytes injected w ith a3p4''®^ (A). Panel C also shows fo r re ference (dashed curve w ith no sym bols) the 

concentra tion-response curve for a3p4'^. D shows a sum m ary of the fitted param eters: ECso, Imax and Hh are the mean 

(± S.D. o f mean) o f param eter estim ates obtained by fitting separate ly each concentra tion-response curve w ith a Hill 

equation, /n is the m ean (± S.D. o f m ean) holding current recorded at the start o f the experim ent. Rundown is the % (± 

S.D. o f m ean) o f the response o f the initial standard observed when the standard was applied at the end o f the 

experim ent. No. o f ba tches are the num ber of oocyte batches used. cR N A  injected is the range of cRN A injected in 

order to produce acceptab le expression levels for the experim ents in A.
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Figure 3.2.2. Summary of the effect of the separate mutations in a  or p in a3p4 

receptors
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Figure 3.2.2. A, exam ples of inward currents elicited by bath-app lied ACh in oocytes expressing a3(i4, a3^ (34 or 

a3(34'-®’̂ . B and C show ACh concentra tion-response curves pooled from  experim ents such as the ones shown in A (n 

= 4 - 7  oocytes). Pooled norm alised results were fitted w ith the Hill equation either as free fit (panel B) or under the 

constra in t of equal slopes (panel C) in order to estim ate the horizonta l distance be tw een the curves as a dose-ratio, 

indicated by the red dotted lines; r  1 (dose ratio for «3(34); r 2  («3''®^(34); r 3  («3(34''®^); values of ra re  shown in table 

3.2.4.). The concentra tion-response curves refer to oocytes in jected w ith «3(34 (O ), «3'-®^(34 (□ )  or «3(34"-®^ (A). Note 

that the greater increase in ACh sensitiv ity  produced by m utating (34.
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Table 3.2.3. Comparison of ECso and Hill slope values from separate fits and 

pooled fits

ECso

Separate fit Pooled fit

«H

Separate fit Pooled fit

a3p4"'* 180 ± 17.0 172.4 ± 9 .6 6 1.81 ± 0 .0 9 1 .62± 0 .11

a3^"'^p4 5.8 ± 1.0 5.36 ± 0 .6 1.15 ± 0 .0 8 1 .08± 0 .11

(P (P (P (P

a3p4^"'^ 0.75 ± 0.05 0.72 ± 0.05 0.92 ± 0.08 0.91 ± 0 .0 5

(P (P (P (P

Tab le  3.2.3. A  sum m ary o f the fitted data. For the separate  fits: ECso and Oh are the m ean (± S.D. o f m ean) o f pa ram eter 

es tim ates ob ta ined by fitting  separa te ly  each concentra tion -response curve w ith a Hill equation . For the pooled fits: ECso 

and Oh (± S.D. o f m ean) are pa ram eter estim ates ob ta ined by fitting averaged no rm alised data po in ts w ith the Hill 

equation  w ith no constra in ts.
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Table 3.2.4. Summary table for oc3P4 wild type and mutant receptors

ECso

(pM )
Ivcax
(nA)

«H dose ratios square root 
o f  dose  
ratios

cube root 
o f  dose  
ratios

n

a3p4"^ 1 8 0 + 1 7 .0
[163.6-193.9]

1430 ± 4 2 5 1.81 ± 0 .0 9 1 7

a3^"'^P4 5.8 ± 1.0 1043 + 4 1 1 1.15 ± 0 .0 8 37.3
[31.2-44.6]

6.11
[5.58-6.68]

6

a3p4^"'^ 0.75 ± 0.05 562 ±  264 0.92 ± 0.08 292
[267-318]

6.63
[6.44-6.83]

4

Table 3.2.4. A  sum m ary o f the fitted data: ECso, Imax and rin are  the m ean (± S.D. o f m ean) o f pa ram eter estim ates ob ta ined by fitting  separa te ly  each concentra tion -response curve w ith a Hill equation. Ih is 

the mean (± S.D. o f m ean) ho ld ing cu rren t recorded a t the s ta rt o f the experim ent. Dose ra tios w ere es tim ated from  fits  in w hich curves w ere constra ined to have the sam e slope (sum m arised in panel C o f 

figure  3.2 .2) fo r com parison w ith w ild type a 3 p 4  curves, in o rde r to estim ate  the horizonta l d istance betw een the curves as a dose-ra tio , w here  a 3 p4  = 1. The sam e para lle l fits  allowed estim ation o f 2.01- 

un it like lihood in te rva ls (in square bracke ts under the  m eans o f the  param eters they re fe r to; see M ethods section); these are equ iva len t to  95 % con fidence intervals.
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Figure 3.2.5. Relation between ACh ECso and putative number of Thr 

mutations

a3(34
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Figure 3.2.5. ECso va lues fo r the various aS p4 Thr m utants are plotted on a log sca le  aga ins t the presum ed num ber o f 

m utated subun its  in recepto r com plex. Th is num ber w as ca lcu la ted on the  basis o f a s to ich iom etry  o f 2:3 fo r a 3 p4 . The 

sym bo ls  re fer to a3p4 (O ), a3'"^^p4 ( □ )  and a3p4'"^^ (A ). N ote the approx im ate linea rity  o f the decline in ECso as the 

p resum ed m utation copy num ber increases.

3.3. Expression of single subunits

While it has been reported in the literature that injection of wildtype a3 or (34 alone 

does not form a functional nAChR, there is no evidence about  ̂or (34^^  ̂mutants. 

Hence, I carried out a series of control experiments to show that injection of one subunit 

alone (wild-type or mutant, namely a3, a3^^ \  (34, (34^^^) did not result in the 

expression of functional nAChRs {i.e. current responses to 1 mM ACh were less than 1 

nA; n 5-7 subunit tested; total cRNA injected 10 ng). In non-injected oocytes 

responses to 1 mM ACh were also negligible (less than 1 nA, n = 5). These results are 

summarised in table 3.3.1.
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Comparing the initial holding currents for wildtype and mutant single subunits in a 

two-tailed r-test assuming unequal variance, revealed a significant increase for mutated 

subunits. The mean initial holding current for a3 increased from 29 ± 5.4 nA to 208 ± 

28.2 nA for {p 0.003) and from 47 ± 6.8 nA for p4 to 187 ± 43.2 nA for p4^^^(p 

0.03; see table 3.3.1.).

Table 3.3.1. Single subunits do not produce functional uAChRs

Mean Ih Mean Response 
to 1 mM ACh (nA)

batches N

a3 29 ± 5.4 <1 2 5

208 ± 28.2 
(p 0.003)

<1 3 5

P4 47 ± 6.8 <1 3 7

P4L9T 187 ±43.2 
(p 0.03)

<1 4 5

Tab le  3.3.1. M ean Ih = Mean initia l ho ld ing curren t (± S.D. o f the m ean) a t the s ta rt o f the experim ent. W here  p  is the 

resu lt o f a 2 ta iled f-test assum ing unequa l variance, com paring the change in ho ld ing cu rren t produced by the 9' 

m utation . Here p  va lues o f 0.05 o r less w ere taken to Indicate a s ign ifican t d iffe rence. Note tha t the ho ld ing cu rren t in 

both m u tan t subun its  is s ign ifican tly  d iffe ren t from  the respective w ild type subunits.

3.4. Discussion

3.4.1. Assumptions of the reporter mutation approach

The data described above show that the main effect of introducing the 9'T mutation in 

a3  or p4 in a3p4 pair receptors is a shift towards higher agonist potency. This shift 

appears to be almost parallel. When a3 is mutated the ECso is shifted by approximately 

37-fold compared to 292-fold when p4 is mutated. These results are what would be
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predicted by  a stoichiom etry o f  2 a  : 3 p and confirm  that the reporter m utation m ethod

can be used in neuronal nAChRs.

From the data presented above, we propose that the shift in the ACh dose response 

curve produced by introducing the L9'T mutation in either the a3 or the p4 subunit in 

‘pair’ a3p4 receptors, are in agreement with a stoichiometry o f 2 a  : 3 p. This 

stoichiometry has been thought to hold for ‘pair’ nAChRs since the work of Anand et 

a l  (1991) and Cooper et a l  (1991) in chick a4p2 ‘pair’ receptors.

Anand et a l (1991) determined a 2 a  : 3 p stoichiometry for chick a4p2 receptors on 

the basis o f the ratio of the radioactivity produced by each subunit in ^^S-methionine- 

labelled receptors. Briefly, oocytes injected with chick a4p2 RNA were incubated in 

^^S-methionine rich media and the resulting assembled receptors were solubilised and 

affinity purified on a bromoacetylcholine column. The bound assembled receptors were 

then eluted and sedimented on a 5-20 % sucrose gradient and fractionated on the basis 

of radioactivity by liquid scintillation counting. The resulting two peak fractions of 

assembled receptors were then further affinity purified, fractionated by SDS-gel 

electrophoresis into a4  and p2 bands and assayed for radioactivity by liquid scintillation 

counting. The results of the assay revealed a p /a  ratio of 1.46, in good agreement with a 

stoichiometry of 2 a  : 3 p.

Cooper et a l  (1991) assessed the stoichiometry of chick a4p2 receptors expressed in 

Xenopus oocytes on the basis of the single channel conductance o f wild type and TM2 

20' mutant receptors. As discussed in chapter 1, increasing the net negative charge of 

the extracellular 20' ring increases single channel conductance, whereas decreasing the 

net negative charge decreases it. Cooper et a l (1991) mutated the negatively charged a4

146



20' glutamate (E) residue to a positively charged lysine (K, and the positively

charged p2 20'K to a negatively charged E (P2^^^). Thus receptors that incorporate 

will demonstrate a reduced single channel conductance compared to the wild 

type, whereas receptors that incorporate p2 ^^  ̂will demonstrate an increased single 

channel conductance compared to the wild type.

Co-expressing a4^^ and a4^^ ̂  with P2^  ̂̂  produced 3 receptor populations with 

different single channel conductances: a 4 '^\2)p2 ^°^(3), a 4 ^^^a4 '^p2 ^^^(3) and 

^ 4 2 0  Kp2 2 o E(3) other hand, co-expressing a4^^ with p2^  and p2^^^ produced 4

receptor populations with different single channel conductances: a 4 '^(2)P2 ^̂  ̂ (3), 

a4'^(2)P2"'\i)P2^°'^(2).a4'^(2)P2^(2)p2^°'^(i)and a4'^(z)P2%). Thus Cooper er a/. (1991) 

propose a 2 a  : 3 p stoichiometry for a4p 2  nAChRs.

In contrast to these data, variable stoichiometries have been proposed for neuronal 

nAChRs on the basis of the results of expressing 1:1, 1:9 and 9:1 a  to p ratios in 

Xenopus oocytes (a2p2, Papke et al. 1989 and a4p2 Zwart & Vij verb erg, 1998). Papke 

et al. (1989) reported two independently occurring single channel conductances of 34 

pS and 16 pS in oocytes expressing a2p2 in a 1:1 ratio. Further, when expressing a2p2 

in a 1:9 ratio, only a single 12.3 pS conductance was observed. On the basis of these 

data Papke et al. (1989) propose that oocytes expressing 1:1 a2p2 assemble two 

receptor populations with differing p subunit stoichiometries, whereas increasing the 

ratio of p subunits to 1:9 results in the formation of a single population of receptors 

with the greatest number o f p subunits.
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However, neuronal nAChRs commonly display multiple conductance levels (Papke, 

1993). Thus an alternative explanation of this data is that the different conductance 

levels observed are produced by different states of the same molecular complex, as 

proposed for rat SCO neurons by Sivilotti et al. (1997).

Zwart & Vij verb erg (1998) report that expressing a4|32 in a 1:9 a:P ratio produces a 

marked increase in receptor sensitivity to ACh. Here the wild-type (1:1 a:P) ACh 

concentration response curve is shifted to the left by approximately 30-fold and a 

reduction in the Hill slope is observed. Zwart & Vij verb erg (1998) report that the ACh 

concentration response curve and +-tubo concentration responses curve for 1:9 a4p2 

injected oocytes are best fitted with two components. On the basis of this data Zwart & 

Vijverberg (1998) propose that the 1:9 a4p2 injected oocytes expresses a4p2 receptors 

with differing stoichiometries.

3.4.2. The independent and progressive effect of the 9'Thr mutation

There is little in the literature to tell us whether the effects of 9' hydrophilic mutations 

on neuronal nAChR are predictable like those described for muscle nAChR or resemble 

those described for GABAa receptors. 9' hydrophilic TM2 mutations in a neuronal 

nAChR have been extensively investigated (see Revah et a l, 1991) and found to 

enhance the potency of ACh on a l  receptors. As recombinant a ?  receptors are 

homomeric, 5 copies of the mutation are incorporated, thus these findings cannot 

address the relation between the magnitude of the shift and the number o f mutated 

subunits. We have therefore ourselves obtained corroborating evidence that in neuronal 

nAChR the effect of each copy of the 9' mutation can be approximated as being 

independent and equivalent.
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The central type a4(32 ‘pair’ neuronal nAChR has been shown in the chick to contain 

a  and p subunits in a 2:3 ratio (Anand et a l,  1991; Cooper et a l ,  1991). It would seem 

reasonable to assume that ‘pair’ combinations of related subunits have the same 

stoichiometry, irrespective of the species they were cloned from. We found that in 

a3p4 receptors, the increase in ACh potency produced by mutating a  (which we term 

ras) is 37.3-fold (see dose ratio values in table 2.3.4.), whereas the increase in ACh 

potency produced by mutating p (rp4) is 292-fold (see table 2.3.4.). Assuming a 2:3 ratio 

for ap  subunits, it can be seen that

The actual values observed were ^V37.3 = 6.11 and ^V292 = 6.63, respectively, in good 

agreement with the 2:3 a /p  ratio prediction. This is what we expect if the effect of each 

copy of the reporter mutation is equivalent, irrespective of whether it is carried by the a  

or the p subunits. However, in order to validate our interpretation of the data, a few 

assumptions about the reporter mutation approach must be made.

The first condition is that the reporter mutation should not affect the correct assembly 

and therefore the subunit stoichiometry of the neuronal nAChR. The reporter mutation 

chosen is in TM2, i.e. in the pore-lining region: mutations in this area are not expected 

to influence assembly directly, since the sequence determinants for subunit assembly are 

not in the pore-lining region, but in the NH]-terminal domain preceding the first 

transmembrane domain (Gu et a l, 1991a; Kreienkamp et a l, 1995). An indirect, long- 

range effect of a channel mutation on assembly cannot in principle be excluded, but 

would appear to be unlikely, as no such effect was reported by the numerous studies 

which have mutated TM2 residues in order to establish which amino acids are 

accessible from the open or closed pore and how these residues influence nAChR 

channel conductance and ionic permeability. For instance, if muscle nAChR carrying 9'
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mutations had a stoichiometry different from the normal (2:1:1:1 for a:(3:y:ô, 

respectively), detectable changes in single-channel conductance would be expected, 

because of the differences in the TM2 domains of the a , p, y, ô subunits (see Imoto et 

al, 1988): these are not seen when 9' is mutated to Ser, Thr or isomers of Leu (Labarca 

et a l, 1995; Filatov & White, 1995; Kearney et a l, 1996). Evidence that the 9' Thr 

mutation does not significantly affect the ligand-binding site is provided by the 

observation that the Kd for the competitive antagonist +-tubo on recombinant muscle 

nAChRs is not affected by introducing the 9' Thr mutation in the y subunit (Filatov & 

White, 1995; see chapter 1).

In order to be able to interpret our results reliably, in terms of subunit stoichiometry, 

other conditions must also be verified. In particular, the overall effect of the reporter 

mutation must depend only on the number o f mutations incorporated in the channel, not 

on the type o f subunit that carries the mutation. Secondly, the relation between number 

of mutants and magnitude of the observed change in ACh potency must be a simple one, 

the ideal case being that the effect of each additional mutation is independent of the 

number of mutations already in the channel. Thirdly, the receptors considered must 

have a uniform stoichiometry.

These criteria have been shown to hold true for the muscle nAChR: in this receptor 

(which has a stoichiometry o f 2:1:1:I for a:p:y:5, respectively) the introduction o f a 

progressively greater number of 9' Ser or 9' Thr mutations has a consistent effect on 

ACh ECso, an effect which is independent and similar for each additional mutation.

Each Ser in 9' produced roughly a 10-fold shift in ECsq: there was no overlap between 

the range o f ECso observed for combinations with the different mutation copy numbers 

(Labarca et a l,  1995). In a further analysis of muscle nAChR, Kearney et a l (1996)
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have investigated the lack of full subunit equivalence (probably due to asymmetry in the 

pore and interactions between adjacent subunits) by introducing in 9' a wide range of 

unnatural amino acid residues with progressive increments in side-chain length or 

branching.

However, the situation appears quite different for the GABAa receptor. Introduction of 

9' Leu to Ser mutations in a l  p2y2 GABAa recombinant receptors is very effective in 

increasing the receptor sensitivity to GAB A, but the effectiveness of each mutation 

depends on which subunit type carries it. Consequently, stoichiometry could not be 

deduced from the EC50 shifts directly, but had to be confirmed by ascertaining how 

many dose-response components result from injecting mixtures of cRNA for the wild- 

type and mutant subunits (Chang et a l,  1996). In GABAa receptors, a further 

complication is that the shift in EC50 saturates when more than two subunits carry the 

mutation (Chang & Weiss, 1999).

There is another confounding factor, which in principle may impinge differently on 

different receptors (and perhaps explain some of the discrepancies observed). The 

linearity and multiplicativity of the effect of each mutated subunit that we observed 

would be expected if the mutation produces linearly additive changes in the free energy 

of one or more steps of channel activation. That is because free energy values are 

related to the logarithm of rate (and equilibrium) constants. However, 9' hydrophilic 

mutations are also known to affect desensitisation: changes in desensitisation should 

also alter the observed agonist EC50 to an extent which may depend on the impact of 

desensitisation on the wild-type dose-response curve. An increase in desensitisation 

would reduce the observed maximum response and thus shift the EC50 to the left, 

whereas a decrease in desensitisation would produce an apparent increase in EC50,
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shifting the curve to the right. Since the extent to which desensitisation affects an 

agonist dose-response curve is difficult to determine macroscopic ally, this additional 

action o f the mutation could make the final effect of the mutation unpredictable and 

estimates of stoichiometry unreliable.

3.4.3. The Hill slope of mutant receptors

The most likely explanation for the observation that the Hill slope decreases in receptors 

containing the 9' mutation, is that the contribution of monoliganded openings increases 

as the proportion of mutant subunits in the receptor rises. Monoliganded openings are 

known to occur in muscle nAChRs (although they are relatively rare at all but the 

lowest concentrations, Colquhoun & Sakmann, 1985); their contribution to the total 

current can be expected to increase with mutation number, if  the reporter mutation does 

indeed destabilise the closed state. A receptor which needs the binding of only a single 

agonist molecule to open can be expected to give rise to an equilibrium dose-response 

curve with a slope of one. Hence, a greater contribution of monoliganded openings can 

be expected to make the curve shallower. Similar effects were observed by Chang & 

Weiss (1998) in GABAa receptors.

3.4.4. The holding current of oocytes expressing single mutant subunits

A possible explanation for the observed increase in initial holding current in oocytes 

injected with mutant a3 or (34 or (33 subunits, is the formation o f spontaneously active 

homomeric receptors. For example, the expression of wildtype a3 alone may result in 

the formation of homomeric receptors, which however would be non-functional as they 

lack the complementary residues contributed by the p subunit and required for the
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formation of the ACh binding site (see chapter 1). Such a receptor may still possess a 

gating mechanism, yet lack the ability for ligands to activate it. It can be seen that 

introducing 5 copies (assuming a pentamer is formed) of the 9' mutation into a 

homomeric channel lacking an ACh binding site, may produce spontaneous openings in 

the absence of agonists as previously observed in homomeric p i GABAa receptors 

(Chang & Weiss, 1998) and in heteromeric a lp2y2 receptors (Chang & Weiss, 1999), 

indicated by an increase in holding current.

A more attractive hypothesis is that the injection of 10 ng of RNA, 10 times the 

concentration o f RNA used for the expression of the a3p4 ‘control’, is detrimental to 

the health of injected oocytes. Such an affect on oocyte health would be reflected as an 

increase in the initial holding current. It is likely that if  the sample size for the /-test was 

larger, then the differences observed in initial holding current would no longer be 

significant. This hypothesis is re-enforced by the data for the injection of wildtype or 

mutant p3 alone or with either a3 or p4, where the injection of a 3 ^^^p 3 ^^^  results in an 

initial holding current not significantly different than that of a 3 p 3  (102 ± 20 vs. 94 ±

25, p  0.92; see table 4.8.1.).
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Chapter 4: Stoichiometry of ‘triplet’ a3g4p3 neuronal nicotinic 

acetylcholine receptors
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Groot-Kormelink et a l (1998) have previously shown that p3 is incorporated into a 

functional a3p4p3 ‘triplet’ receptor, but the position and copy number o f p3 is 

unknown. a5, like p3, can only form functional receptors when expressed together with 

an a /p  ‘pair’, forming an a p a5  ‘triplet’ receptor (Ramirez-Latorre et a l,  1996; Wang et 

a l, 1996). As discussed previously in Chapter 1, in terms of amino acid sequence a5 

and P3 are very similar, but distant from the rest o f the group of neuronal nAChR 

subunits and have been classified together in tribe III-3 of the evolutionary nAChR tree 

(Corringer et a l,  2000). Thus the labels a5 and p3 may be somewhat misleading. These 

‘triplet’ forming subunits may play more of a structural role in the formation of ‘triplet’ 

receptors, analogous to the p subunit in the muscle nAChR.

The next aim of the project was to apply the reporter mutation method (validated by our 

own a3p4 ‘pair’ receptor data) to the problem of the stoichiometry of ‘triplet’ receptors 

containing the P3 subunit.

4.1. The a3p4p3 nAChR, comparing the mutant p3^*  ̂with the p3** 

subunit

4.1.1. P3"'vs. ps''’’'-

In all subunits belonging to the nAChR superfamily, the midpoint (9') residue in the 

second transmembrane domain is highly conserved, being occupied by a hydrophobic 

amino acid. This is a Leu in all vertebrate nAChR subunits (see chapter 1), except for 

p3 and a5, which have a Val in 9' (position 273 for p3; see figure 4.1.1.a.).
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Figure 4.1.l.a . The |33 subunit bas a valine residue in the 9' position

T M 2

a3

(34

(33

-4' - r  2' 9'

D C G E K V T L C I S V L

D C G E K I V I T L C I S V L

D E G E K L S L S T S V L

20'

S L T V F L L V I T E T I  P

A L T F F L L L I S K I V P  

S L T V F L L V I F F I  I P

Figure 4 .1 .1.a. In this a lignm ent of the TM 2 region the conserved hydrophobic residue in 9' (Leu or Val) is boxed and 

m arked by an arrow. The num bering of the TtVI2 dom ain fo llow s M iller (1989). The 9' residues refer to (34'’^^^ and

(33''^^^. Note the Val residue in 9' of the (33 subunit.

In hom om eric receptors form ed by subunits w hich  have Leu in 9', introducing a Val in 

this position  increases agon ist sen sitiv ity , s lo w s d esen sitisa tion  (see  for hom om eric a l  

nA C hR , R evah e t a i ,  1991 and for m uscle  nA C hR  K earney e t a i ,  1996) and increases 

spontaneous op en in gs (for G A B  A c p i receptors, see C hang & W eiss, 1998). Such  

e ffec ts  o f  a Leu to Val m utation in 9' are sm aller, but sim ilar to those o f  the Leu to Thr 

m utation w e planned to use in our investigation . A dditionally , the crucial assum ption  

for the interpretation o f  our experim ents in terms o f  sto ich iom etry  is that the main  

determ inant for the e ffec t o f  the 9' Thr m utations on agonist E C 5 0  should  be their cop y  

num ber in the assem b led  receptor com p lex . T his assum ption  w as validated  by data 

from  the ‘pair’ a 3 p 4  receptor, w hich  has on ly  Leu residues in 9' (see  Chapter 3). It w as  

therefore considered  p o ssib le  that the p resence o f  one or m ore non-L eu residues in the 

position  (w hich  w ould  be contributed by w ild -typ e p3 subunits to the assem b led  triplet 

receptor) m ight confound  the effect o f  p rogressively  introducing Thr in the different 

subunits. T his w ould  reduce the sen sitiv ity  o f  our experim ental d esign . In order to
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avoid this potential problem, w e introduced a V al9'Leu (i.e. V9'L) m utation in p3, and

used rather than p3^^ in all the experim ents (unless otherw ise specified).

4.1.2. Insertion of a Leu residue in the p3 subunit of ‘triplet’ a3p4p3 

receptors increases sensitivity to ACh

Full concentration response curves were obtained by bath-application o f ACh to oocytes 

expressing ‘triplet’ a3p4p3 wild type or mutant receptors using the protocol described 

in chapter 2. Example responses from one oocyte expressing ‘triplet’ a3p4p3 wild type 

or mutant receptors are shown in panel A of figures 4.1.2.a. - 4.4.2 and 4.5.1- 4.7.1.

The resulting concentration response curves were then fitted as previously discussed in 

chapter 3 to determine the EC50, /max and Hill slope values for each experiment. The 

mean and standard error of the mean values for all fitted parameters (EC50, /max and Hill 

slope) are shown in panel C of figure 4.1.2.a. and panel D of figure 4.1.2.b. - 4.4.2. and 

4.5.1 -  4.6.1. Averages of responses normalised to the fitted maximum are shown as the 

data points in panels B and C of figures 4.1.2.a. -  4.6.1., with the resulting fitted curve 

shown in panel B.

The ACh sensitivity of a3p4p3'^ receptors (see figure 4.1.2.a.) was compared with that

o f <%3p4p3^^^ receptors (see figure 4.1.2.b.) and, contrary to expectations, found to be

consistently increased in a3p4p3^^^ receptors (summarised in figure 4.1.2.b.).

Although the decrease in the EC50 of ACh was relatively small (from 242.7 ± 44.1 pM

to 163.1 ± 13.4 pM, see table 4.4.3.), it was still thought preferable to use p3^^^ rather

than p3*  ̂in the stoichiometry experiments, in order to introduce subunits carrying the 9'

Thr mutation into receptors which only had Leu in the 9' position. Note that a3p4p3^^ ^
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receptors show a slight increase in the speed of desensitisation when compared to 

a3p4(33'^ (see panel A of figure 4. Lb.). This is more pronounced when comparing 

a3p4p3^^  ̂receptors with a3p4p3^^ ^(see panel A of figure 4.4.2.).

Averaged normalised responses recorded from a3p4p3^^^ and from ‘triplet’ receptors 

bearing the 9' mutation in different subunits were then re-fitted with the curves 

constrained to be parallel (i.e. with equal Hill slopes) in order to estimate the horizontal 

distance between concentration response curves, expressed as dose ratios (termed r) 

taking a3p4p3^^^ as a reference (where a3p4p3^^^ r  = 1; see table 4.7.2). All 

constrained fits are shown in panel C of figures 4.2.1. - 4.4.2. and 4.5.1. -  4.7.1. The 

free and constrained fit curves were similar, differing only when the presumed mutation 

copy number was high (see panels B and C of figure 4.5.1. and 4.6.1.).
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Figure 4.1.2.a. 
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F ig u r e  4 .1 .2 . a .  A  s h o w s  e x a m p l e s  o f  in w a rd  c u r r e n t s  e l ic i te d  b y  b a t h - a p p l i e d  A C h  in o o c y t e s  e x p r e s s i n g  a S p 4 p 3 .  B 

s h o w s  A C h  c o n c e n t r a t l o n - r e s p o n s e  c u r v e s  p o o le d  f ro m  e x p e r i m e n t s  s u c h  a s  t h e  o n e s  s h o w n  in A : P o o le d  n o r m a l i s e d  

r e s u l t s  w e r e  f i t te d  w ith  t h e  Hill e q u a t io n  a s  a  f r e e  fit ( p a n e l  B ; s e e  c h a p t e r  3 ) . T h e  c o n c e n t r a t l o n - r e s p o n s e  c u r v e s  r e f e r  

to  o o c y t e s  in j e c t e d  w ith  a 3 p 4 p 3 '^  ( • ) .  C  s h o w s  a  s u m m a r y  o f  t h e  f i t te d  p a r a m e t e r s :  ECso, Lax a n d  Hh a r e  t h e  m e a n  (±  

S .D .  o f  m e a n )  o f  p a r a m e t e r  e s t i m a t e s  o b t a in e d  b y  fit tin g  s e p a r a t e l y  e a c h  c o n c e n t r a t l o n - r e s p o n s e  c u r v e  w ith  a  Hill 

e q u a t io n .  L  is t h e  m e a n  (±  S .D . o f  m e a n )  h o ld in g  c u r r e n t  r e c o r d e d  a t  t h e  s t a r t  o f  t h e  e x p e r i m e n t .  R u n d o w n  is  t h e  %  (±  

S .D .  o f  m e a n )  o f  t h e  r e s p o n s e  o f  t h e  in itia l s t a n d a r d  o b s e r v e d  w h e n  t h e  s t a n d a r d  w a s  a p p l ie d  a t  t h e  e n d  o f  t h e  

e x p e r i m e n t .  N o . o f  b a t c h e s  a r e  t h e  n u m b e r  o f  o o c y t e  b a t c h e s  u s e d .  c R N A  in j e c t e d  is  t h e  r a n g e  o f  c R N A  in j e c t e d  in 

o r d e r  to  p r o d u c e  a c c e p t a b l e  e x p r e s s i o n  le v e l s  fo r  t h e  e x p e r i m e n t s  in A .
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Figure 4.1.2.b. Reference ‘triplet’ a3p4p3^^^ concentration response curves 
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Figure 4 .1 .2 .b . A  show s exam ples o f inward currents e lic ited by ba th-applied ACh In oocytes  exp ressing a3p4p3^ . B 

and 0  show  AC h concentra tlon -response curves pooled from  experim ents such as the ones shown in A: Pooled 

no rm alised  results w ere  fitted w ith  the Hill equation e ith e r as free fit (panel B) o r under the constra in t o f equal s lopes 

(panel C ) fo r com parison  w ith o th e r m u tan t curves, in o rde r to estim ate  the horizonta l d is tance betw een the curves as a 

dose-ra tio , w here a3p4p3^^" = 1. The concentra tlon -response curves re fe r to oocytes in jected w ith a3p4p3''®'' ( • ) .  

P ane ls B and C a lso show  fo r re ference (dashed curve w ith no sym bo ls) the concentra tlon -response curve fo r a3 p4p3 '^  

D show s a sum m ary o f the fitted param eters: ECso, /max and Hh are the m ean (± S.D. o f m ean) o f pa ram e ter estim ates 

ob ta ined by fitting separa te ly  each concentra tlon -response curve w ith a Hill equation . /hIs the m ean (± S.D. o f m ean) 

ho ld ing current recorded a t the sta rt o f the experim ent. Rundown is the % (± S.D. o f m ean) o f the response o f the initial 

standard  observed w hen the standard w as applied at the end o f the experim ent. No. o f ba tches are the num ber o f 

oocyte  batches used. cR N A  in jected is the range o f cR N A  injected in o rde r to p roduce acceptab le  express ion leve ls fo r 

the experim ents in A.
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4.2. Inserting a 9 ’ Thr mutation in the p3 subunit of ‘triplet’ a3p4p3 receptors

increases sensitivity to ACh

The insertion of the 9' Thr mutation in the p3 subunit increased the aSp4p3 ‘triplet’ 

receptor sensitivity to ACh, in agreement with the findings of Groot-Kormelink et al. 

(1998). The mean ECso was significantly reduced approximately 4-fold, from 163.1 ±

13.4 pM for a3p4p3^^^ (see panel D, figure 4.1.5 and table 4.7.2.) to 43.4 ± 2.2 pM {p 

0.003; see table 4.7.2) for the a3p4p3^^^ mutant (dose ratio of r  = 4.12 [3.77-4.52]; see 

panel D of figure 4,2.1 and table 4.7.2.). Comparing the initial holding currents and Hill 

slope of a3p4p3^^^with a3p4p3^^^in a two-tailed Mest assuming unequal variance, 

revealed no significant difference. Oocytes expressing a3p4p3^^^ had a mean initial 

holding current of 230 ±63.1 nA and a mean Hill slope of 1.47 ± 0.08 compared to 175 

± 23.5 nA ip 0.46) and 1.28 ± 0.04 {p 0.10) for a3p4p3^^'^(see table 4.7.2.).
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Figure 4.2.1. Inserting a 9' Thr mutation in the P3 subunit of ‘triplet’

a3p4p3 receptors increases sensitivity to ACh
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Figure 4.2.1 A  show s exam ples o f inward currents e lic ited by ba th-applied AC h in oocytes exp ress ing a3|34p3 . B and

C show  ACh concentra tlon -response curves pooled from  experim ents such as the ones shown in A: Pooled norm alised 

results were fitted w ith  the Hill equation e ithe r as free fit (panel B) o r under the constra in t o f equal s lopes (panel C ) fo r 

com parison  w ith o the r m u tant curves, in o rder to estim ate the horizonta l d istance betw een the curves as a dose-ra tio , 

w here a3p4p3'^®‘‘ = 1. The concentra tlon -response curves re fer to oocytes injected w ith  a3p4p3'^®^ (O ). Panel C also 

show s fo r re ference (dashed curve w ith  no sym bols) the concentra tlon -response curve fo r a3p4p3^^'". D show s a 

sum m ary o f the fitted param eters: ECso, Lax and Hh are the mean (± S.D. o f m ean) o f pa ram e te r estim ates ob ta ined by 

fitting  separa te ly  each concentra tlon -response curve w ith a Hill equation . /hIs the m ean (± S.D. o f m ean) ho ld ing curren t 

recorded a t the s ta rt o f the experim ent. Rundown is the % (± S.D. o f m ean) o f the response o f the initial standard 

observed w hen the standard w as applied a t the end o f the experim ent. No. o f ba tches are the num ber o f oocyte  ba tches 

used. cR N A  in jected is the range o f cR N A  injected in o rde r to p roduce acceptab le  exp ression  levels fo r the experim ents 

in A.
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4.3. Inserting a 9' Thr mutation in the a3 subunit of ‘triplet’ a3p4p3^^ ^

receptors produces a greater effect than mutating the p3 subunit

Inserting the 9' Thr mutation in a3 produced a greater increase in a3p4p3^^^ ‘triplet’ 

receptor sensitivity to ACh than when the mutation was in the p3 subunit. The mean 

ECso was reduced sixteen-fold, to 10.5 ± 1.4 pM ACh (dose ratio o f r  = 17.1 [14.9- 

19.7]; see panel D of figure 4.3.1. and table 4.7.2.) compared to the ECso of 163.1 ±

13.4 pM for a3p4p3^^^ receptors (see table 4.7.2.). Comparing the initial holding 

currents and Hill slope of a3p4p3^^^ with a3^^^p4p3^^^in a two-tailed Mest assuming 

unequal variance, revealed a significant reduction in Hill slope for a3^^^p4p3^^ \  

Oocytes expressing a3p4p3/^^ had a mean initial holding current of 230 ± 63.1 nA and 

a mean Hill slope of 1.47 ± 0.08 compared to 148 ± 56.3 nA {p 0.37) and 1.14 ± 0.06 {p 

0,02) for a3^^^p4p3^^^ (see table 4.7.2.). Thus, mutating the a3 subunit produces 

approximately a four times greater shift than mutating the p3 subunit and significantly

reduces the Hill slope compared to the ‘control’ a3p4p3 V 9 'L
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Figure 4.3.1. Inserting a 9' Thr mutation in the a3 subunit o f ‘triplet’ a3p4p3^^ ^

receptors produces a greater effect than mutating the P3 subunit
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Figure 4.3.1 A  show s exam ples o f inward currents elic ited by ba th-applied AC h in oocytes exp ress ing  a 3 ‘’®^|34p3''®‘'. B 

and 0  show  ACh concentra tlon -response curves pooled from  experim ents such as the ones show n in A: Pooled 

norm alised results w ere  fitted w ith the Hill equation e ither as free fit (panel B) o r under the constra in t o f equal s lopes 

(panel C ) fo r com parison w ith o the r m u tan t curves, in o rder to  estim ate  the horizonta l d is tance between the curves as a 

dose-ra tio , w here a3p4p3 ''® ‘" = 1. The concentra tlon -response curves re fe r to  oocytes in jected w ith a 3 ‘"®^p4p3'^®'' (□ ) .  

Panel C also shows fo r re ference (dashed curve w ith no sym bo ls) the concentra tlon -response curve fo r a3p4p3^^^. D 

show s a sum m ary o f the fitted param eters: ECso, Lax and n» are the m ean (± S.D. o f m ean) o f pa ram eter estim ates 

ob ta ined by fitting separa te ly  each concentra tlon -response curve w ith a Hill equation, /« is  the m ean (± S.D. o f m ean) 

ho ld ing current recorded a t the sta rt o f the experim ent. R undow n is the % (± S.D. o f m ean) o f the response o f the initial 

s tandard  observed w hen the standard w as applied a t the end o f the experim ent. No. o f ba tches are the num ber o f 

oocyte  batches used. cR N A  in jected is the range o f cR N A  in jected in o rder to  produce acceptab le  expression levels fo r 

the experim ents in A.
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4.4. Inserting 9' Thr mutations in both a3 and p3 subunits of ‘triplet’

a3p4p3^^  ̂receptors produces a greater effect than mutating a3 or p3 

alone

Inserting the 9' Thr mutation in both a3 and pS produced a greater increase in 

a3p4p3^^^ ‘triplet’ receptor sensitivity to ACh than when the mutation was in a3 or P3 

alone. The mean EC50 was reduced by approximately forty two-fold, to 4.49 ± 0.37 pM 

ACh (dose ratio of r = 41.6 [37.6-46.0]; see panel D of figure 4.4.1. and table 4.7.2.) 

compared to the ‘control’ a3p4p3^^^(see table 4.7.2.). Note the progressive increase in 

the potency of ACh as the 9' Thr mutation was introduced in P3 (four times), a3 alone 

(seventeen times) or a3 and p3 (forty two times; summarised in figure 4.4.2).

Comparing the initial holding currents and Hill slope of a3p4p3^^^ with a3*^^^p4p3^^^ 

in a two-tailed t-tesi assuming unequal variance, revealed a significant reduction in Hill 

slope for a3^^^p4p3^^^^. Oocytes expressing a3p4p3^^^ had a mean initial holding 

current of 230 ±63.1 nA and a mean Hill slope of 1.47 ± 0.08 compared to 80 ± 20.4 

nA {p 0.09) and 1.13 ± 0.04 {p 0.02) for a3^^^p4p3^^^ (see table 4.7.2.). Note the 

progressive, but slight reduction in Hill slope in this series of mutants.
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Figure 4.4.1. Inserting 9' Thr mutations in both a3 and P3 subunits of ‘triplet’

a3p4p3^^  ̂receptors produces a greater effect than mutating a3 or 

P3 alone
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Figure 4 .4 .1 . A  show s exam ples o f inward currents elic ited by ba th-applied ACh in oocytes exp ressing B

and C sho w  AC h concentra tion -response curves pooled from  experim ents such as the ones shown in A: Pooled 

no rm alised  results w ere fitted w ith the Hill equation e ithe r as free fit (panel B) o r under the constra in t o f equal s lopes 

(panel C ) fo r com parison w ith o the r m u tan t curves, in o rder to estim ate  the horizonta l d is tance betw een the curves as a 

dose-ra tio , w here a3p4p3^^" = 1. The concentra tion -response curves re fe r to oocytes in jected w ith a3'"^^p4p3'^^^ (A). 

Panel C a lso shows fo r re ference (dashed curve w ith no sym bo ls) the concentra tion -response curve fo r a3p4p3''®^. D 

show s a sum m ary o f the fitted param eters: ECso, /max and Hh are the m ean (± S.D. o f m ean) o f pa ram eter estim ates 

ob ta ined by fitting separa te ly  each concentra tion -response curve w ith a Hill equation, /« is  the m ean (± S.D. o f m ean) 

ho ld ing curren t recorded a t the s ta rt o f the experim ent. Rundown is the % (± S.D. o f m ean) o f the response o f the initial 

standard  observed w hen the standard w as applied a t the end o f the experim ent. No. o f ba tches are the num ber o f 

oocyte  batches used. cR N A  injected is the range o f cR N A  injected in o rde r to produce acceptab le  expression levels fo r 

the experim ents  in A.
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Figure 4.4.2. Summary of the effects of 9 ’ Thr mutations in a3 and P3 subunits
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F igure 4 .4 .2. A , exam ples o f inward currents elic ited by a representa tive  range o f A C ti concentra tions (see va lues above 

the application bars) in oocytes exp ressing a3p4p3'^®‘'. a3p4p3''®'^, a3''®'^p4p3''®‘'o r  a3^®'^p4p3''®'^. B ,C  show  ACh 

concentra tion -response curves pooled from  experim ents such as the ones shown in A  (n = 4-10 oocytes). Pooled 

norm alised results w ere fitted w ith the Hill equation e ither as free fit (panel B) o r under the  constra in t o f equal s lopes 

(panel C ) in o rder to  estim ate the horizonta l d istance betw een the curves as a dose-ra tio  (see Tab le  4 .4 .3). The 

concentra tion -response curves shown re fer to oocytes in jected w ith a3p4p3^^" ( • ) ,  a3p4p3^^^ (O ), a3'"^^p4p3^^^ ( □ )  

and a3'-^^p4p3'^^^ (A); bars show  standard devia tion o f the m ean (when larger than the  sym bol). Note the progressive 

increase in the po tency o f ACh as the 9 ’ Th r m utation w as introduced in P3, a3  alone or o3 and p3.
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Table 4.4.3. Summary table of 9 ’ Thr mutations in a3 and p3 subunits

EC5 0  /max Dose ratios Square root cube root o f n
(nA) of dose ratios dose ratios

a3p4p3'"‘ 242.7 ±44.1 1333 ±373  1.42 ±0.1 6

a3p4p3^®'^ 163.1 ±13 .4  305.7 ±69 .3  1.47 ±0 .08  1 4
[159.5-189.8]

a3p4p3^^'^ 43.4 ± 2 .2  240.9 ±41 .3  1.28 ±0 .04  4.12 10
[3.77-4.52]

a3^'^P4p3^^'^ 10.5 ± 1 .4  993 ±157  1.14 ±0.06 17.1 4.14 4
[14.9-19.7] [3.86-4.44]

a3^^'^P4p3^^"^ 4.49 ±0 .37  1866 ±276  1.13 ±0 .04  41.6 3.46 4
[37.6-46.0] [3.35-3.58]

Table 4 .4 .3 . A sum m ary of the fitted data; ECso, Lax and P h are the m ean (± S.D . of m ean) of parameter estim ates obtained by fitting separately each  concentration-response curve with a Hill equation. D o se  

ratios w ere estim ated from fits in which curves w ere constrained to have the sa m e  slop e (sum m arised in panel C of figure 4 .4 .2 ) for com parison with other mutant curves, in order to estim ate the horizontal 

d istan ce betw een  the curves a s  a dose-ratio, w here a3p4p3'^®‘" = 1. The sa m e  parallel fits allowed estimation of 2.01-unit likelihood intervals (in square brackets under the m ean s of the param eters they refer 

to; s e e  M ethods section): th e se  are equivalent to 95  % confidence intervals.
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4.5. Inserting a 9 ’ Thr mutation in the p4 subunit of ‘triplet’ a3p4p3^^ ^

receptors is equivalent to mutating a3 alone

If the a3p4p3 receptor contains two copies of a3 and one of P3, it follows that the 

receptor should also contain two copies of p4, in order to make up the total subunit 

number of five. This would predict that mutating P4 should have the same effect as 

mutating a3. This question was addressed by the next set of experiments.

Inserting the 9' Thr mutation in the p4 subunit produced an increase in a3p4p3^^^^ 

‘triplet’ receptor sensitivity to ACh, equivalent to mutating the a3 subunit alone. The 

mean EC50 was reduced to 9.54 ±2.1 pM ACh (dose ratio of r  = 21.9 [18.6-25.6]; see 

panel D of figure 4.6 and table 4.7.2.) compared to 10.5 ±1 .4  pM (p 0.71) and a dose 

ratio of r =  17.1 [14.9-19.7] for a3 “ '^p4p3'"’'‘'(see table 4.7.2.).

Comparing the initial holding current and Hill slope o f a3p4p3'^*'"with a3p4*'^^p3'^^^ 

in a two-tailed Mest assuming unequal variance, revealed a significant reduction in Hill 

slope for a3p4^^^p3^^\ Oocytes expressing a3p4p3^^^^ had a mean initial holding 

current of 230 ±63.1 nA and a mean Hill slope of 1.47 ± 0.08 compared to 90 ± 15.8 

nA ip 0.11) and 1.12 ± 0.06 {p 0.02) for a3p4^^^p3^^^(see table 4.7.2.). Thus, mutating 

the p4 subunit significantly reduces the Hill slope compared to the ‘control’ a3p4p3^^ \
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Figure 4.5.1. Inserting a 9 ’ Thr mutation in the P4 subunit of ‘triplet’ a3p4p3^^ ^

receptors is equivalent to mutating a3 alone
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Figure 4 .5 .1. A  show s exam ples o f inward currents elic ited by ba th-app lied AC h in oocytes exp ress ing B

and 0  show  AC h concentra tion -response curves pooled from  experim ents such as the  ones show n in A: Pooled 

no rm alised  results were fitted w ith the Hill equation e ithe r as free fit (panel B) o r under the  con s tra in t o f equal s lopes 

(panel C ) fo r com parison w ith o ther m u tan t curves, in order to  estim ate  the horizonta l d is tance betw een the curves as a 

dose-ra tio , w here a3p4(33''® '' = 1. The concentra tion -response curves re fer to oocytes in jected w ith a3p4'"^^p3^^^ (■ ). 

Panel C a lso shows fo r re ference (dashed curve w ith no sym bo ls) the concentra tion -response curve fo r a3p4p3'^®^. D 

show s a sum m ary o f the fitted param eters: ECso, Lax and nn are the m ean (± S.D. o f m ean) o f pa ram eter estim ates 

ob ta ined by fitting separa te ly  each concentra tion -response curve w ith a H ill equation, /« is  the m ean (± S.D. o f m ean) 

ho ld ing curren t recorded a t the s ta rt o f the experim ent. Rundown is the % (± S.D. o f m ean) o f the response o f the initial 

s tandard  observed w hen the standard w as applied a t the end o f the experim ent. No. o f ba tches are the num ber o f 

oocyte  batches used. cR N A  in jected is the range o f cR N A  in jected in o rde r to produce acceptab le  expression levels for 

the experim ents in A.
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4.6. Inserting a 9 ’ Thr mutation in both p4 and p3 subunits of ‘triplet’

aSp4p3^^ receptors produces a greater effect than mutating p4 or P3 alone

Inserting the 9' Thr mutation in both p4 and P3 produced a greater increase in 

a3p4p3^^*^ ‘triplet’ receptor sensitivity to ACh than when the mutation was in p4 or p3 

alone. The mean EC50 was reduced by approximately fifty-fold, to 3.22 ± 0.53 pM ACh 

(dose ratio of r  = 50.3 [43.7-58.0]; see panel D of figure 4.6.1.and table 4.7.2.) 

compared to a3p4^^^p3^^^ and a3p4p3^^^(see table 4.7.2). Note the progressive 

increase in the potency of ACh as the 9' Thr mutation was introduced in p3 (four 

times), p4 alone (twenty two times) or p4 and p3 (fifty times; summarised in figure

4.6.1.).

Comparing the initial holding current and Hill slope of a3p4p3^^^with a3p4^^^p3^^^ 

in a two-tailed r-test assuming unequal variance, revealed a significant reduction in Hill 

slope for a3p4^^^p3^^^. Oocytes expressing a3p4p3^^^ had a mean initial holding 

current of 230 ±63.1 nA and a mean Hill slope of 1.47 ± 0.08 compared to 83 ± 23.0 

nA ip 0.10) and 0.94 ± 0.04 {p 0.004) for a3p4^^'^p3^^"^(see table 4.7.2.).
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Figure 4.6.1. Inserting a 9 ’ Thr mutation in both p4 and P3 subunits of ‘triplet’

a3p4p3^^^ receptors produces a greater effect than mutating p4 or

P3 alone
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Figure 4 .6 .1. A  show s exam ples o f inward currents elic ited by ba th-applied AC h in oocytes exp ressing a3p4‘"®^p3''®^. B 

and C show  AC h concentra tion -response curves pooled from  experim ents such as the  ones shown in A: Pooled 

norm alised results w ere  fitted w ith the Hill equation e ither as free  fit (panel B) o r under the constra in t o f equal s lopes 

(panel C ) fo r com parison  w ith o th e r m u tant curves, in order to es tim ate  the horizonta l d is tance be tw een the curves as a 

dose-ra tio , w here a3p4p3^^" = 1. The concentra tion -response curves re fer to  oocytes in jected w ith a3p4 ‘‘®^p3''®^ (A ) .  

Panel C a lso show s fo r re ference (dashed curve w ith no sym bo ls) the concentra tion -response curve fo r a3p4p3'^®'‘ . D 

show s a sum m ary o f the fitted param eters: ECso, Lax and Hh are the m ean (± S.D. o f m ean) o f pa ram eter estim ates 

ob ta ined by fitting separa te ly  each concentra tion -response curve w ith a Hill equation , /« is  the m ean (± S.D. o f m ean) 

ho ld ing cu rren t recorded a t the s ta rt o f the experim ent. R undow n is the % (± S.D. o f m ean) o f the response o f the initial 

s tandard  observed when the standard w as applied at the end o f the experim ent. No. o f ba tches are the num ber oocyte  

ba tches used. cR N A  injected is the range o f cR N A  injected in o rde r to p roduce acceptab le  exp ress ion levels fo r the 

experim en ts  in A.
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4.7. Inserting a 9' Thr mutation in both P4 and P3 subunits of ‘triplet’

a3p4p3^^ receptors is equivalent to mutating both a3 and p3

Inserting the 9' Thr mutation in the p4 and P3 subunits produced an increase in 

a3p4ps'^^^ ‘triplet’ receptor sensitivity to ACh, equivalent to that seen after mutating 

the a3 and p3 subunits. The mean ACh EC50 was 3.22 ± 0.53 pM for a3p4^^^p3^^^ 

vs. 4.49 ± 0.37 pM for a3^^'^p4p3^^^(p0.10; see table 4.7.2).

The concentration-response curves for the a3p4^^^p3^^^ mutant were very close to 

those for the a3^^^p4p3^^*^ mutant (shown for reference as dashed curves in figure

4.7.1, panels B and C); indeed the 2-unit likelihood intervals for the dose ratios (see 

table 4.7.2) overlap both for a3^^'^p4p3^^'^ (r = 17.1 [14.9-19.7]) and a3p4^^'^p3^^'^ {r 

= 21.9 [18.6-25.6]) and for a3^^'^p4p3^^"^(r = 41.6 [37.6-46.0]) and a3p4^^'^p3^^"^(r = 

50.3 [43.7-58.0]). Again the simplest explanation for these results is that a3p4p3 

receptors contain two copies of a3 and P4, but only one copy o f the p3 subunit. Figure

4.7.3. shows clearly that the effect of the mutation did not saturate up to a presumed 

mutation copy number o f three, producing a progressive leftward shift in the ACh 

concentration response curve. There was also a reduction in the Hill slope in 

a3p 4“ "^P3''’' \  from 1.12 ± 0.06 for the a3p4‘-’'^p3'' '̂‘- mutant to 0.94 ± 0.04 (see figure 

4.7.3).

As previously discussed for the a3p4 receptor (see Chapter 3), if  the effect of each 

hydrophobic to hydrophilic substitution in 9' is independent o f position and 

multiplicative on the ACh EC50 (i.e. additive in terms of free energy), then plotting the 

logarithm of the ACh EC50 against the presumed number of mutations in each pentamer
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channel should yield a linear plot. Figure 4.7.3. shows that this is indeed the case also 

for the a3p4(33 ‘triplet’, which shows an approximately linear relation between log 

ECso and the putative number of mutations in the receptor. However, there is an 

apparent reduction in the Hill slope from 2 to 3 copies of the mutation for 

a3^^^p4p3^^^ and a3p4'^^^p3^^^ compared to a3p4p3'^^ and a3p4p3^^^ (see figure

4.7.1. and table 4.7.2.). In terms of the dose ratios for a3^^^p4p3^^^^ 

vs. a3^^"^p4p3^^"^ (41.6 /17.1) and a3p4^^'^p3^^'^vs. a3p4^^'^p3^^'^(50.3 / 21.9), the 

apparent shift in the receptor sensitivity to ACh is increased further for both 

a3^^^P4p3^^^and a3p4^^^p3^^^ \  suggesting that the effect o f the mutation is still 

progressive, although nearing saturation, i.e. 41.6 /17.1 and 50.3 / 21.9 are both 

smaller than 4.14 and 4.68 (the square roots of the dose ratios for a3*^'^^p4p3^^^and 

a3p4^^"^p3^^'^).
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Figure 4.7.1. Inserting a 9' Thr mutation in both P4 and p3 subunits of ‘triplet’

a3p4p3^^^ receptors is equivalent to mutating both a3 and P3
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F ig u r e  4.7.1. A . e x a m p l e s  o f  in w a rd  c u r r e n t s  e l ic i te d  b y  a  r e p r e s e n t a t i v e  r a n g e  o f  A C h  c o n c e n t r a t i o n s  ( s e e  v a l u e s  a b o v e  

th e  a p p l ic a t io n  b a r s )  in  o o c y t e s  e x p r e s s i n g  a3p4'-® '^p3'^® ^or a3p4^® '^p3''® ^. B a n d  C  s h o w  A C h  c o n c e n t r a t i o n - r e s p o n s e  

c u r v e s  p o o le d  f ro m  e x p e r i m e n t s  s u c h  a s  t h e  o n e s  s h o w n  in A  (n  = 4 o o c y t e s ) .  P o o le d  n o r m a l i s e d  r e s u l t s  w e r e  f i t te d  

w ith  t h e  Hill e q u a t io n  e i t h e r  a s  f r e e  fit ( p a n e l  B ) o r  u n d e r  t h e  c o n s t r a in t  o f  e q u a l  s l o p e s  ( p a n e l  C )  in o r d e r  to  e s t i m a t e  t h e  

h o r iz o n ta l  d i s t a n c e  b e t w e e n  th e  c u r v e s  a s  a  d o s e - r a t i o  ( s e e  T a b le  4.7.2). T h e  c o n c e n t r a t i o n - r e s p o n s e  c u r v e s  s h o w n  

r e f e r  to  o o c y t e s  in j e c t e d  w ith  a 3 p 4 ‘"®^p3''®^ ( ■ )  a n d  a 3 p 4 ^ ^ p 3 ^ ^ ^ ^  (▲ ); b a r s  s h o w  s t a n d a r d  d e v ia t i o n  o f  t h e  m e a n  (w h e n  

la r g e r  t h a n  th e  s y m b o l) .  P a n e l s  B a n d  C  a l s o  s h o w  fo r  r e f e r e n c e  ( c u r v e s  w ith  n o  s y m b o l s ,  r e p r o d u c e d  f ro m  F ig u r e .2 )  

t h e  c o n c e n t r a t i o n - r e s p o n s e  c u r v e s  r e la t in g  to  9 ' T h r  m u t a t i o n s  in a3 a n d / o r  p3. N o te  t h a t  t h e  e f f e c t  o f  m u ta t in g  p4 is  

s im i la r  to  t h a t  o f  m u ta t in g  a3.
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Table 4.7.2. Summary table o f 9 ’Thr mutations in a3 , p4 and p3 subunits

EC 50 Hh In
(nA)

Rundown
(%)

Dose ratios Square root 
of dose ratios

cube root of 
dose ratios

n

a3p4p3^^'^ 163.1 + 13.4 1.47 ±0.08 230 ±63.1 82.2 ± 7.2 1 4
[159.5-189.8]

a3p4p3"'"'" 43.4 + 2.2 1.28 ±0.04 175 ±23.5 67.8 ±7 .3 4.12 10
(p 0.003) (pO.10) (p 0.46) (p0.19) [3.77-4.52]

a3^^P4p3^"'^ 10.5 + 1.4 1.14 ±0.06 148 ±56.3 92.2 ± 19.6 17.1 4.14 4
(P 0.02) (p 0.37) (p 0.66) [14.9-19.7] [3.86-4.44]

a3p4^"^P3''"'^ 9.54 ±2.1 1.12 ±0.06 90 ± 15.8 77.7 ±21.8 21.9 4.68 4
(p0.71) (P 0.02) (pO.11) (p 0.86) [18.6-25.6] [4.31-5.06]

a3^^'^P4p3''^^ 4.49 ± 0.37 1.13±0.04 80 ± 20.4 88.6 ± 17.1 41.6 3.46 4

(P 0.02) (p 0.09) (P 0.75) [37.6-46.0] [3.35-3.58]

a3p4^^'^P3^^'^ 3.22 ± 0.53 0.94 ± 0.04 83 ±23 119.0± 11.0 50.3 3.69 4
(pO.10) (p 0.004) (pO.10) (p 0.05) [43.7-58.0] [3.52-3.87]

Table  4.7 .2. A  sum m ary o f the fitted data: E C 5 0 ,  I m a x  and Ph are the  m ean (± S.D. o f m ean) o f pa ram eter estim ates ob ta ined by fitting separa te ly  each concentra tion -response curve w ith a Hill equation. Ih is 

the mean (± S.D. o f m ean) ho ld ing cu rren t recorded at the s ta rt o f the experim ent. R undown is the % (± S.D. o f m ean) o f the response o f the initia l s tandard observed w hen the  standard w as applied a t the 

end o f the experim ent. Dose ra tios were es tim ated  from  fits in w hich curves w ere  constra ined to have the sam e s lope (sum m arised in see panel C o f figu re  4.7.1 ) fo r com parison  w ith o ther m u tan t curves, in 

order to estim ate  the horizonta l d is tance be tw een the curves as a dose-ra tio , w here  a3(34p3''^‘‘ = 1. The sam e paralle l fits  allowed estim ation o f 2 .01 -un it like lihood in te rva ls (in square brackets under the 

m eans o f the param eters they re fer to; see  M ethods section): these are equ iva len t to  95 % con fidence intervals, p  va lues are the resu lt o f a tw o-ta iled f-tes t assum ing unequa l variance, com paring the Hill 

slope, in itia l ho ld ing curren t and exten t o f rundow n o f all m u tan t com bina tions and the E C 5 0  o f a 3 p 4 p 3 ^ ^ \ w ith the a3p4p3''® ’’ ‘con tro l’ . The  E C 5 0  va lues o f double  and trip le  m u tan ts are com pared as 

indicated, in order to test equ iva lence o f the  m uta tion  copy num ber. Here p  va lues o f 0 .05 or less w ere taken to  ind ica te  a s ign ifican t d iffe rence.
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Figure 4.7.3. Relation between ACh EC 50 and putative number of 9 ’ Thr

mutations

a3p4|33
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Presumed number of 9' mutated subunits

Figure 4.7.3. EC 50  va lues fo r the various a3|34p3 9' Th r m u tan ts are p lotted on a log sca le  aga ins t the presum ed num ber 

o f m utated subunits  in recepto r com plex. Th is  num ber w as ca lcu la ted on the basis o f a s to ich iom etry  o f 2:2:1 fo r 

a3p4p3. The sym bols re fer to  o3p4p3'^^ ( • ) ,  o3p4p3'^  (O). a3^®'^p4p3''^  ̂{□), a3p4^®^p3'^®’̂  (■), a3'"'^p4p3'"^ (A) and 

a 3 p 4 ‘‘®^p3'^®^ (A ) .  N ote the approx im ate  linearity o f the decline in E C 5 0  as the p resum ed m utation copy num ber 

increases.
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4.8. Expression of p3 alone or with either a3 or P4

As discussed previously, little is known about the expression o f mutant subunits alone. 

Furthermore, wildtype combinations of a  or p subunits co-expressed with wildtype p3 

as a /p 3 or p/p3 do not form functional receptors. However, there is no data on a /p 3 or 

p/p3 mutants. Hence, I carried out a series of control experiments, injecting p3 alone 

(wild-type or mutant, namely P3, P3^^\ p3^^^) or in ‘pair’ combinations with either a3  

(a3(33, a3p3'"''\ a 3 ‘-‘’"̂ p3, a3'' '̂^p3'' '̂% a3'"^'^p3''^'\) or p4 (p4p3, P4p3^^%

P4p3^^\, P4^*^P3, P4^^^P3'^^% P4^^^P3'^^\ 10 ng total). These experiments did not 

result in the expression of functional nAChRs (i.e. current responses to 1 mM ACh 

were less than 1 nA; n = 5-6 for each combination tested; total cRNA injected 10 ng;

1:1 ratio for the pairwise combinations). In non-injected oocytes responses to 1 mM 

ACh were also negligible (less than 1 nA, n = 5). These results are summarised in table

4.8.1.

Comparing the initial holding currents for wildtype and mutant single subunits and non­

functional pairs in a two-tailed Mest assuming unequal variance, revealed no significant 

change in holding current. For example, oocytes injected with a3p3 had a mean initial 

holding current of 94 ± 25 nA vs. 102 ± 20 nA for oocytes injected with a3^^^p3^^^ {p 

0.92; see table 4.8.1.).
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Table 4.8.1. Expression of p3 alone or with either a3 or P4

Mean IH Mean R esponse n batches

(33 52 ± 2 0 <1 5 5

(p 0.88)
56 ± 13 <1 5 2

(p 0.89)
56 ± 14 <1 5 2

a3p3 94 ± 25 <1 5 1

a3p3^^  
(p 0.64)

44 ± 5 <1 5 1

(p0 .12)
1 0 8 ±  12 <1 5 1

a3^"'Tp3 
(p 0.60)

58 ± 16 <1 5 1

(p 0.95)
96 ± 2 5 <1 5 1

(p 0.92)
102 ± 2 0 <1 6 2

P4P3 96 ±21 <1 5 1

p4p3^^
(p0.13)

132 ± 4 9 <1 5 2

P4P3^̂ "̂  
(p 0.25)

70 ± 36 <1 5 1

P4L9Tp3W t

(p 0.74)
48 ± 2 4 <1 5 1

(pO.22)
90 ± 2 9 <1 5 1

p4 L9T p3V 9T

(p 0.28)
100 ± 3 2 <1 5 2

Tab le  4 .8 .1. Mean IH  = M ean initial ho ld ing current (± S.D. o f the m ean) a t the sta rt o f the experim ent, p  is the resu lt o f 

a 2 tail f-test assum ing unequa l variance, com paring w ild-type va lues to  the indicated m u tan t subun it com bination. Here 

p  va lues o f 0 .05 o r less w ere taken to  ind ica te  a s ign ifican t d ifference.

4.9. Discussion

The a3p4 data showed that the assumptions of the reporter mutation approaeh to 

stoichiometry are satisfied in this type of ‘pair’ neuronal nAChR. The data on a3p4p3 

‘triplet’ receptors show that mutations in a3 or p4 are equivalent in effect, and that they 

shift the ACh dose-response curve to the left by an amount log(r) (where r is the dose

ratio of Table 4.4.3.) that is approximately twice the shift observed if  P3 is mutated. If
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the mutation is inserted in both the p3 and the a3 (or P4) subunits, the magnitude of the 

resulting log (r) shift is approximately the sum of the shifts caused by each mutation 

separately, although some reduction in the magnitude of the shift is observed. A 

possible explanation for this is the reduced contribution o f the desensitised state in 

receptors with high copy numbers of the 9' mutation. A decrease in the extent of 

desensitisation would be expected to increase the observed agonist ECsq (shifting the 

concentration response curve to the right), counteracting the effect of the mutation on 

agonist efficacy (see chapter 5).

Thus each additional mutation has a similar effect in neuronal nAChR, irrespective of 

the number of mutations already incorporated in the pore as seen for the a3p4 ‘pair’ 

(again see the linearity of plot in Figure 4.7.3.). Given this independent and progressive 

effect of the 9' mutation, the equal shifts in the ACh EC50 produced by mutating either 

a3 or p4, indicates that a3 and p4 must be present in the same copy number. Because 

the nAChR is a pentamer, a3, p4 and p3 subunits can only be present in a 2:2:1 ratio.

4.9.1. The slope of the ACh concentration-response curves in mutant receptors

The greatest shifts in agonist sensitivity {i.e. those observed in a3^^^p4p3^^\ 

a3p4^^^P3^^^^) were associated with a significant decrease in the slope of the 

concentration-response curves (see table 4.7.2.). Such changes often result from 

receptor heterogeneity (the ECso^ for two receptor types have to differ by something 

approaching 100-fold before the presence of two components becomes detectable in 

dose-response curves, if the Hill coefficient values are similar to those observed for this 

type of receptors). While this explanation cannot be discounted in principle for our 

data, it is difficult to see why receptor heterogeneity should increase with the increase in
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the number of mutant subunits in the receptor, particularly since the decrease in slope is 

not limited to the ‘triplet’ receptors, but can be observed for the a3p4 ‘pair’ receptors 

(see the curve, chapter 3, figure 3.2.2.). Another more likely explanation is

that the slope decreases because monoliganded openings contribute more current as the 

proportion of mutant subunits in the receptor rises. Monoliganded openings are known 

to occur in muscle nAChRs (although they are relatively rare at all but the lowest 

concentrations, Colquhoun & Sakmann, 1985); their contribution to the total current can 

be expected to increase with mutation number, if the reporter mutation does indeed 

destabilise the closed state. A receptor which needs the binding of only a single agonist 

molecule to open can be expected to give rise to an equilibrium dose-response curve 

with a slope of one. Hence, a greater contribution of monoliganded openings can be 

expected to make the curve shallower. Similar effects were observed by Chang &

Weiss (1998) in GABAa receptors.

These observations substantiate our conclusions that the subunit stoichiometry in the 

a3p4p3 triplet is indeed 2:2:1. This stoichiometry fits in well with what is known of 

non-homomeric neuronal nAChR, namely that their pentameric structure contains at 

least two agonist binding sites, each requiring the presence o f an a  subunit; as in the 

muscle nAChR (Colquhoun & Sakmann, 1985), it is likely that both binding sites must 

be occupied for channel opening to occur effectively. The presence of at least two 

binding sites (which on average must be occupied for the channel to open) is in good 

accord with the observation of a Hill slope greater than 1 (1.42 for the wild-type triplet). 

It is unlikely that p3 can play the role of an a  subunit with respect to agonist binding, 

given that the sequence of the p3 presumed binding domains is very similar to that of 

the other p subunits.
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4.9.2. The rundown of mutant receptors

Comparing the extent of rundown in mutant receptors with a3p4p3^^^ in a two-tailed t- 

test assuming unequal variance, revealed a significant reduction in the extent of 

rundown for a3p4*^^^p3^^^. Here the mean extent of rundown in a3p4p3^^^ was 82.2 ± 

7.2 % vs. 119.0 ± 11.0 % for oocytes expressing a3p4*^^^p3^^^ {p 0.05; see table

4.7.2.), indicating a significant potentiation compared to the a3p4p3^^^ ‘control’. 

Kuryatov et a l  (1997) and Figl et a l (1998) report a similar use dependant potentiating 

effect for 6' serine to phenylalanine mutations inserted in rat a4  when co-expressed with 

wildtype P2 in oocytes. Figl et a l (1998) propose that this potentiation is the result of 

use dependant unblocking of mutant receptors. Thus inserting the 9' mutation in p3 in 

combination with p4 may create a novel binding site for a molecule to block the channel 

in the closed state. Such a blocker would be expected to have high affinity for the closed 

state and hence repeated activation of mutant receptors would release the block, 

producing a progressive potentiation as the block is removed and more channels become 

active. Further, such a potentiation would be more pronounced at the low agonist 

concentrations used for the control response, where Popen is small.
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Chapter 5; Stoichiometry of ‘triplet’ a3p4a5 neuronal nicotinic 

acetylcholine receptors
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The next aim of the project was to see if the 2:2:1 stoichiometry of ‘triplet’ receptors 

containing the (33 subunit applies to ‘triplet’ receptors containing the a5 subunit.

As discussed in chapter 1, a5 and (33 are very similar in amino acid sequence and are 

classed together in tribe 111-3 of the evolutionary ‘nAChR tree’ (Corringer et a l,  2000). 

A further similarity with (33 is the fact that a5 can only form functional receptors when 

expressed together with an a/(3 ‘pair’, forming an apaS  ‘triplet’ receptor (Ramirez- 

Latorre et a l, 1996; Wang et a l,  1996). In this chapter we extend the reporter mutation 

strategy used for P3 to nAChRs containing a5.

5.1. Co-expression of wild-type a5 does not affect the ACh sensitivity of a3p4 

‘pair’ nAChRs

Full concentration response curves were obtained by bath-application of ACh to oocytes 

expressing ‘triplet’ a3p4a5 wild type (figure 5.1.1.) or mutant receptors (figs 5.2.1 -  

5.7.3) using the protocol described in chapter 2. Example responses from one oocyte 

expressing ‘triplet’ a3p4a5 wild type or mutant receptors are shown in panel A of 

figure 5.2.1.

The resulting concentration response curves were then fitted as previously discussed in 

chapter 3 to determine the EC50, /max and Hill slope values for each experiment. The 

mean and standard error o f the mean values for all fitted parameters {EC50, /max and Hill 

slope) are shown in panel C of figs 5.2.1 - 5.7.3. Average responses normalised to the 

maximum for each oocyte are shown as the data points and the resulting fitted curve in 

panel B of figs 5.2.1 - 5.7.3.
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As previously reported by Wang and co-authors (1996), expressing the a5 subunit 

together with a3 and (34 had no apparent effect on the a3p4 ‘pair’ ACh concentration- 

response curve, making it difficult to be sure of incorporation of a5 (see figure 5.1.1.). 

Mean EC50 values were similar, 180 ± 17.0 pM ACh for the a3p4 ‘pair’ and 207 ± 25.6 

pM ACh ip 0.40, see table 5.7.4.) for the a3p4a5^^ ‘triplet’ (see panel C of figure 

5.1.1.). Thus, the incorporation of a5 is not obvious from a first glance at the dose- 

response relationship.

The ACh concentration-response curve of oocytes expressing a3p4 + a5 has a 

significantly shallower mean Hill slope than the a3p4 ‘pair’ (1.39 ± 0.08 vs. 1.81 ± 0.09 

re sp e c tiv e ly ,0.01; see panel C of figure 5.1.1. and table 5.3.3.). Furthermore, the time 

course of ACh responses recorded from oocytes expressing all three subunits was 

clearly different from that of a3p4 ‘pair’ receptors. Such ‘triplet’ responses (shown in 

panel A of figure 5.1.2.) had a much faster ‘sag’ to the sustained application of high 

ACh concentrations (indicating faster desensitisation, as noted by Wang et al. 1996 and 

Gerzanich <3/. 1998).

Comparing the holding curret, Imax and extent of rundown in oocytes expressing 

a3p4a5'^^ with a3p4 in a two-tailed r-test assuming unequal variance, revealed a 

significant reduction in the extent of rundown when co-expressing a5 wildtype. The 

mean extent of rundown in a3p4 was 25.4 ± 4.2 % vs. 74.3 ± 15.3 % for oocytes 

expressing a3p4a5'^^ {p 0.004; see table 5.7.4.).
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Figure 5.1.1. Co-expression of wild-type a5  does not affect the ACh sensitivity of

a3p4 ‘pair’ nAChRs
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a3p4a5'^ 207 ± 25.6 1098 ± 2 4 5 1.39 ± 0 .0 8 126.0 ± 3 3 .1 74 .3  ± 15.3 2 5

Figure 5.1.1. A  shows exam ples o f inward currents elic ited by ba th-applied AC h in oocytes exp ressing a3(34 or 

a3p4a5 '^. B shows A C h concentra tion -response curves pooled from  experim en ts  such as the ones show n in A: Pooled 

no rm alised  results were fitted w ith the Hill equation as a free fit (panel B; see chap te r 3). The concentra tion -response 

curves re fer to  oocytes in jected w ith a3p4a5 '^ (■ ). B a lso show s fo r re ference (dashed curve w ith no sym bols, 

reproduced from  figu re  3.1 .1) the concentra tion response curve re la ting to  a3p4 . C show s a sum m ary o f the fitted 

param eters: E C 5 0 ,  Imax and n »  are the m ean (± S.D. o f m ean) o f pa ram e te r es tim ates ob ta ined by fitting  separate ly  each 

concentra tion -response curve w ith a Hill equation, /« is the mean (± S.D. o f m ean) ho ld ing cu rren t recorded a t the s ta rt 

o f the experim ent. Rundown Is the % (± S.D. o f m ean) o f the response o f the in itia l s tandard observed w hen the 

standard  w as applied a t the end o f the  experim ent. No. o f ba tches are the num ber o f oocyte  ba tches used.
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5.2. Inserting a 9' Leu in aS does not affect the ACh sensitivity of a3p4 ‘pair’ 

nAChRs

As previously discussed for ‘triplet’ receptors containing the p3 subunit (see Chapter 4), 

we mutated the 9' Val residue of a5 to Leu in order to start off with a receptor 

containing only Leu residues in 9'.

The insertion of the 9' Leu mutation in the a5 subunit of a3p4a5 ‘triplet’ receptors did 

not change the ACh EC50 of the ‘triplet’, which remained indistinguishable from the 

a3p4 ‘pair’. Mean ACh EC50 values were 206 ±15.5 pM (see figure 5.3.1) compared to 

180 ± 17.0 pM for the a3p4 ‘pair’ {p 0.28, see table 5.7.4.) and 207 ± 25.6 pM for the 

a3p4a5 '^  ‘triplet’ (figure 5.3.2., table 5.3.3).

Once again the time course of the responses showed a fast sag at the higher 

concentrations o f ACh, in all likelihood indicating an increase in the rate of 

desensitisation, compared to both the a3p4 ‘pair’ and the a3p4a5 wild type ‘triplet’

(see panel A figure 5.3.2). Thus the only noticeable effect of the presence of the a5 

subunit in a3p4a5 receptors was a change in the shape of the response to high agonist 

concentrations, irrespective o f the nature of the hydrophobic residue in the 9’ position of 

a5.

Comparing the Hill slope, holding curret, Imax and extent of rundown in oocytes 

expressing a3(34a5^^^ with a3p4 in a two-tailed r-test assuming unequal variance, 

revealed a significant reduction in both the Hill slope and the extent of rundown when 

co-expressing a5^^^. The mean Hill slope for a3p4 was 1.81 ± 0.09 vs. 1.47 ± 0.05 for 

oocytes expressing a3p4a5^^^ (p 0.01; see table 5.7.4.). The mean extent o f rundown 

in a3p4 was 25.4 ± 4.2 % vs. 95.5 ± 17.0 % for oocytes expressing a3p4a5^^^(p 

0.013; see table 5.7.4.).
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Figure 5.2.1. Inserting a 9' Len in aS does not affect the ACh sensitivity of a3p4

‘pair’ nAChRs
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a3(34 180 ± 17.0 1430 ± 4 2 5  1.81 ± 0 .0 9  184 ± 5 7 .2  25 .4  ± 4.2

a3p4a5^^'- 206  ± 15.5 966 ± 367 1.47 ± 0 .0 5  96 .0  ± 3 1 .1  95 .5  ± 1 7 .0

Figure 5.2.1. A  show s exam ples o f inward currents elic ited by ba th-applied AC h in oocytes  exp ress ing  a 3 p4  or 

a3p4a5'^®'". Note the change in tim e course o f the responses to  high concentra tions (500 -  2000 pM ) o f ACh in oocytes 

exp ress ing  a3p4a5'^®'’ com pared to a3p4. B shows ACh concentra tion -response curves pooled from  experim ents such 

as the ones show n in A: Pooled norm alised results were fitted w ith the Hill equation as a free  fit (panel 8 ; see chap te r 

3). The concentra tion -response curves re fer to oocytes in jected w ith a3p4a5^^^(#). B a lso show s fo r re ference (dashed 

curve w ith no sym bols, reproduced from  figure 3.1.1) the concentra tion response curve re la ting to a3p4. Note the c lose 

s im ila rity  betw een the curves.
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Figure 5.2.2. Comparing the effect of and on the ACh sensitivity of

a3p4 nAChRs
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Figure 5.2.2. A  show s exam ples o f inward currents elic ited by ba th-applied AC h in oocytes  exp ressing a3p4, a3p4a5”* 

or a3p4a5'^®''. Note the change in tim e course o f the responses to  high concentra tions (500 -  2000 pM ) o f AC h in 

oocytes exp ress ing a3p4a5'^®‘" com pared to  a3p4a5'^. B show s ACh concentra tion -response curves pooied from  

experim ents  such as the ones show n in A: Pooied norm aiised resuits were fitted w ith the  H ill equation as a free fit 

(panei B; see chapter 3). The concentra tion -response curves re fer to oocytes in jected w ith  a3p4a5 '^ (dashed curve w ith 

no sym bo ls) and a3p4a5''® ‘" ( * ) .  B a lso  show s fo r re ference (dotted curve w ith no sym bols, reproduced from  figu re  3 .1 .1 ) 

the concentra tion response curve re la ting to a3p4. Note the ciose s im ila rity  between the curves.
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5.3. Inserting a 9' Thr in aS does not affect the ACh sensitivity of nAChRs 

resulting from expression of a3p4aS'^^^

In order to confirm the incorporation of a5 into an a3p4a5 ‘triplet’ and to establish 

what proportion of current - i f  any- is due to the a3p4 ‘pair’, we inserted a 9' Thr 

reporter mutation in a5 (as we did for the p3 subunit, see chapter 4). As discussed in 

chapter 4, all subunits belonging to the nAChR superfamily bear a hydrophobic amino 

acid in this position (termed 9'), namely a leucine or (in the ease of a5 and p3) a valine. 

Mutation of this 9' residue to a hydrophilic amino acid, such as threonine or serine, is 

known to increase the agonist sensitivity (Revah et a l ,  1991). The magnitude of this 

increase is proportional to the number of copies of the mutation incorporated into the 

receptor for muscle nAChRs (Lab arc a et a l,  1995). The data presented in chapters 3 

and 4 indicate that this approximately holds, up to a mutation copy number of three, in 

a3p4 ‘pair’ and a3p4p3 ‘triplet’ neuronal nAChRs.

Surprisingly, we found that inserting a 9' Thr mutation in a5 had little effect on the 

properties of nAChRs produced by oocytes injected with a3, (34 and Such

receptors were indistinguishable from either wild-type ‘triplet’ receptors or from ‘pair’ 

a3p4 receptors in their sensitivity to ACh. Mean ACh ECso values were 183 ± 11.0 pM 

(see figure 5.2.1) compared to 180 ± 17.0 pM for the a3p4 ‘pair’ {p 0.89, see table

5.7.4.) and 207 ± 25.6 pM ACh for the a3p4a5'^^ ‘triplet’ (figure 5.2.2, Table 5.2.3). 

The only noticeable difference was in the time course of the responses to high ACh 

concentrations, which, in the a5^^ ̂  mutant, lost the fast desensitisation which is seen in 

receptors containing a5^^ or a5^^^ (see panel A, figure 5.2.2).
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Comparing the Hill slope, holding current, Imax and extent of rundown in oocytes 

expressing a3p4a5"^^^ with a3p4 in a two-tailed Mest assuming unequal variance, 

revealed a significant reduction in both the Hill slope and the extent of rundown when 

co-expressing The mean Hill slope for a3p4 was 1.81 ± 0.09 vs. 1.19 ± 0.08 for

oocytes expressing a3p4a5^^^ (p 0.002; see table 5.7.4.). The mean extent of rundown 

in a3p4 was 25.4 ± 4.2 % vs. 74.5 ± 12.3 % for oocytes expressing a3p4a5^^^(p 

0.005; see table 5.7.4.).
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Figure 5.3.1. Inserting a 9' Thr in aS does not affect the ACh sensitivity of a3p4

‘pair’ nAChRs
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a3p4 180 ± 17.0 1430 ± 4 2 5 1.81 ± 0 .0 9 184 ± 5 7 .2 25 .4  ± 4.2 2 7

a334a5'^®"^ 1 8 3 ±  11.0 646 ± 97.8 1.19 ± 0 .0 8 73 .8  ± 19.2 74 .5  ± 12.3 4 7

Figure 5.3.1. A  show s exam ples o f inward currents e lic ited by bath-applied AC h in oocytes exp ress ing  a3(34 or 

a3|34a5^^''^. B show s AC h concentra tion -response curves pooled from  experim ents such as the ones shown in A; Pooled 

no rm alised  results w ere  fitted w ith the H ill equation as a free  fit (panel B; see chap te r 3). T he  concentra tion -response 

curves re fer to  oocytes injected w ith a3p4as '^® ^(0). B also show s fo r re ference (dashed curve w ith no sym bols, 

reproduced from  figu re  3.1 .1) the concentra tion response curve re la ting to  a3p4 . Note the c lose s im ila rity  between the 

curves.
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Figure 5.3.2. Mutations in the 9 ’ position of aS do not change the ACh sensitivity

of a3p4 ‘pair’ receptors
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Figure 5 .3 .2  A  show s exam ples o f inward currents elic ited by ba th-applied ACh in oocytes express ing 

a3p4a5 '^, a3p4a5^^'" o r a3p4a5^^^. N ote the d iffe rence in tim e course o f the  responses to  high concentra tions (500 -  

2000 pM ) o f AC h in oocytes expressing a3p4a5'^, a3p4a5^^'" o r a3p4a5'^®"^. B show s A C h concentra tion -response 

curves pooled from  experim ents such as the ones shown in A: Pooled norm alised resu lts w ere  fitted w ith the  Hill 

equation as a free fit (panel B; see chapter 3). The concentra tion -response curves re fe r to oocytes in jected w ith 

a3p4a5 '^ (■ ), a3p4a5^®'" ( • )  and a3p4as''®^ (O ). B also show s fo r re ference (dashed curve w ith no sym bols, reproduced 

from  figu re  3 .1 .1) the concentra tion response curve re la ting to a3p4. Note the close s im ila rity  between the  curves.
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Table 5.3.3. Summary of a3p4a5 ‘triplet’ receptors

ECso
()iM)

Imax
(nA)

riH n

a3p4 180 ± 17.0 14301425 1.81 ±0.09 7

aSp4a5'^ 207 ± 25.6 
(p 0.40)

1098 ±245 1.3910.08
(p0.01)

5

a3p4a5^"'^ 206 ± 15.5
(p 0.28)

966 ± 367 1.4710.05 
(P 0.01)

5

a3p4a5^®"^ 183 ±11.0 
(p 0.89)

646 ± 97.8 1.1910.08
(p 0.002)

7

Tab le  5.3.3. A  sum m ary o f the fitted data fo r the concentra tion response curves from  oocytes exp ress ing  a3p4 , 

a3p4a5**, a3p4a5'^®'' o r a3p4a5'^®^: EC50, Imax and nn are the m ean (± S.D. o f m ean) o f pa ram e ter estim ates ob ta ined 

by fitting  separa te ly  each concentra tion -response curve w ith a Hill equation . Note the s im ila r EC50 and Hill s lope values 

fo r all th ree com binations. No. o f ba tches are the num ber o f oocyte  ba tches used. W here  p  is the resu lt o f a 2 tail f-test 

assum ing unequal variance, com paring a3 p 4  values to  the ind ica ted subun it com bination. H ere p  va lues o f 0.05 or less 

w ere  taken to  ind ica te  a s ign ifican t d iffe rence. Note the s ign ifican t d iffe rence in the H ill s lope  produced by the co­

exp ress ion  o f a5.

5.4. Co-expression of a5̂ ^̂  decreases the ACh sensitivity of a3p4^^^ receptors

Co-expressing a5'^^ora5 mutants with the a3p4 ‘pair' did not affect the ACh 

concentration response curve o f a3p4, one possible explanation is that a5 does not form 

functional a3p4a5 ‘triplet’ receptors in oocytes, as argued by Fucile et al. (1997). 

However, the difference in the time course of the responses between oocytes expressing 

a3p4 and a3p4 + a5 wild-type, or mutant, would suggest incorporation o f a5 into an 

a3p4a5 ‘triplet’.

Following on from the stoichiometry experiments with p3, the next set of experiments 

incorporated 9' Thr mutations into the a3 and P4 subunits o f ‘triplet’ a3p4a5 receptors.
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Full ACh concentration response curves were obtained from oocytes expressing 

a3p4'^^^ + a5 '^  (see figure 5.4.1). Comparing a3p4^^^ + a5 '^  ACh concentration 

response curves with those previously obtained for the a3p4^^^ mutant (see Chapter 3) 

revealed a dramatic 30 fold rightward shift in the ACh concentration response curve for 

a3p4^^^ + a5'^\ demonstrating the incorporation of a5 into an a3p4a5 ‘triplet’ (see 

panel B, figure 5.4.1.). Oocytes expressing a3p4^^^ + a5'^  ̂had mean EC50 values of 

30.7 ± 1.63 pM ACh compared to 0.75 ± 0.05 pM ACh for a3 p 4^^^ receptors (see 

panel C, figure 5.4.1). The time course of the responses show a fast sag in their response 

to the higher concentrations of ACh when compared to a3p4^^^ (see panel A, figure 

5.4.1).

The aim of the next set of experiments was to determine if  this dramatic effect of a5 on 

the a3p4^^^ concentration-response curve was dependent on the nature of the residue in 

the 9' position of a5.

5.5. The decrease in ACh sensitivity produced by a5 incorporation into a3p4 L9'T

is similar for a5'^  ̂a5^^^ & a5^^^

Inserting a 9'Leu in the a5 subunit and co-expressing a5^^  ̂with a3 p 4 ^^ \ produced a

T Q'T" T Q*T
decrease in the ACh sensitivity of a3p4 receptors. Oocytes expressing a3p4 + 

a5^^  ̂ had mean EC50 values of 29.2 ± 1.57 pM ACh (see figure 5.5.1) compared to 

0.75 ± 0.05 pM ACh for a3p4^^^ receptors (see figure 5.5.2). Comparison with oocytes 

expressing a3p4^^^ + a5'^^ indicated that the observed decrease in ACh sensitivity was 

independent of the residue in the 9' position, with mean AOcvECso values of 30.7 ± 1.63 

pM (see figure 5.5.3). The time course of the responses for a3p4^^^a5^^  ̂show a fast
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sag in their response to the higher concentrations of ACh when compared to 

(see panel A, figure 5.5.2). Comparing responses from a3p4^^^a5'^^ with a3p4^^^a5^^^ 

shows a faster sag in response to the higher concentrations of ACh for a3p4^^^a5^^(see 

panel A, figure 5.5.3). Thus co-expression of a5 with a3p4^^^ causes an approximate 

40-fold change in ACh sensitivity, increasing the ACh EC50 from approximately 0.75 

pM to approximately 30 pM, irrespective of whether a5 carried a V, an L or a T residue 

in 9'.

5.6. Co-expression of decreases the ACh sensitivity of ^P4 receptors

Co-expressing a5^^ with a3^^^p4 produced a decrease in the ACh sensitivity of 

a3^^^p4 receptors, producing a rightward shift in the ACh concentration response curve 

(figure 5.6.2). Oocytes expressing a3^^^p4 + a5'^^ had mean EC50 values of 22.7 ± 2.02 

pM ACh (figure 5.6.1) compared to 5.8 ± 1.0 pM ACh for a3^^^p4 {p 0.001, see table

5.7.4. and figure 5.6.2). Comparison with oocytes expressing a3p4^^^ + a5 '^ indicated 

that the observed decrease in ACh sensitivity for a3^^^p4a5 was much smaller, i.e. 

approximately 4 fold (compared to 39 fold for a3p4^^^a5; see table 5.7.4.). The time 

course of the responses for a3 ’̂ ^^p4a5'^^ show a faster sag in their response to the 

higher concentrations of ACh when compared to a3^^^p4 (see panel A, figure 5.6.2).
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Figure 5.4.1. Co-expressing decreases the ACh sensitivity of a3p4 L9'T
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a3p4‘-̂ “̂ 0.75 ±0.05 562 ± 264 0.92 ± 0.08 200 ± 83 77.4 ± 9.5 2 4

a334'-^'V5'^ 30.7 ± 1.6 2546 ±518 1.36±0.10 68.3 ± 39.4 68 ± 8.2 3 6

Figure 5.4.1. A  show s exam ples o f inward currents elic ited by ba th-app lied ACh in oocytes exp ressing  a 3 p 4  or 

a3p4^®^a5'^. B show s AC h concentra tion -response curves pooled from  experim ents such as the  ones show n in A: 

Pooled norm alised resu lts w ere fitted w ith the Hill equation as a free fit (panel B; see chap te r 3). The concentra tion - 

response curves re fer to oocytes in jected w ith a3p4‘"® V 5 '^  (■ ). B a lso show s fo r re ference (so lid curve w ith no sym bols, 

reproduced from  figu re  3.) the concentra tion response curve re la ting to a3p4'"®^. C show s a sum m ary o f the fitted 

param eters: ECso, Imax and Hh are the m ean (± S.D. o f m ean) o f pa ram e ter estim ates ob ta ined by fitting separa te ly  each 

concentra tion -response curve w ith a Hill equation. Ih'\s the m ean (± S.D. o f m ean) ho ld ing cu rren t recorded a t the s ta rt 

o f the experim ent. R undown is the % (± S.D. o f m ean) o f the response o f the in itia l standard  observed w hen the 

standard w as applied a t the end o f the experim ent. No. o f batches are the num ber o f oocyte  ba tches used.
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Figure 5.5.1. Co-expressing a5^^  ̂decreases the ACh sensitivity of a3p4 L9'T

A

A a3P4 L 9 T

0.5

T

5 10 20

r  ir  '

50 100 200 500 |o,M

□  a3p4'-^V5''®''- ICN \ r

6 0 s

B

0=5-----

ro 06-

I  0.2-

o
Z  0.0

0.01 0.1

d 4— a3p4‘-̂ '‘̂ a5'̂ ®'‘-

100 1000 10000

ACh concentration (|aM) 
(log sca le)

ECso /max Hh Ih Rundown No. of n
(fiM) (nA) (nA) batches

a3p4'-®"^ 0 .75  ± 0.05 562 ± 264 0.92 ± 0.08 200  ± 83 77 .4  ± 9.5 2 4

a3P4'-^a5''^'- 29 .2  ± 1.57 792 ± 209 1.31 ± 0 .0 3 76.0  ± 22.9 81.2  ± 8 .4 4 5

Figure 5.5 .1. A  show s exam ples o f inward currents e lic ited by bath-applied AC h in oocytes  exp ress ing a 3 p 4  o r 

a3p4'"®^a5''®'‘ . B show s AC h concentra tion -response curves pooled from  experim ents such as the ones show n in A: 

P ooled norm alised results were fitted w ith  the H ill equation as a free fit (panel B; see  cha p te r 3). The concen tra tion - 

response curves re fer to  oocytes in jected w ith a3p4‘'®^a5'^®‘‘ (□ ) .  B a lso show s fo r re ference (solid curve w ith  no 

sym bols, reproduced from  figure 3.) the concentra tion  response curve re la ting to a 3 p 4 ‘"®̂ . C show s a sum m ary  o f the  

fitted param eters: ECso, Imax and Hh are the m ean (± S.D. o f m ean) o f pa ram e ter estim ates ob ta ined by fitting  sep a ra te ly  

each concentra tion -response curve w ith  a Hill equation. In is  the m ean (± S.D. o f m ean) ho ld ing curren t recorded a t the 

s ta rt o f the experim ent. Rundown is the % (± S.D. o f m ean) o f the response o f the in itia l s tandard observed w hen the  

standard  w as applied at the end o f the experim ent. No. o f ba tches are the num ber o f oocyte  ba tches used.
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Figure 5.5.2. Co-expressing a5^^  ̂decreases the ACh sensitivity of a3p4 L9'T
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ECso /max Hh Ih Rundown No. of n
(pM) (nA) (nA) batches

0.75 ± 0.05 562 ± 264 0.92 ±0.08 200 ± 83 77.4 ±9.5 2 4

a3p4'-®’V 5 '^ 31.1 ± 1.40 1476 + 450 1.63±0.12 62.5 ± 14.9 64.9 ± 10.4 3 4

Figure 5.5.2. A  show s exam ples o f inward currents elic ited by ba th-applied AC h in oocytes exp ress ing  a 3 p 4 ‘‘ o r 

a3p4'-®^a5^®^. B show s ACh concentra tion -response curves pooled from  experim ents such as the ones shown in A: 

Pooled norm alised results w ere fitted w ith the Hill equation as a free f it (panel B; see chapter 3). The concentra tion - 

response curves re fer to  oocytes injected w ith aSp4^^^a5'^^^ O ) .  B a lso show s fo r re fe rence (solid curve w ith no 

sym bols, reproduced from  figure 3.) the concentra tion response curve re la ting to a3p4''®"^. C show s a sum m ary o f the 

fitted param eters: ECso, Imax and Hh are the m ean (± S.D. o f m ean) o f pa ram e te r estim ates ob ta ined by fitting separa te ly  

each concentra tion -response curve w ith  a Hill equation. /hIs the mean (± S.D. o f m ean) ho ld ing cu rren t recorded at the 

s ta rt o f the experim ent. Rundown is the % (± S.D. o f m ean) o f the response o f the in itia l s tandard observed when the 

standard  w as applied a t the end o f the experim ent. No. o f ba tches are the num ber o f oocyte  ba tches used.
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Figure 5.5.3. The effect of a5 co-expression on the ACh sensitivity of a3p4^^ ^

‘pair’ receptors is independent of the residue in position 9’ of a5
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Figure 5 .5 .3. A  show s exam ples o f inward currents e lic ited by ba th-applied A C h in oocytes exp ressing  a3p4‘’®^a5'*‘, 

a3p4 ‘‘®^a5'^®'‘ o r a3p4'"^^a5^^^. B show s ACh concentra tion -response curves pooled from  experim ents such as the  ones 

show n in A: Pooled norm alised results were fitted w ith the Hill equation as a free fit (panel B; see  chapter 3). The 

concentra tion -response curves re fer to oocytes injected w ith a3p4''®"^a5'^(»), a3p4‘‘®V5'^®‘" (D )  o r a3p4''®"^a5''®^0)- B 

a lso show s fo r re ference (solid curve w ith no sym bols, reproduced from  figu re  3.) the concentra tion  response curve 

re la ting to  a3p4'-®'^.
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Figure 5.6.2. Co-expressing aS'̂ * decreases the ACh sensitivity of ^p4
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ECso /max Hh Ih Rundown No. of n
(pM) (nA) (nA) batches

a 3 ‘-®'̂ p4 5.8 ± 1.0 1043 ± 411 1.15 ± 0 .0 8 85 ± 28.7 54 .7  ± 8.6 2 6

a3*-^"^P4a5'^ 22 .7  ± 2.02 1 1 2 2 ±  197 1.40 ± 0 .0 7 67 .5  ± 16.52 67 ± 8.56 2 4

F igure 5 .6 .2  A  show s exam ples o f inward currents eiic ited by ba th-applied AC h in oocytes  exp ressing a3 '‘®^(34 or 

a3 ‘-®‘^p4a5'*^. B show s AC h concentra tion -response curves pooled from  experim ents such as the  ones shown in A: 

Pooled norm alised resu lts were fitted w ith the Hill equation as a free fit (panel B; see cha p te r 3). The concentra tion - 

response curves re fer to oocytes in jected w ith a 3 ‘"®^p4a5'^ (A ) .  B a lso show s fo r re ference (solid curve w ith no sym bols, 

reproduced from  figu re  3.) the concentra tion response curve re la ting to a3'"^^p4. C show s a sum m ary o f the fitted 

pa ram eters: ECso, /max and Hh are the m ean (± S.D. o f m ean) o f pa ram e ter estim ates ob ta ined by fitting  separa te ly  each 

concentra tion -response curve w ith a Hill equation. /hIs the m ean (± S.D. o f m ean) ho ld ing cu rren t recorded a t the start 

o f the  experim ent. R undow n is the % (± S.D. o f m ean) o f the response o f the in itia l standard  observed w hen the 

standard  w as applied a t the end o f the experim ent. No. o f ba tches are the num ber o f oocyte  ba tches used.
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5.7. The decrease in ACh sensitivity produced by aS incorporation into ^P4 

is similar for a5^%  ̂or ^

Co-expressing  ̂with a3^^^p4 produced a decrease in the ACh sensitivity of 

a3^^^p4 receptors, producing a rightward shift in the ACh concentration response curve 

to a mean ACh EC50 of 17.6 ± 1.90 pM (figure 5.7.1.). Co-expressing with

T Q*T T 0*T'
a3 p4 produced a decrease in the ACh sensitivity of a3 P4 receptors, producing a 

rightward shift in the ACh concentration response curve to a mean ACh EC50 of 18.2 ±

1 pM (figure 5.7.2.).

Thus co-expression of a5 with a3^^^p4 causes a 3 to 4 fold decrease in ACh sensitivity, 

with an EC50 change from approximately 6 pM to approximately 20 pM irrespective of 

whether a5 carried a V, a L or a T residue in 9' (see figure 5.7.3. and table 5.7.4.). Note 

that this shift is considerably smaller than that observed when a5 mutant or wt subunits 

are introduced into the a3p4^^^ receptor. This suggests that a5 replaces a p4 subunit in 

the formation of the a3p4a5 receptor (see discussion).

Comparing I^ax and the extent of rundown in mutant receptors with a3p4 and a3^^^p4 

in a two-tailed Mest assuming unequal variance, revealed a significant reduction in the 

extent o f rundown when co-expressing a5^^  ̂or a5^^ ̂  and a significant reduction in Imax 

for a3^^^p4a5^^ \  The mean extent of rundown in a3^^^p4 was 54.7 ± 8.6 % vs. 86.5 

± 7.5 % for oocytes expressing a3^^^p4a5^^^(p 0.02; see table 5.7.4.) and 124.9 ± 8.5 

% for oocytes expressing a3^^^p4a5^^^(/7 0.001; see table 5.7.4.). The mean /max for 

a3p4 was 1430 ± 425 nA vs. 491 ± 104 nA for oocytes expressing a3^^^p4a5^^^ (p 

0.02; see table 5.7.4.).
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Figure 5.7.1. Co-expressing decreases the ACh sensitivity of * |34 
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(log sca le)

ECso /max "H Ih Rundown No. of n
(pM) (nA) (nA) W batches

a3"-9'Tp4 5.8 ± 1.0 1043 ±411 1.15 ±0.08 85 ±28.7 54.7 ± 8.6 2 6

a3"-9'Tp4a5V9'- 17.6 + 1.90 491 ± 104 1.08 ±0.04 185.0 ±75.3 86.5 ±7.5 3 4

Figure 5.7.1. A  show s exam ples o f inward currents elic ited by ba th-applied AC h in oocytes  exp ressing a 3 ‘’® p4 or 

a3''®^P4a5'^®^. B show s AC h concentra tion -response curves pooled from  experim ents such as the ones show n in A: 

Pooled norm alised results were fitted w ith the Hill equation as a free fit (panel 8 ; see cha p te r 3). The concen tra tion - 

response curves re fer to oocytes in jected w ith a3‘‘®̂ p4a5'̂ ®'' (A). B a lso  show s fo r re fe rence (so lid  curve w ith no 

sym bo ls, reproduced from  figure 3.) the concentra tion response curve re la ting to a3"'^^p4. C show s a sum m ary  o f the 

fitted param eters; ECso, /max and Hh are the m ean (± S.D. o f m ean) o f pa ram e te r estim ates ob ta ined by fitting  separa te ly  

each concentra tion -response curve w ith a Hill equation. Ih '\s  the mean (± S.D. o f m ean) ho ld ing curren t recorded a t the 

s ta rt o f the experim ent. Rundow n is the % (± S.D. o f m ean) o f the response o f the in itia l standard  reproduced by the 

standard  a t the end o f the experim ent. No. o f batches are the num ber o f oocyte  ba tches used.
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Figure 5.7.2. Co-expressing  ̂decreases the ACh sensitivity of * P4L9'Tf
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ECso /max r?H Ih Rundown No. of n
(pM) (nA) (nA) batches

a3'-®'y4 5.8 ± 1 .0 1043 ± 411 1 .1 5 ± 0 .0 8 85 ± 28.7 54 .7  ± 8 .6 2 6

a3'-^'^p4a5^^ 1 8 .2 + 1 .0 0 1215 ± 2 8 0 1.45 ± 005 77 .5  ± 30.4 124.90 ± 8 .5 3 1 4

Figure 5.7 .2. A  show s exam ples o f inward currents elic ited by ba th-applied AC h in oocytes exp ress ing  a3  p4 or 

oj3>-9'Tp4a5'̂ ®"̂ _ B show s ACh concentra tion -response curves pooled from  experim ents such as the ones shown in A: 

Pooled norm alised resu lts were fitted w ith the Hill equation as a free fit (panel B; see chapter 3). The concentra tion - 

response curves re fer to oocytes in jected w ith a3''®^p4a5''®^ ( ♦ ) .  B a lso show s for re fe rence (so lid curve w ith no 

sym bo ls, reproduced from  figure 3.) the concentra tion response curve re la ting to a3 ''^^p4. C show s a sum m ary o f the 

fitted param eters: ECso, Lax and Hh are the m ean (± S.D. o f m ean) o f pa ram e te r estim ates ob ta ined by fitting separa te ly  

each concentra tion -response curve w ith a Hill equation. L is  the mean (± S.D. o f m ean) ho ld ing curren t recorded a t the 

sta rt o f the  experim ent. Rundown is the % (± S.D. o f m ean) o f the response o f the in itia l s tandard reproduced by the 

standard  a t the end o f the experim ent. No. o f batches are the num ber o f oocyte  ba tches used.
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Figure 5.7.3. The effect of aS co-expression on the ACh sensitivity of a3 ^p4

‘pair’ receptors is independent of the residue in position 9' of a5
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Figure 5.7.3. A  show s exam ples o f Inward currents elic ited by ba th-applied AC h in oocytes exp ress ing  a3'"®'^p4a5'^, 

a 3 ‘‘®^P4a5''®''or a3 ‘"®^p4a5'^®^. B show s AC h concentra tion -response curves pooled from  experim ents such as the ones 

show n in A: Pooled norm alised results w ere fitted w ith the Hill equation as a free fit (panel B; see  chapter 3). The 

concen tra tion -response  curves re fer to oocytes in jected w ith a3''®'^p4a5'^ (A ) ,  a 3 ‘‘®^p4a5''®‘' ( A )  o r a 3 ‘‘®'^p4a5'^®'^(A). B 

a lso  show s fo r re ference (solid curve w ith no sym bols, reproduced from  figure 3.) the  concentra tion  response curve 

re la ting to  a3'-®'^p4.
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Table 5.7.4. A summary of the affect of aS on wild type and mutant a3|34 ‘pair’ receptors

ECso
(pM)

/max
(nA)

riH 4
(nA)

R u n d o w n

W

N o. o f  
b a tc h e s

n c R N A
in je c te d

(ng)
a3(34 180 ± 17.0 1430 ± 4 2 5 1.81 ± 0 .0 9 184.0 ± 5 7 .2 25 .4  ± 4.2 2 7 0 .5 - 1

a S p 4 a 5 '" ‘ 207  ± 25 .6 1098 ± 2 4 5 1.39 ± 0 .0 8 126.0 ± 33 .1 74.3 ± 15.3 2 5 5 - 1 0

a3P4a5^'-
(p 0 .40) (p 0 .5 1 ) (pO .01) (p 0.40) (p 0.004)

206 ± 15.4 966 ± 367 1.47 ± 0 .0 5 96.0  ± 3 1 .1 95 .5  ± 17.0 3 5 5 - 1 0

a3P4a5'^'^
(P 0 .28) (p 0.43) (pO .01) (p 0 .2 1 ) (p 0 .013)

182 ± 2 7 .1 7 0 9 ± 106 1.27 ± 0 .1 1 73.8  ± 19.2 74 .5  ± 12.3 4 8 1 - 5
(p 0.89) (p 0 .1 4 ) (p 0 .002) (pO.11) (p 0.005)

a3"-^P4 5.8 ± 1.0 1043 ± 4 1 1 1 .1 5 ± 0 .0 8 85.0  ± 28.7 54 .7  ± 8.6 2 6 0.5

a3^^p4a5"^ 22 .7  ± 2 .0 1 1 2 2 ± 197 1.40 ± 0 .0 7 67 .5  ± 16.5 67  ± 8 .6 2 4 1
(p 0 .001) (pO .77) (p  0 .05) (p 0.45) (p 0.34)

a3'-"'^p4a5''=''' 17.6 ± 1.9 4 9 1 ± 104 1.08 ± 0 .0 4 185.0 ± 7 5 .3 86 .5  ± 7 .5 3 4 1
(pO .12) (p 0 .0 2 ) (P 0.47) (p 0.29) (p 0.02)

18.2 ± 1 .0 1215 ± 2 8 0 1.45 ± 0 .0 5 77 .5  ± 30.4 124.9 ± 8 .5 1 4 0.5

(pO .11) (p 0.62) (p 0.02) (p 0.78) (p 0.001)

03^4"-^ 0.75  ± 0 .1 562 ± 264 0 .92  ± 0.08 200 .0  ± 83 89 .0  ±  9.0 2 4 0 .2 5 - 0 .5

a3p4^®'Vs'^ 30 .7  ± 1.6 2546  ± 5 1 8 1.36 ± 0 .1 0 68.3  ± 39.4 68 .0  ± 8.2 3 6 0.5

a3P4"'"'^a5'^'''
(p  8 .6 2 X 1 0  ®) (pO .01) (p 0 .0 1 ) (P 0.22) (p 0 .1 2 )

29 .2  ± 1.6 792 ± 209 1.31 ± 0 .0 3 76 .0  ± 22.9 81 .2  ± 8 .4 4 5 0.5
(p 0 .50) (p 0.52) (p 0 .0 1 ) (P 0.24) (p 0.53)

31.1 ± 1.4 1476 ± 4 5 0 1.63 ± 0 .1 2 62 .5  ± 14.9 64 .9  ± 10.4 3 4 0 .25
(p 0 .88) (PO.14) (p 0 .004) (P 0.20) (pO .13)

Table 5.7.4. A  sum m ary o f the fitted  data: E C 5 0 , Imax and n» are the m ean (± S.D. o f m ean) o f pa ram e ter estim ates ob ta ined by fitting separa te ly  each concen tra tion -response  curve w/ith a Hill equation. Ih is 

the m ean (± S.D. o f m ean) ho ld ing cu rren t recorded a t the s ta rt o f the  experim ent. R undow n is the % (± S.D. o f m ean) o f the response o f the in itia l s tandard reproduced by the standard a t the end o f the 

experim ent. No. o f ba tches are the  num ber oocyte  ba tches used. cR N A  in jected is the range o f cR N A  in jected in o rde r to produce acceptab le  express ion leve ls fo r the experim ents. W here  p  is the resu lt o f a 

2 tail f-test assum ing unequal variance, assessing the e ffec t o f w ild -type  o r m u tan t a 5  co-expressing on the va lues m easured fo r the subun it com bination indicated. H ere p  va lues o f 0.05 o r less w ere taken 

to indica te a s ign ifican t d iffe rence.
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5.8. Pair combinations containing and aS respond to ACh

A series of control experiments showed that injection of one subunit alone (wild-type or 

mutant), namely a5, \  or of ‘pair’ combinations of a5 with either a3

(aSaS, a3a5^^ % a3a5^^^) or p4 (P4a5, p4a5^^^% P 4 a5^^ \ 10 ng total) did not result 

in the expression of functional nAChRs (i.e. current responses to 1 mM ACh were less 

than 1 nA; n = 5 for each combination tested; total cRNA injected 10 ng; 1:1 ratio for 

the pairwise combinations). In non-injected oocytes responses to 1 mM ACh were also 

negligible (less than In A, n = 5).

‘Pair’ combinations containing the a3^^^ subunit together with a5 did produce 

detectable ACh responses. Nevertheless such inward currents in response to 1 mM ACh 

were small (maximum responses were 149 ± 47 and 142 ± 50 nA, n= 5 for a3^^^a5 and 

respectively). Only the a3^^^a5^^^ combination produced a larger 

inward current (362 ± 145 nA, n = 5; summarised in table 5.8.2., see and figure 5.8.3. 

for a concentration response curve). Note however that the EC50 for these responses is 

very high, 746.8 pM, n=\. The corresponding triplet combination, a3^^^p4a5^^^ 

produced a much larger average maximum current (1215 ± 280 nA; see table 5.8.2.) in 

response to a considerably lower ACh concentration (200 pM, EC50 18.2 pM, see table

5.7.4.). The maximum ACh concentration used for the corresponding ‘triplet’ 

concentration response curves was 500 pM for a3*^'^^p4a5'^ and a3^^^p4a5^^^ and 2 

mM for a3^^^p4a5^^ \  Further, ACh responses for the ‘pair’ a3^^^a5 combinations 

were obtained after injecting 10 ng of cRNA, compared to 0.5 -  1 ng for the 

corresponding ‘triplets’ (see table 5.7.4.). Thus the formation of a3^^ ^a5 ‘pair’ 

combinations would have a negligible effect on our data.
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com binations w ith a 5 ,  ̂or responded to 1 m M  A C h w ith  sm all

outward currents (less than or equal to 55 nA, n = 5; total cRNA injection 10 ng; 1:1 

ratio for all pair wise combinations). These results are summarised in table 5.8.1.

Comparing the initial holding currents for wildtype and mutant single subunits and non­

functional pairs in a two-tailed f-test assuming unequal variance, revealed no significant 

change in holding current. For example, oocytes injected with a3a5  had a mean initial 

holding current of 36 ± 9.3 nA vs. 174 ± 66.8 nA for oocytes injected with a3^^^a5^^^ 

(p 0.11; see table 4.8.1.).
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Table 5.8.1. The experimental controls

Mean IH Mean Response to 
1 mM ACh (nA)

n batches

a5 52 ± 13.2 0 5 2
36 ±9.8  
(p 0.36)

0 5 1

24 ± 2.4 
(pO.10)

0 5 2

a3a5 36 ±9.3 0 5 1
a3a5^®’̂ 95 ±21.8 

(p 0.07)
0 5 3

a3a5^^^ 34 ± 4.0
(p 0.88)

0 5 2

a3'-®"^a5'^ 120 ±60.7 
(p 0.24)

115 ± 52.3 5 2

126 ±78.7 
(p 0.32)

Outward 24 ± 7.7 5 2

174 ±66.8 
(P 0.11)

140.6 ±49.8 5 2

P4a5 90 ±21.2 0 5 2
P4a5^®'‘- 114 ±35.4 

(p 0.58)
0 5 2

P4a5^"'^ 60 ±9 .5  
(p 0.25)

0 5 2

p4L9T^5wt 134 ±26.9 
(p 0.24)

Outward 16 ± 4 5 2

p4'-®"̂ a5̂ ®'̂ 144 ±38.5 
(p 0.26)

283 ± 106.4 5 3

P4̂ ®"̂ a5̂ ®"̂ 124 ±20.4 
(PO.28)

Outward 19 ± 4.3 5 2

Ta b le  5.8.1. Mean IH  = Mean initia l ho ld ing current (± S.D. o f the m ean) a t the s ta rt o f the  experim ent. W here p  is the 

re su lt o f a 2 ta iled f-test assum ing unequal variance, com paring the change in ho ld ing curren t produced by in troducing 

increasing  cop ies o f the 9' m utation in to  the subun it com binations ind ica ted. Here p  va lues o f 0.05 or less w ere  taken to 

ind ica te  a s ign ifican t d iffe rence. Note tha t the 9' m utation does not s ign ifican tly  a ffec t the  ho ld ing cu rren t o f any o f the 

com bina tions.

ECso
(pM)

'max

(nA)
/ h  N o . o f  n

(nA) b a t c h e s

746.8 908 3.95 340

a3^^"^P4a5^^"^ 18.2 ±1.00 1215 ±280 1.45 ±0 .05  77.5 ± 30.4 1 4

Tab le  5.8.2. S um m ary o f the fitted data: ECso, Lax and Hh are the m ean (± S.D. o f m ean) o f pa ram eter estim ates 

ob ta ined by fitting separa te ly  each concentra tion -response curve w ith a Hill equation. Ih \s the m ean (± S.D. o f m ean) 

ho ld ing curren t recorded at the sta rt o f the experim ent. No. o f ba tches are the num ber o f oocyte  ba tches used.
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Figure 5.8.3. a3^^^a5^^^ produces a functional receptor that does not resemble

a3^^^p4a5^^^receptors
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Figure 5.8.3. Show s AC h concentra tion -response curves pooled from  experim ents such as the ones shown in 5.7 .3.: 

P ooled norm alised resu lts w ere fitted w ith the  Hill equation as a free f it (see chap te r 3). The concentra tion -response 

curves re fer to  oocytes in jected w ith a3''®’̂ p4a5''®'^ ( # )  and (■ ) .

5.9. Discussion

The experiments presented above were performed as a continuation o f the work on the 

stoichiometry of the aSp4p3 ‘triplet’ receptor. It seemed plausible that the same 

approach would allow us to establish whether ‘triplet’ receptors containing a5 have the 

same 2:2:1 stoichiometry.

It has been shown previously that in a4p2a5 ‘triplet’ receptors, the incorporation o f a5 

is detected by the appearance o f a new receptor population, considerably less sensitive
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to the agonist action of ACh. Lindstrom and co-workers however report that the effect 

of the presence of a5 depends on the nature of the ‘parent’ pair of subunits with which 

a5 is co-expressed. For instance, in oocytes a5 markedly increased the ACh sensitivity 

of human a3p2a5 receptors, but left unchanged that o f a3p4a5 nAChRs (Wang et a l, 

1996; Gerzanich et a l, 1998). The same authors report that in a3p4a5 nAChRs, a5 

incorporation is manifest because of changes in the desensitisation and calcium 

permeability o f the receptor. On the other hand, if  chick subunits are expressed, a5 

decreases a3p4 agonist sensitivity in mammalian cells, but has no effect if  these 

subunits are expressed in oocytes (Fucile et a l, 1997). Indeed, these data have been 

taken to indicate lack of co-assembly of this particular ‘triplet’ receptor in oocytes.

Nevertheless more evidence for a5 incorporation is provided by single channel 

experiments. a5-containing nAChRs also have a higher single channel conductance 

than the ‘parent’ pair receptors both for an a4p2 background (Ramirez-Latorre et a l, 

1996) and for an a3p4 background (Sivilotti et a l, 1997; Nelson & Lindstrom, 1999). 

These data not only confirm incorporation, but suggest that a5 replaces a p subunit in 

the formation of the ‘triplet’ (see below).

5.9.1. The incorporation of aS into functional a3p4a5 triplet receptors

Recombinant nAChRs containing a3 and a5 were previously characterised by 

Lindstrom and co-workers (Gerzanich et a l, 1998; Wang et a l,  1996; Wang et a l,

1998; Nelson & Lindstrom, 1999). Our data agree with their observation that a5 does 

not affect the ECso of the wildtype a3p4 concentration-response curve to ACh (see table

5.7.4.). However, a5 does increase apparent desensitisation to high ACh concentrations
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and decreases the Hill slope (see table 5.7.4.), most notably in a3p4a5"^^^ receptors 

(see figure 5.2.2.). Interestingly, neither of these effects are shared by p3 (see a3p4p3 

data in chapter 4).

Additionally, our data suggest efficient assembly of a3p4a5 receptors in oocytes in 

agreement with the findings of Wang et al. (1996). This is demonstrated by the 

consistent reduction in ACh sensitivity observed when a5 was expressed with a3^^^p4 

or a3p4*^^^. In these mutant nAChRs, addition of a5 increased the ACh EC^q by four­

fold (a3*^^^p4) or forty-fold (a3p4^^^; see figures 5.5.3 & 5.7.3.). Our interpretation 

assumes that 9' mutations do not affect subunit assembly in nAChRs: indeed such an 

effect o f 9' mutations has never been reported and is not observed for mutant a3p4 or 

a3p4p3 receptors (see chapters 3 & 4).

Furthermore, a5 incorporation in receptors mutated in a3 or p4 was clear regardless of 

whether a5 itself was expressed as a5'^\ a5^^ ̂  or a5^^ The magnitude of the ECsq 

shift was much larger if the 9'T mutation was in P4 (40-fold vs. approximately four-fold 

for a3^^^ nAChRs). A plausible explanation for this disparity is that a5 (like P3) 

replaces a p4 subunit in the receptor. If that is the case and if  the mutation is carried by 

p4, a5 would affect ACh EC50 not just because of its incorporation, but also because it 

decreases the number of copies of the mutation. Wang et al. (1996) first suggested that 

a5  replaces a p subunit. This is reasonable, because a5 differs from a typical a  in the 

putative agonist binding domain sequences, containing a negatively charged aspartate 

residue in position 190 of loop C (in common with P3; Torpedo a l  numbering) 

compared to neutral tyrosine found in all other a  subunits. Thus a5 may not be able to 

play the role of an a  subunit. This would also be in agreement with the consistent
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increase in single-channel conductance produced by a5 incorporation (Ramirez-Latorre 

et a l,  1996). As discussed in chapter 1, Imoto et a l (1988) describe 3 rings o f charges 

in the TM2 domain, whose net charge affects single channel conductance of nAChRs. If 

a5 replaces a p subunit, it would increase the net negative charge of the extracellular 

ring of charges in position 20' o f TM2, by replacing the positively charged lysine 

residue contributed by P4 with a negatively charged glutamate residue (see figure 

5.8.1 .a). This would be expected to increase the single-channel conductance o f the 

resulting a3p4a5 triplet (Imoto et a l,  1988). However, the net charge in the 

extracellular ring would not change if  a5 replaced an a  subunit (see figure 5.8.1.b).
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Table 5.9.1.a. o5  replacing p4 in the oc3p4(x5 triplet receptor

Receptor Subunit Copy number Cytoplasmic ring 

-4'

Intermediate ring 

-1'

Outer ring 

20'

a3p4 a3 2 D ( - ) E ( - ) E ( - )

p4 3 D ( - ) E ( - ) K(  + )

Net charge -5 -5 + 1

a3p4a5 o3 2 D ( - ) E ( - ) E ( - )

P4 2 D ( - ) E ( - ) K(  + )

a5 1 N(0) E ( - ) E ( - )

Net charge - 4 - 5 - 1

TM2

O uter ring

E) Intermediate ring

Cytoplasmic ring

Outer ring

Intermediate ring

Cytoplasmic ring

Table 5.9 .1 .a. Shown are the residues in the TM 2 cytop lasm ic (-4’), in te rm ed iate (-1 ’) and outer (20’) rings of charges for the rx3, (34 and a5 subunits. The residues are indicated using the single letter am ino 

acid code. The presum ed sto ich iom etry for both «3(34 and a3(34aS receptors is indicated by the subunit copy number. The net cha rge for each ring of charges is calcula ted on the basis of the subunit copy 

number. A graphica l representation of the pore of the channel, w ith the residues lining the pore form ing the cytop lasm ic (-4’), in te rm ed iate  (-1 ’). Note tha t the subunit arrangem ent show n is based on that of 

the ACh binding protein.
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Table 5.9.1.b. oc5 replacing a3  in the a3p4o5 triplet receptor

Receptor Subunit Copy number Cytoplasmic ring 

-4‘

Intermediate ring 

-V

Outer ring 

20'

03(34 o3 2 D ( - ) E ( - ) E ( - )

[34 3 D ( - ) E ( - ) K(  + )

Net charge - 5 - 5 + 1

o3(34o5 o3 1 D ( - ) E ( - ) E ( - )

(34 3 D ( - ) E ( - ) K(  + )

o5 1 N(0) E ( - ) E ( - )

Net charge - 4 - 5 + 1

O uter ring

Intermediate ring

Cytoplasmic ring

Outer ring

Intermediate ring

Cytoplasmic ring

Table 5.9.1 b. Shown are the residues in the TM 2 cytop lasm ic (-4’), in te rm ed ia te  (-1’) and outer (20’) rings of charges for the »3, p4 and a5  subunits. The residues are indicated using the single letter am ino 

acid code. The presum ed sto ich iom etry for both o3p4 and a3p4a5 receptors is indicated by the subunit copy number. The net charge for each ring of charges is calcula ted on the basis of the subunit copy 

number. A graphica l representation of the pore of the channel, w ith the residues lining the pore form ing the cytop lasm ic (-4’), in te rm ed iate  (-T ), centra l (2 ’) and outer (20 ’) rings is shown for both «3^4 and 

rx3(i4fx5 receptors, indicating the net cha rge  on each ring. Note positive ly charged residues are indicated in red, negatively charged residues in blue and uncharged residues in w hite . Note tha t there is no 

increase in the net negative charge  of the extrace llu la r ring if rx5 replaces a. Note that the subunit arrangem ent shown is based on tha t of the ACh bind ing protein.
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5.9.2. 9 ’ mutations in a5 do not affect the agonist sensitivity of a3p4a5 receptors

Mutating the 9' valine in the TM2 domain of a5 to a hydrophilic threonine did not 

change the agonist sensitivity of aSp4a5 receptors (see figure 5.2.2.). This is in 

contrast with the data from muscle nAChRs and from neuronal a3p4 and a3p4p3 

receptors (see chapters 3 & 4), where such mutations consistently increase agonist 

potency. Mutations o f 9' to threonine or serine are thought to act on channel gating by 

destabilising the closed state and/or by reducing desensitisation (possibly making the 

desensitised state of the channel conducting; Revah et a l, 1991; Labarca et a l,  1995; 

Filatov & White, 1995). These two microscopic effects should have opposite effects on 

the receptor macroscopic ECsq.

On the one hand, destabilisation of the closed state increases agonist efficacy and should 

therefore decrease agonist ECsq (shift the concentration-response curve to the left). 

Whether such a decrease will be detectable will depend on the magnitude of the 

microscopic effect of the mutation and on the actual value of agonist efficacy in the 

wild type receptor (Colquhoun, 1998).

On the other hand, a decrease in the extent of desensitisation should have the contrary 

effect o f increasing the observed agonist ECso (shifting the concentration response curve 

to the right). This is because desensitised states (by definition long-lived) contribute 

high affinity states to the receptor activation mechanism and therefore reduce ECso 

values in functional assays and apparent affinity constants in binding assays.

The balance between these two contrasting effects o f the mutation must tilt towards the 

latter if  a receptor has particularly fast and extensive desensitisation under the recording
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conditions used. This is clearly the case for the a3p4a5 receptor (see Figure 5.3.2.), in 

which responses to high ACh concentrations sag much more quickly and extensively 

that those o f a3p4|33 receptors. It seems therefore likely that the reason we cannot 

detect an ECso change upon V9'T mutation of a5 is that the gating effect of the mutation 

is counteracted by its effect on desensitisation.

The paucity of quantitative data on the microscopic activation and desensitisation 

mechanisms of neuronal nAChR makes it difficult to make this more than a 

qualitatively plausible explanation. A limitation in the sensitivity of our technique 

comes from the Xenopus oocyte expression system. On one hand, oocytes are a good 

choice for studying complex subunit combinations, such as our ‘triplets’, because they 

allow excellent cell-to-cell control of the constructs effectively injected. Nevertheless, 

the large size of the oocyte (approximately 1 mm in diameter) limits the effective rate of 

agonist application achievable: this is a considerable disadvantage when desensitisation 

is fast and extensive. Extending our work to transfected mammalian cell lines may 

achieve a better discrimination of the mutation effects on desensitisation vs. gating, 

especially since whole-cell recording also allows a better control of internal calcium 

concentrations, which are known to affect desensitisation processes (Khiroug et al., 

1998).

It is interesting that L9'T mutation of a3 or p4 in a3p4a5 receptors did reduce ACh 

ECso, but only by ten and six-fold, respectively. The corresponding mutations produced 

17-20-fold decreases in ECso in a3p4p3 receptors (see chapter 4). Even in the presence 

of a mutated a3 or p4 subunit, V9'T mutation in a5 still had no effect on agonist 

potency. This could be due to saturation in the effect of 9' hydrophilic mutations at high 

numbers of mutation copies, as seen for G A B A a  receptors (Chang & Weiss 1999),
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although this is less marked for a3p4p3 nAChRs (see chapter 4). Conversely, the lack 

of effect of a5 V9'T may again be due to the cancelling out of the effects of the 

mutation on desensitisation and on gating, even though additional threonine mutations 

are present on the other receptor subunits. For this to be true, the 9' residue of a5 would 

have to have a much bigger impact on desensitisation than the same residue in the other 

subunits. Assessing which is the correct explanation will require experimental evidence 

from receptors expressed in a cell line plus an adequate model for desensitisation.

5.9.3. Stoichiometry of a3p4a5 receptors

The data presented in chapter 4 showed that a3p4p3 receptors have a stoichiometry of 

2:2:1. This conclusion was reached because introducing the 9'T mutation in the different 

subunits produced a consistent and progressive increase in agonist potency. This was in 

agreement with a progressive increase in the effects of the mutation in parallel with the 

number o f copies o f the mutation incorporated, as is the case for muscle nAChRs 

(Labarca et a l,  1995) and for a3p4 receptors (see chapter 3). Because of the similarity 

between P3 and a5, it would seem reasonable to assumed that all triplet receptors 

containing these subunits may contain two copies of the typical a  subunit and two 

copies o f the typical p subunit together with only one copy of P3 or a5.

As previously discussed in chapters 3 and 4, for the data from reporter mutation 

experiments to be interpreted in terms of stoichiometry, the mutation must have a 

simple effect that is consistent and relatively independent of which subunit carries the 

mutation. Clearly, both assumptions failed in the case o f a3p4a5 nAChRs. However, 

subunit stoichiometry in a pentameric receptor containing three different subunits can 

only be 2:2:1 or 3:1:1. A 2:2:1 stoichiometry is still the one that best accords with the 

data, particularly with the equivalence of mutating a3 or p4 and with a5 taking the
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place of a p subunit. This stoichiometry could be checked (despite the lack of an 

independent and equivalent effect of the mutation) by expressing mixtures of wild type 

and mutant for each of the subunits and counting the different components of the dose 

response curve (Labarca et a l,  1995; Chang et a l,  1996). This however would only be 

possible if each mutation produces a substantial shift in ECsq, sufficient to allow the 

unequivocal determination of up to three components in the interval of the shift. In our 

case, the six- to ten-fold shifts observed when p4 or a3 are mutated are too small: 

maybe a different hydrophilic substitution (perhaps to serine) would produce a larger 

shift and make this approach possible.

In conclusion, our data indicate that a5 is incorporated in oocyte-expressed a3p4a5 

nAChRs and contributes to this pentameric nAChR only one copy, which takes the 

place o f a p subunit. Furthermore, a5 and its 9' TM2 residue had a profound effect on 

receptor desensitisation, possibly greater than the effect of other subunits. However, it 

remains to be seen whether a5 participates -directly or indirectly- to the agonist binding 

site or is a structural subunit (like p i in muscle nAChRs).

5.9.4. The Hill slope of mutant receptors

The most likely explanation for the observation that the Hill slope decreases in oocytes 

expressing a3p4 + aS wild-type or mutant, is an increase in desensitisation resulting 

from the incorporation of a5 (see figure 5.2.2.) in addition to an increase in the 

contribution of monoliganded openings in mutant receptors (see chapter 3).
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5.9.5. The rundown of mutant receptors

Comparing the extent of rundown in mutant receptors with aSp4 or ^p4 in a two- 

tailed ?-test assuming unequal variance, revealed a significant reduction in the extent of 

rundown when co-expressing a5 wildtype or mutant. The greatest effect was observed 

when co-expressing a3^^^p4 with The mean extent of rundown for a3^^^p4 was

54.7 ± 8.6 % vs. 124.9 ± 8.5 % for oocytes expressing a3^^^p4a5^^^^ {p 0.001; see 

table 5.7.4.), indicating a significant potentiation compared to a 3 ’̂ ^^p4. As discussed in 

chapter 4, the most likely explanation for this observation is use dependant unblocking 

o f mutant receptors.

5.9.6. The /max of mutant receptors

Comparing the /max of mutant receptors with a3p4 in a two-tailed r-test assuming 

unequal variance, revealed a significant reduction only in a3^^^p4a5^^ \  The mean /max 

for a3p4 was 1430 ± 425 nA vs. 491 ± 104 nA for oocytes expressing a3^^^p4a5^^^

{p 0.02; see table 5.7.4.). A possible explanation for this observation is that a5^^^ 

reduces the assembly and expression efficiency of a3*^^^p4, via the formation of non­

functional receptors. This explanation seems unlikely, given the fact that no significant 

decrease in/max is seen in oocytes expressing a3^^^p4a5^^^. Further, no such affect on 

assembly and expression efficiency has previously been reported for the 9' mutation. A 

more likely explanation, is that the cRNA concentration for the a3^^^p4a5^^^was not 

equal to that of the other subunit combinations, possibly due to a 10-fold dilution error.
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Chapter 6: Characterising ‘triplet’ a3g4p3 neuronal nicotinic 

acetylcholine receptors
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Little is known about ‘triplet’ receptors containing the p3 subunit. It was only recently 

that Groot-Kormelink et a l (1998) showed that |33 could form a functional receptor. 

From the data presented in chapters 4 and 5 we know that the stoichiometry of ‘triplet’ 

receptors is 2:2:1. Thus one copy of (33 is incorporated, replacing a (3, but the 

implications that this may have on the receptor is not clear, especially since we don’t 

know whether (33 contributes to the ligand binding sites. As we have seen from chapter 

5, it has been reported that a5 incorporation changes the properties of pair receptors 

(see Ramirez-Latorre et a l, 1996; Sivilotti et a l, 1997;Gerzanich et a l ,  1998; Nelson & 

Lindstrom, 1999). We have also seen in the previous chapters that a5  and p3 have very 

similar amino acid sequences. If p3 does participate in the formation o f the binding site, 

then it would be reasonable to expect that p3 incorporation may also have a similar 

effect on the properties of ‘pair’ receptors. Thus in the next set o f experiments I 

characterised both the a 3 p 4  ‘pair’ and a3p4p 3  ‘triplet’ receptors in terms of agonist 

potency, the dissociation equilibrium constant for a competitive antagonist {Kd), single 

channel conductance and calcium permeability.

The potency of an agonist on the receptor depends on both binding and gating. Thus in 

principle, a non-a subunit may affect the potency of an agonist even if  it does not 

contribute to the binding site (directly or indirectly). If p3 incorporation changes the 

relative potencies of a series of agonists on a3p4 receptors, then these agonists may be 

used to identify a3p4p3 receptor populations in native tissue.

As competitive antagonists bind to the receptor, but do not cause receptor activation, we

can use a competitive antagonist to separate binding from gating. The dissociation

equilibrium constant {Kd) of a competitive antagonist is a physical constant for the

binding reaction, dependent on the nature of the binding site. Thus we could expect a
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change in the residues forming the binding site to be revealed by a change in the 

antagonist Kd. However, given the comparatively larger size of antagonists it may not 

be possible to detect subtle changes in the binding o f agonists caused by p3 

incorporation. Obtaining the Kd for a competitive antagonist will allow me to determine 

if  P3 incorporation affects the binding site of a3p4 receptors.

Imoto and colleagues have shown that the charge on the TM2 -4', -1' and 20' rings of 

residues affects single channel conductance, with the greatest increase in single channel 

conductance produced by an increase in the net negative charge on 20' (see chapter 1). 

Thus single channel conductance depends on the residues in the TM2 domain 

contributed by all 5 subunits in the pentamer. In principle, p3 incorporation could 

change the single channel conductance of a3p4 receptors. Obtaining a distinct single 

channel conductance for a3p4p3 may provide a useful pharmacological tool for 

identifying p3 containing receptor populations in native tissue.

Measuring the calcium permeability o f a3p4 vs. a3p4p3 receptors provides more 

physiologically relevant characterisation data. If p3 incorporation increases calcium 

permeability, then the incorporation of p3 in native receptors may have physiological 

importance to the neuron. For example, an increase in the influx of calcium into the 

neuron through p3 containing nAChRs could trigger neurotransmitter release.

6.1. The agonist pharmacological profile of a3p4 versus a3p4p3 neuronal 

nicotinic acetylcholine receptors

Establishing a pharmacological profile or ‘fingerprint’ for ‘triplet’ receptors containing

the p3 subunit is essential for investigating their possible role in native neuronal
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nAChRs. If the incorporation of P3 changes the agonist rank order of a series of partial 

agonists, then this change may be used to distinguish native P3 containing ‘triplet’ 

receptors from ‘pair’ receptors in recordings from brain slices. The idea that p3 

incorporation may affect the agonist potency profile of the a3p4 pair receptor is re­

enforced by the data of Luetje & Patrick (1991). Luetje & Patrick (1991) used the 

nAChR agonists: ACh, Cyt, Nic and DMPP to construct agonist rank orders of potency. 

They found that the rank order of potency varied depending on the a  or p subunit 

composition, indicating that both a  and p subunits contribute to the agonist sensitivity 

of pair neuronal nAChRs (Luetje & Patrick, 1991). In order to improve the precision of 

the characterisation we choose to measure relative potency ratios (see Covemton et al., 

1994), instead of rank order of potencies.

The pharmacological profile of a3p4 and a3p4p3 receptors was obtained by bath- 

application of ACh or other agonists to oocytes expressing a3p4 or a3p4p3^  receptors, 

using a protocol based on the method previously described by Covemton et al. (1994; 

see Chapter 2). Example responses from one oocyte expressing a3p4 ‘pair’ or a3p4p3'^^ 

‘triplet’ receptors are shown in figure 6.1.1.

Initially a reference partial concentration response curve for ACh was obtained for each 

oocyte. Next a series of partial concentration response curves, parallel to the reference 

ACh curve, were obtained for the various agonists in the same oocyte (see table 6.3.3). 

Data were then plotted on log/log scale in order to produce linear plots and fitted to a 

power function derived from the Hill equation using David Colquhoun’s CVfit 

programme (see Chapter 2). The partial concentration response curves for the range of 

agonists used in each oocyte were fitted simultaneously with equal weighting, with the 

constraint of equal Hill slopes in order to obtain parallel fits and allow estimates of the
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horizontal distance between the partial concentration response curves - these can be 

expressed as potency ratios or relative potency values. Because almost all the agonists 

we used were more potent than ACh, it was more convenient to use relative potency, 

where numbers greater than 1 indicate the compound is more potent that ACh, Both 

potency ratios and relative potency values are shown in table 6.3.3.

Fitted potency ratios for each of the agonists on both a3p4 and a3p4f3  receptors were 

then tested for equal or non-equal potency using an unpaired Mest, assuming unequal 

variance in the two groups. Results o f the ^-test were expressed as p  values (at a 

significance level of 0.05). Finally, all partial concentration response curves were re­

fitted separately, in order to obtain their Hill slopes without the constraint of 

parallelism.

6.2. The agonist pharmacological profile of aSp4

The rank-order of agonist potencies for a3p4 was: epibatidine »  lobeline > Cyt ~ 

DMPP ~ Nic > ACh > CCh, where epibatidine is the most potent and CCh the least 

potent agonist (see table 6.3.3). This differs slightly from the rank order of potencies 

reported in the literature on the basis of agonist EC50 values, where DMPP is more 

potent than Cyt: DMPP > Cyt ~ Nic ~ ACh (Wang et a l ,  1996; Chavez-Noriega et a l ,  

1997 and Gerzanich et a l ,  1998). However, agonist EC50 values are not a robust method 

for describing agonist potencies as they are obtained at high agonist concentrations that 

may produce both agonist self block and desensitisation, distorting the apparent agonist 

potency (see Sivilotti et a l ,  2000).
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In terms of rat a3p4, data obtained from partial dose response curves results in a rank 

order of potencies of: Cyt > Nic ~ ACh > DMPP > CCh > Lob (Luetje & Patrick, 1991 

and Covemton et a i ,  1994). This suggests that the agonist rank order of potencies is 

species specific.

6.3. The relative potency of lobellne on a3p4 receptors is decreased by the 

co-expression of p3

Comparing the relative potencies of the agonists for a3p4 and a3p4p3 receptors 

revealed that lobeline is less potent on a3p4p3 than on a3p4 receptors,/? < 0.01 (see 

table 6.3.3). However, the rank-order of potencies was unchanged: epibatidine »  

lobeline > Cyt ~ DMPP ~ Nie > ACh > CCh (see figure 6.3.1 and 6.3.2.).

6.4. Lobeline is less potent on a3p4p3 than a3p4 receptors

The pharmacology of neuronal nAChRs can be affected by their subunit composition, 

allowing neuronal nAChRs to be characterised to some extent by their sensitivity to 

different agonists and antagonists (see for example Chavez-Noriega et al., 1997).

The data presented above demonstrates that the only change in the agonist 

pharmacological profile of a3p4 receptors produced by P3 incorporation is a decrease 

in the relative potency of lobeline, with the agonist rank order unchanged. Because 

macroscopic recordings look at both binding and gating reactions, it is impossible to 

know which of these steps (if not both) mediate the effects of p3 incorporation on the 

relative potency. Thus, p3 may reduce the relative potency o f lobeline either by 

affecting the ligand binding site and reducing the binding affinity o f lobeline, and/or by
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affecting the gating kinetics of the receptor and reducing efficacy. Single channel 

recordings would be required in order to clarify the effects of (33 incorporation.

While the change in lobeline relative potency is marked (approximately three-fold), 

there was no change in the rank order of agonist potencies. This means that the agonist 

profile approach would be useful for distinguishing native a3p4 receptors from a3p4p3 

receptors only in the most favourable experimental conditions, i.e. if  relatively pure 

populations were compared.

My data confirm and extend those of Groot-Kormelink et al (1998), showing that p3 

incorporation does not change EC50 or nicotine potency and efficacy relative to ACh. 

This means that -  in the first approximation - incorporation of p3 is unlikely to change 

the neurotransmitter sensitivity o f a3p4 receptors or their role in responses to nicotine 

from tobacco smoke.

Interestingly, the greatest difference between our data and that reported in the literature

is for the rank order of lobeline potency for human vs. rat a3p4. Further, lobeline is the

only agonist for which the relative potency is significantly different between a3p4 and

a3p4p3, with lobeline less potent on rat a3p4 and human a3p4p3 than human a3p4

receptors. In terms of the presumed agonist binding domain the amino acid sequence of

human p3 and P4 only differ in loop E: p3 contains a lysine residue in position 106,

compared to an arginine in p4; a valine in 112 in place of leucine in p4; and a threonine

in 114 in place of a leucine in p4 (numbering of the AChBP, see table 6.4.1.). Both

human and rat a3 are identical in the amino acid sequence of the presumed agonist

binding domain. However, human p4, p3 and rat p4 all differ in residue 112 o f loop E:

leucine in human p4; valine in human P3 and glutamine in rat p4. This suggests that a
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possible explanation of the difference in lobeline relative potency between human a3(34 

and a3p4p3 receptors is due to the presence of different residues in the agonist binding 

domain contributed by p3 incorporation, specifically the nature o f the residue in 

position 112. It would be interesting to co-express human p3 with rat a3p4 to see if  the 

effect of p3 is species specific. Additionally mutating residue 112 would help to clarify 

this residues role in lobeline relative potency.

However, relative potency data alone is not enough to conclude whether p3 is involved 

in the agonist binding site or not. At low agonist concentrations the relative potency of 

an agonist depends on both the binding equilibrium constant {Kd) and the gating 

equilibrium constant (E). Obtaining the Kd for a competitive antagonist would provide 

conclusive evidence for the role of P3 in the binding site. Nevertheless, the change in 

lobeline relative potency is so small that it is unlikely to be a useful tool for identifying 

p3 containing receptors in native tissue.

If p3 does participate to the formation of one of the binding sites, the magnitude of its 

effects will depend on how much its binding residues differ from those of the p subunits 

that p3 replaces. It is however impossible to predict, without the appropriate 

experiments, what the effect of P3 incorporation will be on other ‘pair’ receptor 

combinations. Future experiments characterising different ‘pair’ receptor combinations 

with P3, for example a4p2p3, may reveal more striking differences in rank order and 

relative potencies o f agonists.
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Figure 6.1.1. Example responses from partial concentration response curves in a3p4 and o3p4p3 receptors

a3 p 4 aSp4p3

CCh 2 5  |iM CCh 5 0  pIVI A C h 1 0 nMACh 5 fiM

Nic 3 juilVI Nic 5 pM D M P P 2  )iMD M P P 1

Epi 1.5 nMCytS pM Epi 1 nM

60s

A C h 10 pMCCh 100 pMCCh 5 0  pM

o
CM

D M P P 5 p M  D M P P  10 pMNic 8 pMNic 5 pM

o
CMo

Epi 1.5 nMCyt 5 pMCytS pM Epi 1 nM

o

60 s

F ig u r e  6 .1 .1  S h o w n  a r e  e x a m p l e  in w a r d  c u r r e n t s  e l ic i te d  b y  b a t h  a p p l ie d  a p p l ic a t io n  o f  a g o n i s t s  to  o o c y t e s  e x p r e s s i n g  a 3 (3 4  o r  a 3 p 4 p 3 '* ' r e c e p to r s .  T h e  a g o n i s t s  u s e d  in  t h e s e s  e x a m p l e s  w e r e  A C h , 

c a r b a c h o l  ( C C h ) ,  N ic o t in e  (N ic ), D M P P , C y t i s in e  (C y t)  a n d  e p i b a t i d in e  (E p i) . A g o n is t  c o n c e n t r a t i o n s  a r e  in d i c a t e d  a b o v e  e a c h  r e s p o n s e  a l o n g  w ith  a p p l ic a t io n  b a r s ,  in d ic a t in g  t h e  d u r a t io n  o f  a g o n i s t  

a p p l ic a t io n .  S c a l e  b a r s  a r e  s h o w n  fo r  c u r r e n t  a m p l i t u d e  a n d  t im e .
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Figure 6.3.1. The agonist rank order of potencies on (x3p4 is unchanged by the co­

expression of (33
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F ig u r e  6 .3 .1 .  A a n d  B s h o w  p a r t ia l  p a r a l le l  c o n c e n t r a t io n  r e s p o n s e  c u r v e s  fo r  A C h  (■ ) ,  c a r b a c h o l  (O), n ic o t in e  ( • ) ,  

c y to s i n e  ( ♦ ) ,  D M P P  (A) a n d  e p ib a t id in e  (ir) fo r  o 3 ( i4  (A ) a n d  A C h  (■ ) ,  c a r b a c h o l  (O), n ic o t in e  ( • ) ,  c y t o s i n e  ( ♦ ) ,

D M P P  (A) a n d  e p ib a t id in e  (? ^ )  fo r a 3 |3 4 p 3  (B ). D a ta  w e r e  f it te d  s im u l ta n e o u s l y  w ith  a  p o w e r  f u n c t io n  d e r iv e d  fro m  th e  

Hill e q u a t io n  in a  c o n s t r a i n e d  fit (w ith  e q u a l  Hill s l o p e s )  in o r d e r  to  e s t i m a t e  t h e  h o r iz o n ta l  d i s t a n c e  b e t w e e n  c u r v e s ,  

e x p r e s s e d  a s  p o te n c y  r a t io s  ( w h e r e  A C h  =  1). T h e  ± S .D . o f m e a n  fo r  th e  d a t a  is  n o t  s h o w n  w h e r e  th e  e r r o r s  fall w ith in  

th e  p lo t t e d  s y m b o l .  C  s h o w s  a  p lo t  o f th e  r e la t iv e  p o t e n c y  of a g o n i s t s  o b t a in e d  fro m  t a b le  6 .1 .2 .  a 3 p 4  r e c e p to r s  a r e  

in d ic a te d  in b la c k  a n d  a3(i4(33  in b lu e  a n d  th e  d a t a  f ro m  C o v e r n to n  e t  al. ( 1 9 9 4 )  a r e  s h o w n  fo r  r e f e r e n c e ,  r e p r e s e n t e d  b y  

th e  lig h t b lu e  b a r s .  E rro r  b a r s  s h o w  ±  S .D . of m e a n  (n o t s h o w n  w h e r e  t h e  e r r o r s  fall w ith in  th e  p lo t te d  s y m b o l) .  A g o n is t  

a r e  la b e l le d ;  E p i -  E p ib a t id in e ;  L o b  -  L o b e lin e ;  C y t  -  C y tis in e ;  D M P P ; N ic- N ic o t in e ; A C h  -  A c e ty lc h o lin e ;  C C h  -  

C a r b a c h o l .  A r e f e r e n c e  r e d  lin e  in d i c a t e s  t h e  p o te n c y  of A C h  (1 ), w ith  a g o n i s t s  fa llin g  b e lo w  th e  lin e  b e in g  l e s s  p o t e n t  

a n d  t h o s e  a b o v e  th e  lin e  b e in g  th e  m o r e  p o te n t .
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Figure 6.3.2. The relative potency of Lobeline on a3p4 is decreased by the

co-expression of P3
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F ig u re  6 .3 .2 .  S h o w n  a r e  e x a m p le  in w a rd  c u r r e n t s  e l ic i te d  b y  b a th  a p p l ie d  a p p l ic a t io n  o f a g o n i s t s  to  o o c y te s  e x p r e s s in g  

a S p 4  o r a 3 p 4 p 3 '^  r e c e p t o r s .  T h e  a g o n i s t s  u s e d  in t h e s e s  e x a m p le s  w e r e  A C h  o r  lo b e l in e  (L o b ) . A g o n is t  c o n c e n t r a t i o n s  

a r e  in d i c a t e d  a b o v e  e a c h  r e s p o n s e  a lo n g  w ith  a p p l ic a t io n  b a r s ,  in d ic a t in g  t h e  d u r a t io n  of a g o n i s t  a p p l ic a t io n .  S c a l e  b a r s  

a r e  s h o w n  fo r c u r r e n t  a m p l i t u d e  a n d  t im e . B a n d  C  s h o w  p a r t ia l  p a r a l le l  c o n c e n t r a t i o n  r e s p o n s e  c u r v e s  fo r A C h  (■ ) , 

c a r b a c h o l  (O), lo b e l in e  ( • )  fo r a 3 ( i4  (A ) a n d  A C h  (■ ) ,  c a r b a c h o l  (O), lo b e l in e  ( • )  fo r  a 3 p 4 [5 3  (B ). T h e  ± S .D . of m e a n  

fo r th e  d a t a  is  n o t s h o w n  w h e r e  t h e  e r r o r s  fall w ith in  t h e  p lo t te d  s y m b o l .  D a ta  w e r e  f it te d  s im u l ta n e o u s l y  w ith  a  p o w e r  

fu n c t io n  d e r iv e d  f ro m  th e  Hill e q u a t io n  in a  c o n s t r a in e d  fit (w ith  e q u a l  Hill s l o p e s )  in o r d e r  to  e s t i m a t e  t h e  h o r iz o n ta l  

d i s t a n c e  b e t w e e n  c u r v e s ,  e x p r e s s e d  a s  p o t e n c y  r a t io s  ( w h e r e  A C h  = 1).
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Table 6.3.3. Potency ratios for a3p4  and a3p4p3 human neuronal uAChRs expressed in Xenopus oocytes.

a 3 p 4 a3p4p3wt

Fitted potency ratio 
from  Covernton et al.

Mean fitted potency ratio Relative potency n Mean fitted potency ratio Relative potency n P

ACh 1 1 1 1

Epibatidine - 1.72X 10’°^±4.23E-06 5828 ± 143.5 3 1.72 10^4 ±7.71 X 10‘°® 5831 ± 262.3 6 0.99

Lobeline 5.56 0.04 ± 0.01 23.0 ± 3.70 7 0.14 ± 0.02 7.14 ± 1.11 6 0,01

Cytisine 0.20 0.31 ± 0.04 3.23 ± 0.45 6 0.32 ± 0.02 3.10 ± 0.19 7 0.78

DMPP 2.33 0.44 ± 0.08 2.28 ± 0.41 7 0.45 ± 0.01 2.21 ± 0.06 9 0.86

Nicotine 0.91 0.55 ± 0.04 1.82 ±0.12 8 0.62 ± 0.04 1.60 ± 0.10 13 0.16

Carbachol 4.00 7.53 ± 1.14 0.13 ±0.02 6 7.71 ±0.31 0.13 ± 0.01 6 0.88

T a b le .  6 .3 .3 .  T h e  m e a n  f it te d  p o t e n c y  r a t io  is  t h e  m e a n  (±  S .D .  o f  m e a n )  o f  p a r a m e t e r  e s t i m a t e s  o b t a in e d  b y  fit tin g  p a r t ia l  c o n c e n t r a t i o n  r e s p o n s e  c u r v e  s i m u l t a n e o u s l y  w ith  a  p o w e r  f u n c t io n .  R e la t i v e  

p o t e n c i e s  a r e  e x p r e s s e d  a s  r e c i p r o c a l s  o f  t h e  p o t e n c y  r a t io  (±  F ie l le r  S .D .  o f  m e a n ;  e x p r e s s e d  a s  S .D .  o f  m e a n  r e la t iv e  p o t e n c y  /  m e a n  r e l a t i v e  p o te n c y ^ ) .  A  r e l a t i v e  p o t e n c y  g r e a t e r  th a n  1 i n d i c a t e s  t h a t  th e  

a g o n i s t  is  m o r e  p o t e n t  t h a n  A C h .
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Table 6.4.1. Summary of residues in the presumed ACh binding site of human a3, p3 and rat p4 subunits

Loop

No.

D A E

53 55 89 104 106 112 114
a3 Human - Y

a3 Rat - Y
P4 Human W K - 1 R L L

P4 Rat W K - 1 R Q L
pS Human W K - 1 K V T

B

143 145 164 185 187 188 192
W
W

Y
Y

C
C

T a b le  6 .4 .1 .  S h o w s  a  s e q u e n c e  a l i g n m e n t  o f  h u m a n  a 3 ,  p 4 , p 3  a n d  r a t  a 3  a n d  p 4  n e u r o n a l  n A C h R  s u b u n i t s  to  t h e  a m in o  a c id  r e s i d u e s  ( s in g le  l e t t e r  c o d e )  in v o lv e d  in t h e  A C h B P  m o d e l  o f  t h e  l ig a n d  b in d in g  

s i t e  ( lo o p s  in d i c a t e d  w ith  n u m b e r in g  o f  t h e  A C h B P ) .  T h e  s u b u n i t  t y p e  is  in d i c a t e d .
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6.5. The antagonist profile of a3p4 and a3p4p3 receptors

From chapter 5 we have seen that a3p4p3 triplet receptors have a stoichiometry of 

2:2:1, with P3 replacing one p4 subunit. However, these data only indicate the number 

of copies of p3 and not its position in the receptor complex. Knowing the arrangement 

of the triplet receptor is important to understand the function of p3.

For the muscle nAChR, two different models have been proposed for the nature o f the 

agonist-binding site (see chapter 1): the a-ô, a-y subunit interface (Karlin & Akabas,

1995) and the a  subunits agonist binding pocket (Unwin, 1998). Both models agree that 

Ô and y subunits may influence the properties of the receptor by forming (for a review 

see Karlin & Akabas, 1995) or interacting (Unwin 1998) with the binding site. Thus it 

would follow that if  p3 replaces a P4 subunit in the equivalent d o ry  position in the 

neuronal nAChR, then p3 may affect the properties of the receptor by interacting with 

the agonist-binding site.

The potency ratio data presented in the previous section show that (33 incorporation

reduces the relative potency of lobeline, but the rank-order o f agonist potencies is

unchanged. However, potency ratio data alone is not sufficient to determine whether (33

interacts with the binding site or not. In an agonist potency ratio experiment we are

measuring both the binding and the gating states of the reaction mechanism. In order to

confirm whether (33 is involved in the binding site or not, we need to concentrate on the

binding step of the reaction, separating binding and gating. We can get information on

the binding site by using a competitive antagonist, because this binds to a site that

overlaps with the agonist one (binding of agonist and competitive antagonist is mutually

exclusive), but does not activate the receptor. Indeed, the sensitivity of competitive

234



antagonists on neuronal nAChRs has been shown to depend on the nature o f both the a  

and (3 subunits (Cachelin & Rust 1995; Harvey & Luetje, 1996; Chavez-Noriega et a l,  

1997). Note however that clearly the results reported are /Cjos (which depend on agonist 

concentration) and that the mechanism of action of the blocker has not been 

characterised.

A more robust approach is to use a competitive antagonist experimentally to calculate 

the equilibrium constant for the binding reaction {Kb) using the Schild method (Schild, 

1949; Arunlakshana & Schild, 1959, see chapter 2). If P3 is involved in, or has an effect 

on the binding site of the receptor, then the Âb for a competitive antagonist could in 

principle differ between a3p4 and a3p4p3 receptors.

There are few true competitive antagonists of neuronal nAChR (Sivilotti et a l , 2000). 

Trimetaphan has been shown to act as a competitive antagonist on neuronal nAChRs in 

rat parasympathetic ganglion (Ascher et a l ,  1979). Because often nAChR antagonists 

act as channel blockers, we reviewed the current literature for competitive antagonists 

for a3p4 receptors. One of the problems that we encountered was that often, complete 

Schild analysis was not carried out. We choose trimetaphan and DHpE because they 

have both been shown to act competitively on nAChRs (Ascher et a l ,  1979; Bertrand et 

a l ,  1992). Mecamylamine and +-tubocurarine were also chosen to expand the 

sensitivity o f the characterisation, despite their known ability to act as open charmel 

blockers. Mecamylamine and +-tubocurarine were used at low agonist concentrations 

(less than EC\q), to reduce channel block (given that this should be more effective at 

high /?open) and assess whether or not any competitive action was present. Despite these 

precautions, we failed to complete Schild analysis for mecamylamine and + 

tubocurarine, because channel block was apparent even at low concentrations.

235



As discussed in Chapter 1, the majority of ganglionic neuronal nAChRs consist o f a3p4 

‘pair’ and sometimes a3p4a5 ‘triplet’ receptors (Conroy & Berg, 1995; Corriveau & 

Berg, 1993; Vemallis et a l ,  1993). The reported competitive nature of trimetaphan on 

ganglionic nAChRs therefore makes it reasonable to expect it to behave as a 

competitive antagonist on recombinant a3p4 receptors. The next aim of the project was 

to estimate the Kb for a3p4 and a3p4p3 receptors, using trimetaphan in a Schild 

experiment. A difference in the K b of the ‘pair’ vs. the ‘triplet’ would be a strong 

indication that the P3 subunit has changed the binding site.

6.6. The equilibrium constant for trimetaphan is similar for both a3p4 and 

a3p4p3 receptors

Initially a control, partial concentration-response curve for bath-applied ACh was 

obtained in oocytes expressing a3p4 and a3p4p3 receptors using the protocol described 

in Chapter 2. The oocytes were then superfused with Ringer containing the desired 

concentration of antagonist; ACh agonist responses were obtained by co-applying ACh 

(i.e. by making up the ACh concentration in trimetaphan solution), in order to maintain 

a constant antagonist concentration throughout the experiment (see solutions Chapter 2). 

Care was taken to make sure that equilibrium with the antagonist was reached. Example 

responses are shown in figures 6.6.1 and 6.6.2. Three concentrations o f antagonist were 

tested to obtain a series of parallel, partial concentration-response curves for the 

construction of a Schild plot (see figures 6.6.3 -  6.6.6.). In order to reduce the 

potentially distorting effect of response rundown, we kept experiments short and each 

oocyte only provided one control and one antagonist concentration-response curve (i.e. 

one dose ratio value).
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The partial concentration response curves for ACh in control conditions and in the 

presence of antagonist in each oocyte were then plotted on log/log scale in order to 

produce linear plots. Parallel ACh and ACh + antagonist curves for each oocyte were 

then fitted simultaneously with equal weighting and equal Hill slopes to a power 

function derived from the Hill equation using David Colquhoun’s CVfit programme 

(see Chapter 2). Fitting produced estimates of the horizontal distance between the 

partial concentration response curves, expressed as dose ratios, where a dose ratio > 1 

indicates a rightward shift in the concentration-response curve. Although each dose ratio 

was obtained from a separate experiment and thus a separate oocyte, the receptor 

expression levels were relatively constant (summarised in figure 6.6.6). Inspection of 

the dose response curves showed that the rightward shift produced by the antagonist 

appeared to be parallel, encouraging us to complete a Schild analysis.

The fitted dose ratios (termed r) from each oocyte were then pooled (see table 6.6.7.) 

and plotted on a log/log scale as r-\ against trimetaphan concentration, in order to 

construct Schild plots for both a3p4 and a3p4p3 receptors (the data points in figure 

6.6.9.). The dose ratios were then fitted with weights given by the reciprocals of their 

variance, either in a free fit or in a Schild fit (with a fixed slope of 1) in order to obtain 

the Kb for the antagonist (see table 6.6.8. and figure 6.6.9.).

The free fit gave slopes of 0.8 and 1.07 for the a3p4 and the a3p4p3 combinations 

respectively. These values are not significantly different from 1, hence we proceeded 

with the Schild fit and obtained A'g values for trimetaphan of 75.5 ±1 .8  nM for a3p4 vs. 

66.0 ±1 .7  nM for a3p4p3. The similarity in the Kb values suggests that p3 is not 

involved in the receptor binding site and that p3 may act as a structural subunit.
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Figure 6.6.1. Example responses from partial concentration response curves in

a3p4 receptors

V
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F ig u r e  6 .6 .1 .  S h o w n  a r e  e x a m p l e  in w a rd  c u r r e n t s  e l ic i te d  b y  b a th  a p p l ie d  a p p l ic a t io n  o f  A C h  o r  A C h  +  t r i m e t a p h a n  (A C h  

+  T ri)  to  o o c y t e s  e x p r e s s i n g  a S p 4  r e c e p t o r s .  A C h  a n d  t r i m e t a p h a n  c o n c e n t r a t i o n s  a r e  i n d i c a t e d  a b o v e  e a c h  r e s p o n s e  

a l o n g  w ith  a p p l ic a t io n  b a r s ,  in d ic a t in g  t h e  d u r a t io n  o f  a g o n i s t  a p p l ic a t io n .  S c a l e  b a r s  a r e  s h o w n  fo r  c u r r e n t  a m p l i t u d e  

a n d  t im e .
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Figure 6.6.2. Example responses from partial concentration response curves in

a3p4p3 receptors
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F ig u re  6 .6 .2 .  S h o w n  a r e  e x a m p l e  in w a rd  c u r r e n t s  e l ic i te d  b y  b a th  a p p l ie d  a p p l ic a t io n  o f  A C h  o r  A C h  +  t r i m e t a p h a n  (A C h  

+  T ri) to  o o c y t e s  e x p r e s s i n g  a S p 4 p 3 '^  r e c e p to r s .  A C h  a n d  t r i m e t a p h a n  c o n c e n t r a t i o n s  a r e  in d i c a t e d  a b o v e  e a c h  

r e s p o n s e  a l o n g  w ith  a p p l ic a t io n  b a r s ,  in d ic a t in g  th e  d u r a t io n  o f  a g o n i s t  a p p l ic a t io n .  S c a l e  b a r s  a r e  s h o w n  fo r  c u r r e n t  

a m p l i t u d e  a n d  tim e .
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Figure 6.6.3. Partial concentration response curves for 0.2 pM trimetaphan on oocytes expressing a3(34 or a3(34p3 receptors
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Figure 6.6.3. A and B show partial parallel concentration response curves for ACh (■) and ACh + trimetaphan ( J ) a3(i4 and rx3p4p3 ACh (■) and ACh + trimetaphan ("1).The ± S.D. of mean for the data is

not shown where the errors fall within the plotted symbol. Data were fitted simultaneously with a power function derived from the Hill equation in a constrained fit (with equal Hill slopes) in order to estimate

the horizontal distance between curves, expressed as dose ratios (where ACh = 1).
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Figure 6.6.4. Partial concentration response curves for 0.5 pM trimetaphan on oocytes expressing a3p4 or a3(34p3 receptors
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Figure 6.6.4. A and B show partial parallel concentration response curves for ACh ( • )  and ACh + trimetaphan ( )) o3(i4 and a3p4(33 ACh ( • )  and ACh + trimetaphan (O).The ± S.D. of mean for the data is

not shown where the errors fall within the plotted symbol. Data were fitted simultaneously with a power function derived from the Hill equation in a constrained fit (with equal Hill slopes) in order to estimate

the horizontal distance between curves, expressed as dose ratios (where ACh = 1).
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Figure 6.6.5. Partial concentration response curves for 1 pM trimetaphan on oocytes expressing a3p4 or a3p4p3 receptors
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Figure 6.6.5. A and B show partial parallel concentration response curves for ACh (▲) and ACh + trimetaphan (A) rx3p4 and a3|34p3 ACh (A) and ACh + trimetaphan ( A). The ± S.D. of mean for the data Is

not shown where the errors fall within the plotted symbol. Data were fitted simultaneously with a power function derived from the Hill equation In a constrained fit (with equal Hill slopes) In order to estimate

the horizontal distance between curves, expressed as dose ratios (where ACh = 1).
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Figure 6.6.6. Summary of partial concentration response curves for 0.2 - 1 |iM trimetaphan on oocytes expressing a3p4 or a3p4p3 receptors
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F ig u re  6 .6 .6 .  A a n d  B s h o w  e x a m p l e s  of p a r t ia l  p a r a l le l  c o n c e n t r a t i o n  r e s p o n s e  c u r v e s  fo r a 3 ( i4  (b la c k )  a n d  a 3 p 4 ( i3  (b lu e )  r e c e p to r s .  A C h  ( s o lid  l in e s )  a n d  A C h  + t r i m e t a p h a n  ( d o t t e d  l in e s )  c u r v e s  a r e  

in d ic a te d .  E a c h  s e t  o f A C h  a n d  A C h  + t r i m e t a p h a n  c u r v e s  w e r e  o b ta in e d  f ro m  1 o o c y te  e x p e r im e n t ,  w ith  e a c h  e x p e r im e n t  in d i c a t e d  a s ;  c o n t ro l  A C h  (■ )  a n d  A C h  + 0 .2  |iM  t r i m e t a p h a n  ( J ) ,  c o n t ro l  A C h  ( • )  

a n d  A C h  + 0 .5  |iM t r i m e t a p h a n  ( )) , c o n t ro l  A C h  (▲) a n d  A C h  + 1 fiM t r i m e t a p h a n  ( A )  fo r  a 3 ( i4 ;  c o n t ro l A C h  (■) a n d  A C h  + 0 .2  nM t r i m e ta p h a n  ( J ) ,  c o n t ro l  A C h  (# )  a n d  A C h  + 0 .5  nM t r i m e t a p h a n  (O ) , 

c o n tro l  A C h  (A) a n d  A C h  + 1 pIVI t r i m e t a p h a n  ( A )  fo r  «3(54(53. T h e  ± S .D . o f m e a n  fo r th e  d a t a  is  n o t s h o w n  w h e r e  t h e  e r r o r s  fall w ith in  t h e  p lo t te d  s y m b o l .  D a ta  w e r e  f it te d  s im u l ta n e o u s l y  w ith  a  p o w e r  

fu n c t io n  d e r iv e d  f ro m  t h e  Hill e q u a t io n  in a  c o n s t r a in e d  fit (w ith  e q u a l  Hill s l o p e s )  in o r d e r  to  e s t i m a t e  t h e  h o r iz o n ta l  d i s t a n c e  b e t w e e n  c u r v e s ,  e x p r e s s e d  a s  d o s e  r a t io s  ( w h e r e  A C h  =  1).
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Table 6.6.7. Fitted dose ratios for trimetaphan on a3p4 and a3P4p3 receptors

a3p4 a3p4p3

Trimetaphan Dose ratio n Trimetaphan Dose ratio n P
concentration

(pM)
0.2 4.35 ± 0.38 3

concentration
(pM)
0.2 3.70 ±0.15 6 0.22

0.5 7.62 ±0.17 4 0.5 9.33 ± 0.48 6 0.01

1 13.02± 1.15 3 1 16.49 ±0.52 3 0.05

T a b l e  6 .6 .7 .  S h o w s  t h e  m e a n  (+  S .D . o f  m e a n )  f i t te d  d o s e  r a t io s  fo r  t r i m e t a p h a n  o n  a S p 4  a n d  a 3 p 4 p 3  r e c e p to r s .  W h e r e  

p  is  t h e  r e s u l t  o f  a  2  ta il M e s t  a s s u m i n g  u n e q u a l  v a r i a n c e .  H e r e  p  v a l u e s  o f  0 .0 5  o r  l e s s  w e r e  t a k e n  to  b e  s ig n if ic a n t .  

N o te  t h a t  t h e  d o s e  r a t io s  fo r  0 .5  a n d  1 pM  t r i m e t a p h a n  d if fe r  s ig n if ic a n t ly  b e t w e e n  a 3 p 4  a n d  a 3 p 4 p 3 .

Table 6.6.8. Schild fît of dose ratios for trimetaphan on a3p4 and a3p4p3 

receptors

Schild fit Kb 
(nM)

Free fit Kb 
(nM)

Slope n

a3p4 75.5 ± 1.8 26.3 0.80 10

a3p4p3 66.0 ± 1.7 
(pO.67)

78.3 1.07 15

a3p4 (omitting 1 pM) 74.9 ± 1.9 19.0 0.74 10

a3p4p3 (omitting 1 pM) 68.0 ± 2.7 
(p 0.48)

110.6 1.23 15

T a b l e  6 .6 .8 .  S h o w s  a  s u m m a r y  o f  t h e  m e a n  (±  S .D .  o f  m e a n )  b in d in g  e q u i lib r iu m  c o n s t a n t  (Kb) fo r  T r i m e t a p h a n  o n  a 3 p 4  

a n d  a 3 p 4 p 3  n e u r o n a l  n A C h R s ,  o b t a in e d  f ro m  a  S c h i ld  p lo t  w h e r e  t h e  s lo p e  is  f ix e d  to  1 (S c h ild  fit) o r  a  l i n e a r  l e a s t  

s q u a r e s  fit ( f r e e  s l o p e )  o f  t h e  d o s e  r a t io s  in  t a b l e  6 .5 .7 .  H e r e  p  is  t h e  r e s u l t  o f  a  tw o - ta i le d  M e s t ,  c o m p a r in g  t h e  m e a n  K b 

v a l u e  fo r  a 3 p 4  w ith  a 3 p 4 p 3 .  H e r e  p  v a l u e s  o f  0 .0 5  o r  l e s s  w e r e  t a k e n  to  b e  s ig n if ic a n t .  N o te  t h a t  t h e  c o n s t r a i n e d  a n d  

f r e e  K b v a l u e s  a r e  s im i la r  f o r  a 3 p 4  a n d  a 3 p 4 p 3 .
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Figure 6.6.9. Schild plots for trimetaphan on a3p4 and a3p4p3 receptors

B

1 0 -

Q )
03üco
O)
O

0.01

a3p4

Schild fit ----- ►

0.1

Trimetaphan conc. (pM) 
(log scale)

a3p4p3

Schild fit
1 0 -

10.01 0.1

Trimetaphan conc. (pM) 
(log scale)

F ig u re  6 .6 .9 .  A a n d  B s h o w  th e  S c h ild  fits  fo r t r i m e t a p h a n  o n  cx3(i4 a n d  fx3(i4(i3  r e c e p to r s .  O b s e r v e d  d a t a  p o in ts  a r e  s h o w n  fo r « 3 ^ 4  ( ■ )  a n d  fx3 p 4 (i3  ( ■ ) .T h e  ± S .D .  o f m e a n  fo r  t h e  d a t a  is  n o t  s h o w n  w h e r e  

th e  e r r o r s  fall w ith in  t h e  p lo t te d  s y m b o l .  N o te  th a t  t h e  fx3(i4(J3 d a t a  p ro v id e  a  b e t t e r  S c h ild  fit th a n  cx3|54.
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6.7. Trimetaphan has a similar K b for a3p4 and a3p4p3 receptors

Schild analysis with a competitive antagonist is the most robust method for 

characterising receptors as it measures a physical constant, the binding equilibrium 

constant o f the agonist, unaffected by the nature of the agonist, the agonist 

concentration and the rate of agonist application (Sivilotti et a l ,  2000).

Unfortunately for neuronal nAChRs, true competitive antagonists of neuronal nAChR 

are rare (Sivilotti et a l ,  2000). Homomeric a l  receptors have a few competitive 

antagonists, such as a-conotoxin-Iml (selective for homomeric a l  over a2p2, aSp2, 

a4p2, a2p4, a3p4, a4p4 ‘pair’ neuronal nAChRs expressed mXenopus oocytes at 

concentrations of up to 5 pM; Johnson et a l ,  1995) and acts competitively at a-Bgt 

sensitive (containing a l )  neuronal nAChRs in rat hippocampal neurons (Pereira et a l ,  

1996). Methyllycaconitine (MLA) has been shown to act competitively on a l  

homomeric receptors expressed 'mXenopus oocytes (Palma et a l ,  1996). Matsubayashi 

et a l  (1998) have shown that strychnine acts competitively on a-Bgt sensitive neuronal 

nAChRs and as an open channel blocker on a-Bgt insensitive neuronal nAChRs (mostly 

a4p2) in rat hippocampal neurons. DHpE has been shown to act competitively on a l  

(Bertrand et a l ,  1992).

In terms of ‘pair’ receptors, a-conotoxin AuIB is selective for a3p4 over other ‘pair’ 

neuronal nAChRs expressed in Xenopus oocytes, but it has not been shown to act 

competitively (Luo et a l ,  1998) and is currently not available. DHpE is potent at a4p2 

and is thought to act competitively (Harvey & Luetje, 1996; Buisson et a l ,  1996; 

Chavez-Noriega et a l ,  1997), but has low potency on a3p4 (Harvey & Luetje, 1996;

Chavez-Noriega et a l ,  1997). Trimetaphan has been shown to act as a competitive
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antagonist on neuronal nAChRs in rat parasympathetic ganglion (Ascher et a l ,  1979). 

The reported competitive nature of Trimetaphan on ganglionic nAChRs therefore makes 

it reasonable to expect it to behave as a competitive antagonist on recombinant a3p4 

receptors.

As we have seen in chapter 4, P3 replaces a p in the formation of the a3p4p3 triplet 

receptor. Thus it would follow that p3 incorporation may affect sensitivity and thus the 

Kb of trimetaphan on a3p4 ‘pair’ receptors. Comparing a3p4 with a3p4p3 in a two- 

tailed r-test assuming unequal variance, revealed that the Kb values were similar for 

both receptors. Here a3p4 had mean Kb values of 75.5 ±1 .8  vs. 66.0 ± 1.7 (p 0.67). 

Thus p3 is incorporated, but does not significantly affect the binding site. Either P3 

replaces a p4 in the binding site and is able to behave like P4, or P3 has a structural role 

replacing a p4 that is not involved in the binding site.

Data from the free fit o f the trimetaphan dose ratios revealed a difference in the slopes 

between a3p4 and a3p4p3, with an increase in the slope from 0.8 for a3p4 to 1.07 for 

a3p4p3 (see table 6.6.8.). However, it is unlikely that the steep slope observed for a 

a3p4p3 is due to block, as omitting the 1 pM data point and refitting the data results in 

a steeping of the slope, yet retains similar mean K b values for a3p4 and a3p4p3 (74.9 ± 

1.9 vs. 68.0 ± 2.7,/? 0.48, see table 6.6.8.). Further, no off responses (indicative of 

channel block washing off) were ever observed for any o f the experiments. This would 

suggest that the shallower slope observed in a3p4 results from the rundown of 

responses.
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Comparing the dose ratios for a3p4 with a3p4p3 in a two-tailed ^-test, revealed a 

significant increase in the dose ratios for both 0.5 and 1 pM trimetaphan for a3p4p3. 

Here the mean dose ratio for 0.5 pM trimetaphan increased from 7.62 ±0.17 for a3p4 

to 9.33 ± 0.48 for a3p4p3 {p 0.01) and from 13.02 ± 1.15 for 1 pM for a3p4 to 16.49 ± 

0.52 for a3p4p3 {p 0.05).

A possible explanation for this observed increase, is that the co-expression of p3 alters 

the binding site. However, the results of the Schild fit make this unlikely, as there is no 

significant difference in the resulting Kb values (see table 6.6.S.). A more likely 

explanation for this increase is that the extent of rundown is greater in a3p4 than 

a3p4p3.

6.8. Both a3p4 and a3p4p3 receptors are resistant to block by 

dihydro-P-erythroidine

Using the protocol described above for Trimetaphan, DHpE was applied to oocytes 

expressing a3p4 or a3p4p3 receptors. Initially a control, partial concentration-response 

curve for bath-applied ACh was obtained in oocytes expressing a3p4 and a3p4p3 

receptors using the protocol described in Chapter 2. Next the oocytes were superfused 

with Ringer containing antagonist (see solutions Chapter 2); responses to ACh in the 

presence of DHpE were obtained by co-applying ACh and DHpE. Care was taken to 

make sure that equilibrium with the antagonist was reached. Example responses are 

shown in figures 6.8.2.
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In order to reduce the potentially distorting effect of response rundown, we kept 

experiments short and each oocyte only provided one control and one antagonist 

concentration-response curve (i.e. one dose ratio value).

The partial concentration response curves for ACh in control conditions and in the 

presence of antagonist in each oocyte were then plotted on log/log scale in order to 

produce linear plots. Parallel ACh and ACh + antagonist curves for each oocyte were 

then fitted simultaneously with equal weighting and equal Hill slopes to a power 

function derived from the Hill equation using David Colquhoun’s CVfit programme 

(see Chapter 2). Fitting produced estimates of the horizontal distance between the 

partial concentration response curves, expressed as dose ratios, where a dose ratio > 1 

indicates a rightward shift in the concentration-response curve.

A concentration of 30 pM DHpE was required in both aSp4 and a3p4p3 receptors in 

order to produce a measurable rightward shift. Note from figure 6.8.2. that this 

rightward shift produced a partial concentration response curve which was parallel to 

the reference ACh partial concentration-response curve. Because the required 

concentration was so high and the dose ratios were similar for both a3p4 and a3p4p3 

receptors, it was decided not to carry out a full Schild analysis.

The mean fitted dose ratios for the 30 pM concentration o f DHpE were identical for 

a3p4 and a3p4p3 receptors: 3.66 (« = 2) for a3p4 vs. 3.83 for a3p4p3 (n = 2). If we 

make the assumption that DHpE is acting competitively, then a dose ratio of this 

magnitude at 30 pM would indicate an approximate Kb o f  \ I pM. This is in line with 

what is expected for DHpE on a3p4 receptors calculated from IC50 values using the 

Cheng-Prusoff correction (Wong et al., 1995; Harvey & Luetje, 1996; Chavez-Noriega
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et a l ,  1997 and Stauderman et a l ,  1998). However, the Cheng-Prusoff correction is not 

valid for co-operative receptor activation (Lucia Sivilotti, personal communication).

Using chimeric subunits formed from combinations of rat p2 and P4, (Harvey & Luetje,

1996) identified the first 103 N-terminal residues of the p subunit as important for 

DHpE sensitivity in a3p2 and a3p4 receptors, with the major determinant located 

within residues 54 to 63 (rat p2 numbering). Mutating the residues between positions 54 

and 63 further identified residues 55, 56 and 59 as important for DHpE sensitivity, with 

residue 59 having the greatest effect (Harvey & Luetje, 1996). Here mutating threonine 

in position 59 to lysine in the p2 subunit reduced the sensitivity of a3p2 to DHpE, 

shifting the DHpE inhibition curve 9-fold to the right, increasing the IC50 from 0.41 p.M 

to 3.8 pM. Note residue 59 corresponds to the second residue of loop D of the 

complementary ligand binding site (residue 55 in the numbering of the AChBP).

Aligning the N-terminal domains of p2, p4 and p3 with rat p2, reveals that residues 54 

to 63 are identical in p4 and P3 (see figure 6.8.1.). Thus it is possible that p3 would not 

affect the DHpE sensitivity even if it is incorporated in the binding site.
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Figure 6.8.1. Sequence alignment of the N-terminal region conferring sensitivity 

to DHpE in human and rat neuronal nicotinic receptor p subunits

Rat (32
54
T N V W L

59
T Q E W

63
E

Human (32 T N V W L T Q E W E

Human P4 T N V W L K Q E W T

Human p3 T N V W L K Q E W T

F ig u re  6 .8 .1 .  T h e  r e s i d u e s  c o n f e r r in g  D H p E  s e n s i t iv i ty  in t h e  N - te rm in a l d o m a in  a l ig n e d  w ith  r a t  p 2  ( r e s i d u e s  5 4  to  6 3 , 

r a t  P 2  n u m b e r in g ) .  R e s i d u e  5 9 , c r i tic a l fo r D H p E  s e n s i t iv i ty ,  is  in d i c a t e d  in r e d .  p  s u b u n i t  ty p e  a n d  s p e c i e s  o f o r ig in  a r e  

in d ic a te d .  All r e s id u e s  a r e  s h o w n  a c c o r d in g  to  t h e  s in g le  le t te r  a m in o  a c id  c o d e .  N o te  t h e r e  is  n o  d i f f e r e n c e  in  t h e  

r e s id u e s  b e t w e e n  h u m a n  p 4  a n d  h u m a n  p s .
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Figure 6.8.2. Example responses from partial concentration response curves in 

03(34 and o3p4(33 receptors

A
o3p4 o3p4p3

ACh 5 pM

\ r

ACh 10 (iM ACh 5 |iM ACh 1G|iM

ACh 25 pM + 
30 |iM DHpE

\ T
50 nA

60 s

ACh 30 pM + 
30 laM DHpE

50 nA

ACh 20 |liM + 
30 |iM DHPE

60 s

ACh 30 laM + 
30 |iM DHPE

ir

B

<
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c CD
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lOOCh

lOOl

^  10i

o3P4

0.1 1 10
ACh concentration (pIVI) 

(log scale)

100

o3p4P3
10003

loa

0.1 1 10 100
ACh concentration (|iM) 

(log scale)

F ig u re  6 .8 .2 .  S h o w n  a r e  e x a m p le  in w a rd  c u r r e n t s  e l ic i te d  b y  b a th  a p p l ie d  a p p l ic a t io n  o f A C h  o r A C h  + D H p E  to  o o c y t e s  

e x p r e s s in g  a 3 p 4  o r  » 3 p 4 p 3 ^  r e c e p to r s .  A C h  a n d  D H p E  c o n c e n t r a t i o n s  a r e  in d i c a t e d  a b o v e  e a c h  r e s p o n s e  a lo n g  w ith  

a p p l ic a t io n  b a r s ,  in d ic a t in g  th e  d u ra t io n  o f a g o n i s t  a p p l ic a t io n .  S c a l e  b a r s  a r e  s h o w n  fo r c u r r e n t  a m p l i t u d e  a n d  tim e . B 

a n d  C  s h o w  p a r t ia l  p a r a l le l  c o n c e n t r a t io n  r e s p o n s e  c u r v e s  fo r A C h  (■ )  a n d  A C h  + D H p E  ( J )  a 3 p 4  a n d  a 3 p 4 p 3  A C h  (■ )  

a n d  A C h  + D H p E  ( J ) . T h e  ±  S .D . o f m e a n  fo r  th e  d a t a  is  n o t  s h o w n  w h e r e  t h e  e r r o r s  fall w ith in  t h e  p lo t te d  s y m b o l.  D a ta  

w e r e  fit ted  s im u l ta n e o u s l y  w ith  a  p o w e r  fu n c t io n  d e r iv e d  fro m  th e  Hill e q u a t io n  in a  c o n s t r a in e d  fit (w ith  e q u a l  Hill s l o p e s )  

in o r d e r  to  e s t i m a t e  t h e  h o r iz o n ta l  d i s t a n c e  b e t w e e n  c u r v e s ,  e x p r e s s e d  a s  d o s e  r a t io s  ( w h e r e  A C h  =  1).
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6.9. +-tubocurarine and mecamylamine act non-competitively on a3p4p3  

receptors

Using the same protocol as described for the antagonist experiments above, +-tubo or 

mecamylamine were applied to oocytes expressing a3p4p3 receptors. Initially a 

reference, partial concentration-response curve for bath-applied ACh was obtained in 

oocytes expressing a3p4 and a3p4p3 receptors using the protocol described in Chapter 

2, Next the oocytes were continuously superfused with antagonist Ringer (see solutions 

Chapter 2) and ACh was co-applied until a stable partial concentration-response curve, 

parallel to the reference ACh curve, was obtained in the same oocyte.

The partial concentration response curves for ACh and ACh co-applied with antagonist 

in each oocyte were then plotted on log/log scale in order to produce linear plots. A 

concentration of 1 pM mecamylamine or 8 pM +-tubo was required in a3p4(33 

receptors in order to produce measurable rightward shifts. Note from figures 6.9.1. and

6.9.2. that the rightward shift in the partial concentration response curve produced by 

either mecamylamine or +-tubo was not parallel to the reference ACh partial 

concentration-response curve, with slopes of 0.71 for mecamylamine compared to 2.07 

for ACh (n = 1 ; see figures 6.9.1.) and 0.69 for +-tubo compared to 1.34 for ACh (« = 1 ; 

see figure 6.9.2.). The lack of parallel shifts in the partial concentration response curves 

for mecamylamine and +-tubo was taken to indicate that both antagonists were acting 

non-competitively and thus full Schild analysis was not carried out.

These findings are in good accord with the reported non-competitive action of 

mecamylamine and +-tubo on ganglionic nAChRs at micromolar concentrations 

(Ascher et a l, 1979; Fieber & Adams, 1991). However, we had hoped to obtain a
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m easurable effect of these antagonists at much lower concentrations, which may act 

com petitively (as shown for m ecam ylam ine 50 nM by Ascher et al., 1979). 

Unfortunately this strategy failed, as m icrom olar concentrations were required in order 

to produce measurable shifts in the partial parallel concentration response curves.

Figure 6.9.1. Mecamylamine partial concentration response curves for a3p4[33 

receptors

ACh 2 pM

ÛT

ACh 5 pM ACh 20 pM + 
1 pM Meca

ACh 40 pM + 
1 pM Meca

20 nA

Ï

60 s

B

ACh
100:

ACh + Meca

100
ACh concentration (pM) 

(log scale)

Figure 6.9.1 A. Shown are exam ple inward currents elicited by bath applied application of ACh or ACh + mecam ylam ine 

(Meca) to oocytes expressing a3(i4 or a3(i4|33"’ receptors. ACh and m ecam ylam ine concentrations are indicated above  

each resp onse  along with application bars, indicating the duration of agonist application. S ca le  bars are shown for 

current amplitude and time. B the partial concentration resp onse curves for ACh (■) and ACh + m ecam ylam ine (Meca: 

1 )  in oocytes expressing rx3(i4p3 receptors. The ± S .D . of m ean for the data is not shown w here the errors fall within the 

plotted symbol. Data w ere fitted with power functions derived from the Hill equation, constrained to be parallel.
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Figure 6.9.2. +-tubocurarine partial concentration response curves for a3p4p3

receptors

ACh 2 |iM

ir

ACh 5 |iM ACh 10|iM  + 
8 nM +-tubo

ACh 20 (iM + 
8 |.iM +-tubo

50 nA

60s

B

<c

ü

100Œ

ACh0)
co
w 10Ch
O)
o

ACh + +-tubo

0.1 10 1001

ACh concentration (|iM) 
(log scale)

Figure 6 .9.2. A shown are exam ple inward currents elicited by bath applied application of ACh or ACh + +-tubo to 

oocytes expressing a3(i4 or a3(i4(î3'^ receptors. ACh and +-tubo concentrations are indicated above each response  

along with application bars, indicating the duration of agonist application. S ca le  bars are shown for current amplitude 

and time. B shown above are the partial parallel concentration response curves for ACh (■) and ACh + +-tubo ("1) in 

oocytes expressing a3(34|33 receptors. The ± S.D. of m ean for the data is not shown where the errors fall within the 

plotted symbol.
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6.10. Calcium permeability of a3p4 ‘pair’ versus a3p4p3'^* ‘triplet’ receptors

As we have seen in chapter 1, the TM2 domain of each receptor subunit contributes to 

the formation of the channel. Thus it would follow that residues in the TM2 domain are 

likely to affect the permeability of ions through the channel. Reducing the net charge on 

the cytoplasmic -T  ring in TM2 or increasing the side chain length of residues in -T  

has been shown to reduce permeability of calcium and large monovalent cations 

{Torpedo, Konno et a i, 1991; a l ,  Bertrand et a l,  1993; Haghighi & Cooper, 2000). 

Further, Villarroel et a l (1991) report that the side chain length of the residue in the 

central (2') ring of TM2 affects large monovalent cation permeability, with permeability 

increasing as side chain length decreases.

As we have seen from chapter 5, a5 incorporation replaces one copy of P4. In terms of 

the TM2 domain this replaces the hydrophilic Thr residue in 2' with a hydrophobic Cys, 

with a shorter side chain (see figure 6.10.1.), whereas the Glu residues in -1 ' remains 

unchanged. The data o f Villarroel et a l  (1991) suggests that this will produce an 

increase in the permeability of the channel to large monovalent cations and possibly 

divalent cations, although divalent ions were not tested. In support of this hypothesis, 

Gerzanich et a l  (1998) demonstrated that incorporation o f a5 increases the calcium 

permeability o f ‘pair’ receptors (a3p2 and a3(34) expressed in oocytes, as indicated by 

a rightward shift in the reversal potential obtained from I/V curves in different calcium 

concentrations.

As discussed in chapter 1, in terms of amino acid sequence, the TM2 domains of a5 and 

(33 are very similar (differing by only four amino acids see figure 6.10.1.). Further, we 

have seen from chapter 4 that (33 replaces one copy of (34 in the formation of the
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a3p4p3 triplet receptor. This also reduces the side chain length in 2' and leaves the Glu 

residues in -T  unchanged, replacing the hydrophilic 2' Thr residue with a hydrophilic 

Ser (see figure 6.10.3.). Interestingly, if  we compare the 3 rings of charges in the TM2 

domain (reported to be involved in single channel conductance as discussed above) and 

the central ring in 2' with those of the highly calcium permeable a ?  homomeric nAChR, 

P3 and a ?  are more similar than p3 and a5. p3 and a l  both contain negatively charged 

Asp in the -4 ' position, negatively charged Glu in -1 ' and 20', hydrophilic Ser in 2', 

whereas a5 differs with neutral Asn in -4  and hydrophobic Cys in 2' (see figure 6.10.1. 

and tables 6.10.2. and 6.10.3.).

Given the similarity between p3 and a7, together with the data from Villarroel et al. 

(1991) and Gerzanich et al. (1998), it seems reasonable to predict that p3 incorporation 

might produce an increase in a3p4 calcium permeability; the nature of the TM2 

residues in p3 suggests that -  if  the analysis of Villarroel et al. (1991) is correct - the 

magnitude of this increase will be equal to, or greater than that seen for a5.

Thus the next aim of the project was to investigate the effect of p3 incorporation on the 

calcium permeability of ‘pair’ receptors.

257



Figure 6.10.1. A comparison of the TM2 domains of a3, a5, a l ,  (34 and (33

TM2

«3

p 4

P3
a5
a l

-4' -V 2' 9' 20'

D C G E K V T L C I S V L L S L T V F L L V I T E T I  P

D C G E K M T  L C I S V L L A L T F F L L L I  S K I V P  

D E G E K L S L S T S V L V S L T V F L L V I E E I I  P 

N E G E K I  C L C T S V L V S L T V F L L V I E E I I  P 

D S G E K I  S L G I T V L L S L T V F M L L V A E I M P

B

Thr - «3 & P4 

. . . C H  -  C H 3

Cys - a5

. C H g  -  S H

Ser - p3 & a7

. . . C H 2 - O H

O H

Figure 6.10 .1 . A sh ow s the amino acid se q u en ce  for the TM2 domains of a 3 , a5 , « 7 , (54 and (53, with the amino acids 

indicated with their single letter cod e. The residues thought to affect single channel conductance and large divalent 

cation permeability are indicated: the three rings of charges in -4 ', -T  and 20' and the uncharged residues in 2'. Note 

that P3 and al share identical residues in th ese  regions. B sh ow s the side chains of residues in 2' using the three letter 

amino acid cod e. Note that « 5  or (53 incorporation reduces the sid e chain length of the residue in 2'.
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Table 6.10.2. The 2 ’ ring and the three rings of charges in the TM2 of a3, p4 and a5 subunits

Receptor Subunit Copy

number

Cytoplasmic ring 

-4'

Intermediate ring

-r 2'

Outer ring 

20'

a3|34 a3 2 D ( - ) E ( - ) T E ( - )

P4 3 D ( - ) E ( - ) T K( + )

Net charge - 5 -5 0 + 1

a3p4a5 o3 2 D ( - ) E ( - ) T E ( - )

P4 2 D ( - ) E ( - ) T K(  + )

o5 1 N E ( - ) C E ( - )

Net charge - 4 -5 0 - 1

O uter ring

2' ring

Intermediate ring

Cytoplasmic ring 

Outer ring

2' ring

Intermediate ring 

Cytoplasmic ring

Table 6.10 .2 . Shown are the residues in the TM2 cytoplasm ic (-4’), intermediate (-T), the central (2’) ring and outer (20’) rings of charges for the a3, (54 and a5  subunits. The residues are indicated using the 

single letter amino acid cod e. The presum ed stoichiometry for both «3(54 and «3(54o5 receptors is indicated by the subunit copy number. The net charge for each  ring of charges is calculated on the basis of 

the subunit copy number. A graphical representation of the pore of the channel, with the residues lining the pore forming the cytoplasm ic (-4’), intermediate (-T), central (2’) and outer (20’) rings is shown for 

both «3(54 and «3(54«5 receptors, indicating the net charge on each  ring. Note positively charged residues are indicated in red, negatively charged residues in blue and uncharged residues in green. The 

subunit arrangement show n is b ased  on that of the ACh binding protein.
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Table 6.10.3. The 2' ring and the three rings of charges in the TM2 of a3, (34 and p3 subunits

Receptor Subunit Copy

number

Cytoplasmic ring 

-4'

Intermediate ring 

-1'

Central ring 

2'

Outer ring 

20'

a3p4 o 3 2 D ( - ) E ( - ) T E ( - )

3 D ( - ) E ( - ) T K(  + )

Net charge -5 -5 0 +  1

a3(34[33 a3 2 D ( - ) E ( - ) T E ( - )

P4 2 D ( - ) E ( - ) T K(  + )

(33 1 D ( - ) E ( - ) 8 E ( - )

Net charge -5 -5 0 - 1

O uter ring

2' ring

Intermediate ring 

Cytoplasmic ring

TM2

Outer ring

2* ring

Intermediate ring 

Cytoplasmic ring

Table 6.10 .3 . Shown are the residues in the TM2 cytoplasm ic (-4’), intermediate (-T), the central (2’) ring and outer (20’) rings of charges for the a3 , (i4 and (53 subunits. The residues are indicated using the 

single letter amino acid cod e. The presum ed stoichiometry for both a3(54 and «3(54(53 receptors is indicated by the subunit copy number. The net charge for each  ring of charges is calculated on the basis of 

the subunit copy number. A graphical representation of the pore of the channel, with the residues lining the pore forming the cytoplasm ic (-4'), intermediate (-1’), central (2’) and outer (20’) rings is shown for 

both «3(54 and «3(54(53 receptors, indicating the net charge on each  ring. Note positively charged residues are indicated in red, negatively charged residues in blue and uncharged residues in green. The 

subunit arrangement show n is b ased  on that of the ACh binding protein.
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6.11. a3p4 and a3p4p3 receptors are equally permeable to calcium

Initially reference current/voltage relationship (I/V) curves were obtained during bath- 

applications of ACh in 1.8 mM calcium Ringer solution to oocytes expressing a3p4 and 

aSp4p3'^ receptors (see solutions, chapter 2), using the protocol described in chapter 2. 

The solutions used were chloride free and based on those of Gerzanich et al. (1998) in 

order to aid comparison of the data with that obtained for a5 (for solution composition, 

see chapter 2). The reversal potential was measured as the membrane holding potential 

at which current injection equalled zero. Reference I/V curves were then compared with 

I/V curves obtained in 18 mM calcium (see solutions, chapter 2) and the degree of shift, 

if  any, determined from the change in reversal potential.

Comparison of the reversal potentials for 1.8 and 18 mM calcium Ringer revealed that 

both a3p4 and a3p4p3 receptors are somewhat permeable to calcium, but also that their 

permeability is similar (example I/V curves are shown in figure 6.11.2.). a 3p4p 3  

receptors had mean reversal potentials of -15.1 ±  1.97 mV (« = 5) in 1.8 mM and -9.9 ± 

1.40 mV (« = 5) in 18 mM calcium, compared to -1 8 .7  ±  0.97 mV {n = 5) in 1.8 mM 

and -1 1 .0  ± 1 .9 1  mV (« = 5) in 18 mM calcium for a 3 p 4  (see table 6.11.1). The 

resulting mean shift in the reversal potential was 5.20 ±  0.83 mV {n = 5) for a 3p4p 3  

and 7.68 ±  1.47 mV {n = 5) for a 3 p 4  (see table 6.11.1). The results of a 2 tail /-test 

assuming unequal variance revealed that the difference between the shift in reversal 

potential between a 3p4p 3  and a 3 p 4  receptors was not statistically significant,/? = 0.19 

(see table 6.11.1).
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Table 6.11.1. Calcium permeability of o3p4 vs o3p4p3 receptors

Mean reversal Mean reversal Mean shift in reversal Mean leak current at Mean leak current Max total current cRNA Injected n p 
potential (mV) potential (mV) potential (mV) -4 0  mV (nA) at -40 mV (nA) (nA) (ng)

______________1.8 mM Ca^  ̂ 18 mM Ca^^__________________________________ 1.8 mM Ca^^___________ 18 mM Ca^*_________________________________________________________

a3p4 -18.7  ± 1.0 -11 .0  ± 1.9 7 .7  ± 1.5 2 .2 ± 6 .1  24 .2  ± 4 .8  522 15 5

a3p4p3 -15.1 ± 2 .0  -9.9 ± 1.4 5 .2 ± 0 .8 -12.8  ± 7 .0  -3.1 ± 7 .0  302 25  5 0.19
_________________________________________________________(p 0 .1 9 ) (p 0.20)_______________ (p 0.06)___________________________________________________________

Table 6 .11 .1 . Mean (± S.D . m ean) reversal potential is the m ean of all potentials at which current injection w as equal to zero. Mean (± S.D . m ean) shift in reversal potential is the m ean of the sum  of all the 

reversal potentials in 18 mM calcium -  all the reversal potentials in 1.8 mM calcium. Mean (± S.D . m ean) leak current, is the m ean of all leak currents recorded at a holding potential o f - 4 0  mV before the 

initiation of the voltage ramp In the external calcium concentration indicated. W here p  is the result from a 2 tail f-test assum ing equal variance.
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Figure 6.11.2. I/V plots for oc3p4 and 03^4^3 receptors in 1.8 and 18 mM external 

Calcium

A B

a3p4 a3p4p3
i00n 100i

50-

V (mV)(mV)
-40 -30

-50-50-
-100

-150

-200
-150-

1.8 mM 
18 mM

1.8 mM Ca  
18 mM Ca^

- 2 00 - -250

-300-250-

-300-

l(nA)
-350

l(nA)

Figure 6.11 .2 . A and B show  exam ple I/V curves for a3(34 (A) and a3(i4p3 (B) receptors in 1.8 (black) and 18 mM (red 

dotted curve) calcium Ringer. The curves plotted are the sm oothed (100 point adjacent averaging) data points from 

m ean leak subtracted curves from 4 ramps obtained in the sam e oocyte. Each 2 secon d  ramp shifted the holding 

potential from -40 mV to + 40 mV. Note the shift in reversal potential from 1.8 to 18 mM calcium

All nAChRs are som ew hat calcium  perm eable (see Sargent, 1993 and M cGehee & 

Role, 1995 for reviews). Recom binant studies have also shown a variety o f calcium  

perm eabilities, depending on the a and p subunit com position o f receptors (Sands & 

Barish, 1991; Adam s & Nutter, 1992; Vernino et al., 1992; Bertrand et a i ,  1993; 

Gerzanich et a i ,  1998; Haghighi & Cooper, 2000; for a review see M cGehee & Role, 

1995), with hom om eric a l  receptors having the greatest perm eability (Séguéla et al., 

1993; Delbono et al., 1997; Gerzanich et al., 1998; Fucile et al., 2000; Haghighi & 

Cooper, 2000). In the native receptor, calcium  entry through the nAChR may either 

directly evoke or m odulate neurotransm itter release from the presynaptic neuron, by 

triggering exocytosis (for a review see M acD erm ott et a i ,  1999). Thus any change in 

the calcium  perm eability of neuronal nAChRs could potentially have an important 

physiological im pact on synaptic transmission.
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In contrast to the predicted increase in calcium permeability, based on the similarity in 

the TM2 sequence between a5 and (33 and the presence of a Ser residue in the 2' 

position, the data presented above suggests that a3(34 and a3p4p3 receptors are equally 

permeable to calcium.

Under similar conditions, Gerzanich et al. (1998) report that increasing extracellular 

calcium by ten-fold from 1.8 to 18 mM produced a mean shift in the reversal potential 

of 6.1 mV for a3p4, a value similar to the one we observed (7.7 mV). This shift was 

much larger (11.7 mV) for a3p4a5 receptors.

It is possible that residual calcium activated chloride current (endogenous to the oocyte) 

is still present, even after incubation in chloride free solution and affected the sensitivity 

o f our method. This would seem unlikely as the shift we observed for a3p4 was very 

similar to that reported by Gerzanich et al. (1998). It must be considered that the 

sensitivity o f this method is limited, as an accurate measurement of the reversal 

potential is confounded by the strong inward rectification of the nAChR and by the 

relatively small signal to noise ratio for the current carried through nAChRs vs. the leak 

of the oocyte.

In order to clarify the question of calcium permeability for a3p4p3 receptors a more 

accurate method may be required. A future experiment could be carried out in cell lines, 

such as HEK293. The main advantages o f using HEK293 cells are that they are small 

(improving the signal to noise ratio) and that we can control the intracellular solution 

using the whole cell patch clamp configuration. Such an experimental system would 

also allow a ftira-2 ratiometric measurement of increases in calcium concentration 

produced by nAChR activation. The importance of this is that it would give us a value

264



which is more physiologically relevant, i.e. the proportion of current carried by calcium 

at the membrane resting potential.

265



Chapter 7: Summary
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7.1. Summary

We have seen in the previous chapters that (33 can form a ‘triplet’ receptor when co­

expressed with an a 3 p 4  ‘pair’ mXenopus oocytes. Using a reporter mutation approach 

we have confirmed the known stoichiometry of ‘pair’ receptors as 2 a  and 3 p and 

shown that ‘triplet’ receptors formed by co-expressing either p3 or a5  with an a /p  

‘pair’ have a stoichiometry of 2:2:1.

Characterisation of a 3 p 4 p 3  receptors revealed that the incorporation of P3 has 

relatively small effects on the pharmacology of the a 3 p 4  receptors. The main change is 

a three-fold decrease in the potency of lobeline relative to ACh, but this does not affect 

agonist rank order of potencies. Incorporation of p3 has negligible effects on antagonist 

sensitivity assessed by the Schild Kd  of the competitive antagonist trimetaphan and the 

dose ratio of 30 pM DHpE. Calcium permeability of the a3p4 ‘pair’ was also 

unchanged (or the change is too small to be detected by reversal potential methods in 

oocytes). In addition to these data, unpublished data from Dr. Marco Beato 

demonstrates an increase in single channel conductance in p3-containing receptors, 

from 28.8 pS for a 3 p 4  to 46.7 pS for a3p4p 3 . This increase in conductance is likely to 

be due to p3 replacing a p4 subunit (personal communication. Dr. Marco Beato).

It is tempting to interpret the relatively small effect of p3 on a3p4 agonist and 

antagonist sensitivity as an indication that P3 is not involved in the agonist binding site, 

assigning a purely structural role to p3. Note that substituting one p subunit for the other 

in ‘pair’ receptors has profound effects on the pharmacology of nAChRs (Luetje & 

Patrick, 1991; Harvey & Luetje, 1996). Here the most likely anticlockwise arrangement
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of the a3p4(33 ‘triplet’ receptor would be a 3 p 4 a 3 p 4 p 3 , with p3 in a structural position 

analogous the to the muscle nAChRs p subunit.

7.2. Relevance to native receptors

For our findings on recombinant p3-containing receptors to be relevant to native 

nAChR, two questions must be answered, i.e. whether we can extrapolate from the 

oocyte expression system to a mammalian neuron and, secondly, whether the p3 subunit 

is incorporated into native nAChR together with the a3  and p4 subunits.

Xenopus oocytes do express muscle-type nAChR with an accurate native stoichiometry 

(Anand et al., 1991). No comparative data are available for neuronal nAChR. 

Nevertheless, the 2:3 stoichiometry observed in oocytes for a 4 p 2  nAChR (Cooper et 

al., 1991) is in good accord with the Hill slope values measured for native ganglionic 

nAChR (Covemton et al., 1994). At the single-channel level, most oocyte-expressed 

a 3 p 4  nAChRs differ in conductance and kinetics from native ganglionic receptors 

(which are likely to have a similar composition; Sivilotti et al., 1997; Lewis et al.,

1997). It is assumed here that whatever it may be that causes discrepancies in 

conductances and kinetics does not have a major effect on relative potencies or 

stoichiometry. In support of this view, it has been found that, at whole-cell level, 

Xenopus oocytes do reproduce the relative agonist potencies seen for native ganglionic 

nAChRs with reasonable accuracy (Covemton et al., 1994).

In tenns of the effect of p3 incorporation on the a 3 p 4  ‘pair’, P3 produces only a small 

change in the potency of lobeline relative to ACh. This is unlikely to be useful for 

identifying P3 containing receptors. However, it is possible that p3 may produce a
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greater effect on the pharmacology and biophysical properties of receptors with a 

different ‘pair’ background, for example, a4p2.

The reporter mutation approach can readily be extended to other new neuronal nAChR 

combinations to assess if p3 can form other ‘triplet’ receptors. If these do form, it must 

be tested if P3 incorporation affects the pharmacological and biophysical profile o f 

‘pair’ receptors. Given the widespread expression of a4p2, it would be of particular 

interest to look at a4p2 in combination with p3. For example, does a4p2 form an 

a4p2p3 ‘triplet’ receptor ? What is its stoichiometry ? Does p3 incorporation affect the 

pharmacological and biophysical properties of the a4p2 ‘pair’ ?

It is possible that P3 incorporation has a completely different effect for native receptors 

in a neuron. A possibility is that p3 is involved in receptor targeting. It is well known 

that neurons can regulate the composition of receptors in different domains and it could 

be that the presence of (33 targets the receptor complex to a different portion of the 

neuron (somatodendritic, pre or peri synaptic). It would be interesting to express epitope 

tagged a3(34 and a3p4p3 receptors in cultured neurons and see if  p3 affects targeting of 

the receptor complex to different subdomains of the neuron.

Indeed chick ciliary ganglia have been shown to target different nAChR subtypes to 

specific subdomains of the neuron: the majority of receptors consist of a3p4a5 

(sometimes with p2), which are mostly targeted to the postsynaptic membrane.

However, some a l  receptors are also present, but excluded from the postsynaptic 

membrane and targeted to perisynaptic membranes of the dendrites (for a review see 

Tembumi et a l, 2000). Further, data from chimeric subunits suggests that the
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cytoplasmic loop between TM3 and TM4, whose amino acid sequence is highly 

variable between the neuronal nAChR subunits, may play a role in targeting (Williams 

et a l,  1998). Williams et al. (1998) report that over-expressing myc epitope-tagged al 

chimeras containing the cytoplasmic loop of a3 or a5 in chick ciliary ganglion targets 

the chimeric al receptors to different subdomains of the neuron: a7/a3 chimeras are 

targeted to postsynaptic areas, whereas or allaS chimeras are targeted to 

perisynaptic areas (Williams et a l,  1998).

Future work, extending our electrophysiological approach to determine and characterise 

which subunits can assemble, will undoubtedly help in the screening for specific 

compounds that discriminate between the different receptor subtypes. This work is 

essential for a better understanding of the function of neuronal nAChRs and the 

development of future drug therapies for nicotine addiction and pathological processes 

in neurological disorders, such as Alzheimer’s disease, Parkinson’s disease and 

Schizophrenia, in which a role for neuronal nAChRs has been proposed (for a review 

see Mihailescu & Drucker-Colin, 2000).
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