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I. Introduction 

The scientific world was first introduced to the nico- 
tinic receptor by Langley (1906), who reported a 
~ s u b s t a n c e . . ,  combining with nicotine 
and curare" and associated with the contraction of 
skeletal muscle. Since then, the nicotinic receptor 
has been studied extensively, and has served as a 
model for the rapid gating of ionic permeability 
changes by a neurotransmitter. 

The first intracellular recordings of synaptic 
transmission demonstrated a localized conductance 
increase associated with the action of acetylcholine 
(ACh) (Fatt & Katz, 1951, 1952). Although revers- 
ible binding of a drug with its receptor was not a 
new concept (Clark, 1933), the distinction between 
the agonist binding reaction and the subsequent 
opening of an ion channel was not made until later 
(del Castillo & Katz, 1957a,b). Virtually all subse- 
quent work on the ACh receptor has attempted to 
answer two kinds of question that are intrinsic to 
the del Castillo and Katz proposal. On the one 
hand, we would like to know something about the 
rates and affinities of the ACh binding reactions and 
of the conformational changes. On the other, we 
would like to learn about structural components of 
the AChR receptor that are associated with these 
events. Significant progress has been made in ad- 
dressing these questions, but they are not as yet 
fully answered. 

At the time of the last review of AChR kinetics 
in this journal (Adams, 1981), our understanding of 
the kinetic behavior of currents activated by ACh 
was based principally on macroscopic measure- 
ments of current relaxations and fluctuations. Anal- 
ysis of fluctuations (noise) in the current recorded 

Key Words nicotinic receptor �9 acetylcholine receptor. 
channel gating �9 structure �9 function relationship �9 synaptic trans- 
mission �9 neuromuscular junction 

from voltage-clamped frog muscle fibers in the pres- 
ence of low concentrations of ACh indicated a sin- 
gle spectral component (Lorentzian), which could 
be accounted for if ACh induced rectangular single 
channel openings with a mean duration of 1 msec. 
According to the prevailing view at that time, recep- 
tor activation occurs in two distinct phases in which 
the fast binding of agonist molecules is followed by 
relatively slow isomerization of the channel to the 
open state (Magleby & Stevens, 1972; Anderson & 
Stevens, 1973). In retrospect, it is now apparent 
that, even prior to the use of single channel record- 
ing techniques, this view was inconsistent with the 
then available data. There was good evidence that a 
high concentration of agonist can open a relatively 
large (>90%) proportion of available channels. Fur- 
thermore, the channel closing rate (the inverse of 
the open channel lifetime) was assumed to be 1000 
sec -1. Together, these require a channel opening 
rate well in excess of 1000 sec -1, which would make 
it the same order of magnitude as independent esti- 
mates of the agonist dissociation rate. 

Colquhoun and Hawkes (1977) extended the 
treatment of Stevens (1972) by applying the matrix 
methods of Eigen and de Maeyer (1963) to the be- 
havior of ligand-gated ion channels. Using the evi- 
dence from relaxation and fluctuation measure- 
ments, they predicted that isomerization of the 
channel to the open state might be at least as fast as 
agonist dissociation and that as a consequence a 
receptor with agonist bound would flicker between 
open and closed states, producing a series or 
"burs t"  of closely spaced openings. They indicated 
that therefore the 1-msec spectral component seen 
in fluctuation experiments was an estimate of the 
mean duration of bursts of channel openings rather 
than single openings. 

Over the last ten years, experimental advances 
in two areas, the use of high resolution measure- 
ments of currents through single ACh-activated ion 
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channels and alterations of the structure of subunits 
comprising the acetylcholine receptor, have held 
out the hope that it might be possible to understand 
the kinetic and structural questions outlined above. 
In this review, we have chosen to focus on three 
particular questions which have occupied research- 
ers over the last ten years and have depended in 
large measure on these newer experimental ap- 
proaches. First, for the major classes of acetylcho- 
line receptor found in muscle, what is now known 
about their activation properties? Second, how 
many kinds of ACh receptor are there in muscle 
membrane? Third, what has been learned about the 
structural features of the receptor which may be 
important for understanding the activation of the 
receptor? There are a number of other important 
questions about ACh receptor function, including 
the mechanisms of desensitization and certain types 
of channel blockade, which remain largely unre- 
solved and require further investigation. 

II. Single Channel Currents Reveal Rates for 
Receptor Activation 

This discussion of the activation behavior of neuro- 
muscular ACh receptors will be organized as fol- 
lows. First, we will present a general overview of 
the kinds of data used to analyze receptor activa- 
tion, and how kinetic information can be extracted 
from these data. Second, the kinds of activation 
models which have been considered and the impli- 
cations of those models will be outlined. Finally, 
some of the experimental observations and how 
they relate to particular activation schemes will be 
summarized. 

The now classical kinetic model for activation 
of the neuromuscular ACh receptor is: 

A + R  k§ A R + A  k., . " - ' A 2 R .  "A2R*. (1) 
k-i  k-2 a 

In this model, the closed or inactive receptor/chan- 
nel (R) undergoes the sequential binding of two ago- 
nist molecules, with association rates k+~ and k+2 
and dissociation rates k_~ and k-2 before a confor- 
mational change occurs to the open channel state 
(R*), with opening rate constant/3 and closing rate 
constant a (Katz & Thesleff, 1957). This model is an 
extension of the single agonist binding model of del 
Castillo and Katz (1957a,b), and still summarizes 
reasonably well both the major features of single 
channel records and macroscopic aspects of cholin- 
ergic function. The critical question that has chal- 
lenged investigators over the last ten years has been 

to define the microscopic rate constants (a,/3, etc.) 
that are associated with the above scheme. 

A. BURSTS AND CLUSTERS OF OPENINGS 

1. Bursts of  Openings at Low Agonist 
Concentrations Reveal Rates for Steps Close to 
the Open State 

Within single channel data, it is the duration and 
frequency of occurrence of closed periods between 
openings which can provide the most information 
about the mechanisms of receptor activation and 
the associated rate constants. Referring to scheme 1 
above, when an open channel closes to the A2R 
state, two things may happen. The channel can ei- 
ther lose a bound agonist molecule (returning to the 
AR state), or it can re-open (A2R* state). If/3, the 
channel opening rate is of the same order of magni- 
tude or greater than the agonist dissociation rate 
k-2, then the single channel current will be inter- 
rupted by short channel closures or gaps. 

The particular kind of grouping observed at low 
agonist concentrations is called a "burst" (Colqu- 
houn & Hawkes, 1977, 1981). Colquhoun and 
Sakmann (1981; see also Nelson & Sachs, 1979) 
first observed bursts of openings, which are now 
known to be a general feature of single channels 
activated by ACh. 

Based on scheme 1, two kinds of closed gaps 
may, in fact, be expected to occur within bursts at 
low agonist concentrations. The first kind of gap 
(often called the fast gap) predicted at low agonist 
concentrations reflects the brief closing of the chan- 
nel to state A2R. At the low concentration limit, 
there would be on average [3/k-2 of these fast gaps 
within a burst. Furthermore, the mean duration of 
such closures within bursts would be given by 
1/(/3 + k-2). For simplicity, we shall refer to this 
particular type of closure as an A2R closure. The 
mean burst duration would be (1 + ([3/k_2)(1/a) + 
([3/k_2)(1/(t3 + k-z)). If the channel opening and ag- 
onist dissociation rates are rapid compared to the 
channel closing rate, the right-hand term can be ne- 
glected. 

In cases to which scheme 1 applies, therefore, 
accurate determination of the duration and number 
of the A2R closures within bursts and the mean du- 
ration of open periods within bursts will define the 
important kinetic parameters,/3, o~, and k-2. This is 
the most generally used strategy for estimating the 
activation characteristics of ACh receptors. 

A second type of closed gap (intermediate gap) 
within a burst is predicted to occur when a channel 
closes to the A2R state, loses one of its ligands (to 
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return to the AR state), but before it can lose the 
remaining ligand, binds another ligand to return to 
the A2R state, and then re-opens. This sequence of 
events is relatively improbable at low agonist 
concentrations, but becomes more likely at higher 
agonist concentrations. Analysis of single channel 
records at low agonist concentrations typically re- 
veals a second closed interva! component of longer 
duration and low frequency of occurrence (Sine & 
Steinbach, 1984a; Colquhoun & Sakmann, 1985)_ 
However, it has not been established that the exper- 
imentally observed gaps are indeed the "intermedi- 
ate gap" expected from scheme 1. 

2. Clusters o f  Openings at High Agonist 
Concentrations Reveal Rates for Agonist Binding 

ACh receptors at the neuromuscular junction ex- 
hibit desensitization (Katz & Thesleff, 1957). Con- 
tinuous exposure to ACh, even at concentrations 
which produce barely detectable activation of cur- 
rent, results in a reversible decrease in the ability of 
channels to open in response to ACh. Desensitiza- 
tion is thought to reflect a conformational alteration 
of the receptor to some set of states from which 
opening is much less likely. With ACh concentrw 
tions above about 20/xM, more than 99% of recepo 
tors are desensitized at equilibrium. However, de- 
sensitized receptors will be expected to return with 
some finite probability to the set of activatable 
states described by scheme 1. When that occurs, a 
series of openings and closings governed by the re- 
action rates of scheme 1 will then occur, followed 
by a long silent period resulting from the return of 
that channel to a desensitized condition. Such 
groupings of openings at higher agonist concentra- 
tions have been termed "clusters" to distinguish 
them from the mechanistically different "bursts" 
observed at lower agonist concentration. Such be- 
havior was first described by Sakmann et al. (1980) 
in rat muscle. 

Although desensitization poses a severe prob- 
lem for the analysis of the dose-response character- 
istics of the whole-cell cholinergic current, at the 
single channel level desensitization is an advantage. 
Since clusters are believed to reflect the behavior of 
a single ion channel protein, the analysis of events 
within a cluster can in theory provide direct infor- 
mation not only about the dose-response behavior 
of the ACh receptor, but also about the microscopic 
kinetic transitions among activatable states. In par- 
ticular, as the agonist concentration is increased the 
time spent in closed periods during clusters will di- 
minish in accordance with the reaction rates of the 
activation process. Thus, the fraction of time that a 

channel is open during a cluster (i.e., the probability 
that the channel is open or Popen) provides a direct 
indication of the equilibrium distribution among 
open and closed states as a function of agonist con- 
centration in the absence of desensitization. 

Several parameters can be obtained from the 
evaluation of clusters over a range of agonist con- 
centrations. The concentration of agonist which 
results in a half-maximal popen is essentially equiva- 
lent to a rapid flux measurement of the apparent K, 
for 50% activation of receptors, but in the absence 
of desensitization. At higher agonist concentrations 
Popen approaches an asymptote of/3/(a + fl), which 
is the fraction of doubly liganded channels which 
are open at saturating concentrations of agonist. 
Also, at saturating agonist concentrations, the mean 
duration of the gaps within a cluster approaches the 
inverse of the channel opening rate, (1//3). The du- 
ration of this concentration-dependent gap, fre- 
quently called the ~Y gap, at limiting high agonist 
concentrations can therefore provide an estimate of 
/3 independent of estimates obtained at low agonist 
concentration. 

The properties of clusters of openings at high 
agonist concentrations have been exploited in a 
number of studies (Ogden & Colquhoun, 1983; 
Auerbach & Lingle, 1986, 1987; Igusa & Kidokora, 
1987; Colquhoun & Ogden, 1988) and, in some 
cases, information about ACh receptor activation 
has been inferred from both low and high concentra- 
tion information. The analysis of receptor activa- 
tion at concentrations of agonist in an intermediate 
range (e.g., 1-10 /J.M ACh) has been harder, since 
unambiguous identification of clusters in this con- 
centration range can be difficult. 

A critical assumption in this type of work is that 
clusters at high agonist concentration do in fact rep- 
resent the normal behavior of the receptor as it un- 
dergoes transitions among conformational states in 
the normal activation pathway of the receptor. This 
assumption is supported by the fact that the proper- 
ties of the receptor obtained from analysis of clus- 
ters generally agree with the properties of the recep- 
tor predicted from data obtained at low agonist 
concentrations (Ogden & Colquhoun, 1983; Colqu- 
houn& Sakmann, 1985; Auerbach & Lingle, 1987; 
Sine & Steinbach, 1987). 

To summarize, both low and high agonist con- 
centrations have been used in evaluating ACh re- 
ceptor activation. Channel openings activated by 
cholinergic agonists are organized into different 
types of groupings depending on whether the data 
are obtained at low or high agonist concentrations. 
The mechanistic significance of such groupings, 
therefore, differs. 

To estimate reaction rates, the frequency and/ 
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or duration of particular open and closed intervals 
are interpreted using equations relating the mea- 
sured intervals to those rates through procedures 
defined by Colquhoun and Hawkes (1977, 1981). In 
addition, estimates of concentration-dependent 
rates (k.~A, k+2A) require quantitative dose-re- 
sponse data. Even concentration-independent rates 
(e.g.,/3 and k-2) must be examined for consistency 
across a range of concentrations. An approach 
which may offer some advantages in obtaining good 
estimates of rate constants would be to fit the raw 
data or the interval distributions directly with a ki- 
netic model (Horn, 1987; Sine et al., 1990), thereby 
eliminating the need to estimate interval time con- 
stants and amplitudes. A significant extension of 
this procedure will be the simultaneous fitting of 
models to data collected over a range of conditions, 
e.g., voltages and/or concentrations. 

B. SEVERAL FACTORS HAVE COMPLICATED THE 
ASSESSMENT OF ACTIVATION BEHAVIOR 

As described above, the estimation from single 
channel data of the reaction rates for activation of 
the ACh receptor should be straightforward. Unfor- 
tunately, several difficulties, both analytical and 
technical, have conspired to complicate the deter- 
mination of reaction rates. The main problem is that 
single channel records usually have more kinds of 
gaps within bursts than are predicted by scheme 1 
(see below). In addition, in some cases that have 
been carefully examined a nominal single compo- 
nent may actually be better described as being com- 
posed of two exponentials (Colquhoun & Sakmann, 
1985). 

A second analytical difficulty is that it has not 
been easy to quantify the properties of the closed 
gaps expected to be involved in activation. In some 
cases, two components may be difficult to separate 
(Auerbach & Lingle, 1987). In other cases, an ex- 
pected gap component may contribute a relatively 
small proportion to the total number of observed 
gaps. Both of these situations may be entirely con- 
sistent with a particular model and set of rate con- 
stants (Colquhoun & Sakmann, 1985; Auerbach & 
Lingle, 1987; Sine & Steinbach, 1987), but when 
components are poorly resolved in the closed time 
distributions, estimates of reaction rates will be un- 
reliable. 

A related problem, which is unique to high ago- 
nist concentration experiments, is that the closed 
interval distribution may be dominated by brief gaps 
resulting from blockade of the ion permeation path- 
way by agonist (Sine & Steinbach, 1984b; Ogden & 
Colquhoun, 1985). Although such blocking gaps 

may be exceedingly short, their frequent occur- 
rence tends to skew estimates of gating gaps, espe- 
cially at higher agonist concentrations. The final dif- 
ficulty in accurately assessing kinetic rates, largely 
a technica/one, is that the shortest duration closed 
intervals involved in ACh receptor activation are 
close to the limits of resolution. A large fraction of 
the shortest events are not detected with single 
channel recording methods. As a result, estimates 
of the duration and number of these gaps has to be 
made following corrections based on the number of 
gaps thought to be missed, given the particular re- 
cording bandwidth. Although a number of proce- 
dures for such corrections have been developed 
(Blatz & Magleby, 1986; Roux & Sauve, 1985; 
Crouzy & Sigworth, 1990), all are intrinsically 
model dependent. Furthermore, there is no assur- 
ance that the measured fast gaps represent a single 
population. 

In the case of estimates of Popen, two types of 
difficulties arise. First, the problem of channel 
blockade by agonist can influence Popen estimates as 
saturation of receptor activation is approached. 
Hence, an estimate Of Popen without a correction for 
channel block will give an inaccurate estimate of 
activation parameters. However, since acetylcho- 
line is much more potent as an agonist than a chan- 
nel blocker, the concentration at which half-maxi- 
mal activation occurs can be estimated without too 
much error. The second problem with Popen estima- 
tion is that some gaps, which occur within clusters, 
may not be involved in the channel activation path- 
way (see below). If such gaps not are excluded, they 
will result in an underestimate of pope n. Although in 
some cases these gaps do not occur at a rate high 
enough to significantly alter Pop,n, it is better to esti- 
mate the number and duration of such gaps and 
simply correct the Popen estimate. Of course, this 
does not address the question of what physical pro- 
cess such gaps actually represent. 

These problems have resulted in some disarray 
in the assessment of activation rates for the AChR. 
Different research groups have associated different 
closed time components with activation events to 
make kinetic estimates. In addition, the measure- 
ment of the duration and frequency of fast gaps may 
in some cases be limited by the recording band- 
width, missed-event correction methods, or the oc- 
currence of blocking events in high agonist experi- 
ments. Many of the problems that occur result in 
underestimates of the rates of the channel confor- 
mational changes. 

The comparison of quantitative estimates of 
rate constants made in different studies can be a 
problem for two main reasons. First, there is the 
problem of correctly interpreting components of the 
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open and closed time histograms in terms of scheme 
1. Second, although only incomplete data are avail- 
able, it is clear that several rates depend on experi- 
mental variables such as membrane potential, tem- 
perature and the ion composition of the bath 
solution. These conditions vary among studies and 
the appropriate correction factors are not known. 
This section and the following one will emphasize 
data obtained under comparable conditions, and 
will seek to extract relatively general conclusions. 

Results described below include observations 
from both embryonic and adult forms of the neuro- 
muscular AChR (see III). A number of studies indi- 
cate that the activation behavior of these receptors 
differs (Auerbach & Lingle, 1987; Jaramillo & 
Schuetze, 1988), and it should be kept in mind that 
some of the differences between studies may reflect 
which form of the receptor is being studied. 

C. EXPERIMENTALLY MEASURED DURATION 
DISTRIBUTIONS SHOW MULTIPLE COMPONENTS 

1. Open Interval  Durat ions  S h o w  
Two C o m p o n e n t s  

The distribution of the duration of open intervals 
has in general at least two components, although 
scheme 1 would predict only one. The shorter dura- 
tion component has a mean time constant of about  
100-400 /xsec. Typically these brief openings are 
isolated events. Short duration openings have been 
observed for virtually every neuromuscular ACh re- 
ceptor that has been examined. There is evidence 
that at least some, and in a few cases, most, of the 
short duration openings result from opening of sin- 
gly liganded ACh receptors. Postulating that the 
channel can open when the receptor is monoli- 
ganded requires that scheme 1 be extended to 

A + R .  
k+l k+2 

" A R  " A2R 

Oq ~I OQ ~2 

k+2 
A R *  . " A2R* 

kL2 

(2) 

That monoliganded receptors can open is inferred 
from the observation that the ratio of long duration 
openings to short duration openings increases lin- 
early over the range of low agonist concentrations 
in some preparations (up to about 1 /.ZM ACh (Col- 
quhoun & Sakmann, 1985; Papke et al., 1988; Kido- 
koro & Rohrbaugh, 1990); up to 20 txM carbachol 
(Jackson, 1988)). Available results do not com- 
pletely eliminate the possibility that short and long 

openings might arise from independent populations 
of receptors with different concentration-response 
characteristics. However, this seems unlikely since 
the ratio of short and long openings is fairly con- 
stant from one patch to another at a given agonist 
concentration (Colquhoun & Sakmann, 1985; Kido- 
koro & Rohrbaugh, 1990), and temporal correla- 
tions between brief and long openings are most con- 
sistent with the idea that a single AChR produces 
both (Sine & Steinbach, 1984a). 

Several observations remain at variance with 
the view that short openings reflect exclusively the 
occurrence of singly liganded openings. For exam- 
ple, clusters of short openings can be observed at 
agonist concentrations above 20 /.ZM (Auerbach & 
Lingle, 1986; see Fig. 1A). These observations 
would seem to reflect either a distinct mode of chan- 
nel opening or a distinct channel variant (see Sec- 
tions Ill and IV). Furthermore, in some prepara- 
tions the frequency of brief openings at higher 
agonist concentrations greatly exceeds that which 
would be expected based solely on scheme 2 (Sine 
& Steinbach, 1984a; Colquhoun & Sakmann, 1985). 

In addition, when a receptor is activated by a 
single tethered agonist molecule both short and long 
duration openings are observed (Chabala & Lester, 
1986). Finally, spontaneous (agonist-independent) 
activation of the ACh receptor has been reported to 
result in both short and long duration openings 
(Jackson, 1986). Clearly, the issue of the factors 
that determine open channel lifetime extends be- 
yond whether one or two agonist sites are occupied. 

2. Burs t  Durat ions  S h o w  Two Componen t s  

The distributions of burst durations at lower agonist 
concentrations broadly mirror the properties of the 
open interval distributions. In most cases, two dis- 
tinct components are observed. The faster compo- 
nent largely corresponds both in duration and in 
number with the short duration open times, indicat- 
ing that the great majority of brief openings occur as 
isolated openings. The longer component of the 
burst length distribution appears to be composed 
primarily of a sequence of long duration openings. 

As outlined above, according to scheme 1 at 
low agonist concentration three reaction rate con- 
stants are predicted to participate in defining the 
average burst duration. Thus, differences in burst 
duration may arise from differences in the agonist 
dissociation rate (k-2), in rates of channel isomeri- 
zation (o~ and/3), or from all three. 

Quite apart from its significance for the evalua- 
tion of reaction rates, the burst, as defined under 
conditions of low agonist concentration, has a 
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Table 1. Properties of closed intervals 
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rl (/zsec) a ~'2 (msec) T3 (msec) T 4 (msec) 

Low [ACh] (-<100 nM) 
Frog NMJ] 20 (96.6%) 0.51 (3.4%) - -  
adult AChR 
Rat muscle; 2 89 (~71%) 1.09 (~23.8%) 14.4 (5.2%) 
embryonic AChR 
BC3H1; mouse 3 48 (86.4%) 0.9 (13.6%) - -  
embryonic AChR 
Xenopus; 4 20-40 (~80%) 0.2-1.0 (20%) - -  
embryonic AChR 

High [ACh] 
BC3H1; mouse 5 40 (66.3%) 0.24 (8.4%) 1.34 (8.4%) 
embryonic AChR 
Xenopus; 6 25 (65%) 0.25 (2%) 3.26 (33%) 
embryonic AChR 

11.96 (12%) 

Notes: 
i Colquhoun & Sakmann, 1985. 12~ -120 mV; bandwidth 4-9 kHz; [ACh] 100 riM. 
2 Jaramillo & Schuetze, 1988. 13~ -120 to -150 mV; bandwidth 4-7 kHz; [ACh] 10-100 riM. 
3 Sine & Steinbach, 1986b. 11~ -100 mV; bandwidth 7.2 kHz; [ACh] 100 riM. 
4 Kidokoro & Rohrbaugh, 1990. 11-16~ 175 mV; bandwidth 5 kHz; [ACh] 100-200 riM. 
5 Sine & Steinbach, 1987. I I~ -120 mV; bandwidth 7.2 kHz; [ACh] 20 ~M. 
6 Auerbach & Lingle, 1987. 23~ -120 mV; bandwidth 5 kHz; [ACh] 10/aM. 
a Each entry gives the time constant and relative prevalence of an exponential component in the 
distribution of closed times. At low [ACh] only closed times within bursts are listed, at high [ACh] only 
closed times within clusters. A dash indicates a component was not seen. 

broader significance in terms of the physiology of 
synaptic transmission. Following evoked release 
from the nerve ending, free ACh is rapidly removed 
by binding and hydrolysis (Magleby & Stevens, 
1972). Thus the mean duration of the long burst 
component closely approximates the average decay 
rate of the synaptic current at both developing and 
adult neuromuscular junction (Kullberg & Owens, 
1986). 

3. Closed Interval Distributions also Show 
Multiple Components 

At low agonist concentrations, at least two kinds of 
gaps are usually discernable within bursts (see Ta- 
ble 1). One gap typically has a mean duration of less 
than 100 /xsec ("brief"  gaps). A second gap of 
about 1 msec duration ('~ gaps) con- 
tributes about 3-20% of closures within bursts at 
low agonist concentrations. Long duration clo- 
sures, separating bursts, are thought to include time 
intervals delineating the activity of an individual re- 
ceptor from another; these gaps will not be dis- 
cussed further. Multiple kinds of closed gaps within 
bursts have been seen in receptors from many 
sources--chick muscle (Auerbach & Sachs, 1983, 

1984), clonal BC3H1 receptors (Sine & Steinbach, 
1986b; Papke et al., 1988), rat muscle (Jaramillo & 
Schuetze, 1988) and amphibian ACh receptors (Col- 
quhoun & Sakmann, 1985; Auerbach & Lingle, 
1987; Igusa & Kidokoro, 1987; Rohrbaugh & Kido- 
koro, 1990). This is true both for embryonic and 
adult types of receptors (Auerbach & Lingte, 1987; 
Jaramillo & Schuetze, 1988; Kidokoro & Rohr- 
baugh, 1990). 

It has not been possible to determine unambigu- 
ously the mechanistic origin of a particular gap. One 
approach has been to determine whether a particu- 
lar kind of gap shows a dependence on the nature of 
the agonist molecule used to activate the channel 
(Colquhoun & Sakmann, 1985; Sine & Steinbach, 
1986a,b; Papke et al., 1988). The argument is that, if 
an observed gap is the AzR gap, it might be ex- 
pected to exhibit pronounced dependence on the 
nature of the agonist. A weaker agonist may have a 
faster k-2 and a slower/3. A second approach to 
attaching significance to a particular gap is to 
choose that gap which yields estimates of/3/o~ that 
are most consistent with the expectations derived 
from the saturating value of Popen observed at higher 
agonist concentrations (Colquhoun & Sakmann, 
1985; Auerbach & Lingle, 1987). Finally, some gaps 
have been shown to be transitions to a subconduc- 
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tance state (Auerbach & Sachs, 1983, 1984; 
Jaramillo & Schuetze, 1988) and are therefore un- 
likely to represent the A2R gap. 

Only two studies have attempted to examine 
the behavior of gaps within clusters of channel 
openings activated at high agonist concentrations 
(Auerbach & Lingle, 1987; Sine & Steinbach, 1987). 
The purpose of such experiments is twofold: first, 
to identify gaps which are clearly associated with 
receptor activation by virtue of their concentration 
dependence, and second, to define a limiting value 
for the concentration-dependent gap at saturating 
agonist concentrations. On BC3H1 cells at ll~ 
four distinct gaps within clusters were identified 
(see Table 1). Overlap of different components 
across the concentration range examined made it 
difficult to identify gaps associated with receptor 
activation (Sine & Steinbach, 1987). However, a 
gap that behaved in accordance with previous low 
concentration results (Sine & Steinbach, 1986b) 
was identified. For Xenopus myocytes at room tem- 
perature, three distinct closed gaps appear within 
clusters of openings activated at concentrations of 
ACh ranging from 10 to 200/xM. The duration of one 
closed component exhibited a clear decrease in du- 
ration with an increase in ACh concentration. The 
limiting value of this gap at high [ACh] should pro- 
vide an estimate of/3, independent of the estimates 
obtained at low agonist concentration. However, as 
described above, estimates of the limiting value 
may be distorted by the presence of gaps due to 
channel block. As a result, current estimates of/3' 
from this method are probably unreliable. 

D. OUR ABILITY TO INTERPRET DURATION 

DISTRIBUTIONS IS LIMITED 

1. Interpretation of  the Duration Histograms 
Requires a Kinetic Model 

Interpretation of the open and closed time distribu- 
tions requires some model framework. Most analy- 
ses have been performed using equations derived 
from scheme 1, with small modifications to account 
for brief openings or excessive numbers of closed 
time components. So the following sections summa- 
rize and compare estimates for the rate constants 
shown in scheme 1. Emphasis is placed on the inter- 
pretation of closed times, and the resulting esti- 
mates of rates for channel opening and agonist asso- 
ciation and dissociation. 

Overall, the use of scheme 1 for the analysis of 
the available data appears to be justified. In particu- 
lar, the variation with agonist concentration of the 
amplitude of whole-cell responses, the frequency of 

occurrence of long duration bursts, and the duration 
of the closed time components all indicate that the 
greater part of the endplate current passes through 
receptors that have two ACh molecules bound. Fur- 
thermore, interpretation of the data in terms of 
scheme 1 has resulted in consistent descriptions of 
data obtained over a reasonable range of concentra- 
tions, and the scheme can be used to describe acti- 
vation elicited by either steady state or transient 
applications of ACh. That there are features of the 
data not accounted for by scheme 1 means that the 
kinetic scheme cannot be considered to be a full 
description of activation. The scheme is used be- 
cause it is the simplest available model that de- 
scribes the major features of AChR activation. 

Since scheme 1 does not provide a complete 
description of most data sets, it must be kept in mind 
that parameter estimates derived in terms of this 
model are tentative. 

2. Gaps Must Have Meaning 

The critical question is how particular gaps are re- 
lated to reaction steps in hypothetical receptor reac- 
tion schemes. In most cases, the fastest observable 
gap has been interpreted to represent the A2R gap, 
while the intermediate component has been inter- 
preted either as the expected intermediate duration 
activation gap (an "AR gap") (Colquhoun & 
Sakmann, 1985) or some other closed state that is 
related directly to the open state but does not par- 
ticipate in the activation pathway (Auerbach & 
Lingle, 1987; Jaramillo & Schuetze, 1988). A nota- 
ble exception to this interpretation is the work of 
Sine and Steinbach (1986b) who interpreted their 
intermediate gap component as an A2R gap, and the 
fast gap as a nongating gap. It is worth considering 
some of the reasons various authors developed in 
making their selections, since it helps to illuminate 
the limits of our current understanding. 

Those authors selecting the brief gap as the im- 
portant AzR gap have used several criteria. First, in 
many cases the estimates of 3/(a + 3) predicted 
from the characteristics of the fast gap correlate 
better with high agonist concentration estimates of 
Popen (Colquhoun & Sakmann, 1985; Auerbach & 
Lingle, 1987; Papke et al., 1988; Kidokoro & Rohr- 
baugh, 1990). However, in BC3H1 cells, even the 
intermediate gap predicts a maximal Popen in excess 
of 0.9. Second, the rise time of miniature endplate 
currents is more consistent with the high estimate of 
/3 obtained from the assumption that fast gaps are 
the A2R gap. Finally, Colquhoun and Sakmann 
(1985) showed that with a series of agonists includ- 
ing two more potent than ACh and one weaker than 
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ACh, the kinetic estimates for/3, o~ and k-2 led to 
predictions of agonist potency consistent with inde- 
pendent estimates. 

Work on BC3HI cells is also of interest in this 
regard. Sine and Steinbach (1986a) took advantage 
of a presumed weak agonist (dimethyl-D-tubo- 
curarine; DMT) which would be expected to be of 
high affinity but low efficacy. It binds to the recep- 
tor quite tightly but results in no measurable flux of 
22Na+ (Sine & Taylor, 1981). Thus,/3 would be ex- 
pected to be quite low and/3/o~ should be relatively 
small. With the higher resolution of single channel 
records, DMT can be shown to activate AChRs at a 
low frequency compared to ACh. Surprisingly, with 
DMT and ACh the frequencies and durations of the 
fast gap component in BC3H1 cells are quite simi- 
lar. As a consequence, it is quite reasonable to ar- 
gue that the fast gap observed in BC3H1 cells prob- 
ably does not reflect the AzR gap. From this basis, 
their reasoning suggested that intermediate gaps 
were more likely to represent A2R gaps. However, 
recent evidence using fast agonist applications to 
patches of BC3H1 membrane suggests that the 
faster gap would result in more likely estimates of 
receptor activation rates (Liu & Dilger, 1991). 

ACh receptors expressed in fibroblasts using 
cDNA sequences for subunits derived from Tor- 
pedo electric organ (see section IV) are a notewor- 
thy exception to this confusing situation. The analy- 
sis of closed time distributions by Sine and 
colleagues (Sine et al., 1990) showed a single com- 
ponent within bursts at low concentrations. Fur- 
thermore, across a wide concentration range all of 
the components could be described by scheme 1 
with a single set of estimates for rate constants. 

For neuromuscular AChR, the prevailing view 
is now that intermediate gaps at low agonist concen- 
trations, at least with strong cholinergic agonists, 
probably do not represent the A2R gap but are chan- 
nel closures to an undefined closed state. Further- 
more, the properties of the fast gap have been fairly 
consistent in predicting channel behavior at saturat- 
ing agonist concentrations. However, in the ab- 
sence of an independent test, the question still re- 
mains, whether the fast gap truly represents the 
gating gap. It is still possible that the true gating gap 
has not yet been evaluated. In particular, what are 
the fast gaps when the agonist is a molecule like 
DMT? 

In this regard it is worth noting that Colquhoun 
and Sakmann (1985) observe that in a substantial 
number of experiments two exponential compo- 
nents were required to describe adequately the gap 
distributions over the range of 30-300 /zsec. This 
raises the question whether brief gaps really are a 
single population of events. 

3. The Channel Opening Rate is of  Critical 
Importance 

A central problem in obtaining accurate quantitative 
estimates of rates is that uncertainties in one esti- 
mate propagate into estimates of others. As an ex- 
ample, for low agonist concentrations, uncertainties 
in properties or interpretation of brief closed peri- 
ods result in uncertainties in estimates of ~,/3, and 
k-2. As a consequence, one particular rate con- 
stant, the channel opening rate,/3, has been of key 
importance in attempts to understand AChR activa- 
tion./3 is, in principle, the rate constant most sus- 
ceptible to independent measurements. It can be 
estimated from single channel data at both low and 
high agonist concentrations. At high agonist con- 
centrations, in theory, it can be estimated indepen- 
dently of either o~ or k-2. Furthermore, /3 can be 
estimated from fast agonist application methods 
(Liu & Dilger, 1991). Once/~ is well defined, both 
k-2 and o~ can then be obtained. 

Evaluated from the kinetic analysis of single 
channel data, the various estimates of/3 show a 
perhaps surprising variability (see Table 2). How- 
ever, as outlined above, a number of factors can 
compromise such attempts. Assuming the fast gap 
is the A2R gap, the estimate for/3 from embryonic 
mammalian AChRs at I I~ is in excess of 6,000 
sec -1 (Sine & Steinbach, 1986b; Jaramillo & 
Schuetze, 1988). For the primary mode of embry- 
onic Xenopus channels, the best available estimate 
suggests that/3 probably exceeds 25,000 sec I (Ki- 
dokoro & Rohrbaugh, 1990). For adult amphibian 
receptors at synaptic membranes,/3 has been esti- 
mated at about 30,000 sec -~ (Colquhoun & 
Sakmann, 1985). One estimate for/3 for the large 
conductance form of mammalian receptor is 23,000 
sec -1 (Jaramillo & Schuetze, 1988). These data sug- 
gest that the opening rate for adult receptors ap- 
pears somewhat faster than/3 for embryonic recep- 
tors. Estimates of/3 in excess of 20,000 sec -~ are 
consistent with estimates obtained from analysis of 
the rising phase of synaptic currents (Land et al., 
1981). 

Recent advances in fast agonist application pro- 
cedures mean that an independent method of verify- 
ing channel activation is now available. This 
method avoids many of the uncertainties and as- 
sumptions inherent in measurement and evaluation 
of interval durations in single channel data. Results 
based on fast application of ACh to outside-out 
patches from BC3HI cells at ll~ place a lower 
limit on /3 of about 14,000 sec -1 (Liu & Dilger, 
1991). Fast application of ACh to patches contain- 
ing mouse adult or fetal receptors also indicate that 
the opening rate for adult reception is higher than 
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Table 2. Estimates of activation parameters 
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Cluster Popen a /3/0~ and Popen b j3 (sec-b c k_ 2 (sec-l) d ~ (sec-q e 
from rates 

Frog NMJ ~ 0.98 43 (0.977) 30,600 8,150 714 
Adult AChR 

X e n o p u s  2 >0.94 77.4 (0.987) 26,400 16,900 341 
embryonic (100/xM) 
AChR 

Rat muscle 3 68.5 (0.986) 5,755 6,356 84 
embryonic AChR 

BC3H14 0.93 13.7 (0.93) f 480, 321 ;  1,000, 860; 35 
mouse from intermediate 
embryonic AChR gaps; 

224.2 (0.996) 13,904 6,500 62 
from fast gaps 

Notes: 
i Colquhoun & Sakmann, 1985: Ogden & Colquhoun, 1983; Colquhoun & Ogden, 1988. l l~ -120 
mV; bandwidth 4-9 kHz. 
2 Kidokoro & Rohrbaugh, 1990; Igusa & Kidokoro, 1987. st. 41-42 embryonic major mode; 11-16~ 
-175 mV; bandwidth 5 kHz. 
3 Jaramillo & Schuetze, 1988. ll~ 120 mV; bandwidth 4-7 kHz. 
* Sine & Steinbach, 1986b, 1987. 11~ -100 mV; bandwidth 7.2 kHz. 
a Fraction of time spent open in a cluster at a saturating [ACb]. 
b Ratio of opening to closing rate (estimated at low concentration), and the calculated Pope~ from the 
rates (/3/(p + c0). 
c Estimated channel opening rate: see  scheme 1. 
d Estimated dissociation rate for the first ACh molecule to unbind from a doubly tiganded receptor. 
e Estimated channel closing rate. 
f Values calculated from intermediate (upper line) and brief (lower line) component of closed times 
within bursts at low [ACh]. 

for fetal (at 22~ about 50,000 sec -1 compared to 
15,000 sec-~; Maconochie & Steinbach, 1992). 

4. What Is the Affinity of the Receptor for 
Agonist? 

The answer to this question is dependent upon 
whether the two binding steps are equivalent or dis- 
tinguishable. As yet, this issue cannot be consid- 
ered to have been resolved. Biochemical and physi- 
ological data indicate that each ACh receptor 
possesses two binding sites for ACh and that most 
receptors with open channels have ACh bound to 
both sites. The question then arises whether or not 
the two sites are equivalent (e.g., Karlin, 1967; 
Dionne et al., 1978; Colquhoun & Sakmann, 1985; 
Sine et al., 1990). There are data, outlined below, 
which suggest that ACh may bind to the two sites 
on the AChR with different affinities. Affinity differ- 
ences could arise in two ways. The simplest is if the 
two sites differ even before any ligand is bound 
("distinguishable sites"). An alternative mecha- 
nism is that the sites are initially identical, but bind- 
ing of agonist allosterically alters the affinity of the 

second binding site ("cooperative sites"). AChR 
with positively cooperative sites would have a 
steeper binding curve than predicted for AChR with 
identical and noninteracting sites. Receptors with 
either initially distinguishable sites or negatively co- 
operative sites show flatter binding curves and can- 
not be differentiated from each other on the basis of 
equilibrium binding data alone. However, AChR 
with initially distinguishable sites and negatively co- 
operative sites can be differentiated by some bio- 
chemical manipulations (Sine & Taylor, 1981). 

Biochemical data obtained from both the 
BC3H1 mouse muscle receptor (Sine & Taylor, 
1981) and the Torpedo receptor (Neubig & Cohen, 
1980) have clearly demonstrated, from the binding 
of some curariform antagonists, that the two sites 
for ACh are distinguishable. However, it has been 
shown that agonist binding sites in both the human 
skeletal muscle AChR expressed by the TE671 cell 
line (Sine, 1988) and in AChR in Electrophorus elec- 
troplax (Prinz & Maelicke, 1983) exhibit much less 
difference in affinity for these antagonists. Overall, 
the data support the view that the binding of curari- 
form antagonists is at distinguishable sites, but 
there is only limited biochemical evidence that the 
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affinity of the two binding sites differs for agonists 
(Blount & Mertie, 1989). 

If the nicotinic receptor really has the pro- 
nounced nonequivalence seen in binding of antago- 
nists, then why is this not apparent in biophysical 
studies? Many studies (e.g., Dionne et al., 1978; 
Colquhoun & Sakmann, 1985; Colquhoun & Ogden, 
1988; Auerbach & Lingle, 1987; Sine & Steinbach, 
1987) have found that kinetic data were well de- 
scribed by assuming that the two agonist-binding 
sites either had equivalent affinities or showed 
slight positive cooperativity in binding. Two more 
recent studies, however, have both reported evi- 
dence for initially distinguishable sites. Jackson 
(1988) studied fetal-type receptors on mouse 
myotnbes and analyzed the concentration depen- 
dence of the frequency of brief and long openings. 
The frequency of brief openings initially increased 
linearly with carbachol concentration but saturated 
at about 20/XM. The frequency of long openings, on 
the other hand, increased supralinearly with carba- 
chol concentration and showed little sign of satura- 
tion at 20 /xM. The interpretation is that the first 
binding site is saturated at a lower carbachol con- 
centration than the second (perhaps as much as 100- 
fold lower), implying distinguishable sites. How- 
ever, the shape of the frequency versus 
concentration curve is not very well defined near 20 
tZM. Sine et al. (1990) analyzed the gap duration 
histograms for Torpedo receptors expressed in fi- 
broblasts across a wide concentration range and 
reached a similar conclusion. It is not known how 
representative of muscle ACh receptors the Tor- 
pedo electroplax receptors actually are. However, 
biophysical data now seem to indicate that neither 
positive cooperativity nor equivalence of receptor 
binding sites is the correct model, but that the 
AChR either has initially distinguishable sites or 
shows negative cooperativity in binding ACh. 

A possible explanation for the uncertainty in 
this area is that measurements of whole cell cur- 
rents and ion fluxes did not allow for the effects of 
either desensitization or channel block. For exam- 
ple, a receptor showing strong negative cooperativ- 
ity or having distinguishable sites would be ex- 
pected to have dose-response relationship with a 
Hill slope of around 1 at high agonist concentra- 
tions. However, Sine et al. (1990) have illustrated 
how channel block coupled with an activation pro- 
cess involving large affinity differences can result in 
dose-response curves with apparent Hill coeffi- 
cients approaching 2. 

The relative affinity of the two binding sites 
does not affect the way k-2 is determined. A value 
for k-2 in excess of about 6,000 sec -I at 10~ (Table 
2) is observed for all preparations, being perhaps 

somewhat faster in amphibians. Few estimates of 
k+2 have been made from experimental data, and it 
is often assumed that the association rate is limited 
by the diffusion of agonist to the receptor (a rate 
constant of about 10 s M -1 sec-t). With this value for 
k+2, the second agonist binding step has a micro- 
scopic affinity of about 60-150/ZM for ACh. 

The concentration at which channels are open 
about 50% of the time in the absence of desensitiza- 
tion is typically in the range of 10-25/XM. It is worth 
noting that a half-maximal response can be eticited 
at a concentration below the microscopic affinity of 
either binding step. The dissociation constant for 
the second agonist binding step of scheme 1 is de- 
fined as K2 = k-z/k+2, or the concentration of ago- 
nist at which [A2R] = [AR]. However, because of 
the large ratio of/3/a most doubly liganded recep- 
tors will have open channels and the distribution of 
receptors among the various states will be shifted to 
the right in scheme 1. Hence, half of all receptors 
can have open channels (and be doubly liganded) at 
a concentration of agonist that is lower than the 
dissociation constant for the second ligand-binding 
step. 

Moreover, the apparent dissociation constants 
obtained in equilibrium binding assays for agonists 
to AChR also will show a higher affinity than that 
for the binding steps shown in scheme 1. In this 
case the disparity results from the fact that equilib- 
rium binding data are strongly influenced by ago- 
nist-induced desensitization of the receptor, which 
results in an increase in the affinity of the receptor 
for agonist. 

E, WHERE WE ARE AND WHAT NEEDS 
TO BE DONE 

From the perspective of the synaptic physiologist, 
the broad features of activation of ACh receptors 
can be considered to be well understood. There ap- 
pears to be general agreement in the following 
areas. 

At saturating concentrations of ACh, in the ab- 
sence of desensitization and channel block, strong 
agonists can open over 95% of the available chan- 
nels, implying that/3 is substantially greater than c~. 
Once a channel is doubly liganded, it will undergo 
on average several cycles of opening and closing 
before the agonist dissociates, implying that /3 is 
similar to or greater than k-2. The concentration of 
ACh that results in activation of 50% of the avail- 
able channels is somewhat lower for fetal-type 
channels than for adult-type channels, being about 
5-10/XM and 15-25 /xM, respectively. There is also 
general agreement that /3 is fast (e.g., at 11~ 
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10,000 sec -l for mammalian embryonic receptor 
and 30,000 s e c t  for amphibian adult receptor). 
However, these estimates are dependent on the 
measurement of gaps in single channel records 
which may be limited by systematic factors. 

Despite general agreement in the areas listed 
above, a number of critically important questions 
require further investigation. 

1) What is the structural basis for brief and long 
duration openings? If monoliganded receptors pro- 
duce brief openings, why is this open state less sta- 
ble than the doubly liganded and open state? Alter- 
natively, for those brief openings which apparently 
arise from the doubly liganded AChR, what is the 
basis for this different open state? 

2) How rapidly do channels open? Further- 
more, what physical mechanism is likely to underlie 
protein conformational changes with rates of the 
order of 30,000 sec- ~? 

3) What is the affinity of nondesensitized recep- 
tors for agonist, and do the two agonist-binding 
sites differ in their affinity for agonist? 

4) Can the classical model really account for the 
data? In some respects the classical model is analo- 
gous to a billiard bail model of elementary particles, 
in that it ignores the possibility of intervening states 
of the ACh receptor (for example a conformational 
change occurring after each binding step but pre- 
ceding actual channel opening). Recent studies (A_ 
Auerbach, 1992) suggest that such a model can pro- 
duce statistically better descriptions of the data 
than a version of scheme 1 with the same number of 
parameters. Scheme 1 (and the modification just 
mentioned) contain a small number of distinguish- 
able kinetic states. Overall, models based on Mar- 
kov processes such as this have provided better de- 
scrip lions of the data than fractal or diffusion gating 
processes (Korn & Horn, 1988; McManus el al., 
1988, 1989; Horn & Korn, 1989; Liebovitch, 1989). 

Further progress will likely result from two ad ~ 
vances. For single channel records, it will be neces- 
sary to apply improved analytical methods in which 
multiple data sets will be fit directly with particular 
kinetic models. This will provide better parameler 
estimates for each model and will allow valid statis- 
tical comparisons among models. Furthermore, in- 
dependent estimates of rates must be obtained; at 
present, the most promising approach is the fast- 
flow concentration jump technique to provide esti- 
mates for the channel opening rate 

III. There Are Several Kinds of Neuromuscular 
AChR 

A common problem in the study of membrane ion 
currents is to determine how many distinct kinds of 

channels are present in the membrane, Even after a 
single class is identified pharmacologically, for ex- 
ample the nicotinic AChR, the data may show an 
unfortunate degree of complexity. For example, the 
kinetic behavior often cannot be accounted for by 
the assumption that there is only one kind of chan- 
nel operating in accordance with a simple kinetic 
scheme (e.g., scheme 1). 

A. EMBRYONIC AND ADULT A C h  RECEPTORS 
ARE DIFFERENT 

One outcome of the application of molecular biolog- 
ical methods to the study of ionic channels has been 
the realization that most ion channels are members 
of large families of related ion channels. For exam- 
ple, it is now clear that there are a large number of 
different forms of subunits that participate in forma- 
tion of neuronal nicotinic AChRs (Steinbach & 
Ifune, 1989). In the case of vertebrate muscle, there 
appears to be a more limited set of subunits in- 
volved in the formation of AChRs. 

Early work on denervated and developing mus- 
cle suggested that two kinetically distinct forms of 
the AChR might be present in muscle. In particular, 
at immature junctions and in extrajunctional regions 
of denervated adult muscle fibers, acetylcholine re- 
ceptors were expressed which had a longer open 
channel lifetime than receptors at normal adult 
junction. Subsequently, in both mammalian and am- 
phibian preparations, two primary conductance 
classes have been observed (Hamill & Sakmann, 
1981; Leonard et al., 1984). The smaller class (con- 
ductance of 25-40 pS, called y40) of channel, which 
is predominantly associated with embryonic or de- 
nervated muscle, typically produces bursts of 2-10 
msec mean duration while the ~arge class (conduc- 
tance of 50-70 pS, called "/so) is associated with 
shorter duration bursts (0.5-1.5 msec). A compel- 
ling study (Mishina etal.,  1986) has provided a plau- 
sible structural explanation for the switch in pri- 
mary conductance levels between embryonic and 
adapt muscle: during development, expression of a 
3, subunit is reduced while expression of an e sub- 
unit is increased. Because of the difference in con- 
ductance, the two kinds of receptor can be easily 
distinguished in single channel recordings 

B. THERE lg COMPLEXITY IN KINETIC BEHAVIOR 
WITHIN A SINGLE CONDUCTANCE CLASS 

A second kind of complexity (often called heteroge- 
neity) is the occurrence of kinetically distinct pat- 
terns of behavior within a single conductance class 
(Auerbach & Lingle, 1986; s e e  Fig. 1). 1t is clear 
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Fig. 1. Aspects of ACh channel kinetics not 
accounted for by standard activation schemes. (A) 
Examples of two clusters of openings activated by 
100 tzM ACh recorded from a cell-attached patch on 
a BC3HI clonal muscle cell are shown. The cluster 
in the top trace is representative of the more usual 
sort of behavior of AChRs. The lower trace 
indicates that short openings can also be grouped in 
clusters. The mean open time for 366 detected 
openings in the first cluster was 3.22 msec and the 
mean closed time was 0.14 msec (pop~, = 0.96). The 
mean open time for 36 openings in the bottom 
cluster was 0.74 msec and the mean closed time was 
22.30 m s e c  (Popen = 0.03). (B) An example of 
putative mode switching within a cluster of openings 
activated by 50/IN ACh on a BC3HI clonal muscle 
cell is shown. The cluster begins with a relatively 
long open time activation mode, after about 290 
msec switches to a mode of shorter open times and 
longer closed times, and then after about another 
420 msec returns to a longer open time pattern of 
behavior. The arrows indicate approximate times at 
which a change in activation behavior occurred. For 
the first 290 msec of the cluster, the mean open time 
for 50 events was 5.77 msec and mean closed time 
was 0.25 msec with a pop~n of 0.96. From 290 
through 710 msec, the mean open time for 371 
events was 0.61 msec and mean closed time was 
0.49 msec with a Pop,. of 0.55. From 710 through 
1300 msec, the mean open time for 145 events was 
3.83 msec and mean closed time was 0.25 msec with 
a pop~o of 0.94. The Popen for the entire cluster was 
0.82. This cluster followed the end of the preceding 
cluster by 3 sec and the next subsequent cluster 
occurred after another 49 sec. Vertical calibration: 
2.5 pA; horizontal calibration: 480 msec. Records in 
A and B were digitized at 50 kHz, analyzed with 5 
kHz filters, and plotted with 1 kHz filtering. 

that this type of complexity is a feature of ACh 
receptors in most muscle preparations that have 
been examined, and many authors point out that at 
least some patches had channels with unusual ki- 
netic behavior (Jaramillo & Schuetze, 1988; Jack- 
son, 1988; Colquhoun & Sakmann, 1985; Sine & 
Steinbach, 1984a). The significance of and mecha- 
nistic basis for this behavior remain largely a matter 
of speculation. Since kinetic heterogeneity can eas- 
ily be overlooked, the extent of heterogeneity is 
also not clear. Particularly in experiments at low 
agonist concentrations, in which the mean apparent 
open time and the single channel conductance are 
the primary fingerprints used for identification of 
the channel type, it is difficult to assess whether 
channels of different agonist affinities or opening 
rates may be present. At higher agonist concentra- 
tions, in which several cycles of opening and clos- 
ing of a single ion channel protein can be clearly 
resolved, kinetic heterogeneity can be observed 
more readily. 

The clearest example of kinetic heterogeneity 
was observed in cultured Xenopus myocytes (Auer- 

bach & Lingle, 1986; Leonard et al., 1988b). In this 
system, single channel openings at high ACh con- 
centrations appear to occur in "clusters" of open- 
ings, with long closed periods separating clusters. 
Each cluster of openings was assumed to indicate 
the activity of a single ion channel only (Auerbach 
& Lingle, 1986). At least three distinct "modes" of 
behavior could be distinguished for both y40 and y60 
conductance classes. Using Pope, to distinguish be- 
tween different kinetic modes, it was observed that 
both the mean open time and the mean closed time 
differed between the different modes. At low ago- 
nist concentrations, distributions of open intervals 
could often be described by three components, 
which correlated well with the modes observed at 
high agonist concentrations. Assuming the standard 
activation model for the ACh receptor (scheme 1), 
these results imply that either separate ACh recep- 
tors or a single receptor functioning in different 
modes differ not only in their channel closing rates 
but also in the transitions affecting their apparent 
opening rates. 

There are also indications of kinetic heteroge- 
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neity in the BC3H1 clonal muscle cell line (Sine & 
Steinbach, 1984a, 1987; Fig. 1). The mean open 
time for clusters activated at high agonist concen- 
tration differ from each other by a much greater 
degree than can be explained by sampling from a 
homogeneous population, suggesting that individual 
AChRs may differ (Sine & Steinbach, 1987). 

Recently, Gibbe t  al. (1990) have shown that 
expression of mRNA from BC3H1 cells in Xenopus 
oocytes can result in the appearance of kinetically 
distinct types of ACh-activated channels. Data from 
a limited number of oocytes suggest that receptors 
expressed by a given oocyte appeared to have simi- 
lar kinetic properties while other oocytes had chan- 
nels which were different. This result suggests that 
functional heterogeneity can occur even with a pre- 
sumably defined set of receptor subunits. Gibb et al. 
tentatively suggested that post-translational modifi- 
cations might be the cause of the differences. 

It is not clear to what extent heterogeneity in 
channel kinetic properties occurs at fully differenti- 
ated neuromuscular junctions. In their analysis of 
single channel properties activated by lower agonist 
concentrations at the mature frog neuromuscular 
junction (NMJ), Colquhoun and Sakmann (1985) 
point out that there are a number of unexpectedly 
long bursts not accounted for by the bulk of their 
observations, and Mulrine and Ogden (1988) state 
that at adult rat NMJ, both high and low Popen clus- 
ters occur at high [ACh]. Recent work of Dionne 
(1989) is also consistent with the possibility that ki- 
netically distinct forms of a single conductance 
class of channel may be present in adult snake end- 
plate membrane. 

C. ACh  RECEPTORS SHOW RARE SWITCHES IN 
KINETIC MODE 

The critical question that arises concerning the oc- 
currence of kinetic heterogeneity is whether it is the 
result of the complex behavior of a single receptor 
protein or indicative of multiple forms of AChRs. 
This question has been addressed for a number of 
other ion channels. Complexity in kinetic behavior 
has been observed for voltage-dependent sodium 
channels (Patlak et al., 1986), voltage-dependent 
calcium channels (Hess et al., 1984; Nowycky et 
al., 1985; Bean, 1989), insect glutamate receptors 
(Patlak et al., 1979), and voltage-dependent cal- 
cium-activated potassium channels (McManus & 
Magleby, 1988). For most of these cases, complex 
behavior has been observed in patches thought to 
contain only a single ion channel protein. As a 
result, the evidence is good that individual ion chan- 

nel proteins can undergo relatively stable changes 
in the mode or pattern of kinetic behavior. In such 
cases, any activation model that is sufficient only to 
describe the behavior of the channel in one mode is 
insufficient to account for the behavior of the chan- 
nel in another mode. For clusters of openings acti- 
vated by ACh, it is essentially impossible to assert 
definitively that individual clusters with distinct ki- 
netic behavior originate from the same receptor 
protein. Only in cases where changes in kinetic be- 
havior may be observed within well-isolated clus- 
ters is it possible to suggest that different kinetic 
modes arise from a single receptor. 

Muscle AChR showing occasional cases of ap- 
parent switching between kinetic modes within a 
single cluster of openings can be observed (Auer- 
bach & Lingle, 1986; C.J. Lingle, K. Nakayama and 
J.H. Steinbach, unpublished, see Fig. 1B). The rare 
incidence of such events has precluded systematic 
investigation. Rapid applications of high ACh con- 
centrations to excised patches containing single 
ACh receptors have shown instances of mode 
switching (A. Naranjo and P. Brehm, personal com- 
munication), raising the possibility for more com- 
plete analysis of the processes involved. 

D. THE ORIGIN OF HETEROGENEITY IN KINETIC 
BEHAVIOR IS UNKNOWN 

Several suggestions have been made to account for 
the observed kinetic heterogeneity of the AChR 
(Auerbach & Lingle, 1986; Gibb et al., 1990). 

1) There may be as yet unidentified receptor 
subunits. In Xenopus, there is a recent report of an 
C~la subunit (Hartmann & Claudio, 1990). 

2) Functionally distinct channels may result 
from an abnormal stoichiometry or ordering of sub- 
units. Expression studies (see IV, below) show that 
functional channels with differing properties may 
occur in the absence of a full complement of sub- 
units. 

3) Alternatively, functionally distinct channels 
may reflect differences in covalent or post-transla- 
tional modification. The acetylcholine receptor has 
several potential phosphorylation sites. At present, 
such sites have been implicated in desensitization 
processes (Huganir & Greengard, 1990), although 
this remains an issue of some debate (Wagoner & 
Pallotta, 1988; Reuhl et al., 1989). But, it has not yet 
been shown that any covalent modification can re- 
versibly change the gating behavior of the acetyl- 
choline receptor, although inhibition of the normal 
glycosylation of the ACh receptor channel has been 
shown to result in channels of altered function 
(Covarrubias et al., 1989). 
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4) Finally, relatively stable changes in the state 
of individual ion channel proteins, perhaps analo- 
gous to transitions into and out of desensitized 
states might underlie heterogeneity. A change in ki- 
netic behavior of ACh receptors following patch ex- 
cision has been described (Covarrubias & Stein- 
bach, 1990). 

Unfortunately, at present there are no proce- 
dures which have allowed experimental manipula- 
tion of the frequency of occurrence or nature of the 
observed heterogeneity. 

The physiological importance of functional het- 
erogeneity remains unclear. However, the fact that 
the extent of heterogeneity is not known calls into 
question any kinetic data obtained under the as- 
sumption that channels behave as a kinetically ho- 
mogeneous population. Since all analyses of sta- 
tionary records (particularly, those at low 
concentrations) make this assumption, this overall 
issue must be resolved before valid estimates of ki- 
netic parameters can be made. 

IV. AChR Structure Alters AChR Activation in 
Poorly Understood Ways 

The determination of the primary sequence of the 
muscle nicotinic AChR held out the promise that 
regions associated with channel function would be 
identified rapidly. For example, there is now a con- 
vincing body of evidence that the M2 membrane- 
spanning region and adjacent linking regions form 
the major part of the channel lining (Imoto et al., 
1986, 1988; Charnet et al., 1990; Leonard et al., 
1988a; r e v i e w e d  in Dani, 1989). However, the avail- 
able evidence indicates that gating processes are 
not similarly localized. 

A. THE A C h R  Is COMPOSED OF STRUCTURALLY 
RELATED SUBUNITS 

The cartoons in Fig. 2 show relevant features of the 
structure of muscle AChR (for reviews, see  
Claudio, 1990; Stroud et al., 1990). The native mus- 
cle AChR is a large protein with an apparent molec- 
ular weight of about 350 kD, composed of five sub- 
units (Fig. 2A). There are two copies of a and one 
copy each of/3, 8 and either 3, (fetal) or e (adult). 
The subunits are translated from separate mRNA 
transcripts, assembled in the endoplasmic reticu- 
lum, and processed in the endoplasmic reticulum 
and Golgi apparatus before being transported to the 
cell surface (Merlie & Smith, 1986). Each subunit 
seems to traverse the cell membrane at least four 
times (Fig. 2//), and the primary sequences of the 
subunits show a great deal of similarity, especially 

in the membrane-spanning regions (Fig. 2C). 
Models of the quaternary structure have the sub- 
units placed around a central ion channel, like seg- 
ments of an orange (Fig. 2A; see  Karlin et al., 1983; 
Blount & Merlie, 1989), with their M2 regions lying 
closest to the channel. The N-terminal external do- 
mains contain covalently linked carbohydrate moie- 
ties, while the long cytoplasmic domains between 
M3 and M4 contain sites for protein phosphory- 
lation. The N-terminal external domain of the a 
subunit contains the binding sites for ACh and the 
snake toxin, a-bungarotoxin (aBGT). 

B. WHAT DATA ON FUNCTION ARE NEEDED IN 
STRUCTURE-FUNCTION STUDIES ? 

The overall goal of studies of receptors expressed in 
nonmuscle cells has been to correlate observed 
changes in functional properties of AChR with 
changes in the AChR structure. Sections II and III 
have laid out some major considerations in terms of 
the kinds of data and analysis which lead to an un- 
derstanding of the activation behavior of a popula- 
tion of receptors. The same sorts of experiments 
need to be performed with expressed channels, in 
order to understand the functional consequences of 
altered structure. A thorough analysis of burst ki- 
netics at low agonist concentration should be per- 
formed to provide estimates of the rate constants 
for channel opening, closing and the dissociation of 
the first agonist molecule to unbind (a,/3 and k-2). 
In addition, analysis of clusters should be done at 
medium to high agonist concentrations to provide 
estimates of the concentration required for half- 
maximal activation (ECs0), and to obtain the satu- 
rating Pope, at high agonist concentrations. Studies 
at high agonist concentration also give essential in- 
formation about the kinetic homogeneity of the pop- 
ulation of receptors (section III). The limited data 
available suggest that kinetic heterogeneity is cer- 
tainly no less of a problem with receptors expressed 
in nonmuscle cells, so some care must be used in 
deciding what the properties of the entire receptor 
population are. 

It is disappointing that none of the studies with 
expressed AChR involve this set of experiments, 
although a few authors (e.g., Lo et al., 1990a,b) 
have performed a low concentration burst analysis. 

It would also be valuable if different groups 
adopted standard conditions of temperature, mem- 
brane potential, saline composition, and recording 
bandwidth so that results from different studies 
could be compared directly. 

In the absence of the critical kinetic data just 
discussed, the rest of section IV will focus on re- 
ported values of burst duration (sometimes given as 
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C-termini are both thought to lie on the external surface and there are thought to be four "membrane spanning helices" named M1-M4. 
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emphasized by aligning similar regions vertically and using dashed lines to indicate "missing regions"; differences in length among 
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"apparent open time"). As detailed in section II, 
the burst duration is determined by three rate con- 
stants (o!, fi, and k-z), so differences in one or more 
of these parameters cannot be distinguished by the 
data available from most studies. 

In the rest of this section, the recent evidence 
concerning the role of AChR structure in determin- 
ing gating properties will be discussed. This will be 
divided into three portions: the expression of mus- 
cle nicotinic AChRs in nonmuscle cells, receptors 
with altered subunit composition and receptors with 
subunits containing experimentally introduced mu- 
tations. 

A particular shorthand will be used in these sec- 
tions: the phrase "Torpedo receptors expressed in 
oocytes" will be used instead of "receptors ex- 
pressed following the introduction into Xenopus oo- 
cytes of cloned mRNA sequences coding for sub- 
units of ACh receptors normally expressed by 
Torpedo electroplax." As will be mentioned below, 
there is a possibility that expression systems may 
produce receptors which include endogenous sub- 
units or which lack one or more of the introduced 
subunits, so the shorthand is really a form of poetic 
license. 

C. Xenopus OOCYTES EXPRESS ACh RECEPTORS 
REASONABLY FAITHFULLY 

Most studies of receptors expressed in nonmuscle 
cells have involved the injection of synthetic cloned 
mRNA into Xenopus oocytes, but more recently 
cultured cells have been employed to express exog- 
enous receptor subunits either on a transient or sta- 
ble basis. The data in subsequent sections have 
been obtained following injections into Xenopus oo- 
cytes, but a brief mention of recent work with cul- 
tured cells will be made. A number of cultured non- 
muscle cell lines have been used to express ACh 
receptors from Torpedo (Sine et al., 1990), mamma- 
lian fetal-type receptors (Claudio, 1990; Forsayeth 
et al., 1990; Gu et al., 1990; Phillips et al., 1991; 
Sine & Claudio, 1991) and adult-type receptors 
(Phillips et al., 1991). The properties of the ex- 
pressed receptors appear grossly normal. 

One interesting experiment with subunits stably 
expressed in fibroblasts addressed the question of 
what determines the binding affinity for small li- 
gands, both agonists and antagonists (Blount & 
Merlie, 1989). By expressing the ~ (ACh-binding) 
subunit in combination with the 3, or the 8 subunit 
from mouse muscle, it was found that both the 3, 
and the 8 subunit associate with the a subunit in 
intracellular membranes, although none of the ex- 
pressed subunits appear on the cell surface. De- 

pending on whether ay or ol~ pairs were formed, the 
ability of agonists and antagonists to block o!BGT- 
binding to the a subunit showed either "high" or 
" low" affinity characteristics. The data provide an 
explanation for earlier observations that the two an- 
togonist-binding sites on native receptors might not 
be equivalent and suggest that the 3, and 8 subunits 
either contribute a portion of the site or alter the 
structure of the subunit. 

The Xenopus oocyte expression system has 
been used much more extensively than either stably 
or transiently transfected cultured cells. There are 
two reasons for concern about the fidelity of Xeno- 
pus expression systems. First, it has been shown 
that the glycosylation of Torpedo subunits ex- 
pressed in oocytes is not identical to the native re- 
ceptor (Buller & White, 1990b). Second, some 
pharmacological differences have been reported be- 
tween voltage-gated Na § (Sutton et al., 1988) and 
K § (Zagotta et al., 1989) selective channels ex- 
pressed in oocytes and in situ. The basis for the 
pharmacological differences is not known, but 
could reflect differences in post-translational pro- 
cessing, protein folding, or the presence or absence 
of additional channel-associated proteins expressed 
by excitable cells. 

When the full complement of subunits is in- 
jected, ACh receptors are generated in oocytes with 
properties that usually are similar to those of the 
receptor in situ [see Mishina et al. (1986) for bovine 
O!2j~3,8 and o~2/38e receptors and Yu et al. (1991) for 
mouse oe2/33,8 receptors]. Few of these studies have 
explicitly considered the question of the homogene- 
ity of the receptors, although most reports suggest 
that all of the expressed receptors are functionally 
identical, when they function at all. 

Some more recent results reveal complexities 
or problems. Gibbet  al. (1990) have reported that 
mouse AChRs expressed in oocytes using mRNA 
isolated from a clonal cell line (BC3H1 cells) show 
two distinct kinetic modes of behavior (see section 
III). Two recent reports indicate that subunit as- 
sembly may be heterogeneous in oocytes. Kullberg 
et al. (1990) and Jackson et al. (1990) present data 
suggesting that some AChRs are expressed that ap- 
pear to be missing a subunit, even when mRNA for 
all four subunits are injected (see below). Finally, 
oocytes may express endogenous mRNA coding for 
ACh receptor subunits. Detectable levels of mes- 
sage for ~ subunit have been found (Hartmann & 
Claudio, 1990; see also Buller & White, 1990b), and 
examination of oocyte mRNA by polymerase chain 
reaction amplification has indicated that at least 
some oocytes may contain appreciable levels of 
mRNA coding for 3' subunit (C.F. Stevens, per- 
sonal communication). 
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The conclusion to be reached is that X e n o p u s  
oocytes  injected with sequences for all normal sub- 
units express AChR with largely normal physiologi- 
cal properties.  This is a minimal condition neces- 
sary for experiments involving expression of AChR 
with altered subunit stoichiometry or containing 
mutated subunits. Meeting this condition suggests 
that changes in functional properties seen in studies 
of structurally modified receptors can be inter- 
preted as resulting from the structural change, 
rather than from the expression system. 

D .  RECEPTORS M I S S I N G  S U B U N I T S  OR H A V I N G  

S U B U N I T S  FROM SEVERAL SPECIES 

Two main classes of  receptor  with altered subunit 
composit ion have been studied: receptors with one 
or more subunits missing and receptors composed 
of subunits from different species. The major moti- 
vation for these experiments has been to provide a 
coarse screen to identify subunits or regions of sub- 
units which are likely to be important in determin- 
ing gating properties of AChRs. Data which sug- 
gested that the 8 subunit might play a major role in 
determining gating (Sakmann et al., 1985) was very 
influential in suggesting that this approach would be 
productive.  At present,  however ,  it appears likely 
that each subunit has effects on gating and attempts 
to identify a region of particular importance for gat- 
ing have not been successful. 

A four letter shorthand will be used in both of 
these sections; most experiments used c~,/3, 3, and 8 
subunits from one or more species. The subunit 
composit ion will be designated by a one-letter code 
for the species of origin for the subunit (M = 
mouse, B = bovine, T = Torpedo,  X = Xen opus ) .  
Examples are: MMMM (all four subunits from 
mouse), MM-M (mouse o~,/3, 8 subunits, no exoge- 
nous 3`), and TBTB (Torpedo ~ and 3  ̀with bovine/3 
and 8). 

Oocytes have been injected with mRNA for 
Torpedo, mouse or calf receptor  subunits and com- 
parisons made between the full and partial comple- 
ments of subunits. The first point is that the omis- 
sion of any one subunit reduces both the expression 
of surface c~BGT-binding sites and the ACh-elicited 
current (Table 3). Expression of  surface receptors 
when assayed by ~BGT-binding is higher with c~/33, 
than with ~/38 subunits (Kurosaki et al., 1987; Sumi- 
kawa & Miledi, 1989), whereas,  in general, more 
ACh-elicited current  is found with cq38 subunit in- 
jections (Kurosaki et al., 1987; Mayne et al., 1987; 
Jackson et al., 1990; Lo et al., 1990a). The diver- 
gence between surface expression and cholinergic 
current probably reflects a lower single channel 

Table 3. Effect of missing subunits on expression 

AChR a pS/site nA ACh Notes 

(tzM) 

TTTT 2 x 10 4 132 1 1 
TTT- 6 • 10 5 13 1 1 
TT-T 2 • 10 5 0.4 1 1 
T-TT 4 x l0 6 0.05 1 1 
TTTT 2 • 10 -3 600 1 2 
TTT- 3 • 10 -4 17 1 2 
BBBB ND 1600 0.1 3 
BB-- ND <2 10 3 
B--B ND <2 10 3 
BB-B ND 1000 0.01 3 
BBB- ND 130 1 3 
MMMM ND 1300 10 4 
MM-M ND 400 10 4 
MMM- ND 100 10 4 

Notes: 
Kurosaki et al., 1987. Whole oocyte responses at -60 mV, RT. 

All other combinations were tested, with no detectable re- 
sponses. 
2 Mayne et al., 1987. -60 mV, RT. 
3 Jackson et al., 1990. -70 mV, RT. 
4 Lo et al., 1990a. -30 mV, RT. 
ND: not determined. 
a Species of origin given in order of subunits (cq /3, y, 8) as T. 
Torpedo, B: Bos, M: Mus, X: Xenopus, - :  omitted. 

conductance and a stronger voltage dependence of 
gating for cq33, (White, 1987; Kullberg et al., 1990). 

A confusing feature of the literature is that 
some authors apparently have greater success with 
particular subunit combinations than others; why is 
not clear and quantitative comparisons of protein 
synthesis and surface expression of assembled 
AChRs are rare. 

There have been three studies of single channel 
currents for AChRs assembled in the absence of one 
subunit: BB-B (Jackson et al., 1990), MM-M (Lo et 
al., 1990a), and MMM- (Kullberg et al., 1990). The 
bovine and mouse "3,-minus" receptors gave differ- 
ent results (no change in burst duration for MM-M 
but a large increase for BB-B; see Table 4B). A 
second difference is that a high frequency o f " s p o n -  
taneous openings" (defined as openings in the ab- 
sence of any added agonist) occurs with BB-B 
AChRs, but apparently not with MM-M AChRs. 
The mouse MMM- AChR has a burst duration about 
one-half that of  control at -200  mV (the only poten- 
tial reported;  Kullberg et al., 1990). 

It is surprising that functional AChRs can as- 
semble when one subunit is not expressed. The 
most likely reason that responses can be generated 
when either the 3, or the 8 subunit is omitted is that 
the 3' and 8 subunits may substitute for each other, 
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Table 4. Effect of  subuni t  composi t ion on burst  durations 

A. Chimera  Mean burst  duration (N) Note,  
(msec) 

TTTT 0.3 +- 0.03 (11) 1 
TMTM 0.4 -+ 0.07 (9) 1 
MTTT 3.3 -+ 0.2 (5) 1 
MMTM 3.9 -+ 0.4 (5) 1 
TTTM 3.9 -+ 0.6 (5) 1 
MMXM 5.9 - -  2 
M M M M  8.4 -+ 1.9 (9) 1 
M T M M  18.3 -+ 3.5 (4) 1 
TTTT 0.6 -+ 0.2 (3) 3 
BTTT 2.5 -+ 0.6 (4) 3 
BBBB 7.6 -+ 1.4 (4) 3 
TTTB 8.6 -+ 1.3 (3) 3 

B. Missing subuni ts  Mean  burst  duration (N) Notes  
(msec) 

BBBB 10.2 -+ 1.4 (7) 4 
BB-B 53 -+ 22 (24) 5 
M M M M  8.2 -+ 0.5 (27) 6 
MM-M 8.6 --- 1.2 (7) 6 
M M M M  7.6 - -  - -  7 
MM-M 7.6 - -  - -  7 
M M M M  33 (5) 8 
MMM- 11.3 -+ 4 (3) 9 

Notes:  
Yu et al., 1991. Mean  burst  duration with max i mum closed time 

in burst  of  0.1 msec ,  recorded from outside-out  patches ,  - 6 0  
mV, 12~ [ACh] 0 . 2 - 2 / x u .  
2 Charnet  et al., 1991. Mean  burst  duration corrected from value 
given at 0 to - 6 0  mV; otherwise condit ions as 1. 
3 Sakmann  et al., 1985. Mean burst  duration with max imum 
closed time of  1 msec ,  recorded from outside-out  patches at - 7 0  
to - 1 0 0  mV, 18-21~ [ACh] 0 .1-5/xM.  
4 Mishina et al., 1986. Mean burst  duration with m a x i m u m  closed 
duration in a burst  of  1 msec;  recorded cell a t tached at - 7 0  to - 
100 mV, 18-20~ 
s Jackson et al., 1990. Condit ions as 4, except  at - 9 0  mV. 
6 Lo et al., 1990a. M a x i m u m  closed time 0.1 msec,  recorded 
outside-out  at - 7 0  mV, 20-22~ 
7 Charnet  et al., 1991. M a x i m u m  closed time 0.1 msec,  recorded 
outside-out  at 12~ corrected to - 7 0  mV from data provided for 

0 mV. 
8 Kullberg et al., 1990. M a x i m u m  closed time 0.3 msec,  recorded 
cell a t tached at 20-22~ value at - 2 0 0  mV corrected from data 

provided for - 100 mV. 
9 Kullberg et al., 1990. As for 8, but  data obtained at - 200  mV. 
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nous subunits cannot provide a simple explanation 
for all the data (for instance why injection of ~,/3, y 
or o~,/3, 8 subunits produces AChRs but not injec- 
tion ofo~,/3, e subunits; Jackson et al., 1990; Liu et 
al., 1990). 

The idea that the subunit composition can have 
a major influence on gating is supported by the dem- 
onstration that fetal and adult receptors are distin- 
guished by a single subunit change: adult receptors 
with a2/3e~ and fetal with o~2/3y~ composition (Mi- 
shina et al., 1986). This observation was made after 
the first cross-species chimeric receptors were ex- 
pressed (see below), and confirmed that subunits 
other than the ACh-binding (~) subunit can affect 
gating. The specific differences between the 3' and e 
subunits which underlie the differences in gating 
have not yet been identified, although it appears 
that the M1 and M2 regions are not crucial in this 
respect (Villarroel et al., 1991; see below). 

A number of chimeric receptors have been 
studied in which a full complement of subunits are 
expressed, but subunits from different species are 
used. The mean burst duration and its voltage de- 
pendence for AChRs from different species can be 
quite different; most comparisons have been made 
between AChRs from Torpedo (which have a brief 
burst duration and low voltage dependence) and 
mammalian fetal receptors (whose burst duration is 
an order of magnitude longer and whose voltage 
dependence is at least fourfold larger). In the first 
experiments using cross-species chimeric receptors 
(Sakmann et al., 1985), properties of AChRs with 
various Torpedo and bovine subunits were com- 
pared. The results suggested that the ~ subunit 
might be important for determining gating proper- 
ties since TTTB receptors bore a closer resem- 
blance to BBBB than to TTTT receptors (see Table 
4A). A study of mouse~Torpedo hybrids indicate 
that the situation is not that simple; both/3 and 
subunits strongly influenced the voltage sensitivity 
(Yoshii et al., 1987). All combinations that include 
both mouse-/3 and Torpedo-6 have the highest sensi- 
tivity, and all combinations that include both Tor- 
pedo-~3 and mouse-~ have the lowest sensitivity. 
Analysis of single channel records (Yu et al., 1991) 
also showed no clear relationship of burst durations 
to subunit composition (Table 4A). 

albeit inefficiently. One alternative explanation is 
that AChRs are assembled with endogenous Xeno- 
pus subunits produced by the oocyte. This is cer- 
tainly conceivable, especially as only very limited 
data are available on the properties of AChRs ex- 
pressed when Xenopus subunits are injected into 
oocytes (Charnet et al., 1991). However, endoge- 

E. MUTATIONS 

1. Some Mutations in Membrane Spanning 
Regions Alter Function 

A large number of mutant subunits has been made 
(more than 100 are mentioned in the literature; To- 
bimatsu et al., 1987; Mishina et al., 1985; Imoto et 
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Fig. 3. Amino acid residues substituted in the MI-M2 regions. The amino acid sequences determined for mouse receptor subunits are 
shown using the single letter code, in the region containing the M1 and M2 membrane-spanning helices (indicated on bottom line). The 
numbering convention used for residues is to take the first position in the aligned regions "to be position 1 '. Hence, in the M2 region the 
mouse a subunit has a threonine (aT2'), whereas the 8 subunit has a serine (8S2'). The dots in the sequences of c~,/3 and 5 subunits 
show a single location at which the y and s subunits apparently had an insertion. Residues shown in italic face have been substituted 
with no apparent change in kinetics; some mutations of residues shown in bold face have resulted in changes (see text). (The 
substitutions in the M2 region which had no effect were: c~T2'A, aS6'A, c~S10'A,/3G2'S,/3TI0'A, yAI0'S and ~3S6'A.) 

al . ,  1986, 1988; L e o n a r d  et  al . ,  1988a; C h a r n e t  et 
a l . ,  1990; L o  et  a l . ,  1990b), bu t  d a t a  on burs t  k inet -  
ics have  on ly  b e e n  r e p o r t e d  for  16 and  some  da t a  on 
who le  o o c y t e  r e s p o n s e s  for  a n o t h e r  18. I t  is not  
c l ea r  w h y  p r o g r e s s  is s low,  e x c e p t  tha t  k ine t ic  s tud-  
ies a re  t ime  consuming .  

T o b i m a t s u  et  al.  (1987) s tud i ed  the ef fec ts  o f  
s w a p p i n g  en t i r e  m e m b r a n e - s p a n n i n g  reg ions  o f  the  

subuni t .  T h e  m o s t  i n t e re s t ing  resu l t  was  that  re- 
p l a c e m e n t  o f  the  M4 m e m b r a n e - s p a n n i n g  hel ix  wi th  
m e m b r a n e - s p a n n i n g  he l ices  f rom e i the r  o f  two  un- 
r e l a t ed  p r o t e i n s  ac tua l l y  i n c r e a s e d  the  A C h - e l i c i t e d  
c o n d u c t a n c e  p e r  su r f ace  a B G T - b i n d i n g  si te by  an 
o r d e r  o f  magn i t ude .  A s imi la r  i n c r e a s e  o c c u r r e d  
w h e n  the  M4 reg ion  was  t r u n c a t e d  b y  fou r  r es idues .  
T h e s e  o b s e r v a t i o n s  a re  su rp r i s ing  s ince  e x c h a n g e s  
of  M1,  M2 or  M3 reg ions  r e su l t ed  in v e r y  low ex-  
p r e s s i o n  o f  su r f ace  a B G T - b i n d i n g  s i tes  and  low 
c o n d u c t a n c e  pe r  si te.  U n f o r t u n a t e l y ,  no single 
channe l  d a t a  on  t h e s e  m u t a n t  r e c e p t o r s  have  been  
r e p o r t e d ,  so it is no t  c l ea r  w h e t h e r  the  single chan-  
nel  c o n d u c t a n c e  o r  a c t i va t i on  p r o p e r t i e s  a re  af- 
f ec ted .  The  c y s t e i n e  r e s idue  at pos i t i on  451 of  the  
Torpedo y subuni t  (c lose  to the  N - t e r m i n a l  or  cy to -  
p l a smic  end  o f  M4) has  been  m u t a t e d  to ser ine  or  
t r y p t o p h a n  (Li  et a l . ,  1990). Bo th  changes  r e su l t ed  
in e x p r e s s i o n  o f  a n o r m a l  n u m b e r  o f  su r face  c~BGT- 
b ind ing  s i tes ,  bu t  r e d u c e d  the c o n d u c t a n c e  pe r  site 
by  a b o u t  50%. Aga in ,  it is not  c l ea r  h o w  to in t e rp re t  
the  r educ t i on .  A n  ea r l i e r  s tudy  (P rad ie r  et  a l . ,  1989) 
had  e x p r e s s e d  r e c e p t o r s  wi th  m u t a t i o n s  o f  c y s t e i n e  
r e s i d u e s  in an a m p h i p a t h i c  reg ion  s l ight ly  t o w a r d s  
the  N - t e r m i n u s  o f  M4 in the  - / s u b u n i t  (pos i t ion  416 
and 420), w h i c h  had  m u c h  less  effect  on A C h -  
e l i c i t ed  cu r ren t .  

On ly  one  g roup  has  spec i f ica l ly  set  out  to e x a m -  
ine the  ef fec ts  o f  mul t ip le  subs t i tu t ions  o f  a single 
r e s idue  on  channe l  gat ing.  The  r e s idue  is a con-  
s e r v e d  c y s t e i n e ,  twe lve  amino  ac ids  f rom the 
N - t e r m i n a l  end  o f  the  M1 m e m b r a n e  spann ing  re- 
g ion (see  F igs .  2C and  3; L o  et al . ,  1990b). This  
pos i t i on  was  m u t a t e d  to s eve ra l  o t h e r  r e s idues  in 

Table 5. Effect of point mutants on burst durations 

Mutant Mean Burst Duration (N) Notes 
(msec) 

Substitutions in MI region a 
MMMM 8.2 -+ 0.5 (27) 1 
yC12'G 2.9 -+ 0.3 (4) 2 
yC12'A 5.4 -+ 0.2 (2) 2 
yC12'S 5.5 -+ 0.7 (6) 2 
yC12'T 9.3 +- 1.6 (2) 2 
yI9'V 13.9 +- 2.3 (5) 1 
aC12'S 8.4 -+ 0.5 (5) 2 

Substitutions in M2 region b 
MMMM 15.3 -+ 1.2 (4) 3 
/3F6'S 5.0 -+ 1.0 (3) 3 
8S2'A 29 -+ 9 (2) 3 

Notes: 
1 Lo et al., 1990a. Mean burst duration with maximum closed 
duration in a burst of 0.1 msec, recorded from outside-out 
patches, 70~ 20-24 ~ 
2 Lo et al., 1990b. Conditions as 1. 
3 Charnet et al., 1990. Mean burst durations with maximum 
closed duration of 0.2 msec recorded from outside-out patches, 
-150 mV, 12~ 
a Mouse subunits were expressed in Xenopus oocytes. Either all 
normal subunits were injected (MMMM), or three normal sub- 
units were injected plus a single mutated sequence. The mutation 
is indicated by the subunit, the original residue, its location in the 
M1 region, and the altered residue (e.g., in the ,/subunit the cys 
residue at position 12' of the M1 region was replaced by gly). For 
location of residues, see Figs. 2 and 3. 
b Mutants are designated in an analogous manner to those in the 
M1 region, except in this case substitutions were made in the M2 
region. 

the  y subun i t ,  wi th  one  m u t a t i o n  m a d e  in the  o~ sub- 
unit  as  well .  C h a n g e s  in the  3' subuni t  p r o d u c e d  
changes  in bu r s t  d u r a t i o n  wh ich  c o r r e l a t e d  with the  
change  in v o l u m e  o f  the  s ide  chain:  when  side chain  
v o l u m e  was  r e d u c e d  (cys-  > gly,  ala or  ser) the  
open  d u r a t i o n  was  r e d u c e d ,  w h e r e a s  a smal l  in- 
c r ea se  in v o l u m e  (cys-  > thr)  p r o d u c e d  a slight 
l eng then ing  (see Tab le  5). Surp r i s ing ly ,  subs t i tu t ion  
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T a  W K H W V Y Y T C C P D T P Y L D  I T Y H F  I 
X a  W K H W V Y Y T C C P D K P Y L D  I T Y H F V  
Me W K H W V F Y S C C P T T P Y L D I  T Y H F V  
B e  W K H W V F Y A C C P S T P Y L D  I T Y H F V  
H e  W K H S V T Y S C C P D T P Y L D  I T Y H F V  
Fig. 4. Amino acid residues substituted near the ACh-binding site. The amino acid sequences around residues 192 and 193 are shown 
for Torpedo californica (T), Xenopus (X), mouse (M), bovine (B) and human (H) c~ subunits. The tyrosine residues in bold face (yi90 
and yt98) have been mutated to phenylalanine in Torpedo and mouse subunits with marked reductions in ACh-binding affinity. 
Tyrosine-189 in the Torpedo sequence has been mutated to phenylalanine (as occurs in the mouse sequence normally) with no effect on 
binding. 

of the homologous cysteine in the c~ subunit by 
serine had no effect. The data obtained with the y 
subunit have been interpreted in terms of a simple 
physical model in which increasing the volume of an 
uncharged side chain makes the energy barrier 
higher for the channel closing reaction. The data 
demonstrate that this residue of the M1 region of 
the y subunit has an effect on channel gating. How- 
ever, the model cannot give a simple account of 
differences between the y and e subunits, as both 
have the conserved cysteine residue. Indeed, in a 
recent study each residue which differs between the 
y and e subunits in the M1 region was switched in 
turn, and it was found that none of the switches had 
any effect on channel burst duration (Villarroel et 
al., 1991). 

Interest in the M2 region has focused on ques- 
tions of ion permeation and channel block. Burst 
kinetics have not been reported for many of the 
mutants prepared, including all of the mutants of 
ionizable groups (Imoto et al., 1986, 1988). Study of 
local anesthetic block required analyses of burst ki- 
netics, and so data are available on kinetics after 
changes in the polarity of equivalent residues in 
four mouse subunits (c~, /3, y, 3; Leonard et al., 
1988a; Charnet et al., 1990; the residues are indi- 
cated in Fig. 3). Mutations in two residues produced 
a lengthening of about 60% of the open time and 
burst duration (thr- > ala at position 2' of 3' and 
set- > ala at the equivalent position of 3); when 
both mutant subunits were expressed together the 
burst duration was doubled. Each of these muta- 
tions involves a reduction of side-chain volume, as 
well as a reduction in polarity. On the other hand, 
mutation of a residue in the/3 subunit (phe- > ser at 
position 6', one full turn along the helix towards the 
external surface) reduced the burst duration to 
about 30% of control. This mutation would result in 
a volume decrease as well. Seven other mutations 
at position 2', 6' or 10' in the M2 region had no clear 
effect on burst duration (legend to Fig. 3). 

2. Mutations Near the ACh-Binding Site 
Change Binding 

Biochemical studies in which receptors have been 
covalently labeled indicate that at least part of the 
ACh-binding site is located in a region of the c~ sub- 
unit immediately around a pair of cysteine residues 
at positions 192 and 193 (see Figs. 2C and 4). Recent 
work with point mutations in this region has shown 
that the nearby tyrosine residues (at positions 190 
and 198) are important in determining the affinity 
for agonists. These residues are conserved in all o~ 
subunits and have been substituted in c~ subunits 
from Torpedo (O'Leary & White, 1991) and mouse 
(Tomaselli et al., 1991). When mutated ~ subunit is 
expressed with normal/3, y, 8 subunits, alteration of 
tyrosine-198 to phenylalanine changes the ECs0 for 
ACh-elicited currents from 23 to 115/XM (Torpedo) 
OF 10 to 60 /d.M (mouse), whereas tyrosine-190 to 
phenylalanine changes the ECs0 to 430 /XM (Tor- 
pedo) or 500 /XM (mouse). For the mutated mouse 
subunits the ACh affinity also has been measured 
from inhibition of ~BGT-binding, with parallel 
results. It might be expected that reduced affinity 
would involve an increase in the dissociation rate, 
and hence the burst duration and number of open- 
ings per burst might decrease. However, no kinetic 
analyses have yet been performed. 

F.  CHANNEL GATING MAY INVOLVE THE 

CONCERTED PARTICIPATION OF MULTIPLE 

DOMAINS ON MULTIPLE SUBUNITS 

What have we learned from omissions or swaps of 
entire subunits? The muscle AChR is able to assem- 
ble and function despite having an abnormal com- 
plement of subunits. It had been hoped that it would 
be possible to identify subunits which showed 
strong effects on gating which would indicate those 
sequences which should be explored further. This 
hope has not been realized, largely because the data 
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suggest that each subunit can affect gating. More- 
over, it seems that subunits other than the e~ subunit 
can affect the affinity for ligands. 

The use of mutated subunits is potentially more 
discriminating, since it is more likely that most of a 
mutated subunit will maintain normal interactions 
with the other subunits in the assembled receptor 
and hence that the effects of the mutation would be 
more interpretable. Unfortunately, few kinetic data 
have been reported for mutants. One interesting 
result is that substitution of the residues which dif- 
fer between y and e subunits in the MI and M2 
regions does not convert the channel open time 
(Villarroel et al., 1991). The data suggest that at 
least some residues in the putative membrane-span- 
ning regions M1, M2 and M4 can influence gating 
(M3 has not been studied), in agreement with the 
prejudice that channel gating involves rearrange- 
ments in transmembrane structures. Although these 
data conform to what might be expected, it is also 
interesting that a number of mutations in these re- 
gions did n o t  have any measurable effect on gating. 

An approach that was used with great success 
to identify regions important in ion permeation was 
the exchange of larger regions of y and ~ subunits 
(Imoto et al., 1986) followed by substitutions of se- 
lected residues (Imoto et al., 1988). No data on 
channel kinetics from such "medium grained" ex- 
changes (for example, between 3' and e) have been 
reported as yet. 

In summary, the data support the idea that gat- 
ing is a distributed property of the entire AChR pen- 
tamer: all subunits are instrumental in determining 
gating properties. The data also support a conclu- 
sion of high structural specificity in gating, as identi- 
cal mutations of homologous residues in different 
subunits can have quite divergent effects on gating. 
Most likely, gating is determined by critical resi- 
dues in specific subunits, but the subunit interac- 
tions thought to occur during gating dictate that the 
effects of a given mutation will depend on the back- 
ground of the other subunits. This statement is in 
agreement with data from other multimeric proteins 
(e.g., Perutz, 1990), and simply says that the trigger 
is larger than we might have naively hoped. 

V. Summary and Conclusions 

Work over the past ten years has greatly increased 
our understanding of both the structure and func- 
tion of the muscle nicotinic acetylcholine receptor. 
There is a strongly supported general picture of how 
the receptor functions: agonist binds rapidly to sites 
of low affinity and channel opening occurs at a rate 
comparable to the agonist dissociation rate. Chan- 

nel closing is slow, so the channel has a high proba- 
bility of being open if both agonist-binding sites are 
occupied by ACh. Results of expression studies 
have shown that each subunit can influence AChR 
activation and have given a structural basis for the 
major physiological change known for muscle 
AChR, the developmental change in AChR activa- 
tion. These general statements notwithstanding, 
there are still major areas of uncertainty which limit 
our understanding. We have emphasized these ar- 
eas of uncertainty in this review, to indicate what 
needs to be done. 

First, the quantitative estimates of rate con- 
stants are not as strongly supported as they should 
be. The major reasons are twofold--uncertainties 
about the interpretation of components in the ki- 
netic data and difficulties of resolving brief events. 
As a result, any inferences about the functional con- 
sequences of structural alterations must remain ten- 
uous. 

Second, the functional behavior of individual 
AChRs is not as well understood as it should be. 
The kinetic behavior of an individual receptor 
clearly can be complex (section II). In addition, 
there is evidence that superimposed on this com- 
plexity there may be stable and kinetically distin- 
guishable populations of receptors (section III). Un- 
til the basis for the kinetically defined populations is 
clarified, kinetic parameters for receptors of defined 
structure cannot be unambiguously obtained. 

Finally, it is not surprising that the studies of 
AChR of altered structure have not given definitive 
results. Two reasons should be apparent from the 
preceding points: there is not a fully supported ap- 
proach for kinetic analysis, and the "normal" popu- 
lation may not be clearly defined. An additional 
complication is also emerging, in that the available 
data support the idea that specific residues distrib- 
uted over all subunits may influence AChR activa- 
tion. This possibility renders the task of analysis 
that much more difficult. 

The muscle nicotinic AChR has served as a pro- 
totype for the family of transmitter-gated membrane 
channels, which includes the muscle and neuronal 
nicotinic receptors, the GABAA, the glycine and 
possibly the non-NMDA excitatory amino acid re- 
ceptor (Stroud et al., 1990)_ It is interesting to note 
that the functional properties of the GABAA recep- 
tor, probably the best-studied of the other members 
of the family are rather similar. In particular, open- 
time and burst durations show multiple components 
interpreted as reflecting openings of singly and dou- 
bly liganded receptors (Mathers & Wang, 1988; 
Macdonald et al., 1989), the distribution of gaps in- 
dicates a relatively complex gating scheme (Twy- 
man et al., 1990; Weiss & Magleby, 1989), and mul- 
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tiple kinetic modes are likely to exist (Newland et 
al., 1991). The situation with regards to the effects 
of GABAA receptor subunit stoichiometry is more 
complex than for muscle AChR (e.g., Luddens & 
Wisden, 1991), perhaps similar to that found for 
neuronal nicotinic AChR (Papke et al., 1989; Luetje 
et al., 1990; Luetje & Patrick, 1991). Overall, it ap- 
pears that the unresolved questions about the mus- 
cle nicotinic AChR are not indications that this is an 
exceptionally complicated transmitter-gated chan- 
nel. Rather, it appears to be a relatively straightfor- 
ward member of the family, and the lessons we 
learn from studying it are likely to be directly appli- 
cable to other receptors. 
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