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Abstract

A chimera comprising the N-terminal region of the human a7 nicotinic acetylcholine receptor, fused to the transmembrane/C-terminal

domains of the mouse serotonin 5-HT3 receptor, was constructed. Injection of the chimera cDNA into Xenopus oocytes, or transient

transfection in human embryonic kidney (HEK-293) cells, resulted in the expression of functional channels that were sensitive to nicotinic

acetylcholine, but not serotonin receptor ligands. In both systems, the responses obtained from chimeric receptors inactivated more slowly

than those recorded following activation of wild-type a7 receptors. A stable HEK-293 cell line expressing the human a7/mouse 5-HT3

chimera was established, which showed that the chimera displayed a similar pharmacological profile to wild-type a7 receptors. Use of this

chimera in high-throughput screening may enable the identification of novel pharmacological agents that will help to define further the role of

a7 nicotinic receptors in physiology and disease.
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1. Introduction

Neuronal nicotinic acetylcholine receptors are ligand-

gated ion channels formed by the co-assembly of five

constituent subunits. The subunits are classified into two

families, a and h. Each subunit comprises four membrane-

spanning regions and a large extracellular, ligand binding N-

terminal domain. To date, nine neuronal a (a2 to a10) and

three h (h2 to h4) subunits have been identified and much

effort has been devoted to determine which combinations of

subunits assemble to form functional receptors (for reviews

see Karlin and Akabas, 1995; McGehee and Role, 1995;

Lindstrom, 2000; Millar, 2003).
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Neuronal nicotinic acetylcholine receptors are frequently

sub-divided into two functionally and pharmacologically

distinct classes: those that bind a-bungarotoxin and those

that do not. Neuronal a-bungarotoxin binding nicotinic

receptors, which have the unique properties of high Ca2+

permeability and very rapid desensitisation, are widely

expressed throughout the nervous system (Seguela et al.,

1993; Quik et al., 2000) and have been shown to contain the

a7 subunit (Couturier et al., 1990; Seguela et al., 1993).

Their abundance in the hippocampus suggests a possible

function in learning and memory, whilst the observation that

a7 receptors are spared, or even elevated, in Alzheimer’s

patients compared with normal controls make them a

potential therapeutic target for pharmacological intervention

in this disorder (for review see Court et al., 2001).

Additionally, evidence for a role of a7 in psychosis is

provided by the observation that genetic polymorphism in

the a7 gene may be linked to the sensory deficits found in
ology 502 (2004) 31–40
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schizophrenic patients and their relatives (Adler et al., 1998;

Leonard et al., 2002). Use of the few selective a7

pharmacological tools currently available has confirmed a

role for a7 nicotinic receptors in cognition (Kem, 2000) and

in improving sensory deficits in mice models of schizo-

phrenia (Simosky et al., 2001).

Heterologous expression of the a7 gene in Xenopus

oocytes has shown that this subunit can assemble into

homomeric receptors that bind a-bungarotoxin and which

share the pharmacological characteristics of native a7-

containing nicotinic receptors (Couturier et al., 1990;

Seguela et al., 1993). However, relatively few reports of

the successful heterologous expression of the a7 gene in

mammalian cells have been published (Puchacz et al., 1994;

Gopalakrishnan et al., 1995; Quik et al., 1996; Cooper and

Millar, 1997; Peng et al., 1999; Sweileh et al., 2000), whilst

many reports have detailed the failures and complications

(Quik et al., 1996; Cooper and Millar, 1997; Rangwala et

al., 1997; Kassner and Berg, 1997; Blumenthal et al., 1997;

Rakhilin et al., 1999; Sweileh et al., 2000; Aztiria et al.,

2000; Dineley and Patrick, 2000). A common finding has

been that a7 receptor expression appears to be host-cell

specific. Several studies have demonstrated the presence of

a7 mRNA (Sweileh et al., 2000; Aztiria et al., 2000) or

protein (Cooper and Millar, 1997) in a variety of cell types

transfected with a7, however, few were capable of

producing correctly folded and assembled a7 nicotinic

receptors that bound a-bungarotoxin and which were

transported to the cell surface.

Although stable cell lines expressing functional a7

nicotinic receptors have been generated, their pharmaco-

logical characterisation has often been complicated by the

expression of other native nicotinic receptors in the host

cells (Puchacz et al., 1994; Blumenthal et al., 1997), or by

the low level of receptor expression at the cell surface

(Sweileh et al., 2000, Schroeder et al., 2003). The lack of a

well-characterised stable a7 cell line has limited the

development of high-throughput techniques for screening

chemical libraries against a7 receptors. Consequently,

relatively few selective pharmacological tools are available

to assess the role of this receptor in normal or disease states,

or to determine the therapeutic value of such ligands.

Chimeric a7/5-hydroxytryptamine-3 (5-HT3) receptors

have been described which, by combining the pharmacol-

ogy of the a7 nicotinic receptor with the favourable

expression properties of 5-HT3 receptors (Eisele et al.,

1993; Cooper and Millar, 1998; Dineley and Patrick, 2000),

provide one strategy to overcome the problems of express-

ing a7 in mammalian cells. Such chimeric a7/5-HT3

receptors have been used as tools for investigating the role

of various domains of the receptor (Corringer et al., 1995;

Rakhilin et al., 1999; Dineley and Patrick, 2000) and have

previously been based on either chick (Eisele et al., 1993) or

rat (Cooper and Millar, 1998; Dineley and Patrick, 2000) a7

domains. The use of such chimeras is reported to avoid both

the host-cell specific limitations associated with expression
of wild-type a7 nicotinic receptors and to generate higher

levels of cell surface binding (Rangwala et al., 1997; Cooper

and Millar, 1998; Dineley and Patrick, 2000). This might

predictably correlate with increased function and generate

the robust signals necessary for use in assays, such as Ca2+-

based high-throughput methodologies, which are commonly

used to support the identification and development of new

pharmacological tools (Schroeder and Neagle, 1996; Evans

et al., 2003). Here we report on the construction and

pharmacological characterisation of a human a7/mouse 5-

HT3 (ha7/5-HT3) chimera stably expressed in mammalian

human embryonic kidney (HEK-293) cells.
2. Materials and methods

2.1. Construction of a human a7/mouse 5-HT3 chimera

A chimera comprising the N-terminal domain of the

human a7 nicotinic acetylcholine receptor and the trans-

membrane/C-terminal regions of the mouse 5-HT3 (ha7/5-

HT3) receptor was constructed. The full-length human a7

cDNA, cloned between the BamHI and XhoI sites of

pcDNA3 (Elliot et al., 1996), was obtained from Merck

Research Laboratories (La Jolla, CA, USA) and used as a

template in PCR in order to amplify the extra-cellular

coding region of the a7 sequence. The forward primer was

designed to anneal to a region within the multiple cloning

site of the plasmid (5V AGGGAGACCCAAGCTTGG-

TACCGA 3V) whilst the reverse primer contained 22

nucleotides that were a7-specific together with an extended

5V region containing the restriction site for BclI (5V
TGGTATTGATCACTGTGAAGGTGACATCGGG 3V).
The reverse primer caused a BclI site to be introduced into

the a7 sequence at a position corresponding to Val202 of the

mature human a7 protein. The complete chimeric construct

was generated by ligating pGEM-7Zf (Promega, South-

ampton, UK) containing the C-terminal domain of the

mouse 5-HT3 subunit cDNA (Maricq et al., 1991) with the

PCR product of the modified N-terminal coding region of

the a7 subunit via a common BclI site. The chimera was

then sub-cloned between the BamHI/XbaI sites of

pcDNA3.1 and pcDNA3.1 Zeo (both from Invitrogen,

Paisley, UK) for use in expression studies. The sequence

of the construct was verified by automated sequencing

(Cytomyx, Cambridge, UK) (Fig. 1).

2.2. Expression in Xenopus laevis oocytes and electro-

physiological characterisation

Adult female X. laevis frogs were obtained from Blades

Biological (Edenbridge, UK) and housed at Lilly Research

Centre following the appropriate UK regulations governing

the use of animals in scientific research.

Oocytes were defolliculated manually after treatment

with collagenase type I (4 mg/ml in Ca2+-free Barth’s



Fig. 1. Construction of human a7/5-HT3 chimera. (A) Amino acid alignment between human a7 and mouse 5-HT3 showing location of V202 and the first

transmembrane domain (bold type). The amino acids that form the chimera are underlined. (B) Nucleotide sequences of human a7 and mouse 5-HT3 in the

region where the chimera was formed. The reverse PCR primer used to incorporate the BclI site into the a7 sequence and the intrinsic BclI site in 5-HT3 are

illustrated.
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solution) for 1.5 h at room temperature. Plasmids contain-

ing the wild-type human a7 nicotinic receptor subunit (in

pcDNA3) or ha7/5-HT3 (in pcDNA3.1), were suspended

in distilled water and injected into the nuclei of stages V

and VI oocytes within 4 h after harvesting, using a

Drummond (Broomall, PA, USA) variable volume micro-

injector. Approximately 2 ng of human a7, or 8 ng of ha7/

5-HT3 cDNA were injected into each oocyte in a total

injection volume of 18.4 nl. After injection, oocytes were

incubated at 18 8C in a modified Barth’s solution

(composition in mM, 88 NaCl, 1 KCl, 2.4 NaHCO3, 0.3

Ca(NO3)2, 0.41 CaCl2, 0.82 MgSO4, 15 HEPES, and 50

mg/l neomycin), pH 7.6, 235 mOsm. Experiments were

performed on oocytes 3–5 days after cDNA injection.

Oocytes were placed in a recording chamber (3 mm

diameter), which was continuously perfused with a saline

solution (composition in mM, 115 NaCl, 2.5 KCl, 1.8

CaCl2, 10 HEPES), pH 7.3, 235 mOsm, at a rate of ~10 ml/

min. Drugs were prepared in external saline immediately

before use. A BPS-8 solution exchange system (ALA

Scientific, Westbury, NY, USA) was used to switch between

control and drug-containing saline. Alternation between

superfusion with agonist and agonist-free saline applications

(5 min cycles for the chimera; 2 min cycles for a7) were

made in order to allow the receptors to recover from

desensitisation.

Oocytes were impaled by two microelectrodes filled

with 3 M KCl (0.5–2.5 MV) and voltage clamped using a

Geneclamp 500B amplifier (Axon Instruments, Foster

City, CA, USA). The external saline was clamped at

ground potential by means of a virtual ground circuit

using an Ag/AgCl reference electrode and a Pt/Ir current

passing electrode. The membrane potential was held at

�60 mV. The current required to keep the oocyte

membrane at the holding potential was measured.

Membrane currents were low-pass filtered (four-pole

low-pass Bessel filter, �3 dB at 1 kHz), digitised (1000

samples/record), and stored on disk for off-line computer

analysis. All experiments were performed at room

temperature.
2.3. Cell culture and transient transfection

HEK-293 cells were cultured in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal calf

serum, 100 units/ml penicillin, 100 Ag/ml streptomycin and

4 mM glutamine. HEK-293 cells were sub-cultured the day

before transfection and plated to achieve ~60–70% con-

fluency within 24 h. Cells were then transfected with 1Ag of

either the ha7/5-HT3 in pcDNA3.1 or wild-type human a7

in pcDNA3 using 3Al of FuGENE 6 transfection reagent

(Roche, Lewes, UK). Transfected cells were incubated for

48 h at 37 8C for ha7/5-HT3 or 298C for a7, before binding

and function were assessed.

2.4. Fluorescent a-bungarotoxin binding assay

To assess cell-surface expression of ha7/5-HT3 or wild-

type a7 receptors, transfected cells were plated on glass

coverslips then incubated with Alexa-fluor 488-conjugated

a-bungarotoxin (Molecular Probes) at a final concentration

of 0.002 lg/ll, for 30 min at 37 8C. Cells were washed

extensively with Hanks Balanced Salt Solution to remove

any unbound toxin and fluorescence then observed on an

inverted microscope (Leica DMIRB). Cells were not

permeabilised, so that only cell surface receptors were

observed.

2.5. Stable cell line development and culture

Cells stably expressing ha7/5-HT3 were selected by

culturing ha7/5-HT3 transfected HEK-293 cells in growth

medium containing 2 mg/ml Geneticin G418. A total of 129

clones were isolated by limiting dilution then expanded and

screened for functional expression using a Fluorometric

Imaging Plate Reader (FLIPR). In an effort to boost the size

of the functional response, the two clones that displayed the

largest responses were re-transfected with ha7/5-HT3 in

pcDNA3.1-Zeo. A final re-transfected clone, which dis-

played large and stable Ca2+responses on stimulation with

nicotinic receptor agonists, was selected from a further 49
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clones by culturing in the presence of Zeocin (160 lg/ml).

This clone showed good growth characteristics over a 1-

month selection period at which stage the concentration of

Geneticin G418 and Zeocin in the growth medium was

reduced to 500 and 40 lg/ml, respectively.

2.6. Single-cell Ca2+ imaging

Cells plated on poly-d-lysine-coated, glass bottomed

35 mm micro-well dishes (MatTek, MA, USA) were

loaded with 2 lM Fura-2-acetoxymethyl (AM) ester

diluted in either growth medium, for 30 min at 37 8C,
or in a HEPES-buffered saline solution (HBSS, compo-

sition in mM, 135 NaCl, 5 KCl, 2.5 CaCl2, 1.2 MgCl2,

10 glucose and 10 HEPES), pH 7.3, for 1 h at room

temperature (21–248C). Cells were then washed and

incubated in HBSS for 30 min at room temperature.

The culture dishes were viewed on an inverted epifluor-

escence microscope (Axiovert 100TV, Zeiss, Germany)

using a 10� (air) or 40� (oil immersion) fluorescence

objective. Cells were alternatively excited by light of 340

and 380 nm wavelength, provided by a polychrome II

(from TILL Photonics, Planegg, Germany) housing a

xenon lamp and a monochromator. Emitted light was

captured by a SensiCam cooled CCD camera (PCO CCD

Imaging, Kelheim, Germany) after passage through a

dichroic mirror (400 nm) and high-pass barrier filter (480

nm). Digitised images were stored and processed using

Axon Imaging Workbench software (Version 2.2 and 4.0,

Axon Instruments) and Origin 6.1 software (OriginLab,

MA, USA). Drugs were applied focally via an eight-

channel valve-driven superfusion system (APS, Bad

Homburg, Germany) and the cells were continuously

superfused with HBSS between drug applications. All

recordings were made at room temperature.

2.7. Cell population Ca2+ measurements using FLIPR

Confluent cells, re-suspended in the used growth

medium, were plated at a density of 0.5�106 cells/ml

directly into poly-d-lysine coated, black-walled, trans-

parent bottomed 96-well plates (Becton Dickinson, Mar-

athon Laboratories, London, UK) then incubated

overnight at 378C in an atmosphere of 95% air, 5%

CO2. Growth medium was removed before addition of 50

ll Tyrode’s assay buffer (composition, in mM, 137 NaCl,

2.7 KCl, 2.5 CaCl2, 1 MgCl2, 12 NaHCO3, 0.2 NaHPO4,

5.5 glucose) containing 10 lM Fluo-3-AM/0.05% pluor-

onic F-127 using a multi-drop pipettor (Lab Systems,

Helsinki, Finland). Cells were incubated in the dark with

the dye for 1 h at room temperature before the medium

was removed and replaced with Tyrode’s buffer without

Fluo-3. The plates were transferred to the FLIPR where

the cells were excited by light of 488 nm wavelength

from a 4 W Argon-ion laser. After passing through a 510–

570 nm bandpass inference filter, the emitted fluorescence
was detected with a cooled CCD camera (Princeton

Instruments). Fluorescence was recorded every 1 s for

the first minute following drug addition, with additional

readings every 6 s for a further 2 min. Parameters for

drug addition to the cell plate were programmed using

FLIPR system software on a Dell Optiplex GX110

computer. Drugs were prepared in a 96-well plate using

a Biomek 2000 (Beckman Instruments, Fullerton, CA,

USA) and compound delivery was automated through a

96-tip pipettor. Responses were measured as peak-minus

basal-fluorescence intensity, and are expressed as a

percentage of a maximal response obtained to the non-

selective nicotinic receptor agonist epibatidine (3 lM).

Data files were saved to the computer and stored for off-

line analysis using FLIPR system software and Origin 6.1

(Origin-Lab).

Acetylcholine, nicotine, choline, cytisine, 5-hydroxy-

tryptamine (5-HT), 5-hydroxyindole (5-HI), 1,1-dimethyl-

4-phenylpiperazinium (DMPP), mecamylamine, d-tubocur-

arine, a-bungarotoxin and dihydro-b-erthroidine were pur-

chased from Sigma-RBI (Poole, UK). Methyllycaconitine

(MLA), epibatidine, m-chloropheylbiguanide (mCPBG) and

tropanyl 3,5-dichlorobenzoate (MDL-72222) were from

Tocris Cookson (Bristol, UK). Fura-2-AM, Fluo-3-AM,

pluronic F-127 and Alexa-fluor-a-bungarotoxin were from

Molecular Probes (Leiden, The Netherlands). All cell

culture reagents were from (Sigma, Poole, Dorset), except

for fetal calf serum, which was from Invitrogen.
3. Results

3.1. Expression of human a7/5-HT3 chimera in oocytes

After construction of the ha7/5-HT3 chimera its function

and pharmacological properties were first assessed by

expression in Xenopus oocytes. Selected nicotinic and

serotonergic ligands were investigated and their effects on

ha7/5-HT3 and wild-type human a7 nicotinic receptors

were compared.

Both ha7/5-HT3 and human a7 wild-type nicotinic

acetylcholine receptors were functional upon expression in

Xenopus oocytes (Fig. 2A). The size and shape of the ion

currents mediated by the ha7/5-HT3 receptor were very

similar to those previously reported for the chick a7/mouse

5-HT3 chimeric receptor (Eisele et al., 1993). Superfusion

of oocytes expressing ha7/5-HT3 receptors with 1 mM

acetylcholine evoked inward currents in 24.3% of injected

oocytes (n=37) with peak amplitudes ranging between 6

nA and 1AA. This compared with 1 mM acetylcholine-

induced current amplitudes ranging between 0.1 and 34.3

AA for oocytes expressing wild-type a7 nicotinic recep-

tors. The onset of desensitisation, determined by fitting the

decay phases of the responses to a single-exponential

function of 1 mM acetylcholine-induced ion currents, was

slower in oocytes expressing ha7/5-HT3 compared with



Fig. 2. Pharmacological properties of a human a7/5-HT3 chimera expressed

in Xenopus oocytes. Comparison of 1 mM acetylcholine-induced ion

currents mediated by wild-type human a7 nicotinic receptors and a human

a7/5-HT3 chimera (A). a7 receptor-mediated ion currents desensitise

within 1 s to baseline level, whereas the responses mediated by the chimera

desensitise on a much slower timescale, as indicated. (B) 10 nM of a

selective a7 nicotinic receptor antagonist MLA completely abolishes 1 mM

acetylcholine-induced ion currents. (C) 100 nM of the selective 5-HT3

receptor antagonist MDL 72222 does not inhibit 1 mM acetylcholine-

induced ion currents. (D) 1 mM 5-hydroxyindole, a potentiator of a7

nicotinic and 5-HT3 receptors, potentiates 1 mM acetylcholine-induced ion

currents. (E) 100 AM 5-HT does not induce ion currents in oocytes

expressing the human a7/5-HT3 chimera. No responses were seen even in

the presence of 1 mM of the potentiator 5-hydroxyindole.

Fig. 3. Cell surface a-bungarotoxin binding in HEK cells. HEK-293 cells

were either untransfected (A) or transiently transfected with the human a7/

mouse 5-HT3 pcDNA3.1 expression construct (B). Cell-surface receptor

expression was detected by labelling non-permeablised cells with Alexa-

fluor 488-conjugated a-bungarotoxin.
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oocytes expressing wild-type a7 nicotinic receptors. The

time-constants obtained were 0.2F0.1 s (n=10) for wild-

type a7 receptors, and 6.0F1.4 s (n=9) for ha7/5-HT3

receptors.

To confirm that the ha7/5-HT3 chimera displayed

pharmacological characteristics comparable with a7 and

not 5-HT3 serotonin receptors, voltage-clamped oocytes

expressing ha7/5-HT3 were exposed to various nicotinic

and serotonergic ligands (Fig. 2B,C). As expected, when

superfused with 1 mM acetylcholine (but not 100 AM 5-HT)

oocytes expressing ha7/5-HT3 responded with a transient

inward current. The acetylcholine-induced ion currents were

completely abolished by 10 nM of the selective a7 nicotinic

receptor antagonist methyllycaconitine (MLA), whereas 100

nM of a selective 5-HT3 receptor antagonist, MDL-72222,

had no effect.

To define further the pharmacological properties of ha7/

5-HT3 receptors, 5-hydroxyindole, a potentiator of both a7

nicotinic and 5-HT3 serotonin receptors (Kooyman et al.,

1993; Gurley et al., 2000; Zwart et al., 2002), was used. In
oocytes expressing ha7/5-HT3 receptors, 1 mM 5-hydrox-

yindole potentiated 1 mM acetylcholine-induced ion cur-

rents (Fig. 2D). In contrast, even in the presence of 1 mM 5-

hydroxyindole, 100 AM 5-HT was unable to induce any ion

current (Fig. 2E).

3.2. Expression of human a7/5-HT3 chimera in HEK-293

cells

The cell surface expression, function and pharmacolog-

ical properties of ha7/5-HT3 and wild-type a7 nicotinic

receptors were further assessed after transient transfection in

mammalian HEK-293 cells.

Expression in mammalian cells was initially demon-

strated by fluorescent a-bungarotoxin binding. Non-per-

meablised HEK-293 cells transiently transfected with ha7/
5-HT3 displayed prominent a-bungarotoxin binding indi-

cating abundant cell-surface receptor expression (Fig. 3B).

Comparison of the same field under fluorescent and bright-

field illumination indicated that N70% of the cells

expressed detectable chimeric receptor. In contrast, HEK-

293 cells transfected with wild-type a7 failed to display

measurable fluorescence (data not shown). As nicotinic

receptor expression (Cooper et al., 1999), and specifically

a7 receptor expression (Schroeder et al., 2003), has been

reported to be increased after incubation at low temper-

ature, fluorescent a-bungarotoxin binding to HEK cells

transiently transfected with wild-type human a7 nicotinic

receptors was assessed after incubation at 29 8C for 48 h.

Under these conditions a low level of fluorescence was

detectable in a small proportion (b5%) of cells (data not

shown).

In parallel studies, the functional properties of transiently

transfected HEK-293 cells were measured using single cell

Ca2+imaging of Fura-2 loaded cells (Fig. 4). As expected

from the absence of a-bungarotoxin binding, no function

was detected in cells transiently transfected with wild-type

a7 nicotinic receptors and incubated at 378C (not shown).

Despite evidence for low levels of specific a-bungarotoxin
binding to a7-transfected cells grown at 29 8C, no



Fig. 4. Chimeric a7/5-HT3 receptors form functional receptors after

transient transfection in HEK-293 cells. Fura-2 loaded HEK-293 cells

transiently transfected with either wild-type human a7 nicotinic receptors

(A, incubated at 29 8C) or chimeric human a7/5-HT3 receptors (B) were

superfused with HBSS containing nicotinic or serotonergic agonists (30 s

periods, as indicated). Results are the average of 10–12 cells from a single

experiment, representative of three similar experiments.

 

Fig. 6. Profile of nicotinic agonists and antagonists on chimeric a7/5-HT3
receptors stably expressed in mammalian cells. Fluo-3 loaded HEKa7/5-

HT3 were challenged with nicotinic receptor agonists (A) or antagonists

(B), as indicated. Agonist activity was measured in naRve cells, whilst

antagonist activity was assessed after a 20-min pre-treatment of cells with

the respective antagonists, followed by addition of epibatidine (1 AM).

Concentration–response curves are mean valuesFS.E.M. from 4–22

experiments.
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functional responses to nicotinic receptor agonists were

detected (Fig. 4A). In contrast, 30 s applications of 30 lM
DMPP, 100 lM nicotine or 1 lM epibatidine to cells

transiently expressing ha7/5-HT3 receptors caused small,

but reproducible increases in the intracellular Ca2+concen-

tration ([Ca2+]i) in 10–30% of cells (Fig. 4B). Human a7/5-
HT3 receptors were not activated by the 5-HT3 receptor

agonist 5-HT (10 lM).

As was observed in oocytes, when expressed in

mammalian cells the ha7/5-HT3 chimera gave responses

to a nicotinic agonist (DMPP, 30 lM) that could be

potentiated by 5-hydroxyindole (1 mM). However, the 5-

HT3 receptor agonist mCPBG did not cause any increase in

[Ca2+]i even in the presence of 5-hydroxyindole (Fig. 5A).

The response to DMPP and 5-hydroxyindole was fully and
Fig. 5. Chimeric a7/5-HT3 receptors transiently expressed in HEK-293 cells display nicotinic, not serotonergic pharmacology. Fura-2 loaded HEK-293 cells

transiently transfected with chimeric human a7/5-HT3 receptors were superfused with HBSS containing nicotinic or serotonergic agonists (30 s periods), as

indicated. 5-hydroxyindole was co-applied with agonists, whilst MLAwas pre-incubated for 5 min before co-application with agonist. Results are the average

of 5–15 cells (mean valuesFS.E.M.) from a single experiment, representative of three similar experiments.



Table 1

Pharmacological profile of the human a7/5-HT3 chimera stably expressed in HEK-293 cells

Agonist EC50AM Emax Antagonist IC50

Acetylcholine 32.6F1.9 89F2% MLA 36F13.2 nM

Nicotine 19.1F7.3 94F27% a-bungarotoxin 27.0F5.9 nM

Choline 208.5F17.2 100F3% Mecamylamine N100 AM
Epibatidine 0.18F0.02 101F4% Dihydro-h-erithroidine N100 AM
Cytisine 6.0F1.4 95F6% d-tubocurarine N100 AM
DMPP 0.86F0.16 106F6% a-conotoxin MII No block @ 1AM

Fluo-3-AM loaded cells stably expressing human a7/5-HT3 chimeric receptors were challenged with nicotinic agonists or antagonists. For antagonist

experiments cells were incubated with antagonist for 20 min, before addition of 1 AM epibatidine. Cell population Ca2+ measurements were recorded using a

FLIPR. Each value represents the meanFS.E.M. from n=4–22 independent experiments.
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reversibly blocked by a 5 min pre-incubation with 10 nM

MLA, a selective a7 antagonist (Fig. 5B).

3.3. Pharmacological profile of the human a7/5-HT3
chimera stably expressed in HEK-293 cells

As studies from Xenopus oocytes and transiently

transfected HEK-293 cells confirmed both the function

and basic nicotinic pharmacology of the ha7/5-HT3

chimera, a stable HEK cell line expressing this construct

was generated (HEKa7/5-HT3). HEKa7/5-HT3 cells dis-

played prominent cell surface fluorescent a-bungarotoxin

binding, which was visible in almost all cells in the

population when compared under fluorescent and bright-

field illumination (data not shown). Fluo-3 loaded HEKa7/

5-HT3 cells responded to nicotinic agonists with large

functional population Ca2+ responses, which could be

monitored using a FLIPR. The level of a-bungarotoxin

binding and size of Ca2+ responses in HEKa7/5-HT3 cells

analysed after incubation of cells (for up to 7 days) at 29

8C versus 37 8C was not altered. The amplitude of
Fig. 7. Potentiation of chimeric a7/5-HT3 receptors by 5-hydroxyindole.

Fluo-3 loaded HEKa7/5-HT3 cells were challenged with epibatidine in the

presence or absence of 300 AM 5-hydroxyindole. In the presence of the

potentiator, the Emax of the response was 158F8% of the epibatidine

control. Cells were pre-incubated with 5-hydroxyindole for 5 min before

agonist addition. Concentration–response curves are mean valuesFS.E.M.

from at least three separate experiments. A typical example of the calcium

response to 1Am epibatidine in the absence or presence of 5-hydroxyindole

is shown as an insert.
functional Ca2+ responses to maximal epibatidine stimula-

tion was 4707F1040 and 6605F1339 fluorescent units at

29 and 37 8C, respectively (n=3).

The profile of a number of nicotinic receptor agonists

(epibatidine, cytisine, nicotine, DMPP and choline) and

antagonists (MLA, a-bungarotoxin, mecamylamine, dihy-

dro-h-erthroidine and d-tubocurarine) was assessed (Fig.

6, Table 1). Agonist activity was measured in naRve cells,

whilst antagonist activity was assessed after a 20 min pre-

treatment of cells with the respective antagonists followed

by addition of the broad nicotinic receptor agonist

epibatidine (1 AM). As expected, the a7 selective agonist

choline activated ha7/5-HT3 receptors. Agonist potencies

followed a rank order of epibatidineNDMPPNcytisineN

nicotineNacetylcholineNcholine at ha7/5-HT3 receptors.

Similar to wild-type a7 nicotinic receptors, ha7/5-HT3

receptors displayed high sensitivity to blockade by two

known a7 antagonists, a-bungarotoxin and MLA, with

antagonists displaying a rank order of potency for block-

ade of a-bungarotoxin=MLAHmecamylamine=dihydro-h-
erthroidineNd-tubocurarine.

Modulation of agonist-induced responses by potentiators

was also assessed in HEKa7/5-HT3 cells. Potentiation of

epibatidine-induced responses was seen in cells pre-incu-

bated for 5 min with 5-hydroxyindole (Fig. 7).
4. Discussion

Functional heterologous expression of the human a7

nicotinic receptor in a mammalian cell line has proved

elusive. In the current study a chimeric receptor comprising

the extracellular, N-terminal domain of the human a7

subunit joined with the transmembrane and C-terminal

regions of the mouse 5-HT3 receptor subunit has been stably

expressed in HEK-293 cells where it displays similar

pharmacological properties to wild-type human a7 nicotinic

receptors.

Analysis of HEK-293 cells transiently transfected with

the ha7/5-HT3 chimera demonstrated the presence of a-

bungarotoxin binding sites that appeared to be cell-surface

associated. This observation indicates that the chimera

protein is being expressed and assembled into a7-like

receptors that are inserted into the plasma membrane.
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Functional expression studies in both Xenopus oocytes and

HEK-293 cells showed that the ha7/5-HT3 chimera has a

similar pharmacology to a nicotinic a7 receptor. However,

as has been reported previously for a chick a7/mouse 5-HT3

chimera (Eisele et al., 1993), ha7/5-HT3 displayed the

characteristic slow desensitisation of the 5-HT3 receptor.

Selective nicotinic receptor ligands were active on the

chimera, with a7 selective agonists (choline) and antago-

nists (MLA and a-bungarotoxin) showing potencies

expected for wild-type a7 receptors. In contrast, 5-HT3

selective ligands were inactive on the chimera. Potentiation

of agonist responses at the chimeric receptor was demon-

strated with a non-selective potentiator, 5-hydroxyindole

(Kooyman et al., 1993; Gurley et al., 2000; Zwart et al.,

2002), confirming that the chimera is sensitive to allosteric

modulators. The chimera will, however, only detect a7

modulators that act on the N-terminal domain, as this is the

only region of the a7 nicotinic receptor present. Interest-

ingly, a similar chick a7/mouse 5-HT3 chimera was recently

used to localise the activity of h-amyloid to the N-terminal

of a7 receptors (Lui et al., 2001).

Although the presence of a-bungarotoxin binding sites

was also demonstrated in a small proportion of HEK-293

cells transfected with wild-type a7 nicotinic receptors and

grown at lowered temperature, function was not detected.

The facilitatory role of decreased temperature in surface

expression of a7 nicotinic receptors has recently been

reported in SHEP-1 cells, where it was found to increase

both surface a-bungarotoxin binding and functional whole-

cell current responses to nicotinic agonists (Schroeder et al.,

2003). Cooper et al. (1999) have also previously described a

clear effect of temperature on wild-type a4h2 nicotinic

receptors, with cell surface receptor expression being

dramatically increased when temperature was lowered. In

the same study, the authors also reported that the expression

of chimeric a4/5-HT3 h2/5-HT3 receptors was not upregu-

lated by decreased temperature. The latter finding is in

agreement with the present study, where the cell surface

expression and function of ha7/5-HT3 receptors was not

enhanced to a detectable level by low temperature. These

combined findings support a receptor-sequence specific, as

well as a cell-type specific, regulation of receptor expression

(Cooper and Millar, 1997: Cooper and Millar, 1998;

Sweileh et al., 2000; Dineley and Patrick, 2000).

The results of the present study support previous reports

that in mammalian cells a7/5-HT3 chimeric receptors are

more readily expressed than wild-type a7 nicotinic recep-

tors. This would suggest that the transmembrane and C-

terminal portions of the a7 nicotinic receptor can influence

receptor assembly and function (Cooper and Millar, 1998;

Rakhilin et al., 1999; Sweileh et al., 2000). Interestingly, the

functional activity of the ha7/5-HT3 receptor was much

lower than that of wild-type mouse 5-HT3 receptors after

similar transient transfection in HEK cells (author’s

unpublished observation). Additionally, although greater

than 70% of HEK cells transiently transfected with ha7/5-
HT3 displayed strong a-bungarotoxin binding at the cell

surface, only 10–30% of them showed detectable function.

These observations indicate that, compared with the native

5-HT3 receptor, the ha7/5-HT3 receptor either has a

significantly reduced opening probability or is less able to

assemble correctly.

Several studies have highlighted the importance of

individual amino acids, amino acid motifs and complete

subunit domains in the trafficking and assembly of nicotinic

receptors. For example, a highly conserved arginine residue

adjacent to the M1 transmembrane domain is reported to be

essential for the transport of assembled a7 nicotinic

receptors to the cell surface (Vicente-Agullo et al., 2001).

Other reports have focused on the large M3–M4 cytoplas-

mic loop. A pair of adjacent basic amino acids in this region

has been shown to be involved in endoplasmic reticulum

sequestration of the muscle a1 subunit (Keller et al., 2001),

whilst replacement of the a7 cytoplasmic loop with that of

a3 or a5 causes differential localisation of the expressed

receptor within cultured ciliary ganglion neurons (Williams

et al., 1998; Temburni et al., 2000). In another study, various

chimeras and point mutants composed of rat a7 and

alternative regions of the mouse 5-HT3 sequence to those

described in the present study, have helped to identify some

domains and key amino acids downstream of V201

(equivalent to V202 of the human receptor) that are required

for the assembly of functional a7 receptors (Dineley and

Patrick, 2000).

Other factors essential for functional expression of

nicotinic receptors include post-translational modifications

and chaperone proteins, which have been proposed to

influence protein folding and assembly (Dineley and

Patrick, 2000; Keller et al., 2001; Vicente-Agullo et al.,

2001; Drisdel and Green, 2000; Drisdel and Green, 2002;

Schroeder et al., 2003). A recent study on the expression of

a7 and a7/5-HT3 receptors in HEK-293 and PC12 cells

(Drisdel and Green, 2002) showed that the palmitoylation

state of the receptors differed in the two cell-types. In PC12

cells both a7 and chimeric chick a7/5-HT3 receptors were

highly palmitoylated, whereas in HEK-293 cells, a7/5-HT3

receptors were palmitoylated but a7 receptors were not.

These observations demonstrate that both cell- and receptor-

specific factors are important in obtaining functional

expression.

The difficulty in heterologously expressing functional

nicotinic receptors in mammalian cells appears to be a

common, although not exclusive, feature of subunits

capable of forming homomeric channels. Whilst a8 and

a9 nicotinic receptors have been shown to generate func-

tional homomeric receptors in Xenopus ooctyes (Gerzanich

et al., 1994; Elgoyhen et al., 1994), in mammalian cells

there is only one report of functional expression of a8

nicotinic receptors (Ragozzino et al., 1997, but see Cooper

and Millar, 1998) and functional expression of wild-type a9

nicotinic receptors has yet to be demonstrated. Once again a

chimeric approach, using a8/5-HT3 and a9/5-HT3 receptor
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constructs, has led to successful cell surface receptor

expression in mammalian cells, although function was not

reported (Cooper and Millar, 1998; Baker et al., 2004).

Similar approaches have also been successful in alleviating

the problems of expressing heteromeric nicotinic receptors.

Chimeric a4/5-HT3 and h2/5-HT3 subunits have been co-

expressed in order to boost the expression of a4h2
containing nicotinic receptors in mammalian cells (Cooper

et al., 1999). Additionally, a chimera containing the N-

terminal, extracellular region of a6 linked with the trans-

membrane and C-terminal domains of the a4 nicotinic

subunit has also been shown to form functional receptors

when co-expressed with h4 not only in oocytes (Kuryatov et
al., 2000), but also in mammalian cells (Evans et al., 2003).

In summary, although stable cell lines expressing func-

tional wild-type a7 nicotinic receptors have been generated,

their use in screening is complicated by either the

expression of native nicotinic receptors (Puchacz et al.,

1994; Blumenthal et al., 1997), poor exogenous a7 receptor

expression levels (Sweileh et al., 2000; Schroeder et al.,

2003) or the presence of other channels (Quik et al., 1997).

For example, although GH4 cells have been used to study

functional wild-type a7 nicotinic receptor pharmacology

(Quik et al., 1997, Virginio et al., 2002; Zwart et al., 2002),

the Ca2+ responses in these cells are small and in part made

up from Ca2+ flux through voltage-gated Ca2+ channels

(Quik et al., 1997). For these reasons, the HEKa7/5-HT3

receptor cell-line described here may be more compatible

with the high throughput Ca2+ assays commonly used to

screen for novel a7 selective ligands. Thus the generation of

stable cell-lines containing such chimeras may provide a

general tool for the identification of novel pharmacological

agents acting on receptors that in their native form are

difficult to express functionally.
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