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SUMMARY

We studied the ability of four nondepolarizing neuromuscular
blocking agents (atracurium, gallamine, metocurine, and pan-
curonium) to act as competitive antagonists at mouse adult-
and fetal-type muscle nicotinic receptors. Receptor subunits
for the fetal-type (a, B, v, and &) and adult-type (a, B, €, and §)
receptors were stably expressed in quail fibroblasts. Binding for
each drug was determined by the ability of the agents to reduce
the initial rate of labeled a-bungarotoxin binding, and functional
consequences were determined with the use of voltage-clamp
studies of their ability to elicit currents or to block currents
elicited by acetyicholine. Each agent has a different affinity for
the two acetylcholine-binding sites on a single receptor; the
rank order of affinities is the same for both fetal- and adult-type
receptors. All agents inhibited activation of adult-type receptors
by ACh, consistent with the idea that occupation of either the
high or low affinity site completely blocks activation when ace-
tylcholine binds to the other site on the receptor. The concen-
tration dependence of the inhibition of acetyicholine-elicited
current was predictable from the affinities estimated from inde-
pendent measurements of the inhibition of a-bungarotoxin

binding. Gallamine and pancuronium also acted as competitive
inhibitors of fetal-type receptors, and, again, the concentration
dependence of the inhibition was predictable from binding
data. However, metocurine and atracurium could potentiate the
responses of fetal-type receptors to low concentrations of ace-
tylcholine. The interaction of metocurine and atracurium with
acetylcholine at fetal-type receptors could be accounted for by
a weak partial agonist activity. It has been suggested that some
pairs of nondepolarizing neuromuscular blocking agents might
be more efficacious because the high affinity site for one agent
might be the low affinity site for another. This hypothesis was
tested for the pair of agents metocurine and gallamine by
determining the ability of a mixture of agents to inhibit the
binding of a-bungarotoxin. The results are consistent with the
idea that both metocurine and gallamine have a high affinity for
the same site on the receptor. The ability of gallamine to block
the partial agonist action of metocurine at fetal-type receptors
was tested as well and also indicated that both agents share
the same high affinity site.

NDBs are frequently used during surgical procedures to
produce relaxation and have also been used as pharmacolog-
ical probes of the muscle nicotinic receptor (AChR). It is
commonly accepted that the major mechanism of action is
competitive inhibition of activation: the agent occupies the
same site(s) on the AChR as ACh itself but does not activate
the receptor and so prevents activation by ACh (1). As our
understanding of the structure and function of the AChR has
increased, however, so have the possible complexities in the
mechanism of action of these drugs. It is clear that there are
two sites on each receptor that bind ACh and that both sites
must be occupied by ACh for there to be a high probability
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that the ion channel will open (for a review, see Ref. 2). NDBs
also bind to two sites on each receptor and show distinct
affinities for the two sites, which may differ by 100-fold (3, 4).
Previous work has indicated that occupancy of a single site
by a NDB essentially prevents activation of the AChR by
ACh, even when ACh binds to the remaining free site (3).
Therefore, the ability of an NDB to inhibit activation by ACh
is largely determined by the affinity for the higher affinity
binding site.

The nicotinic receptors found on skeletal muscle fibers are
heteromultimers composed of five subunits. Each receptor
contains two copies of the al subunit and one copy each of the
Bl, 8, and vy or e subunits. Two isoforms of muscle nicotinic
receptor exist, which differ in the last subunit incorporated.
In the fetal type, one copy of the y subunit is included,
whereas in the adult type, the e subunit occurs. The sites to

ABBREVIATIONS: NDB, nondepolarizing neuromuscular blocking agent; ACh, acetyicholine; AChR, acstyicholine receptor; I-BTX, iodinated
a-bungarotoxin; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N’ ,N'-tetraacsetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid.
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which ACh and NDBs bind are located at the a-8 and a-y/e
interfaces (5, 6), with residues contained in each subunit
contributing to the site (5, 7).

The prototypical NDB is d-tubocurarine (curare). Although
curare reduces the response of fetal-type AChR to high con-
centrations of ACh, curare also serves as a very weak agonist
at fetal-type AChR (8) and can actually enhance the response
to low doses of ACh (9, 10). However, curare does not activate
adult-type AChR (9, 10). Curare binds to fetal- and adult-
type AChR with indistinguishable affinities (10, 11) but is
unable to activate adult-type AChR.

We explored the ability of several structurally diverse
NDBs to bind to and activate fetal- and adult-type mouse
muscle nicotinic receptors. We used stably transfected fibro-
blasts that express either adult- or fetal-type receptors so
functional assays (through measurement of voltage-clamped
membrane currents) and binding assays (through measure-
ment of the initial rate of a-bungarotoxin binding) could be
performed on the same preparation. All of the drugs used
acted as competitive antagonists at the adult-type AChR, but
two demonstrated weak partial agonist activity at fetal-type
receptors.

Materials and Methods

Unless otherwise noted, all chemicals were obtained from Sigma
Chemical Co. (St. Louis, MO). I-BTX was prepared using the iodine
monochloride method (12).

Quail fibroblasts (QT6 cells) were transfected with cDNAs coding
for mouse muscle nicotinic receptor subunits and for neomycin re-
sistance, and colonies with resistance to G418 were screened for the
binding of I-BTX (9, 13). One line expressing the al, g1, v, and &
subunits (fetal-type receptors, QF18 cells) and one line expressing
al, Bl, §, and € subunits (adult-type receptors, QA33 cells) were used
in these studies. The population was enriched for cells with a high
surface density of receptors by adsorbing the cells to surfaces coated
with an antibody to an extracellular region of the al subunit (mono-
clonal antibody 35; see Ref. 14), as described previously (15). Cells
were maintained in Earle’s Medium 199 supplemented with 10%
(vN) tryptose phosphate broth (GIBCO, Grand Island, NY), §% fetal
bovine serum (Hyclone, Logan, UT), 1% dimethylsulfoxide, 100
units/ml penicillin, and 100 pg/ml streptomycin.

The blocking agents used were gallamine triethiodide (Sigma),
metocurine iodide (a gift from Dr. S. Sine, Mayo Clinic; originally
supplied by Eli Lilly, Indianapolis IN), pancuronium bromide
(Sigma), and atracurium besylate (supplied by Burroughs-Wellcome,
Research Triangle Park, NC). Atracurium was dissolved in buffer at
pH 3.5 to enhance stability of stock solutions, and working solutions
were used within 4 hr of preparation. Other drugs were dissolved in
recording saline (see below). Stocks were kept frozen and in the dark.

The binding of drugs was determined from the inhibition of the
initial rate of I-BTX binding (10, 16). Dishes of cells were preincu-
bated with a given concentration of NDB for 10 min; then, the
solution was changed to one containing I-BTX (7.5 nM) and NDB for
6 min. The dish was then washed rapidly 4 times, and bound radio-
activity was determined with a vy counter. Nonspecific binding was
determined by the addition of 1 uM unlabeled a-bungarotoxin to the
10 nM I-BTX. Binding was performed in a modified Earle’s balanced
salt solution (1.8 mM CaCl,, 0.8 mm MgSO,, 5.4 mM KCI, 116 mM
NaCl, 1 mM NaH,PO,, 10 mmM HEPES, 120 mM glucose, pH 7.3)
supplemented with 0.2% fetal bovine serum. I-BTX binding to dupli-
cate dishes was measured for each drug concentration in each ex-
periment, and binding curves were measured in two to four experi-
ments with each drug.

Standard techniques were used for whole-cell recording (10, 17) at
room temperature (22-25°). The pipette (internal) solution contained

140 mM NaCl, 20 mm HEPES, 1.0 mM MgCl,, and 2.0 mM EGTA, pH
7.3, 290-300 mOsm. The bath contained 140 mM NaCl, 10 mM
HEPES, 0.5 mM CaCl,, 20 mM glucose, pH 7.3, 310-330 mOsm, and
1 uM atropine sulfate. Drugs were applied through a multiline per-
fuser (18) for 5-10 sec. The time for the concentration change to be
complete was ~0.5 sec in these experiments (10). A standard con-
centration of 40 nM ACh was applied to QF18 cells, and a concentra-
tion of 400 nM ACh was used for QA33 cells, although observations
were also made at some other concentrations of ACh (see Results).
Applications of ACh alone were interspersed between tests of the
NDBs, and currents in response to ACh plus the NDB were normal-
ized to the mean response to ACh alone for that cell. We found that
the blocking effects of pancuronium developed slowly (see also Ref.
19), so cells were preexposed to a given concentration of pancuro-
nium for 30 sec before the application of ACh plus pancuronium.
Other drugs were applied with ACh, as preliminary experiments
suggested that the block was fully developed within a few seconds.

Whole-cell responses were filtered at 20-300 Hz (eight-pole Bessel
filter; Frequency Devices, Haverhill, MA) and digitized at 50-1000
Hz with a 486-based computer. The size of a response was taken as
the mean value for a 1-2-sec segment when the response was stable,
and base-line was taken as the mean value for segments preceding
and after the response.

Data for the inhibition of the initial rate of I-BTX binding and the
block of ACh-elicited current were fit using NFITS (provided by Dr.
C. Lingle, Washington University School of Medicine). Estimates for
the best-fitting values for the parameters of the fit equation are
presented, and the 90% confidence intervals are calculated for the
parameters. The values presented are the result of fitting the equa-
tions to the pooled observations for a given receptor type and drug
combination, with each value given equal weight.

Results

Drug binding to the AChR. We studied the ability of
four NDBs to interact with muscle AChR. Binding of each
NDB was determined from the inhibition of the initial rate of
binding of I-BTX by various concentrations of the NDB (Fig.
1). The data were first analyzed by fitting the Hill equation

Y = (X/IC30)*/(1 + (X/ICg)") 1)

where Y is the fractional initial rate of binding, X is the drug
concentration, IC,, is the concentration of drug producing
half-inhibition of binding from the Hill equation, and n is the
Hill coefficient. As shown in Table 1, values for the Hill
coefficient were usually <1. This observation has been made
previously and has been shown to result from the presence of
two sites with differing affinities for the NDBs (3, 4). Accord-
ingly, the data in Fig. 1 were also fit with an equation
describing the occupation of two independent sites present in
equal number:

Y = 0.6(X/L1)/(1 + (X/L1)) + 0.6(X/L2)/(1 + (X/L2)) (2)

where L1 and L2 are the dissociation constants for the two
independent sites. The estimates for L1 and L2 are given in
Table 1, and the lines in Fig. 1 show the predicted inhibition
curves for Equation 2.

Drug effects on ACh-elicited currents. The functional
consequences of drug binding were determined with whole-
cell patch-clamp recordings of membrane currents elicited by
ACh in the absence and presence of the blocking drugs. The
response in the presence of drug was normalized by the
response of that cell to ACh in the absence of drug. We
wanted to determine the consequences of drug binding to the
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Fig. 1. Binding of NDBs to fetal- and adult-type AChRs.
The fractional reduction produced by various concentra-
tions of NDBs in the initial rate of I-BTX binding is shown
for adult-type (QA33 cell; A) and fetal-type (QF 18 cells; B)
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receptors. The symbois show the mean + standard de-
viation of the data for two to four separate experiments
with each NDB. ATR = atracurium, GAL = gallamine,
MET = metocurine, PAN = pancuronium. O, O, V, and
[, Dissociation constants for the high and low affinity
sites. Lines, curves predicted by the two-site model using
the values for dissociation constants given in Table 1.

[BLOCKER], nM

ACh-binding sites of the AChR. However, it is known that
NDBs can block the open channel of the AChR (20, 21).
Open-channel block is strongly voltage dependent (e.g., chan-
nel block by curare changes e-fold for a 30 mV membrane
potential change; Ref. 20), so the effects of NDBs on ACh-
elicited currents were measured at holding potentials of —50
mV and —100 mV. There was no significant difference in the
mean normalized responses at —560 and —100 mV for any of
the drugs for either type of AChR (data not shown; two-tailed
t test). Furthermore, in cases in which the drugs inhibited
current, the parameter estimates obtained when the Hill
equation was fit to the data also did not differ between data
obtained at —50 mV and at —100 mV (data not shown). We
conclude that the open-channel-blocking effect of these drugs
is not of major importance at these concentration ranges of
ACh and drugs (see also Ref. 10 for curare). Accordingly, data
obtained at —50 and —100 mV have been pooled for analysis
and presentation in the figures.

The functional consequences of NDB binding are summa-
rized in Fig. 2 (QA33 cells, adult-type receptors) and Fig. 3
(QF18 cells, fetal-type receptors). The data are shown as
relative responses normalized to the current elicited from a

cell by ACh applied in the absence of any NDB. As seen in
Fig. 2, all of the drugs reduced the currents elicited by acti-
vation of adult-type receptors by 400 nM ACh. The concen-
tration of NDB required to reduce the ACh-elicited current
by 50% is close to the dissociation constants of the NDBs at
the high affinity binding site (compare with Fig. 1), as would
be expected if occupation of one site on an AChR by an NDB
prevented activation when ACh occupied the second site.
When the data were fit with the Hill equation, the value for
the IC;, was closer to the estimate for L1 than for L2 (see
Table 1). This is the behavior expected if the NDBs act as
competitive antagonists, with no partial agonist activity, and
activation of the AChR occurs in large part after the binding
of two ACh molecules.

The data shown in Fig. 3 show some differences between
fetal- and adult-type receptors. Pancuronium and gallamine
(Fig. 3A) appear to act as competitive antagonists. However,
atracurium (Fig. 3B) and metocurine (Fig. 3C) are both less
efficacious than expected, and some concentrations of me-
tocurine actually enhance the response to 40 nM ACh. This
second type of behavior is that expected if atracurium and
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TABLE 1
Experimental parameters for NDB binding and block of currents
Top, The binding of NDBs was estimated from their ability to reduce the initial rate

Hill equation Two-site model
1Cso Ny IA L2
M n~
Reduction of I-BTX binding
QF18
Pancuronium 27 (4) 0.73(0.08) 8 95 (39)
Curare 274 (44) 0.72 (0.06) 71 (21) 1,116 (228)
Metocurine 1,161 (270) 0.53(0.07) 126 (65) 10,788 (3409)
Atracurium 792 (155) 0.81(0.12) 372(225) 1,633 (828)
Gallamine 2,375 (301) 0.74 (0.07) 649(189) 8,538 (2390)
QA33
Pancuronium 41 (10) 0.63 (0.11) 8 3 210 (98)
Curare 244 (30) 0.71(0.05) 61 (13) 1,027 (159)
Metocurine 1,325 (563) 0.45 (0.06) 99 (50) 16,451 (5291)
Atracurium 343 (23) 0.96(0.06) 215 (80) 548 (214)
Gallamine 3,965 (637) 0.81 (0.10) 1,353 (551) 11,425 (4703)
Hill equation Predicted
ICgo ny ICso0
M M
Block of ACh-elicited current
QF18
Pancuronium 5 (0.9) 1.23 (0.14) 7
Curare 64
Metocurine 123
Atracurium 270
Gallamine 1,080 (86) 0.92 (0.07) 571
QA33
Pancuronium 1 () 1.08 (0.11) 7
Curare 54 (19) 1.02 (0.13) 55
Metocurine 129 (11) 0.99 (0.08) 98
Atracurium 139 (9) 1.24 (0.09) 135
Gallamine 1,719 (151) 1.05 (0.09) 1,129

metocurine acted as weak partial agonists at fetal-type
AChR.

Relationship between binding and functional ef-
fects. The data on binding of NDBs and the functional con-
sequences were related using a kinetic scheme for the bind-
ing of ligands to the AChR and channel opening (Fig. 4). This
scheme is the simplest one that incorporates the observations
that there are two binding sites on each AChR and that the
two sites show different affinities for ACh and for NDBs. The
high and low affinity sites have dissociation constants of K1
and K2 for ACh and of L1 and L2 for NDBs, respectively. The
data have been analyzed using two different assumptions:
that the same site has a high affinity for both ACh and the
NDBs or the site with a high affinity for NDBs has a low
affinity for ACh (as shown in Fig. 4). We have assumed
throughout that the high affinity site is the same for all of the

NDBs (see below). The ion channel of the AChR can open
(closed channel, R; open channel, R*), with a ratio of the
opening to closing rates (the opening equilibrium ratio) that
depends on the state of ligation of the receptor. For AChR
with one bound ACh molecule, the ratio is termed R1; with
two bound ACh, R3; with two molecules of an NDB bound,
P3; and with one ACh and one NDB bound to the same
receptor, P1. An NDB that had values for gating of P1 = 0
and P3 = 0 would not result in channel opening and would
prevent activation by ACh when the NDB was bound to
either site on the AChR. Such a drug would be a competitive
inhibitor. An NDB would be a partial agonist if some gating
occurred after binding of the NDB (P3 > 0) or for heteroli-
ganded AChR (P1 > 0).

The predictions of this scheme were fit to the data for the
effects on each NDB on ACh-elicited currents. Note that the
complete scheme was used, including occupation of either
site on the AChR. The values for L1 and L2 were set to those
obtained in the binding experiments (Table 1). Values for
ACh binding (K1 and K2) and channel gating (R1 and R3)
were set to the values used in an earlier study (10; see Table
2). The model, then, was fit to the data by adjusting the
values for P1 (opening of channels of AChR with ACh and one
NDB bound) and P3 (opening of channels with two NDBs
bound). The quality of fit was assessed visually. In the text,
we present estimates for P1 based on the assumption that the
site with a high affinity for NDBs has a low affinity for ACh
(see also Discussion).

All of the NDBs studied seemed to act as competitive
antagonists for the adult-type AChR expressed by QA33
cells, as expected from the close agreement between the
values for L1 for binding and the IC,, for block of ACh
elicited currents (see Table 1). The curves superimposed on
the data in Fig. 2 show predictions that are made using the
kinetic model and setting both P1 and P3 to zero (no opening
by the NDB alone or in combination with ACh). There is
excellent agreement between the data and the predictions.
We use 400 nM ACh as the standard test concentration for
experiments with QA33 cells to ensure relatively robust con-
trol responses. However, the partial agonist activity of an
NDB is most manifest at low ACh concentrations (see below
and Ref. 10). In essence, if gating of heteroliganded receptors
occurs, the ability of the NDB to block ACh-elicited currents
will be reduced at lower ACh concentrations. Therefore, we
also determined the ability of atracurium, gallamine, and
metocurine to block currents elicited by 100 nm ACh, by using
a concentration of the NDB near its IC,,. In each case, the
block was at least as efficacious as with 400 nM ACh. In the
presence of 100 nM atracurium, the current elicited by 400 nm
ACh was reduced to 0.60 * 0.08-fold the current elicited by
400 nM ACh alone (mean * standard deviation, seven exper-
iments), whereas 100 nM atracurium reduced the current
elicited by 100 nM ACh to 0.53 * 0.13-fold control (11 exper-
iments). (The predicted relative current with 100 nM ACh
plus 100 nM atracurium is 0.58-fold the current with 100 nm
ACh alone, assuming that atracurium acts as a competitive
antagonist.) Similarly, 3 uM gallamine reduced the current
elicited by 400 nMm ACh to 0.36 * 0.12-fold control (nine
experiments) and reduced the current elicited by 100 nMm ACh
to 0.15 *+ 0.14-fold (five experiments), with a predicted re-
duction to 0.24. With 100 nM metocurine, the current elicited
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Fig. 2. Block of currents elicited from adult-type recep-
tors by ACh. The current elicited by 400 nm ACh in QA33
cells in the presence of various concentrations of NDBs
is shown, normalized to the current elicited in a cell by
ACh alone. The half-blocking concentrations for the
NDBs are shown in Table 1. Lines, blocking curve pre-
dicted if the NDBs acted as competitive antagonists,
with dissociation constants for the high and low affinity
sites on the AChR obtained from the inhibition of I1-BTX
n binding (see text). O, ¢, V, and [J, Dissoclation con-
stants for the high and low affinity sites (replotted from
Fig. 1A). ATR = atracurium, GAL = gallamine, MET =
metocurine, PAN = pancuronium. Data are mean *
standard deviation for 3-10 experiments for each NDB.

[BLOCKER], nM

by 400 nM ACh was reduced to 0.61 * 0.06 (seven experi-
ments) and by 100 nMm ACh to 0.51 = 0.17 (11 experiments),
with a predicted reduction to 0.49. Gallamine reduced cur-
rents elicited by 100 nM ACh significantly more than currents
elicited by 400 nM ACh (p < 0.01, two-tailed ¢ test), but
enhanced block at lower ACh concentrations is the opposite
effect of that predicted by partial agonist activity.

The block of currents elicited by ACh applied to fetal-type
AChR differed between the NDBs. Block by pancuronium
and gallamine could be described if it were assumed that
both drugs had negligible partial agonist activity (Fig. 3A).
However, the block by gallamine was somewhat less than
predicted from the binding data (compare dashed line with ¥
in Fig. 3A). All of the data in Fig. 3A were obtained with 40
nM ACh, so we assessed the blocking ability of 3 uM gallamine
on currents elicited by 400 nM ACh to determine whether the
discrepancy was likely to arise from a weak partial agonist
activity. Gallamine would be predicted to be more effective at
blocking currents elicited by 400 nm ACh in this case, but we
found that it seemed to be somewhat less effective. With 3 um
gallamine, the current elicited by 40 nM ACh was reduced to
0.28 * 0.03-fold the current elicited by 40 nM ACh alone
(eight experiments), whereas the current elicited by 400 nm
ACh was reduced to 0.49 * 0.02-fold (seven experiments),
with a predicted reduction to 0.15. Therefore, there was no
indication that gallamine showed significant partial agonist
activity at fetal-type AChR. We have no explanation for the
difference between the predicted and observed block of cur-
rents by gallamine.

Both atracurium (Fig. 3B) and metocurine (Fig. 3C) ap-
peared to act as weak partial agonists at fetal-type receptors.
In both cases, the inhibition curves predicted for a competi-
tive antagonist with the dissociation constants obtained from
the binding data lay well to the left of the data. In the case of
atracurium, we could not detect measurable activation by
atracurium alone (although occasional single-channel cur-
rents were seen in whole-cell recordings during the applica-
tion of atracurium alone). The effect of atracurium on cur-
rents elicited by 40 nM ACh could be described by an opening
equilibrium ratio for AChR with one bound ACh and one
atracurium (P1) of 0.01 and setting the ratio with two atra-

curiums bound (P3) to 0 (Fig. 3B, solid line, and Table 2). We
tested the ability of atracurium to block currents elicited by
400 nm ACh (Fig. 3B, V). With 1 uM atracurium, the current
elicited by 40 nM ACh was reduced to 0.66 + 0.23-fold control
(16 experiments), whereas the current elicited by 400 nM
ACh was reduced to 0.45 * 0.14 (five experiments). The
reductions in currents elicited by 40 nM and 400 nMm ACh
differ from each other at 0.05<p < 0.1 (two-tailed ¢ test). The
values for P1 and P3 estimated from fitting the data obtained
with 40 nM ACh gave a predicted reduction to 0.24-fold the
response to 400 nM ACh alone (Fig. 3B, dashed line). Atra-
curium seems to be a weak partial agonist for fetal-type
AChR.

Metocurine showed clear agonist activity. Currents could
be elicited by metocurine alone when applied to QK18 cells
(Fig. 3C, D), providing an estimate for P3 of 7 X 1075, The
enhancement of currents elicited by 40 nM ACh could be
described with a value for P1 of 0.72 (Table 2). Application of
1 uM metocurine was clearly more effective at blocking cur-
rents elicited by 400 nM ACh than currents elicited by 40 nm
ACh (Fig. 3C, V). With 1 uM metocurine, the current elicited
by 40 nMm ACh was enhanced to 1.22 + 0.28 (15 experiments),
whereas the current elicited by 400 nMm ACh was reduced to
0.29 * 0.06 (three experiments), with a predicted reduction
to 0.21 (Fig. 3C, dashed line). The effects of 1 uM metocurine
on currents elicited by 40 nM and 400 nM ACh differ from
each other at p < 0.01 (two-tailed ¢ test). Metocurine has
clear partial agonist activity at fetal-type receptors.

Interactions between NDBs. Studies of the ability of
NDBs to block nerve-evoked muscle twitches have shown
that, in some cases, administration of a combination of two
NDBs may be more effective than either one alone (22, 23). It
has been suggested that a possible basis for this more-than-
additive effect might be that these drugs interact differently
with the two binding sites on each receptor; if the high
affinity site for one drug were the low affinity site for a
second, the combination might produce greater block than
predicted from the effects of the individual drugs (22). We
examined the interactions of gallamine and metocurine, as
these drugs have been reported to show relatively robust
interactions on rodent muscle (22, 23).
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Fig. 3. Effects of NDBs on currents elicited from fetal-type receptors
by ACh. The current elicited by 40 nm ACh in QF 18 cellis in the presence
of various concentrations of NDBs is shown, normalized to the current
elicited in a cell by ACh alone. A, Data obtained with pancuronium and
gallamine. © and V, Dissociation constants for the high and low affinity
sites (replotted from Fig. 1A). ATR = atracurium, GAL = gallamine, MET
= metocurine, PAN = pancuronium. Lines, blocking curves predicted
for competitive antagonists (as in Fig. 2). These NDBs appeared to act
as competitive antagonists. B, Data obtained with atracurium. There
seemed to be a significant difference between the predicted blocking
curve (dotted /ine) and the data (symbois). Solid line, curve predicted if
atracurium acted as a weak partial agonist, with the parameters shown
in Table 2. V, Current elicited by 400 nm ACh in the presence of 1000
nM atracurium relative to the current elicited by 400 nm ACh alone.
Dashed line, curve predicted for block of current elicited by 400 nm
ACh. C, Data obtained with metocurine. Symbols are as in B. [J,
Currents activated by metocurine in the absence of ACh relative to the
current elicited in the same cell by 40 nm ACh. Dashed line, concen-
tration-effect relationship for metocurine described by the value for P3
given in Table 2.

The ability of metocurine to inhibit the initial rate of I-BTX
binding was measured in the presence of a concentration of
gallamine able to occupy most of the high affinity binding
sites for gallamine. As shown in Fig. 5A, gallamine alone
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Fig. 4. The kinetic scheme used to analyze the interaction among ACh,
NDBs, and the AChR. Each receptor (R) has two sites that can bind
either ACh (A) or an NDB (N). As drawn, the site with the higher affinity
for NDBs (dissociation constant L1) has the lower affinity for ACh (K2),
and conversely. The channel of the receptor can open (R+); the equi-
librium opening ratio (the ratio of the opening to the closing rates) is
highest if both sites are occupied by ACh (AR+A; ratio R3 in Table 2). It
is assumed that the opening ratios for the two forms of heterol
receptor (NR*A or AR+N) are identical (P1 in Table 2). Finally, the
possibilities that channels may open with only one ACh molecule bound
(AR+ or R+A; ratio R1 in Table 2) or with two NDB molecules bound
(NR+N; ratio P3 in Table 2) are included. As explained in the text, the
parameters for ACh binding and activation were set to values used in a
previously (30), and values for L1 and L2 were set to values determined
from binding experiments (Table 1). The predictions of the kinetic
scheme were then fit to the data by adjusting values for P1 and P3. The
values obtained for P1 and P3 are presented in Table 2.

reduced the initial rate by ~50%. The ability of metocurine to
reduce I-BTX binding was much better described by the
hypothesis that the high affinity site for gallamine is also the
high affinity site for metocurine (Fig. 5A). Note that no free
parameters were used to generate the predicted curves
shown in this figure, as all dissociation constants were ob-
tained from the data shown in Fig. 1 (also Table 1).

It can be difficult to assess relatively small shifts in con-
centration-effect curves, as would be shown by a more-than-
additive inhibition curve on ACh-elicited currents. However,
in the case of metocurine applied to QF18 cells, it is relatively
straightforward to determine the ability of gallamine to re-
duce the enhancement of ACh-elicited currents produced by
metocurine. The data in Fig. 5B show the ability of increasing
concentrations of gallamine to reduce the currents elicited by
the combination of 40 nM ACh plus 1000 nM metocurine.
Again, the data are better described by the hypothesis that
gallamine and metocurine have the same high affinity site on
the AChR. As in Fig. 5A, no free parameters were used in
generating the predicted curves, as the dissociation con-
stants were taken from Table 1 and values for channel gating
were taken from Table 2.

Discussion

We determined the apparent affinities for four NDBs to
fetal- and adult-type muscle nicotinic receptors by measuring
their ability to reduce the initial rate of I-BTX binding. The
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TABLE 2
Parameters used in describing receptor activation

The effects of NDBs on ACh-elicited curments and their abiiity to directly activate currents, were analyzed in terms of a two-site kinetic model (see Fig. 4 and the text).
ACh binding and channel gating were described with the use of a standard set of assumed values (K1, K2, R1, and R3; see text and Ref. 30). The binding of an NDB
was described with the use of the dissociation constants estimated using the two-site model from binding data (L1 and L2; see Table 1). Gating by NDBs in the absence

of ACh was described assuming that channeis opened only for diliganded

and so was described by adjusting the ratio P3. Gating of

receptors
(whhomAChandomNDBmdeauobomd)waschmmdbyﬁhoopa*\gmﬂoPtmwmmmmzmmmmmm
the same site with high affinity (Same sites) or that the site with high affinity for an NDB had a low affinity for ACh (Inverse sites). Values in parentheses give the range
that produced an adequate fit judged by eye). Data for curare are included for comparison (10).

Binding Gating
ACH
K K2 R3 R1
.
QF18 1,000 500,000 100 0
QA33 5,000 500,000 40 0.0075
n L2 P3 P1 P1
nM (same sites) (inverse sites)
QA33
Pancuronium 8 210 0 0 (<0.05) 0 (<0.003)
Curare 61 1,027 0 0 (<0.01) 0 (<0.0001)
Metocurine 99 16,451 0 0 (<0.2) 0 (<0.002)
Atracurium 215 548 0 0 (<0.01) 0 (<0.005)
Gallamine 1,353 11,425 0 0 (<0.02) 0 (<0.04)
QF18
Pancuronium 8 95 0 0 0) 0 0)
Curare 7 1,116 0.0003 0.42 (0.3-0.5) 0.026 (0.02-0.03)
Metocurine 126 10,788 0.00008 0.72 (0.5-0.8) 0.01 (0.005-0.02)
Atracurium 372 1,633 0 0.1 (0.05-0.2) 0.01 (0.005-0.02)
Gallamine 649 8,538 0 0 (<0.04) 0 (<0.04)

assays were performed in intact cells (to avoid possible ef-
fects of detergents on affinities) and in a system in which
mixing is rapid. In the same preparation of cells, we recorded
voltage-clamped membrane currents to examine the abilities
of these drugs to activate currents or to affect the ability of
ACh to elicit currents. We find that all drugs, as expected,
show evidence for the existence of two sites with different
affinities on each AChR. The rank order of affinities is iden-
tical for both fetal- and adult-type receptors. The affinities
estimated from binding experiments can be used to describe
the concentration dependence of functional effects, either
block or activation, by the NDBs. We also find that at least
two of the NDBs (gallamine and metocurine) share the same
high and low affinity sites on each receptor.

The clinically desired effect of NDBs is to block nerve-
evoked muscle contractions. Unfortunately, there are few
data on mouse muscles, but Table 3 summarizes data ob-
tained from studies of indirect twitches evoked in rat or
guinea pig muscles studied in organ baths (in which prob-
lems of drug binding and distribution should be reduced).
The concentrations needed to produce half-block of twitch are
higher than the dissociation constants we have obtained for
NDB binding to the high affinity site on adult-type receptors
(L1; see Table 1). This divergence is expected because block of
twitch requires that >90% of the receptors have NDB bound
to at least one site (for a discussion, see Ref. 1). In the cases
of atracurium, gallamine, and curare, the half-blocking con-
centrations are ~20-fold higher than L1, but the order of
potency is the same for blocking twitch and for binding to the
high affinity site. The most disparate value is that for pan-
curonium, which is much less effective at blocking twitches
than expected. The reason for this difference is not known,
but the general agreement is as would be expected if the
major determinant of the clinical actions of NDBs was com-
petitive inhibition of ACh binding and activation.

The apparent affinities we estimated for the high and low
affinity binding sites on fetal-type receptors are in agreement
with a number of previous studies, as indicated by the com-
parisons in Table 4. Fewer studies have been made of func-
tional consequences of NDB binding, but these studies are in
general agreement with our results (Table 4).

In comparing the actions of these drugs on fetal- and adult-
type receptors, we found that they share the same rank order
for affinities for binding at the high affinity site (L1 in Table
1) and, except for atracurium and curare, at the low affinity
site. Our estimates for dissociation constants show some
quantitative differences in comparing data from adult- and
fetal-type receptors, but the differences are generally <1.5-
fold. The differences are greatest for atracurium (in L2) and
gallamine (in L1). There is no indication of a major system-
atic difference in affinities at the high affinity site (where the
adult-type receptor has an € and the fetal-type receptor has a
v subunit; see discussion below).

A number of studies have shown that the site that has
higher affinity for curare (6, 24) or metocurine, pancuronium,
and gallamine (25) is located at the ay interface. Similarly,
curare has a high affinity at the site formed at the ae inter-
face (26). Conversely, curare (5, 24) and metocurine (27) have
a low affinity for the site at the ad interface. In this light, it
is perhaps surprising that the high affinity sites on fetal- and
adult-type mouse receptors have such similar dissociation
constants. Sine (7) mapped the residues that determine the
difference in affinity between mouse y and § subunits; in the
vy subunit, Nle'®, Tyr''?, and Ser'®! contribute to the high
affinity, whereas 8 subunit has Val**8, Thr'*®, and Lys%® in
the homologous positions. A conversion of Tyr''” to threonine
in the y subunit resulted in a 10-fold increase in the value for
L1 for metocurine, whereas the conversion of Lys*®® to serine
in the 6 subunit resulted in a 4-fold decrease in L1. Surpris-
ingly, the € subunit has Val'!®, Ser''?, and Ala'®* in the
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Fig. 5. Interactions between two NDBs at sites on the
1 AChR. Interactions between gallamine and metocurine
were examined on both adult- and fetal-type receptors.
A, Effect of a constant concentration of gallamine on the
4 ability of increasing concentrations of metocurine to re-
duce the initial rate of I-BTX binding. QA33 cells were
L exposed to 4000 nm gallamine, and QF18 cells were
exposed to 2000 nm gallamine, in the presence of 0, 100,
1,000, or 10,000 nm metocurine. Left, data obtained with
0 nm metocurine. Curves, predicted reductions in the
initial rates assuming that metocurine and gallamine
s share the same high affinity site (solid line, fetal-type

o'o 1 " 1 " N " 1 4 1
' 1 10 100

receptors; dashed line, adult-type receptors) or have in-
verted affinities (dotted line, fetal-type receptors; dashed/
dotted line, adult-type receptors). The curves were gen-
erated with the values for L1 and L2 shown in Table 1 (no

| v ! M 1 v

parameters were adjusted). The agreement between pre-
diction and observation is very good for data from QA33
cells. The predicted curve for data from QF18 cells lies
below the observations. The prediction is much closer if a
value of 1300 nm is used for L1 rather than 649 nm (Table
1). B, Ability of increasing concentrations of gallamine to
block the potentiated current produced by the application
of 40 nm ACh plus 1000 nm metocurine to fetal-type
receptors. The current has been normalized to the poten-
tiated current produced in the absence of gallamine. The
curves are predicted with the values for activation shown
. in Table 2 for the case that metocurine and gallamine
have the same high affinity site (solid line) or inverted sites
(dotted line). No parameters were adjusted in making the
predictions.
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TABLE 3

Concentrations of NDBs required to block twitches

The concentrations of various drugs required to reduce by 50% the amplitude of
the nerve-evoked twitch in rat or guinea pig muscies. All data were obtained with
excised muscies. The reference for the value is given in parentheses. Ratio
presents the ratio of the mean ICg, to the value for L1 obtained from binding to
adult receptors (Table 1, top).

Pancuronium Curare Atracurium Gallamine
2,442 (29) 1,437 (30) 800 (31) 30,000 (32)
2,700 (33) 1,000 (33) 11,200 (34) 3,090 (35)
1,100 (32) 391 (36)
600 (36)
6,700 (32)
349 (35)
Mean 2,081 1,746 6,000 16,545
Ratio 260 29 28 12

homologous positions, residues which are more similar to
those of the & subunit. The possibility exists that compensat-
ing differences exist elsewhere; for example, the € subunit
has a tyrosine residue at position 124, whereas both y and §

have a phenylalanine residue in the homologous position.
Further analyses will be required to resolve this question.
These previous results also suggest that all NDBs have the
same high affinity site for fetal-type receptors. A number of
reports have been made, however, that combinations of two
NDBs may show a positive interaction in blocking twitches
(compare with Ref. 22). It has been suggested that a possible
explanation for this interaction is that the high affinity site
for one NDB is the low affinity site for the other, so that the
combined application would occupy a larger proportion of the
free sites on AChRs than predicted if they competed at the
same sites (22). We directly examined the interaction of gal-
lamine and metocurine at both fetal- and adult-type recep-
tors. Gallamine and metocurine were chosen because they
showed a relatively large interaction in studies on guinea pig
muscle (22, 23) and because the large separations of L1 and
L2 facilitated the analysis. Furthermore, the fact that me-
tocurine acted as a partial agonist at fetal-type receptors
meant that we could examine the ability of gallamine to block
functional effects of metocurine on fetal-type receptors. All of
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TABLE 4

Other estimates of dissociation constants for NDB binding to mouse muscie receptors

Several studies have determined dissociation constants for NDB binding to the high and low affinity sites on mouse muscle receptors through analysis of the ability
of NDBs to reduce the initial rate of I-BTX binding to celis expressing various mouse muscie receptor subunits (values for L1 and L2). Fewer studies have estimated
ICso values or apparent dissociation constants for inhibition of agonist-elicited flux or voitage-clamped membrane current. The first column shows the subunit

composition studied, and the reference for the values is given in parentheses.

Pancuronium Curare Metocurine Galtamine
[A] 2 [A] 2 JA] L2 IA] 2
n
Inhibition of I-BTX binding
a B,y s 180 8,500 37
a B,y 12 200 1,500 (25)
o B,y 8 180 4,900 (y)
a B,y 8 9.1 69 309 27,500 3,700 55,000 (3)
B,y 84 6,100 (35)
a, B,y 106 @7
a B, 8 3,700 @7
a, B, vy, b 56 1,600 (11)
a, B, €d 56 1,600 (11)
Mean 1 69 56 1,600 177 10,140 2,600 55,000
ICsp 1Cso ICso 1Cso
Inhibition of flux or current
a, B,y 8 09 14.2 390 (39)
a B,y 6 7.4 470 3,700 ®3)

our data indicate that these two agents have the same high
affinity site.

The qualitative difference in the actions of NDBs at fetal-
and adult-type receptors is the finding that several have
detectable partial agonist activity at fetal-type receptors, but
none had any agonist activity at adult-type receptors. Two
aspects of this observation will be considered. The first is the
nature of the binding sites involved. The second is the struc-
ture of the NDBs that act as partial agonists.

The ability of the NDBs to potentiate or block ACh-elicited
currents is seen when the high affinity site is occupied [i.e.,
the site at the ay or ae interface (see discussion above)l.
Therefore, the partial agonist activity must be associated
with a difference in the interactions of NDBs with the ay and
ae subunit pairs. Direct gating can occur when both ay and
a?d sites are occupied by some NDBs, 80 to a first approxima-
tion the consequences of binding to the ad site are similar to
those occurring after binding to the ay site. Therefore, even
though the affinities of the NDBs we have examined are
similar for the ay and ae sites and different for the a$ site,
the resulting conformational changes are more similar for
the y and 8 subunits.

We analyzed the potentiation of ACh-elicited currents un-
der two assumptions: that the same site on the AChR has a
high affinity for ACh and for NDBs or that one site has a high
affinity for ACh and a low affinity for NDBs. (Note that only
the gating properties of heteroliganded receptors, described
by P1 in Table 2, are affected by this.) Some biochemical data
suggest that ad dimers have a higher affinity for ACh than ay
dimers (6), which suggests that the site with a higher affinity
for NDBs has a lower affinity for ACh. Recent experiments
with afy and «Bé subunit combinations expressed in human
embryonic kidney 293 cells suggest that gating by ACh oc-
curs at lower concentrations with the afé combination than
the apy combination,! which would also be consistent with
the idea that binding of NDBs and ACh occurs with inverted

1J. H. Steinbach and K. Burris, unpublished observations.

affinities at the two sites. In either case, the heteroliganded
receptors have a much lower probability of opening than do
receptors diliganded by ACh.

The parent NDB, curare, and its methylated derivative,
metocurine, show the largest values for P1 and P3. Both have
two positively charged sites in a rigid molecular structure,
but this is clearly not required for partial agonist activity
because the steroid derivative pancuronium has no detect-
able activity. Atracurium has two positively charged sites,
separated by a chain with more flexibility than pancuronium,
so it is possible that it can adopt a conformation more like
that of curare. Gallamine is a relatively smaller molecule,
with the greatest similarity to ACh, so it was somewhat
surprising that it showed no detectable partial agonist activ-
ity. These data cannot provide a picture of the interactions
associated with partial agonist activity but suggest that it
does not depend exclusively on binding of charged groups or
on the presence of an extended rigid molecule.

A recent study (28) found that some neuronal nicotinic
receptor subunit combinations show similar divergence in
action of curare. Rat a2 or a3 subunits, when expressed in
Xenopus oocytes with rat B2 subunits, produce receptors in
which ACh-elicited currents are competitively inhibited by
curare. In contrast, when expressed with g4 subunits, curare
could potentiate ACh-elicited currents (although no direct
gating was seen). The authors analyzed their data in terms of
channel opening for heteroliganded receptors but were not
able to estimate relative channel opening probabilities for
heteroliganded receptors compared with ACh diliganded re-
ceptors.

In sum, our data demonstrate that each of these NDBs
binds to two sites on both fetal- and adult-type muscle nico-
tinic AChRs, with differing affinities for the two sites. Bind-
ing of NDBs was similar to the two types of receptor, with
only relatively small (<3-fold) possible differences in appar-
ent affinities for either the high or low affinity sites on the
two types of receptors. The NDBs appear to share the same
high and low affinity sites on both adult- and fetal-type
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receptors. The ability of NDBs to block ACh-elicited currents
can be accounted for by binding to their high affinity site on
the muscle nicotinic AChR. Only some of the NDBs show
partial agonist activity for fetal-type receptors, and none
showed detectable agonist activity for adult-type receptors.
Our results confirm that the major clinical effects of several
structurally diverse NDBs can be associated with their abil-
ity to bind to the ACh-binding sites on muscle nicotinic
AChRs and prevent binding of ACh.
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