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Abstract

The pharmacological diversity of the different isoforms of the nicotinic acetylcholine receptor arises from the diversity of the subunits
that assemble to form the native receptors. The aim of this study was to investigate the actions of the muscle relaxants d-tubocurarine,

Žpancuronium and vecuronium on different isoforms of nicotinic acetylcholine receptors mouse foetal muscle, mouse adult muscle and a
. Žrat neuronal , using the Xenopus oocyte expression system. Oocytes were injected with cRNAs for a , b, g, d subunits the native foetal

. Ž .muscle subunit combination , or with cRNAs for a , b, ´, d subunits the native adult muscle subunit combination , or with cRNAs for
Ž .a4b2 subunits a putative native neuronal subunit combination . Acetylcholine had a similar potency at all three subunit combinations

Ž .EC 11.6, 17.4 and 19.1 mM, respectively . At all three receptor types, d-tubocurarine and pancuronium blocked the responses elicited50

by acetylcholine in a reversible manner. Furthermore, the inhibition of the acetylcholine currents for the foetal and adult nicotinic
acetylcholine receptor by pancuronium and d-tubocurarine was independent of the holding voltage over the range y100 to y40 mV. In
oocytes expressing the foetal muscle nicotinic acetylcholine receptors the inhibition of the current in response to 100 mM acetylcholine by

Ž . Ž10 nM d-tubocurarine was 29"5% mean"S.E.M.; ns7 , and the inhibition by 10 nM pancuronium was 39"6% mean"S.E.M.;
.ns8; P)0.05 vs. d-tubocurarine . However, in the adult form of the muscle nicotinic acetylcholine receptor, 10 nM d-tubocurarine and

10 nM pancuronium were both more effective at blocking the response to 100 mM acetylcholine compared to the foetal muscle nicotinic
Ž . Ž .acetylcholine receptor, with values of 55"5% P-0.01; ns12 and 60"4% P-0.001; ns10 , respectively. Thus the developmen-

tal switch from the g to the ´ subunit alters the antagonism of the nicotinic acetylcholine receptor for both pancuronium and
d-tubocurarine. Vecuronium was more potent than pancuronium. One nM vecuronium reduced the response to 100 mM acetylcholine by

Ž . Ž .71"6% ns10 for foetal and 63"5% ns4 for adult nicotinic acetylcholine receptors. In the a4b2 neuronal nicotinic acetylcholine
Ž .receptor combination, 10 nM pancuronium was a more effective antagonist of the response to 100 mM acetylcholine 69"6%, ns6

Ž .than 10 nM d-tubocurarine 30"5%; ns6; P-0.05 compared to pancuronium . This is in contrast to the adult muscle nicotinic
acetylcholine receptor, where pancuronium and d-tubocurarine were equieffective. The expression of the b2 subunit with muscle a , ´

and d subunits formed a functional receptor which was blocked by pancuronium and d-tubocurarine in a similar manner to the ab1´d

subunit consistent with the hypothesis that the b subunit is not a major determinant in the action of this drug at the adult muscle nicotinic
acetylcholine receptor. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Clinically used aminosteroid muscle relaxants pancuro-
Ž .nium and vecuronium Fig. 1 are known to block neuro-

muscular transmission in a similar manner to d-tubo-
Ž .curarine Buckett, 1968a,b; Savage et al., 1980 . In vivo,
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vecuronium is a more potent muscle relaxant and has a
Žshorter duration of action Savage et al., 1980; Fahey et

.al., 1981 than pancuronium, which in turn is more potent
Ž .than d-tubocurarine Baird and Reid, 1967 . The site of

action of these muscle relaxants is the nicotinic acetyl-
choline receptor, located at the muscle endplate. Briefly,
this receptor is a pentamer, composed of four different

Žsubunits, 2a , b, g and d, in foetal muscle Reynolds and
.Karlin, 1978 . In the adult muscle, the g subunit is substi-
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Fig. 1. Structure of vecuronium and pancuronium.

Žtuted by an ´ subunit Mishina et al., 1986; Schuetze and
.Role, 1987 . The a subunits are characterised by the

Ž .presence of two vicinal cysteines Noda et al., 1982 at
positions 192 and 193. This region contributes to the

Žligand binding site for acetylcholine Kao et al., 1984;
.Neumann et al., 1985; Neumann et al., 1986 .

A more detailed analysis of the binding sites for acetyl-
choline and muscle relaxants to the muscle nicotinic
acetylcholine receptor has been carried out at the molecu-
lar level. The muscle nicotinic acetylcholine receptor has
two agonist binding sites which are dissimilar, having

Ždifferent affinities for acetylcholine Weber and Changeux,
.1974; Sine et al., 1990 . Expression of subunits in different

combinations in Xenopus oocytes revealed that the associ-
ation of an a subunit with either a g or a d subunit was

Ž .necessary for agonist binding Kurosaki et al., 1987 and
the acetylcholine binding sites are located at the interfaces

Žof the arg and the ard subunits Sine et al., 1990; Sine
.and Claudio, 1991; Sine, 1993 .

The regions of the a subunit that contribute to the
binding of d-tubocurarine and curare-like antagonists are

Ž 93 190 198.three conserved tyrosines Tyr , Tyr and Tyr near
the proposed ligand binding pocket of the nicotinic acetyl-

Ž . 198choline receptor Sine et al., 1994 . Substitution of Tyr
to a phenylalanine leads to a decreased affinity for acetyl-

Ž .choline Tomaselli et al., 1991; O’Leary et al., 1994 , but
an increase in affinity for d-tubocurarine. Notably, this
enhancement was selective for d-tubocurarine and was not
evident for other muscle relaxants such as gallamine and

Ž .pancuronium Filatov et al., 1993 . This indicates that
although the mode of action for these muscle relaxants
may be similar, at least some of the differences seen
between pancuronium and d-tubocurarine in vivo may be
due to differential binding of the antagonist molecules
within the characterised ligand binding site of the nicotinic
acetylcholine receptor.

In addition to the integral role of the a subunits in the
binding of acetylcholine and muscle relaxants, it has been
shown that other nicotinic receptor subunits can also influ-
ence ligand binding for both agonists and antagonists. For
example, in the native nicotinic acetylcholine receptor, the
two a binding sites are nonidentical, and show differing

Ž .affinities for d-tubocurarine Neubig and Cohen, 1979 .
One a subunit together with the g subunit comprise a high
affinity acetylcholine binding site, while the second a

subunit together with the d subunit forms the other, lower
Žaffinity binding site Blount and Merlie, 1989; Pederson

.and Cohen, 1990 . As the two a subunits are identical,
this heterogeneity of the binding sites must be due to the
differences between the g and d subunit.

As well as being found in skeletal muscle, nicotinic
acetylcholine receptors are also present on autonomic neu-
rones and adrenal chromaffin cells in the peripheral ner-
vous system and on many neurones found in the central

Ž .nervous system CNS . To date, eight neuronal a subunits
Ž . Ža2 to a9 and three b subunits b2 to b4; Mauron et al.,
1985; Boulter et al., 1986; Goldman et al., 1987; Gerzanich

.et al., 1993; Elgoyhen et al., 1994 have been isolated. In
the mature mammalian brain, the predominant nicotinic
acetylcholine receptor subtype that does not bind a-

Žbungarotoxin is composed of a4 and b2 subunits Whit-
.ing and Lindstrom, 1987, 1988 . In neuronal nicotinic

acetylcholine receptors it seems plausible that the ligand
binding sites are formed in a similar manner to the muscle
nictonic acetylcholine receptor, i.e., between the interfaces
of the a and b subunits, as both subunits have been shown

Žto influence the pharmacology of the receptor Deneris et
al., 1988; Luetje et al., 1990; reviewed by Luetje and
Patrick, 1991; Deneris et al., 1991; Papke and Heinemann,

.1993; Harvey et al., 1996; Harvey and Luetje, 1996 .
The aims of the study described here were twofold.

Firstly, to compare the action of the muscle relaxants at the
adult muscle nicotinic acetylcholine receptor with their

Žaction at the foetal isoform differing only in one subunit,
. Ž .´ to g , and the predominant neuronal isoform a4b2 of

the nicotinic acetylcholine receptor. Secondly, to make a
direct comparison between the action of the muscle relax-

Ž .ants d-tubocurarine, pancuronium and vecuronium Fig. 1
at the adult isoform of the muscle nicotinic acetylcholine
receptor. These studies identified differences between the
action of d-tubocurarine and pancuronium at nicotinic
acetylcholine receptor subtypes and highlighted the marked
potency of vecuronium, in comparison to d-tubocurarine
and pancuronium, at muscle nicotinic acetylcholine recep-
tor.
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2. Materials and methods

2.1. In Õitro synthesis of nicotinic acetylcholine receptor
mRNA

cDNAs for the muscle subunits a , b, g and d, subunits
were provided by Professor S. Heinemann, for the neu-
ronal subunits by Professor J. Lindstrom and for the ´

subunit by Dr. P. Gardner. All muscle subunits were
mouse cDNAs, while the neuronal subunits were from rat.
The cDNA was linearised using the appropriate restriction
enzymes, and the DNA purified by phenol extraction. This
DNA was transcribed in vitro using the SP6 polymerase

Žtranscription kit, ‘Promega RiboMAX’ Promega,
.Southampton, UK according to the manufacturer’s in-

structions. Transcripts were capped at the 5Y end by inclu-
7 Ž X. Ž X. Žsion of the nucleotide m G 5 ppp 5 G New England

.Biolabs in the transcription reaction at a final concentra-
tion of 3 mM. This modification has been shown to
increase the stability and efficiency of translation of cR-

Ž .NAs in oocytes Swanson and Folander, 1992 . After
transcription, the mRNAs were stored as ethanolic precipi-
tates at y708C until required.

2.2. Expression in Xenopus oocytes

Oocytes were removed by biopsy from mature female
Xenopus laeÕis under anaesthesia, 0.15% 3-aminobenzoic

Ž .acid ethyl ester Tricaine, Sigma, Poole, UK . The follicu-
lar cell layer of the oocyte was removed by digestion with

Ž y1 2qcollagenase type IA, Sigma, 2 mg ml in Ca free
Žstandard oocyte saline SOS: NaCl 82, KCl 2.7, MgCl 1,2
.. ŽHEPES 5 mM, pHs7.6 at 188C with slow rotation 10

.rpm for 17 min, followed by manual dissection.
Stage V and VI oocytes were selected and injected with

5–10 ng of each subunit dissolved in diethylpyrocarbon-
ate-treated autoclaved water. The oocytes were then incu-

Žbated at 188C in complete SOS NaCl 100, CaCl 1.8, KCl2
.2, MgCl 1, HEPES 5 mM, pHs7.6 for 24–48 h2

Ž . Ž .muscle types , 48–72 h neuronal types .
During electrophysiological recordings, oocytes were

continually superfused at 6 ml miny1 using a gravity
driven perfusion system. All drugs were applied via this
system. Currents elicited by application of acetylcholine
Ž .and acetylcholine plus antagonist were measured using

Žstandard two-electrode voltage clamp technique GeneC-
.lamp 500, Axon Instruments USA . Electrodes were filled

with 3 M KCl, the current passing electrode had a resis-
tance of 1–3 MV, while the voltage recording electrode
had a resistance of 3–5 MV. Acetylcholine applications in
both the presence and absence of antagonist were for 30 s.
To determine the effect of an antagonist on the acetyl-
choline-elicited response, the saline containing antagonist
was perfused on the oocytes for 3 min prior to application
of acetylcholine in the presence of the antagonist. Applica-
tion of antagonist containing SOS were bracketed by the

ones which contained acetylcholine only to maintain ongo-
ing measurements of the control response to acetylcholine,
throughout the experiment. If the control response changed
by more than 10% during the experiment, the data were
discarded.

Control experiments of vehicle addition alone produced
no changes. Similarly, no change in holding current was
observed during perfusion of SOS alone. All experiments

Ž .were carried out at room temperature 16 to 208C and care
was taken that the pH of all solutions administered to the
oocyte was 7.6.

Results are expressed as the mean"S.E.M. and signifi-
cance was tested using the unpaired two-tailed Student’s

Ž .t-test unless otherwise stated . Significance was assumed
for P-0.05. Concentration–response curves were fitted
to the logistic equation using nonlinear regression analysis

Žto estimate EC values and maximum currents given50

Ž .Fig. 2. Acetylcholine ACh elicits concentration-dependent inward cur-
rents in Xenopus oocytes expressing adult and foetal muscle-type nico-
tinic acetylcholine receptors. Oocytes were voltage clamped at y80 mV.
Ž . ŽTraces Examples of recordings from oocytes expressing foetal top

. Ž .trace and adult lower trace muscle nicotinic acetylcholine receptors.
Ž .Graph Concentration–response curves for the action of acetylcholine on

Ž . Ž . Žfoetal v and adult ` nicotinic acetylcholine receptors mean"S.E.M.,
.n as indicated .
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. Žwith 95% confidence limits using GraphPad Prism ver-
.sion 2, San Diego, CA, USA . For inhibition experiments

the current responses were normalized to the response to
100 mM acetylcholine.

Pancuronium and vecuronium were obtained from
Ž .Organon Laboratories Newhouse, UK . Acetylcholine

chloride and d-tubocurarine were obtained from Sigma.

3. Results

3.1. The effect of pancuronium and d-tubocurarine on
mouse muscle nicotinic acetylcholine receptors

Ž .Acetylcholine was applied for 30 s to oocytes, voltage
Žclamped at y80 mV, expressing either ab´d adult mus-

. Ž .cle or abgd foetal muscle , at concentrations ranging
Ž . Ž .from 1 to 300 mM adult and from 1 to 500 mM foetal .

Acetylcholine elicited concentration-dependent inward cur-
Ž .rents Fig. 2, traces in both cases. The data were fitted to

Ž 2the logistic equation Fig. 2, graph; Hill slopes2.0; R s

0.99 for the foetal nicotinic acetylcholine receptor currents
and R2 s0.988 for the adult nicotinic acetylcholine recep-

.tor currents . The maximal current was greater for the
foetal muscle compared to the adult muscle nicotinic

Ž .acetylcholine receptor, 3881 nA 3032 to 4730; ns21
Ž .compared to 845 nA 741 to 949; ns31 . EC values50

Ž .were similar, 11.6 mM 3.2 to 41; ns21 for foetal
Žmuscle nicotinic acetylcholine receptor and 17.4 mM 8.7

.to 34; ns31 for adult muscle nicotinic acetylcholine
receptor.

Application of 10 nM pancuronium and 10 nM d-tubo-
curarine alone, on both muscle isoforms of the nicotinic
acetylcholine receptor, did not give rise to any current.
However, both pancuronium and d-tubocurarine decreased

Ž .the size of the acetylcholine elicited current Fig. 3 . The
percentage inhibition of the response to 100 mM acetyl-
choline by 10 nM d-tubocurarine and 10 nM pancuronium
was determined for both receptors. In oocytes expressing
the foetal muscle nicotinic acetylcholine receptors the inhi-

Ž .bition by 10 nM d-tubocurarine was 29"5% ns7 ,
whereas the inhibition by 10 nM pancuronium was 39"6%

Ž . Ž .Fig. 3. The effect of d-tubocurarine dTC and pancuronium on acetylcholine ACh mediated currents at foetal and adult muscle-type nicotinic
Ž .acetylcholine receptors nAChRs expressed in Xenopus oocytes. Oocytes are voltage clamped at y80 mV. Data were normalized to the current response

Ž .for 100 mM acetylcholine. Data points are means"S.E.M. A Effect of 10 nM pancuronium on foetal muscle nicotinic acetylcholine receptors, ns8.
Ž . Ž .B Effect of 10 nM pancuronium of adult muscle nicotinic acetylcholine receptors, ns4–10. C Effect of 10 nM dTC on foetal muscle nicotinic

Ž .acetylcholine receptors, ns7. D Effect of 10 nM dTC on adult muscle nicotinic acetylcholine receptors, ns6–21.
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Ž . Ž .Fig. 4. Effect of the holding potential on the inhibition by pancuronium, d-tubocurarine dTC and vecuronium. Oocytes expressing foetal or adult muscle type nicotinic acetylcholine receptors nAChRs
Ž .were voltage clamped at potentials ranging from y100 to y40 mV. The responses to acetylcholine ACh; 1 mM foetal; 10 mM adult were recorded in the presence and absence of dTC, pancuronium or

Ž . Ž . Ž . Ž . Ž .vecuronium. A Effect of 10 nM dTC on foetal muscle nicotinic acetylcholine receptor, ns5. B Effect of 0.1 nM ns3 and 10 nM ns4 pancuronium on foetal nicotinic acetylcholine receptors. C
Ž . Ž . Ž . Ž . Ž .Effect of 0.1 nM ns8 and 10 nM ns3 vecuronium on foetal nicotinic acetylcholine receptors. D Effect of 10 nM dTC ns5 and 10 nM ns5 pancuronium on adult muscle nicotinic acetylcholine

Ž . Ž .receptors. E Example traces of the block of the acetylcholine current by dTC at the holding potentials of y100 and y60 mV. F Example traces of the block of the acetylcholine current by pancuronium
Ž .P at the holding potentials of y100 and y60 mV.
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Ž .ns8 . Although the inhibition by pancuronium was ap-
parently greater, this did not achieve statistical signifi-
cance. Furthermore, at 500 mM acetylcholine there was no
significant difference in the magnitude of the current re-

Ž .sponse in the presence of antagonist Fig. 3A,C . However,
in the adult form of the muscle nicotinic acetylcholine
receptor the inhibition of the response to 100 mM acetyl-
choline by 10 nM d-tubocurarine and 10 nM pancuronium

Žwas greater than that for the foetal receptor 55"5%,
ns12, P-0.01; and 60"4%, ns10, P-0.001, re-

.spectively and both antagonists also caused a significant
Žreduction in the response to 500 mM acetylcholine from

1438"323 to 1025"306 nA, ns4, for pancuronium,
and from 1528"697 to 673"337 nA, ns6 for d-tubo-

.curarine; P-0.05, paired Students’ t-test; Fig. 3B,D . The
inhibition produced by pancuronium and d-tubocurarine

Ž .was reversible after a 20 min wash Fig. 3 .
In a further series of experiments, threshold concentra-

Ž . Ž .tions of acetylcholine for foetal 1 mM and adult 10 mM
were used to determine whether the antagonism by either
d-tubocurarine or pancuronium was voltage-dependent. The
effects of both pancuronium and d-tubocurarine were found
to be independent of holding voltage over the range from

Ž .y100 to y40 mV Fig. 4A,B,D . For these experiments
oocytes were stepped at 20 mV intervals between y100
and y40 mV and the response to acetylcholine was
determined at each potential in the presence and absence
of antagonist. The percentage reduction in the size of the
acetylcholine-elicited response was determined at each
holding potential. The percentage reduction was not signif-
icantly different for each antagonist at each holding poten-

Ž .tial P)0.05 .

3.2. The effect of Õecuronium, a structural analogue of
pancuronium, on adult and foetal muscle nicotinic recep-
tors

Ž .Vecuronium 1 nM reduced the response to acetyl-
choline equieffectively for both the foetal and adult iso-

Ž .forms of the nicotinic receptor Fig. 5A . The response to
Ž .100 mM acetylcholine was reduced by 71"6% ns4

Ž . Ž .and 71"5% ns10 , respectively P)0.05 . Vecuro-
nium, as with pancuronium, blocked the response to
acetylcholine in a reversible, voltage-independent manner
Ž .Fig. 4C .

3.3. The effect of pancuronium and d-tubocurarine on
neuronal nicotinic acetylcholine receptors

Acetylcholine was applied to oocytes expressing the
neuronal nicotinic acetylcholine receptor combination
a4b2, voltage clamped at y80 mV. As with the muscle
type receptors, acetylcholine produced concentration-de-

Žpendent inward currents with an EC of 19.1 mM 2.5 to50
. Ž144; ns6 and a maximal current of 194 nA 135 to 252;

Ž . Ž .Fig. 5. The effect of vecuronium vec on acetylcholine ACh mediated
currents at foetal and adult muscle-type nicotinic acetylcholine receptors

Ž .expressed in Xenopus oocytes. A An example of the inhibition of the
Ž . Ž .response to acetylcholine in i foetal and ii adult receptors by 1 nM

vecuronium on oocytes voltage-clamped at y80 mV. 100 mM Acetyl-
Ž .choline was applied for 30 s. B The effect of 1 nM vecuronium on

foetal muscle nicotinic acetylcholine receptors. Oocytes were voltage
clamped at y80 mV. Data were normalized to the current response for

Ž .100 mM acetylcholine. Data points are means"S.E.M., ns4. C The
effect of 1 nM vecuronium on adult muscle nicotinic acetylcholine
receptors. Oocytes were voltage clamped at y80 mV. Data were normal-
ized to the current response for 100 mM acetylcholine. Data points are
means"S.E.M., ns10.

.ns6; Fig. 6A . 10 nM d-tubocurarine inhibited the cur-
Ž .rent elicited by 100 mM acetylcholine by 30"5% ns6

compared to 10 nM pancuronium which was more potent
Žand inhibited the response by 69"6% ns6; P-0.05

.compared to d-tubocurarine; Fig. 6B . Therefore, at this
neuronal nicotinic acetylcholine receptor, d-tubocurarine is
significantly less potent than pancuronium.
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Ž . Ž .Fig. 6. The effect of d-tubocurarine dTC and pancuronium panc on
neuronal a4b2 nicotinic acetylcholine receptors expressed in Xenopus

Ž . Ž .oocytes. A Acetylcholine ACh elicited concentration-dependent in-
ward currents in Xenopus oocytes expressing a4b2 nicotinic acetyl-
choline receptor subunits. Oocytes were voltage clamped at y80 mV.

Ž .Data points are means"S.E.M., ns7. B Examples of recordings
showing a comparison of the inhibition of the response to 100 mM

Ž . Ž . Ž .acetylcholine for i ab1´d ii a4b2 and iii ab2´d nicotinic acetyl-
choline receptor by 10 nM pancuronium and 10 nM dTC. In each case
acetylcholine was applied for 30 s and the antagonist was applied for 3

Ž .min prior to, and during, the acetylcholine application. C The percent-
Ž .age inhibition by 10 nM d-tubocurarine dTC and 10 nM pancuronium

Ž .panc of the response to 100 mM acetylcholine was determined in
oocytes expressing the nicotinic acetylcholine receptor subunit combina-

Ž . Žtions ab1´d dTC ns12; panc ns10 , a4b2 dTC ns6; panc
. Žns6 and with the b subunit substitution, ab2´d dTC ns6; panc
.ns6 . Bars show mean"S.E.M. There was no significant difference

between the % inhibitions caused by dTC and pancuronium in ab1´d or
ab2´d, however dTC caused significantly less inhibition than pancuro-

Ž .nium P -0.05 for the a4b2 combination.

3.4. The effect of substituting the neuronal b2 subunit into
the adult muscle nicotinic acetylcholine receptor on mus-
cle relaxant pharmacology

The neuronal b2 subunit was substituted for the muscle
b subunit in the adult muscle nicotinic acetylcholine recep-

tor, giving a functional receptor of the subunit combina-
tion, ab2´d. 100 mM acetylcholine activated this receptor

Ž .eliciting an average current of 343"16 nA ns6 . Both
pancuronium and d-tubocurarine blocked the response
elicited by 100 mM acetylcholine, with percentage inhibi-
tions that were not significantly different from each other
Žpancuronium 56"5%, ns6; d-tubocurarine 60.0"

.2.8%, ns6; P)0.05 . These percentage inhibitions for
the ab2´d were not significantly different from those
observed in the adult muscle receptor subunit combination

Ž .ab1´d Fig. 6C; P)0.05 .

4. Discussion

The relative potency of muscle relaxants at subtypes of
nicotinic acetylcholine receptors is most important from a
clinical viewpoint. Here we have used cDNAs encoding
for the receptor subunits and the Xenopus oocyte expres-
sion system to investigate the action of the muscle relax-
ants d-tubocurarine, pancuronium and vecuronium at nico-
tinic acetylcholine receptor subtypes. This is the first time
these studies have been reported for vecuronium, which is
now in widespread use as a short-acting muscle relaxant.

In the first instance we established the action of acetyl-
choline at these nicotinic acetylcholine receptor isoforms.
The EC values were in close agreement to those obtained50

Žin previous studies Labarca et al., 1995; Vibat et al.,
.1995 . d-Tubocurarine and pancuronium blocked all three

isoforms of the nicotinic acetylcholine receptor that we
investigated, though there were some significant differ-
ences. For the foetal isoform, pancuronium and d-tubo-
curarine were equipotent. The antagonism was voltage-in-
dependent and the antagonists did not significantly de-
crease the response to the maximum concentration of
acetylcholine. This leads us to suggest, in accordance with

Žothers Neubig and Cohen, 1979; Filatov et al., 1993;
.Fletcher and Steinbach, 1996 , that these neuromuscular

blocking agents act in a competitive manner by binding to
the acetylcholine-binding sites on nicotinic acetylcholine
receptors. However, for the adult isoform of the muscle
nicotinic acetylcholine receptor, both pancuronium and
d-tubocurarine were more potent at blocking the response
to acetylcholine and, although the block was voltage-inde-
pendent, there was a significant reduction in the maximum
response to acetylcholine. Previous studies characterising
the interaction of muscle relaxants with the ab´d subunit
combination are restricted to radioligand binding assays on

Ž .transfected quail fibroblasts Fletcher and Steinbach, 1996
and have not clearly shown whether the interaction of the
muscle relaxants with this isoform is competitive in nature.
These observations indicate that the mechanism of interac-
tion of d-tubocurarine and pancuronium with the adult
muscle nicotinic acetylcholine receptor may be more com-
plex than a simple competitive block.
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While the mechanism of interaction for these antago-
nists is still equivocal, it is clear from the results presented
here that the developmental switch of the nicotinic acetyl-
choline receptor from the g to the ´ subunit alters the
antagonism of the nicotinic acetylcholine receptor for both
pancuronium and d-tubocurarine with the ´ subunit confer-
ring greater sensitivity to d-tubocurarine and pancuronium
than the d subunit. A similar relative potency for these
compounds has been observed for foetal and adult nico-
tinic acetylcholine receptors stably expressed in transfected

Ž .quail fibroblasts Fletcher and Steinbach, 1996 . Using this
approach, it has also been suggested that d-tubocurarine is
less effective than pancuronium at blocking the foetal

Žnicotinic acetylcholine receptors Kopta and Steinbach,
.1994; Fletcher and Steinbach, 1996 . It was proposed that

this was due to a partial agonist effect of d-tubocurarine on
Žthe foetal nicotinic acetylcholine receptor Steinbach and

.Chen, 1995 , a property which pancuronium does not
Ž .exhibit Fletcher and Steinbach, 1996 . However, we did

not observe any direct effect of d-tubocurarine on foetal
nicotinic acetylcholine receptors and although the inhibi-
tion by pancuronium was apparently greater than that by
d-tubocurarine, this was not statistically significant.

Vecuronium, a close structural analogue of pancuro-
nium, differing only in that it has tertiary rather than a
quaternary nitrogen, was more potent than either d-tubo-
curarine or pancuronium at both the foetal and adult
nicotinic acetylcholine receptor subunit combinations. This
observation indicates that the greater potency of vecuro-

Žnium than pancuronium and d-tubocurarine in vivo Savage
.et al., 1980; Fahey et al., 1981 may derive, at least in part,

from its higher affinity for the muscle nicotinic acetyl-
choline receptor. In contrast to d-tubocurarine and pan-
curonium, the potency of vecuronium was not affected by
swapping the d subunit for an ´ subunit and it blocked
both isoforms equi-effectively. Thus, the tertiary nitrogen
must enable a high affinity binding reaction with both the
foetal and the adult nicotinic acetylcholine receptors.

The most abundant nicotinic acetylcholine receptor in
Žthe brain is composed of a4b2 subunits Whiting and

.Lindstrom, 1987, 1988 . Under normal physiological con-
ditions, these receptors are not readily accessible to non-
depolarising muscle relaxants as these drugs are highly

Žcharged and do not cross the blood brain barrier Cardone
.et al., 1994 . However, critically ill patients can be suscep-

tible to pathophysiological disruptions of the blood–brain
barrier, hence allowing neuromuscular blocking agents into
the central nervous system. For example, d-tubocurarine
has been found in cerebrospinal fluid after a single intra-

Ž .venous dose Matteo et al., 1977 , and vecuronium has
been reported in the cerebrospinal fluid of patients with
sepsis who had undergone prolonged vecuronium adminis-

Ž .tration Segredo et al., 1990 . Under these conditions, the
potency of muscle relaxants at neuronal subtypes of nico-
tinic receptors becomes clinically important. We have
shown that at the a4b2 nicotinic acetylcholine receptor

expressed in Xenopus oocytes, d-tubocurarine was signifi-
cantly less effective at blocking the acetylcholine-elicited
response than pancuronium. This is in contrast to the adult
muscle nicotinic acetylcholine receptor, where both antag-
onists were shown to be equipotent. As outlined in the
introduction, the major determinants of binding at muscle

Ž .nicotinic acetylcholine receptors are the a , g or ´ and d

subunits although it has also been shown that substitution
of the neuronal b2 subunit into the muscle nicotinic
acetylcholine receptor can confer a neuronal-like phar-

Ž .macology on the receptor Wheeler et al., 1993, 1994 . To
investigate whether the neuronal b2 subunit could alter the
pharmacology of the muscle nicotinic acetylcholine recep-
tor with respect to d-tubocurarine and pancuronium, we
expressed the neuronal b2 subunit in place of the usual
muscle b1. The resulting hybrid receptor had the same
sensitivity to d-tubocurarine and pancuronium as the
ab1´d subunit combination, indicating that the b1 and b2
subunits are pharmacologically indistinguishable in these
terms. This further supports the idea that the actions of
these neuromuscular blocking compounds is determined by

Ž .the acetylcholine binding sites which are at the a–g or ´

Ž .and a–d interfaces Caldwell et al., 1995 and indicates
that the a4 subunit is the critical determinant differentiat-
ing between d-tubocurarine and pancuronium in the neu-
ronal nicotinic acetylcholine receptor isoform.
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