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Antagonist and Partial Agonist Actions of &Tubocurarine at 
Mammalian Muscle Acetylcholine Receptors 
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Currents were elicited by acetylcholine (ACh), by d-tubo- 
curarine (dTC), and by mixtures of ACh and dTC, from stably 
transformed fibroblasts that express fetal or adult muscle 
nicotinic receptors. dTC acted as an antagonist of ACh for 
activation of adult-type receptors, whereas it acted as a 
weak partial agonist at fetal-type receptors. The channel- 
blocking action of dTC was not apparent at the concentra- 
tions used. The partial agonism could explain previous 
observations that dTC is less effective at blocking the re- 
sponses of fetal-type receptors than adult-type receptors. 
Binding of dTC to receptors was independently assayed by 
measuring the reduction of the initial rate of binding of io- 
dinated a-bungarotoxin. Binding of dTC to the two types of 
receptor was indistinguishable. The dose-effect relationship 
for the interaction of dTC and ACh at fetal receptors is con- 
sistent with the affinities of dTC measured in binding ex- 
periments. 

[Key words: ACh receptor, curare, receptor activation, de- 
velopment, ligand binding, partial agonists, competitive an- 
tagonists] 

&Tubocurarine (dTC) has been used as a blocker of the skeletal 
muscle nicotinic acetylcholine receptor (AChR) for centuries by 
the indigenous peoples of South America, and for 40 years by 
anesthesiologists (Thomas, 1963). Most of its blocking action 
results from competitive inhibition ofACh binding to the AChR 
(Neubig and Cohen, 1979; Sine and Taylor, 198 l), although it 
is clear that dTC also can act by inhibiting ion movement through 
the open channel (channel block; Colquhoun et al., 1979). Stud- 
ies of the ability of dTC to inhibit membrane depolarization of 
muscle cells by ACh indicated that dTC blocked the AChR 
found at mature, innervated end-plates more effectively than it 
blocked the AChR found on denervated or immature muscle 
fibers (Jenkinson, 1960; Beranek and Vyskocil, 1967). Some 
biochemical studies of dTC binding also found a difference be- 
tween fetal and adult AChR (Brockes and Hall, 1975), while 
others did not (Colquhoun and Rang, 1976; Kemp et al., 1980). 
Molecular cloning and expression experiments have demon- 
strated that the subunit composition of the AChR found at 
mature end-plates differs from that of the AChR on denervated 
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or fetal muscle: adult-type receptors have the subunit compo- 
sition of a.P.6.~ whereas fetal or denervated-type receptors have 
composition a&&y (Mishina et al., 1986). Recent results from 
biochemical studies of receptors expressed in nonmuscle cells 
demonstrate that dTC binds to the two types of AChR with 
indistinguishable affinity (Gu et al., 1990; Kopta and Steinbach, 
1994), in contrast to the apparent difference in functional block- 
ade. 

In previous work we directly compared the results of two 
assays for dTC interaction with adult and fetal receptors stably 
expressed in fibroblasts: the occupancy of binding sites was de- 
termined from the decrease in the initial rate ofa-bungarotoxin 
binding and the functional consequences of binding were de- 
termined from the depression of whole-cell currents elicited by 
400 nM ACh (Kopta and Steinbach, 1994). We found an ap- 
parent contradiction in the data. Occupancy determinations 
showed that the binding of dTC to fetal and adult receptors was 
indistinguishable. However, block of ACh-elicited currents by 
dTC differed for the two types of receptor, in that the half- 
blocking concentration of dTC for adult AChR was about sixfold 
lower than for fetal AChR. Hence, the two assays for dTC in- 
teraction gave different answers, depending on the receptor type 
studied. Because it is known that dTC can act as a weak activator 
of fetal-type AChR (Ziskind and Dennis, 1978; Takeda and 
Trautmann, 1984), we proposed that the lower degree of block 
might result from opening of channels of fetal-type receptors 
after the binding of one ACh and one dTC molecule (a hetero- 
liganded AChR). 

We have now tested the ability of mixtures of ACh and dTC 
to activate fetal-/and adult-type AChR, and find that the results 
conform well to this hypothesized mechanism. The apparent 
affinities measured from the inhibition of BTX-binding can pre- 
dict the observed actions on ACh-elicited currents. 

Materials and Methods 
Chemicals were obtained from Sigma Chemical (St. Louis, MO), unless 
otherwise specified. 

Quail QT-6 fibroblasts were transfected with cDNAs coding for mus- 
cle AChR subunits and for resistance to the antibiotic geneticin, and 
stable clones were selected as described (Phillips et al., 199 1; Kopta and 
Steinbach, 1994). Cells expressing fetal-type AChR (Q-F1 8) and adult- 
type AChR (Q-A33) weremaint&ed in-medium 199‘(GIBCO, Grand 
Island. NY) containing 10% trvDtose nhomhate broth (GIBCO). 5% 
fetal b&in; serum (Hyclone, Logan, U?), 1% DMSO, penicillin, &ep- 
tomycin, and G-4 18 (GIBCO). 

Populations of cells that express a high density of surface AChR were 
obtained by selective adhesion (“panning”; Barker et al., 1975). These 
selected cells will be described in more detail elsewhere (Chen and 
Steinbach, ummblished observations). Cells with hick levels of surface 
AChR attached selectively to plastic’petri dishes coated with a mono- 
clonal antibody that binds to an external epitope on the a subunit (mAb- 
35; Tzartos et al., 1981). mAb-35 was purified from the supematant of 
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Figure 1. Currents elicited from Q-A33 cells by ACh are blocked by dTC: 100 nM ACh was applied to one cell (left column), either alone (top 
truce), with 10 nr.4 dTC (second truce), or with 40 nM dTC (bottom truce); 1000 nM ACh was applied to a second cell (right column), alone (top 
trace), with 40 nM dTC (second truce), or with 1000 nM dTC (bottom truce). Note that dTC blocked at all combinations of ACh and dTC concentration. 
Data filtered at 20 Hz and sampled at 20 msec intervals. Calibration: left column, 1 pA, 2 set; right column, 10 pA, 2 sec. 

cultures of the mAb hybridoma cells (American Type Culture Collec- 
tion, Gaithersburg, MD) by ammonium sulfate precipitation and hy- 
droxyapatite chromatography (Harlow and Lane, 1988). Cultures for 
studies of bungarotoxin binding had 2 mM sodium butyrate added to 
the growth medium 2 d prior to the assay. This treatment increased the 
number of AChR per cell and so enhanced the signal (Kopta and Stein- 
bath, 1994). Some physiological experiments were conducted on bu- 
tyrate-treated cells. Butyrate had no effect on the action of dTC on 
currents elicited by ACh (data not shown; see Kopta and Steinbach, 
1994) and so all the data have been pooled. 

Bindingofwbungarotoxin. Di-iodo-a-bungarotoxin (I-BTX) was pre- 
pared by the iodine monochloride method (Vogel et al., 1972). The 
inhibition of the initial rate of I-BTX binding by dTC was determined 
as described (Kopta and Steinbach, 1994; see Sine and Taylor, 198 1). 
The initial rate was estimated from the amount of I-BTX bound during 
a 15 min incubation with 10 nM I-BTX at room temperature. Cultures 
were preincubated with a given concentration ofdTC for 10 min before 
the addition of 10 nM I-BTX plus dTC. Nonspecific binding was de- 
termined by the addition of 1 NM unlabeled BTX to the 10 nM I-BTX. 
Binding was performed in a modified Earle’s Balanced Salt Solution 
(EBSS; concentrations, in mM: 1.8 CaCl,, 0.8 MgSO,, 5.4 KCl, 116 
NaCl, 1 NaH,PO,, 10 HEPES, 120 glucose). The pH was adjusted to 
7.3 and 0.2% fetal bovine serum was added. HEPES replaced the 26 
mM NaHCO, in the original formulation. 

The concentration dependence ofthe relative amount of I-BTX bound 
was analyzed by fitting the Hill function (Y = (X/K,J/(l + (X/K,J)) 
and the relationship predicted for two binding sites of different affinity 
present in equal numbers (Y = 0.5(X/Ll)/(l + (X/Ll)) + OS(X/L2)/(1 
+ (X/L2))), where Y is the fractional binding of I-BTX, X is the dTC 
concentration, Ll, L2 and Kh are dissociation constants, and n is the 
Hill coefficient. 

Whole-cell recording. Standard techniques were used for whole-cell 
and excised patch recording (Hamill et al., 198 1). Solutions were applied 
using a multiline perfusion apparatus (Konnerth et al., 1987). The so- 
lution exchange was relatively slow in these experiments (see Figs. 1, 
2), taking about a second for 90% of a response to develop or dissipate. 
Hence, rapid block or desensitization would be missed. There is still 
debate over the rates for curare binding and dissociation at the ACh- 
binding site. de1 Castillo and Katz (1957) suggested that dTC dissociated 
very slowly, but subsequent studies. (Sheridan and Lester, 1977; 
Colauhoun and Sheridan. 1982: Le Dain et al.. 199 1) have urovided I  ,  r - -  ~-- -  

indirect evidence that dTC has a dissociation rate constant of at least 
1000 sect’, implyingan association rateconstant of 109~-~‘sec1. How- 
ever, a recent study using rapid applications of dTC and ACh to patches 
of membrane containing mouse fetal-type AChR has suggested that the 
dissociation rate constant is about 10 set-I and the association rate 
constant about 1 O8 M- I set- I (Roper et al.1, 1993). Even with these slower 
rates, the interaction between dTC and ACh is likely to be at equilibrium 
during the relatively slow applications used. 

The pipette (internal) solution contained (mM) CsCl, 140; HEPES, 
20; MgCl,, 1.0; EGTA, 2.0; pH to 7.3 with NaOH, with a final os- 
molarityof285-295 mOsm.The bathcontained(mM)NaCl, 140; HEPES, 
10; CaCl,, 0.5; glucose, 20; pH to 7.3 with NaOH, with a final osmolarity 
of 320-330 mOsm. External solutions contained 300 nM atropine, to 
block muscarinic whole-cell responses. 

Experiments were done at room temperature (22-25°C). Data were 
recorded on digital tape, and replayed for subsequent analysis using a 
386-based personal computer. Whole-cell responses were filtered at 20- 
300 Hz (low-pass Bessel; Frequency Devices, Haverhill, MA) and dig- 
itized at 50-1000 Hz. Currents were then averaged over 25-100 msec 
intervals and the peak response identified. The size of a response was 
taken as the mean of a l-2 set segment at the peak of the response, 
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Figure 2. Currents elicited from Q-F18 cells by ACh may be blocked or enhanced by dTC: 40 nM ACh was applied to one cell (left column), 
alone (top truce), with 40 nM dTC (second trace), or with 1000 nM dTC (bottom truce); 1000 nr+r ACh was applied to a second cell (right column), 
alone (top trace), with 40 nM dTC (second trace), or with 1000 nM dTC (bottom trace). Note that dTC enhances responses to 40 nM ACh. Responses 
to 1000 nM ACh are blocked by both concentrations of dTC, although to a lesser extent than responses of Q-A33 cells (Fig. 1). Data filtered at 20 
Hz and sampled at 20 msec intervals. (Calibration: left column, 2 pA, 2 set; right column, 50 pA, 2 sec. 

with baseline taken as the mean of segments preceding and following 
the response. 

Single-channel data were filtered at 3000 Hz and digitized at 20,000 
Hz. Events were detected using a midpoint threshold crossing method 
with the IPROC software package (provided by Dr. C. Lingle, Washington 
University School of Medicine, St. Louis, MO). Bursts were defined 
with a maximal intraburst closed time of 2 msec. 

Two estimates were made of the relative probability of being open 
in single-channel records, for comparison to the whole-cell currents. 
The first ($, in Table 1) was made from the product of the arithmetic 
mean observed burst duration and the observed burst frequency, to 
obtain an estimate of the fraction of time in the record during which a 
channel was open (no correction was made for missed events). The 
second (& in Table 1) was made from the “all points” histogram by 
taking the fraction of events that were not in the Gaussian curve fit to 
the baseline peak. No correction was made in either case for the oc- 
currence of multiple openings, but these were rare in all records. 

Binding curves and single-channel dwell time histograms were fit 
using NFITS (provided by Dr. C. Lingle, Washington University School 
of Medicine). Theoretical curves shown on Figures 3, 5, and 6 were 
generated using QUATTRO (Borland International, Scott’s Valley, CA), 
and parameters adjusted to provide a reasonable fit by eye. 

Results 
Curare can enhance responses of fetal AChR to ACh 
The basic observations are shown in Figures 1 and 2. Q-A33 
cells responded to perfused ACh, and dTC reduced responses 
to ACh at any of the ACh and dTC concentrations tested (Fig. 
1). However, the responses of the fetal receptors expressed by 

Q-F18 cells depended on both the ACh and the dTC concen- 
tration (Fig. 2). At low concentrations of ACh and dTC, dTC 
enhanced the response to ACh. Responses were normalized to 
the response to a given concentration of ACh applied in the 
absence of dTC, and are plotted as the relative response versus 
the concentration of dTC in Figure 3 (Q-A33, Fig. 3A; Q-F18, 
Fig. 3B). 

We hypothesize that the observations could be explained if 
the dTC is a weak agonist of fetal receptors, and so some channel 
opening occurs when either two dTC or one dTC and one ACh 
molecule are bound. In contrast, channel opening for adult re- 
ceptors does not occur with either one or two bound dTC mol- 
ecules. This hypothesis was examined by determining the ability 
of dTC to bind to each type of receptor, the ability of dTC to 
activate receptors, and the effect of dTC on the responses to 
ACh. 

Channel block does not explain these effects of curare 

Curare is known to block open channels of nicotinic receptors 
with high affinity, in a voltage-dependent fashion (Colquhoun 
et al., 1979). However, at the concentrations of ACh and dTC 
used in the present experiments, this channel-blocking action 
cannot account for the observations. The apparent dissociation 
constant for channel block increases e-fold for a 30 mV change 
to more positive membrane potential (Colquhoun et al., 1979). 
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Figure 3. The effect of dTC at different concentrations on the response 
to various concentrations ofACh. The normalized response to a mixture 
of ACh and dTC is plotted as a function of dTC concentration. The 
data for a given concentration of ACh are normalized to the response 
in the absence of dTC (solid squares, 40 nM ACh; open circles, 100 nM 
ACh; open squares, 400 nM ACB; solid triangles, 1000 nM ACh). A 
shows the effect of dTC on responses of Q-A33 cells. At ACh concen- 
trations of 100 nM, 400 nM, and 1000 nM the effects are indistinguish- 
able. When fit with the Hill equation, the values for Kh and n were 38 
nM, 1.06 (100 nM ACh); 45 nM, 0.99 (400 nM ACh); 56 nM, 1.06 (1000 
nM ACh). The line was generated using scheme 1 as described in the 
Results. Only the prediction for 400 nM ACh is shown as the lines 
predicted for 100 nM and 1000 nM ACh overlapped. B shows relative 
responses elicited from Q-F18 cells. The dose-effect curve is clearly 
more complicated than that for Q-A33 cells. The lines have been gen- 
erated using scheme 1. From top to bottom: short-dashed line, 40 nM 
ACh; solid line, 100 nM ACh; medium-dashed line, 400 nM ACh; long- 
dashedline, 1000 nM ACh. Points show mean + SD for ratios calculated 
for data from 2-22 cells. All data were obtained at -50 mV. 

The action of dTC on responses from Q-A33 cells at -50 mV 
(Fig. 3A) was described by the Hill equation with a K, of 46 nM 
and Hill coefficient of 1.02. Data at - 100 mV were fitted with 
values of 45 nM and 0.93, and at +50 mV with values of 49 
nM and 0.87, indicating no strong voltage dependence. 

The dose-effect curves obtained from Q-F1 8 cells also show 
no significant voltage dependence. At +50 mV dTC enhances 
the responses to 40 nM ACh to the same extent as at -50 mV: 
with 100 nM dTC the response is 2 18 t- 26% (seven cells) that 
with ACh alone at -50 mV, while at +50 mV it is 251 f 37% 
(three cells); with 400 nM dTC the responses are 214 f 36% 
(eight cells) and 238 + 33% (three cells) (P > 0.2 in each case 
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Figure 4. The inhibition of I-BTX binding is shown as a function of 
[dTC] for Q-A33 cells (triangles) and Q-F18 cells (circles). The data 
were first analyzed by fitting the Hill equation to the data, providing 
estimates for K,, of 260 + 15 nrvr and n of 0.73 + 0.01 (Q-A33 cells; 
mean + SD, two curves fit) and Kh of 303 + 65 nM and n of 0.75 + 
0.02 (Q-F1 8 cells; three curves fit). The values did not differ significantly 
between the two cell types. Data were also fit assuming that two sites 
of different affinity for dTC were present in equal number, generating 
estimates for Ll of 60 + 16 nM and L2 of 103 I f  83 nM (Q-A33 cells; 
two curves fit) and Ll of 65 f  31 nM and L2 of 1091 + 346 nM (Q- 
F18 cells; three curves fit). Again, the values did not differ significantly 
between the two cell types. The solid lines in the figure show the fits of 
the two-site model with these mean values. 

by a two-tailed t test). Similarly, responses to 1000 nM ACh are 
blocked to the same extent at +50 mV; with 100 nM dTC the 
response is 56 f 5% (six cells) at -50 mV and 60 f 7% (two 
cells) at + 50 mV; with 400 nM dTC the responses are 3 1 t- 3% 
(six cells) and 34 & 4% (two cells) at +50 mV (P > 0.2). 

The lack of voltage dependence demonstrates that channel 
block by dTC is not significant for these results, and it will be 
discounted. 

Binding of dTC 
We determined the affinity of dTC for the AChR, by measuring 
its ability to reduce the initial rate of BTX binding. The results 
are shown in Figure 4, and indicate that binding of dTC to the 
receptors on Q-F18 and Q-A33 cells is indistinguishable (see 
also Gu et al., 1990; Kopta and Steinbach, 1994). The inhibition 
curves are relatively shallow (Hill slopes < 1; see Fig. 4 legend). 
As previously reported (Sine and Taylor, 198 l), the curves are 
consistent with the hypothesis that dTC binds to two sites with 
different affinities, present in equal numbers. Analysis of the 
data shown in Figure 4 provides estimates of the apparent high- 
affinity dissociation constant, Ll, of 65 + 3 1 nM (Q-F18 cells; 
mean -t SD; N = 3 binding curves) and 60 + 16 nM (Q-A33 
cells; N = 2). Estimates of the low-affinity binding constant, L2, 
are 1091 + 346 nM (Q-F18 cells) and 1031 f 83 nM (Q-A33 
cells). These values do not differ significantly between the two 
cell types. 

The values for Ll and L2 are smaller than those obtained 
previously (Kopta and Steinbach, 1994), which were Ll = 165 
+ 96 nM and L2 = 29 17 _+ 1154 nM (Q-A33 cells; three curves 
fit) and Ll = 156 f 49 nM and L2 = 3841 & 1374 nM (Q-F18 
cells; three curves fit). The difference is consistent, although it 
is only significant for the constants obtained from Q-F18 cells 
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Figure 5. dTC can elicit currents from Q-F18 cells. A shows whole- 
cell currents recorded from a cell in response to 100 nM ACh (upper 
left), 100 nM ACh plus 200 nM dTC (upper right), 200 nM dTC (lower 
left), and 1000 nM dTC (lower right). Data were filtered at 20 Hz and 
sampled at 20 msec intervals. Calibration: 50 pA, 5 sec. B shows the 
relative response to various concentrations of dTC (solid circles), nor- 
malized to the response of the cell to 100 nM ACh. Open circles show 
the relative response to 100 nM ACh plus various concentrations of 
dTC (replotted from Fig. 3B). The solid line through the responses to 
dTC alone was generated assuming that channels open only after two 
dTC molecules have bound with dissociation constants obtained from 
binding data (see Results). The dashed line through responses to 100 
nM ACh + dTC is replotted from Figure 3B. 

(p < 0.05, two-tailed t test). The smaller values obtained in the 
present experiments provide a better description for the block 
of responses on Q-A33 cells (compare the present Fig. 3A to 
Fig. 4C of Kopta and Steinbach, 1994) and for the dose-effect 
relationship with Q-F1 8 cells. We have no explanation for the 
difference in estimated dissociation constant. The difference 
probably does not arise from the selection procedure, since in 
one experiment with unselected Q-F1 8 cells we found affinities 
of 70 nM and 600 nM. It does not arise from the batch of dTC, 
since similar results were obtained using the original lot of dTC 
as well as a new one. In one experiment with selected Q-F18 
cells using bicarbonate-buffered EBSS (rather than HEPES buff- 
er), values of 68 nM and 1431 nM were obtained. 

Activation of currents by dTC 
The relative abilities of dTC and ACh to activate fetal and adult 
AChR were assessed by applying 100 nM ACh or various con- 
centrations of dTC to individual cells. The response of Q-A33 
cells to dTC was less than 1% of the response to 100 nM ACh 

and could not be accurately measured, although in some cells 
occasional single-channel currents appeared during the appli- 
cations of dTC (data not shown; see Trautmann, 1983). Q-F1 8 
cells, on the other hand, produced clear responses (Fig. 5). The 
solid line in Figure 5 was generated (see below) with the as- 
sumption that channels opened only after two dTC molecules 
had bound to a receptor, and that the dissociation constants 
determined from the data in Figure 4 were appropriate. 

Efect of dTC on the dose-response relationship for ACh 
The response to low concentrations of ACh increases more than 
linearly with the concentration of ACh applied for both Q-A33 
and Q-F1 8 cells (Fig. 6; Kopta and Steinbach, 1994). Logarith- 
mic plots of the data from both types of cells show some degree 
of curvature. For Q-A33 cells, the slope from 40 nM ACh to 
200 nM ACh is 1.4 +- 0.2 (N = 2), which is significantly less 
than the slope between 100 and 400 nM (1.8 -t 0.1, N = 16; p 
< 0.01 by the t test). The slope between 200 nM and 1000 nM 
is also slightly less than that between 100 and 400 nM (1.7 +- 
0.03, N = 4; p < 0.05). In contrast, for data obtained from 
Q-F18 cells the slope between 40 nM and 200 nM ACh (1.9 + 
0.1, N = 7) is greater than the slope between 100 nM and 400 
nM (1.8 f 0.1, N = 20; p < 0.05). For data from Q-F18 cells 
the slope between 200 nM and 1000 nM (1.6 -+ 0.1, N = 9) is 
significantly reduced from the slope between 100 and 400 nM 
(p < 0.001). 

The addition of dTC does not alter the slope of the dose- 
response curve for ACh obtained from Q-A33 cells, while it 
reduces the slope for Q-F1 8 cells (Kopta and Steinbach, 1994; 
data replotted in Fig. 6). The reduction in slope reflects both an 
enhancement of response at low [ACh] and [dTC] and a reduc- 
tion at higher concentrations, as seen in Figures 2 and 3. 

Single-channel currents 

Outside-out patches excised from Q-F1 8 cells were exposed to 
ACh alone, dTC alone, and a mixture of ACh and dTC. Single- 
channel currents elicited by ACh, dTC, or ACh + dTC had 
identical amplitudes (Fig. 7). The mean single-channel current 
amplitudes were compared by applying ACh alone, dTC alone, 
and ACh plus dTC to outside-out patches. The mean amplitude 
for currents elicited by dTC alone was 0.99 + 0.0 1 that for ACh 
alone (10 patches), and that for currents elicited by ACh plus 
dTC was 1 .Ol f 0.01 (7 patches). Subconductance levels were 
not seen in any of the records, so they are certainly not common 
when receptors are activated in the presence of dTC. However, 
subconductance states have been reported to be rare at dTC 
concentrations less than 10 FM (Takeda and Trautmann, 1984; 
Strecker and Jackson, 1989) and only low concentrations were 
used in the present studies. 

Further analyses were made of the responses of patches ex- 
posed to 100 nM ACh, 100 nM ACh plus 400 nM dTC, and 400 
nM dTC. These concentrations were chosen because the whole- 
cell response to 100 nM ACh + 400 nM dTC is essentially equal 
to that to 100 nM ACh alone (93 +_ 14%, N = 8 cells; see Fig. 
3B). When the same patch was exposed to ACh alone, to ACh 
+ dTC, and to dTC alone the frequency of bursts was higher 
in the mixture of ACh + dTC than in ACh alone or in dTC 
alone (Fig. 7, Table 1A). The bursts also had different mean 
durations. Those elicited by ACh alone had the longest mean 
durations while those by dTC alone had the briefest mean du- 
ration (Fig. 8, Table 1A). 

The whole-cell response measures the product of the number 
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Figure 6. The dose-response relationship at low [ACh], in the absence 
and presence of dTC. The response to ACh, normalized to the response 
a cell gave to 400 nM ACh, is plotted logarithmically against the con- 
centration of ACh (A, Q-A33 cells; B, Q-F18 cells). Points shown as 
solid symbols with error bars were measured (circles, 0 dTC, triangles, 
40 nM dTC; squares, 400 nM dTC, note that A only shows data with 0 
dTC and 40 nM dTC). The points shown as open symbols in B were 
calculated from the dose-effect relationship for dTC shown in Figure 
3B and the dose-response curve for ACh alone shown here. The solid 
lines through the responses to ACh alone were fit as described in the 
Results. The dotted lines show a slope of 2, passing through the response 
to 100 nM ACh, for comparison. The long- and short-dashed lines were 
generated as described in the Results, based on the analysis of responses 
to ACh alone, dTC alone (Fig. 5) and ACh + dTC (Fig. 3) (long-dashed 
line, ACh plus 40 nM dTC; short-dashed line, ACh plus 400 nM dTC). 
A, Data from Q-A33 cells. The responses at low ACh are larger than 
expected (compare to dotted line), indicating that some activation of 
AChR with one bound ACh molecule occurs (Rl > 0; solid line gen- 
erated with Rl = 0.0075). Responses to 1000 nM ACh fall somewhat 
below the dotted line, consistent with the idea that the dissociation 
constant for the high-affinity binding of ACh is 5 PM (see solid line). 
Responses to ACh + dTC are equivalently depressed at all concentra- 
tions tested indicating that no activation occurs with one or two dTC 
molecules bound (see long-dashed line). B, Data from Q-F1 8 cells. Note 
that the responses to low concentrations of ACh alone fall along the line 
with slope of 2, indicating that essentially no activation of AChR with 

Figure 7. Single-channel currents elicited in an outside-out patch by 
ACh, dTC, and a mixture. A shows traces from one outside-out patch 
exposed to 100 nM ACh (top trace), 100 nM ACh plus 400 nM dTC 
(middle trace), and 400 nM dTC (bottom trace). The burst frequency is 
highest in the mixture and lowest in dTC. Data were filtered at 3000 
Hz and digitized at 50 psec intervals. Note the presence of some 60 Hz 
line-frequency interference in the traces. B shows representative single- 
channel currents in the three conditions. Calibration: A, 5 pA, 1 set; B, 
2 pA, 10 msec. 

of available receptors times the probability a receptor is open 
(NP,; the data indicate that channel conductances are identical). 
Two estimates of NP, were made from the single-channel rec- 
ords (see Materials and Methods). The data in Table 1A dem- 

e 

one bound ACh molecule occurs (R 1 = 0; see solid line). The response 
to 1000 nM ACh falls below the line with slope 2 (to a greater extent 
than do responses of Q-A33 cells shown in A), consistent with a high- 
affinity dissociation constant of about 1 PM. Furthermore, responses to 
mixtures of ACh and dTC can actually be enhanced, indicating that 
activation of fetal AChR can occur with two dTC molecules or one dTC 
and one ACh molecule bound (Pl > 0, P3 > 0; see short- and long- 
dashed lines), Solid symbols show mean k SD for 3-l 7 measurements. 
Data for ACh plus 40 nM dTC and 400 nM dTC (solid triangles and 
solid squares) are replotted from Kopta and Steinbach (1994). 
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Table 1. Properties of single-channel currents elicited by ACh alone, dTC alone, and a mixture of 
ACh and dTC 

A. Observed values (relative to ACh alone) 
‘TB .fi IL, $* 

ACh + dTC (N = 6) 0.6 + O.l* 2.7 f  o.l3* 1.5 -t 0.2* 1.3 f 0.5 
dTC (N = 3) 0.4 f 0.1* 0.6 f  0.3 0.2 * 0.1* 0.3 2 0.2* 

B. Results of fitting distributions with sums of two exponential components 
Time constants 

T* (msec) 7, (msec) Fraction long 

ACH (N = 4) 0.39 + 0.07 2.5 k 0.4 0.51 & 0.12 
ACh + dTC (N = 5) 0.35 + 0.06 2.2 -I- 1.3 0.14 +- 0.03t 
dTC (N = 3) 0.30 f  0.08 - - 

Relative calculated frequencies 
Brief bursts Long bursts 

(ACh + dTC)/ACh (N = 4) 5.8 f  3.6* 1.0 f 0.7 
(ACh + dTC)/dTC (N = 3) 3.3 f 1.1* - 
dTC/ACh (N = 3) 1.1 f 0.6 - 

Outside-out patches were excised from Q-F18 cells, and exposed to solutions containing 100 nM ACh, 100 nM ACh + 
400 nM dTC, and 400 nM dTC. A summarizes some experimentally observed values. The data are presented as the ratio 
to the value from the same patch for data obtained when ACh alone was applied. The ratios for arithmetic mean burst 
duration (7,) and observed frequency cf,) are shown. Two estimates of equilibrium activation were calculated (see 
Materials and Methods): $1 is the product TV x fB, and $2 is the fraction of time open from an “all points” histogram. 
B presents the results offitting the sum ofexponential components to distribution ofburst durations, for records containing 
more than 200 bursts elicited by 100 nM ACh (see Fig. 8). The mean time constant for brief- (T*) and long- (T!) duration 
components are given for ACh alone and ACh + dTC, only a brief-duration component was found in records obtained 
with dTC alone at this concentration. The fraction of the total number of events in the theoretical distribution that fell 
in the long-duration component is shown. The frequency of a class of events was calculated from the area of the fit 
component and the record length, for each patch. - indicates that no long-duration bursts could be characterized in 
400 nM dTC. 

* Differs from I .O with P < 0.05 using a two-tailed I test. 
t Differs from that obtained with ACh alone with P < 0.05. 

onstrate that the increased burst frequency and reduced burst 
duration in the mixture of ACh + dTC offset each other. The 
mean values of NP, were very similar for ACh and ACh + dTC 
(ratios close to 1; see Table 1A). The binding data (Fig. 4) dem- 
onstrate that most AChR have bound dTC at this concentration. 
Hence, the relatively small increase in burst frequency in ACh 
+ dTC implies that the opening rate for heteroliganded receptors 
is lower than that for ACh diliganded receptors. 

The distributions of burst durations could be described by 
the sums of two exponentials in the presence of ACh or ACh 
+ dTC, whereas the distributions in dTC showed a single brief- 
duration component (Fig. 8). The time constants of the brief 
component were similar for all three conditions, and the time 
constants of the long-duration component were similar for ACh 
and ACh + dTC (Figure 8, Table 1 B). However, the proportions 
of bursts falling in the brief and long components differed sys- 
tematically between the three conditions: essentially all bursts 
elicited by dTC were of brief duration; 10% were long in ACh 
+ dTC, while half were long in ACh (Fig. 8, Table 1B). Hence, 
most heteroliganded receptors have a brief burst duration sim- 
ilar to that of dTC homoliganded receptors. However, since the 
binding data indicate that most AChR have at least one bound 
dTC molecule at the concentration of dTC used, it is very likely 
that some of the long-duration bursts in ACh + dTC arise from 
heteroliganded receptors as well. An earlier study of current 
relaxations after voltage jumps in the presence of mixtures of 
agonists (Trautmann and Feltz, 1980) concluded that the burst 
duration of heteroliganded receptors was closer to that of the 
pure agonist producing the briefer bursts. 

Correlation between binding and functional data 

The data were analyzed to relate the binding of dTC to the 
functional consequences of the binding. The hypothetical scheme 
shown in Figure 9 was used in this analysis (scheme 1). Although 
scheme 1 has many parameters, it is the simplest scheme that 
incorporates the observations that there are two binding sites 
on a single AChR, which have different affinities for ligands. 
The data have not been acquired over a sufficient range of con- 
centrations to allow unconstrained fitting of the predictions of 
the scheme to the data. However, the dissociation constants for 
dTC determined from the binding data can account for the 
functional data when reasonable values for other parameters are 
used. 

In Figure 9, R represents an AChR. Each AChR has two sites 
that can bind either ACh or dTC. It is assumed (see Discussion) 
that the sites have different dissociation constants for both ACh 
and dTC. There are four dissociation constants: Kl and K2 are 
the high- and low-affinity dissociation constants for ACh and 
Ll and L2 the constants for dTC. As indicated in Figure 9, it 
is assumed that the site that has a high affinity for dTC also has 
a high affinity for ACh. The ion channels can open (R* in Fig. 
9). There are four opening ratios shown (the ratio of the channel 
opening rate to the channel closing rate): R3 for AChR dili- 
ganded with ACh, P3 for AChR diliganded with dTC, Rl for 
AChR with one bound ACh molecule (assumed identical for 
AR and RA), and Pl for AChR with one bound ACh and one 
bound dTC (assumed identical for ARC and CRA). The opening 
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Figure 8. Burst duration histograms for single channels evoked by 100 
nM ACh IA). 100 nM ACh ~1”s 400 nM dTC (B). and 400 nM dTC (C). 
The solid lines show the sum of two exponentials (A, B) or a single 
exponential (C); the dotted lines show individual components in A and 
B. Histograms are displayed with square root scaling for the ordinate 
and logarithmic scaling for the abscissa (Sigworth and Sine, 1987). Note 
that the mean duration for an exponential component occurs at the peak 
value in these plots, and that the presence of multiple components is 
apparent from the breadth of the distributions. The histograms con- 
tained 275, 545, and 64 bursts, respectively, and are derived from the 
records shown in Figure 7. The components fit to the distributions had 
the following time constants, percentages of total calculated area, and 
calculated frequencies, for ACh alone: 0.37 msec, 59%, 1.9 set’ and 
2.6 msec, 41%, 1.3 set-I; ACh plus dTC: 0.37 msec, 87%, 11.1 set-’ 
and 1.7 msec, 13%, 1.7 set-I; dTC alone: 0.27 msec, lOO%, 3.1 set-I 

ratio has also been termed efficacy (Colquhoun and Sakmann, 
1985). 

The apparent dissociation constants for dTC binding (Ll and 
L2) were set to the values obtained in the binding experiments. 
Other parameters were then estimated by adjusting them one 
at a time to provide an adequate fit by eye, as described below. 

Fetal-type receptors 
The first step was to examine the dose-response curve for ACh 
alone (Fig. 6B, solid symbols and solid line). A logarithmic dose- 
response plot is, in general, nonlinear. The slope at low [ACh] 
approaches the minimal number of bound ACh molecules re- 
quired to produce measurable probability a receptor will have 

AR’A 
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R3 

ARA 

A K&l I/;;: hi 
AR*C _p1\ ARC R CRA- CR’A 

RC CR 
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Figure 9. The reaction scheme used in analyzing the data. See the text 
for further description ofthe scheme and the determination ofparameter 
values. The major features of this scheme are that dTC (C) and ACh 
(A) bind competitively to two sites on an individual AChR (R). dTC 
binds to the two sites on the ACh receptor with affinities LI and L2. 
ACh binds with affinities KI and K2. In the calculations it was assumed 
that the high-affinity dTC site is the same site as the high-affinity ACh 
site. Receptors with two ACh molecules bound that have a closed chan- 
nel (MU) open (to AR*A) with a ratio of opening rate constant to closing 
rate constant R3, while receptors with two dTC molecules bound (CRC) 
have an opening ratio P3. Receptors with one bound ACh molecule 
have an opening ratio RZ, assumed identical for AR and RA. Hetero- 
liganded receptors have an opening ratio PI, assumed to be identical 
for both CRA and ARC. The parameter values used in aeneratina the 
curves for data from Q-A33 cells shown in Figures 3A and 6A are Ll 
= 60 nM, L2 = 1031 nM, Kl = 5 PM, K2 = 500 PM, Pl = 0, P3 = 0, 
Rl = 0.0075, and R3 = 40. The parameter values used in generating 
the curves for data from Q-F18 cells shown in Figures 3B, 5B, and 6B 
are Ll = 65 nht, L2 = 1091 nM, Kl = 1 PM, K2 = 500 PM, Pl = 0.42, 
P3 = 0.0003, RI = 0, and R3 = 100. 

an open channel; for Q-F1 8 cells the slope approaches a value 
of 2 (Fig. 6B, dotted line). This suggests that the contribution 
of open channels with one bound ACh molecule is negligible. 
Rl was therefore set to 0 (the maximal value for RI consistent 
with the data in Fig. 6B is 1 x lo-‘, about 1 x 1O-5 that for 
AChR with two bound ACh). At high [ACh] the slope will 
decrease to 0 (as binding and activation saturate), or even to 
negative values if block or desensitization develop. The cur- 
vature in the dose-response relationship shown in Figure 6B 
can be described using a value for Kl of 1 PM (solid line). The 
values of K2 and R3 cannot be determined from the data in 
Figure 6B, since the maximal response was not determined and 
over this concentration range they appear only as the ratio R3: 
K2. However, studies of the peak currents and opening rates 
seen in response to rapid applications of ACh to patches excised 
from Q-F18 cells (D. J. Maconochie and J. H. Steinbach, un- 
published observations) indicate that the fetal AChR have low- 
and high-affinity sites for ACh, and that the channel opening 
rate constant is much larger than the closing rate constant. The 
value for Kl is in the range of l-10 PM (as indicated from the 
data in Fig. 6B) and that for K2 is close to 1 mM. For the 
succeeding analysis, it was assumed that K2 has a value of 500 
PM and R3 of 100. 
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The next step was to fix the dissociation constants for dTC 
at the values obtained in binding experiments (Fig. 4; Ll = 65 
nM, L2 = 109 1 nM). The opening ratio for receptors occupied 
by two dTC molecules was then estimated from the maximal 
current elicited by dTC alone (Fig. 5B). This resulted in a value 
of 3 x 10m4 (i.e., about 3 x 10m6 that for AChR with two bound 
ACh molecules). The final step was to estimate the value for P 1 
from the dose-effect curves for dTC on currents elicited by ACh 
(Fig. 3B). This was done by adjusting the value of Pl to provide 
an adequate description of the data obtained at all ACh and 
dTC concentrations shown, while keeping values for all the other 
parameters constant. This resulted in a value of P 1 = 0.42 (about 
4 x 10m3 that for AChR with two bound ACh molecules). 

In sum, values of Kl , R 1, P 1, and P3 were estimated from 
the data in figures 3B, 6B, and IB, while values for K2 and R3 
were assumed. The values used were Kl = 1 PM, K2 = 500 FM, 

Ll = 65 nM, L2 = 1091 nM, Rl = 0, R3 = 100, Pl = 0.42, and 
P3 = 0.0003. These values produced reasonable descriptions of 
the relative responses as a function of [dTC] (Fig. 5B) and [ACh] 
(Fig. 6B), as well as the effects of dTC on responses to ACh 
(Figs. 3B, 6B). 

Adult-type receptors 
This scheme is simpler for the adult-type receptors expressed 
by Q-A33 cells, as there was no evidence that dTC produced 
appreciable activation of AChR. Hence, P3 was set to 0 (sub- 
sequent modeling suggested that the upper limit for P3 would 
be 5 x 10-6). Similarly, there was no indication that channels 
opened when one ACh and one dTC were bound, so Pl was 
also set to 0 (again, an upper limit appears to be about 5 x 
1 O--4). The dissociation constants for dTC were taken from the 
binding data (Fig. 4) as Ll = 60 nM and L2 = 1031 nM. 

At low [ACh], the logarithmic ACh dose-response curve for 
Q-A33 cells has a slope less than 2 (Fig. 6A). The reduction in 
slope suggests that there is a measurable contribution of open 
channels from AChR with only one bound ACh. In addition, 
the reduction at higher [ACh] is less marked than for Q-F18 
cells (compare to Fig. 6B), suggesting that the value of Kl for 
adult-type AChR is larger. The dose-response relationship could 
be described using values for Kl of 5 PM and for Rl of 7.5 x 
1 Om3 (solid line in Fig. 6A). However, these values could not be 
estimated separately because over the concentration range tested 
they appear largely as the ratio Rl:Kl. The value used for Kl 
is the smallest (i.e., the highest affinity) estimate consistent with 
the data, so the value for Rl is a lower limit. As was the case 
with data from Q-F1 8 cells, values for R3 and K2 were assumed, 
based on results from rapid applications of ACh to excised 
patches (D. J. Maconochie and J. H. Steinbach, unpublished 
observations). K2 was assumed to be 500 PM and R3 to be 40. 

In sum, Pl and P3 were set to 0. Values for Kl (a minimal 
value) and Rl (a minimal value) were set from the data in Figure 
6A, and values for K2 and R3 were assumed. The values used, 
were Kl = 5 FM, K2 = 500 PM, Ll = 60 nM, L2 = 103 1 nM, 
Rl = 7.5 x 10m2, R3 = 40, Pl = 0, and P3 = 0. These values 
produced reasonable descriptions of the ability of ACh to elicit 
responses (Fig. 6A) and the ability of dTC to block responses 
to ACh (Figs. 3A, 7A). 

One interesting observation is that there are two independent 
indications that the fetal-type receptor has a higher affinity value 
for Kl than does the adult-type AChR. One is the greater cur- 
vature of the dose-response relationship at 1 FM ACh (Fig. 6). 
The second is that dTC is less effective at blocking responses 

to 1000 nM ACh from Q-F18 cells than Q-A33 cells (compare 
Fig. 3A,B). When fit with the Hill equation, the K,, values are 
143 -t 19 nM for fetal receptors and 56 -t 10 nM for adult 
receptors (the error estimates are 90% confidence intervals for 
the fit value). This difference is predicted by scheme 1, as shown 
by the fits in Figure 3, and the shift reflects greater binding 
competition between ACh and dTC for the fetal-type receptors. 

Discussion 

These results indicate that dTC binds to the fetal and adult types 
of muscle nicotinic receptor with indistinguishable affinities. 
However, the ability of dTC to block ACh-elicited responses 
differs. The results are consistent with the hypothesis that the 
difference arises because dTC can serve as a weak agonist at 
fetal AChR, and that the channels of fetal receptors with one 
ACh and one dTC molecule bound have a measurable proba- 
bility of being open. 

A central point in this hypothesis is that the interaction be- 
tween ACh and dTC takes place by the occupation of the two 
sites on a single AChR, rather that, for example, reflecting the 
existence of multiple types of AChR. This conclusion is sup- 
ported by two observations. First, dTC reduces the slope of the 
low ACh concentration dose-response curve for fetal receptors 
(Kopta and Steinbach, 1994; Fig. 6B). Hence, binding of dTC 
alters the number of bound ACh molecules needed for AChR 
activation. Second, the dose-effect curve for dTC in the presence 
of 40 nM or 100 nM ACh shows a characteristic humped shape 
(Fig. 3B). The dose-effect curve for dTC alone does not show 
this shape, suggesting that the decrease at higher [dTC] results 
from the occupation by dTC of both sites on one AChR. The 
shape is also the strongest qualitative evidence that the affinities 
measured in the binding assay (Fig. 4) are relevant to activation 
of fetal AChR by dTC, as the enhancement and eventual block 
develop at appropriate concentrations of dTC. 

We have also performed some additional analysis to relate 
the binding of dTC to the functional consequences of the bind- 
ing. The affinities for dTC measured in binding experiments are 
consistent with the observed dose-effect relationships for fetal 
and adult cells, when reasonable values for other parameters are 
used. 

Correlation of binding and functional consequences 
The activation scheme used (scheme 1, Fig. 9) is complicated, 
but is the minimal scheme necessary to account for the data. 
There are many versions of scheme 1 that are more complex 
and that would likely describe the data more accurately (e.g., 
the opening ratios for CRA and ARC forms might differ), and 
additional states might also improve the description (e.g., ac- 
tivation of fetal AChR with a single dTC molecule bound). 

Several assumptions were made in scheme 1 (Fig. 9). Two 
center on the description of binding. The available data strongly 
support the idea that the appearance of two affinities for dTC 
binding reflect the existence of sites with different affinity, rather 
than allosteric modulation of affinity (Sine and Taylor, 198 1). 
Further, photolabeling of AChR indicates that the dTC-binding 
sites include regions of the y and 6 subunits, as well as LY (Ped- 
erson and Cohen, 1990; Chiara and Cohen, 1992) and expres- 
sion of cloned subunits has shown that the LY-~ pair produces a 
high-affinity site, whereas the cu-6 pair produces a low-affinity 
site (Blount and Merlie, 1989; Sine and Claudio, 199 1). Several 
studies of AChR activation have concluded that ACh also has 
two sites of different affinities on the AChR (Jackson, 1988; Sine 
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et al., 1990; D. J. Maconochie, unpublished observations). Bio- 
chemical studies have not clearly resolved ACh binding to sites 
on the nondesensitized AChR (but see Blount and Merlie, 1989) 
so the lack of allosteric modulation is assumed by analogy. It 
is also assumed that binding of ACh is not altered by binding 
of dTC to the other site on the AChR. A second question is 
whether the site that binds dTC with high affinity binds ACh 
with high or low affinity. As shown in Figure 9, the predictions 
were generated assuming that the high-affinity site for dTC is 
also the high-affinity site for ACh. The converse assumption 
(Blount and Merlie, 1989) generated slightly lower-quality (by 
eye) descriptions of the data for Q-F18 cells, using a value of 
0.026 for Pl (all other values remained the same), and slightly 
better descriptions of the data from Q-A33 cells (all values 
remained the same). Some other assumptions were made purely 
for simplicity: the opening ratio (Pl) was made identical for 
both forms of the heteroliganded AChR, and no activation of 
AChR was allowed after binding of a single dTC. 

As shown in Figures 3, 5, and 6, this scheme can produce a 
reasonable description of all of the data. However, there are 
some features of the data that do not agree with this simple 
analysis. The predicted curves in Figure 3Bdo not exactly match 
the data, particularly that for current elicited by 40 nM ACh, 
and the concentration dependence for activation by dTC is flat- 
ter than predicted (Fig. 5). These differences might be the result 
of some inaccuracy in the values for ACh binding or activation, 
or the activation of AChR with one bound dTC molecule. 

The role of desensitization 

The effects of dTC do not appear to involve desensitization. 
There was no obvious decrement in current during responses 
to high concentrations of dTC alone (Fig. 5), and it is difficult 
to explain the dose-effect curves in Figure 3B on the basis of 
desensitization. Binding studies using intact cells have also in- 
dicated that dTC does not appear to desensitize fetal AChR, 
since there is no time dependence in the ability of dTC to reduce 
the binding of I-BTX (Sine and Taylor, 1979). 

The data on activation and block by dTC indicate that dTC 
binding occurs at the ACh-binding site. The observation that 
dTC produces little desensitization even at high site occupancy 
is consistent with two possibilities. The doubly liganded but 
closed state of the receptor may desensitize much more slowly 
than the open state for all agonists, or the rate of desensitization 
may be sensitive to the nature of the agonist. 

Studies of other partial agonists 
The actions of succinyldicholine and decamethonium as partial 
agonists also have been examined (Adams and Sakmann, 1978; 
Marshall et al., 1990, 199 1; Liu and Dilger, 1993). Analysis of 
currents through single open channels at frog neuromuscular 
junctions activated by succinyldicholine indicated that its dose- 
effect relationship could be explained by a lower open ratio than 
ACh, combined with a greater ability to block channels (Mar- 
shall et al., 1990). The ratio of the opening to closing rates for 
AChR with two bound succinylcholine molecules (P3) was es- 
timated to be about 4.8, compared to 40 for ACh (Colquhoun 
and Sakmann, 1985). The main factor was an estimated lo-fold 
lower opening rate, with little change in closing rate. Liu and 
Dilger (1993) performed experiments similar to those presented 
here using rapid applications of mixtures of ACh and deca- 
methonium to mammalian fetal receptors. They concluded that 
decamethonium is a true partial agonist, with a opening ratio 

for the diliganded form (P3) of about 0.0 16 compared to 20 for 
ACh (a relative efficacy of 8 x 10--4). Again, the main factor 
was a large decrease in the channel opening rate. The hetero- 
liganded form (Pl) had an opening ratio of about 2.5 (0.125 
times that for ACh diliganded AChR). Decamethonium, there- 
fore, is about 200-fold more efficacious than dTC as an agonist 
at fetal-type receptors. None of these studies, however, have 
obtained independent data on the binding of the partial agonists 
to the receptors. 

Comparison to previous findings 

Sine and Taylor (198 1) found that curariform antagonists blocked 
both the binding of iodinated ol-cobrotoxin and the 22Na+ uptake 
elicited by 30 PM carbamylcholine when the fetal-type AChR 
expressed by clonal BC3H-1 cells were studied. In general, the 
functional block was well described by the affinities derived from 
studies oftoxin binding, although a slight tendency was observed 
to lower amounts of block than predicted. However, a higher 
agonist concentration was used by Sine and Taylor (198 l), and 
dTC itself was not examined in their experiments. Hence, the 
enhancement of response that we have observed at low con- 
centrations of ACh and dTC might not have been as manifest 
under the conditions they used. 

Our observations resolve apparent contradictions between 
previous studies of dTC binding, which found no difference 
between fetal and adult AChR, and of functional block by dTC, 
which found that fetal AChR are blocked less effectively. It is 
likely that the concentrations of ACh applied to denervated 
muscle fibers were relatively low, and so the partial agonist 
action of dTC at fetal AChR was apparent. Our data suggest, 
however, that dTC should be approximately equieffective at 
blocking neuromuscular transmission regardless of whether the 
postsynaptic receptors are of fetal or adult type. The cleft con- 
centrations of ACh are so high during transmission (probably 
> 100 PM) that any partial agonist action of dTC would be neg- 
ligible. 

In sum, we have measured affinities for dTC and the func- 
tional consequences of dTC binding. The data resolve some 
previously discordant observations. They also demonstrate that 
the binding steps hypothesized to occur in the functional effects 
of dTC can be directly measured in a biochemical binding assay. 
The occupancy predicted from the binding parameters is con- 
sistent with the ability of dTC to act as a competitive antagonist 
for adult AChR and as a partial agonist for fetal AChR, using 
a standard scheme for receptor activation. 
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