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/n viva Development of Nicotinic Acetylcholine Receptor Channels in 
Xenopus Myotomal Muscle 

J. L. Owens and R. Kullberg 
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The development of acetylcholine receptor (AChR) channel 
function in Xenopusmyotomal muscle was studied by single- 
channel recordings from cell-attached patches of nonjunc- 
tional membrane in viva. AChR channels were studied from 
the time of their first appearance on the muscle membrane 
until the time of full maturity of the muscle. Two predominant 
amplitude classes of AChR channels were observed with 
slope conductances of about 40 and 60 pS. During the first 
day after their initial appearance on the membrane, the small- 
conductance channels were the most numerous class on the 
muscle membrane. The large-conductance channels then 
began to be expressed in significant numbers and, over the 
next 2 d, became the predominant channel type. The large- 
conductance class had an apparent mean open time of -0.7 
msec at resting potential, which remained constant through- 
out development. The small channel initially had an apparent 
open time of -3 msec at resting potential, which decreased 
during development by about 50%. The decrease in open 
time of the small channel was correlated in time with the 
increased expression of the large-conductance channels. 
Openings of the large-conductance channels were generally 
separated by closed intervals of more than 1 msec, whereas 
openings of the small-conductance channels were com- 
monly interrupted by brief gaps of about 0.2 msec duration. 
The duration of the brief gaps did not change during devel- 
opment. 

Studies of amphibian and mammalian skeletal muscle have 
shown that nicotinic acetylcholine receptor (AChR) channels 
undergo functional changes during development (reviewed by 
Schuetze and Role, 1987). In general, there is an increase in 
AChR channel conductance and a decrease in open time as the 
muscle matures. The first evidence of such changes came from 
the analysis of ACh-induced noise recorded from muscle. Re- 
cordings from muscle membrane in rats (Sakmann and Brenner, 
1978; Fischbach and Schuetze, 1980) and amphibia (Kullberg 
et al., 198 1; Kullberg and Kasprzak, 1985) demonstrated a 3- 
to 4-fold decrease in the open time of AChR channels. These 
experiments revealed the chronology of change in gating during 
muscle development, but they gave no information about the 
conductances of the channels. With the advent of the single- 
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channel recording method, it was discovered that 2 different 
conductance classes of channels were expressed during devel- 
opment (Clark and Adams, 198 1; Hamill and Sakmann, 198 1; 
Kidokoro et al., 1982; Brehm et al., 1984a, b; Leonard et al., 
1984; Siegelbaum et al., 1984). A small-conductance class of 
about 40 pS was initially predominant on the membrane, while 
in older cells, the majority of channels had a conductance of 60 
pS. Furthermore, it was found that these conductance classes 
differed in their gating properties, with the 40 pS channels being 
open about 2- to 4-fold longer than the 60 pS channels. 

For technical reasons, single-channel studies of AChR de- 
velopment have mainly been confined to cultured muscle. The 
absence of overlying connective or epithelial tissue makes cul- 
tured muscle cells especially suitable for patch-clamp recording. 
However, to be sure that the processes of normal receptor de- 
velopment are faithfully represented in cultured muscle, the 
essential conclusions from in vitro studies should be confirmed 
by single-channel data from normally developing muscle in vivo. 
Studies in vivo also offer an opportunity to relate the temporal 
changes in receptor function to other concurrent development 
changes in the animal. 

The present study describes the single-channel properties of 
AChRs during their normal development in vivo. Myotomal 
muscle of Xenopus laevis was used for this study because of the 
extensive data available on synaptic currents and AChR de- 
velopment in this muscle, both in vivo and in vitro (Kullberg et 
al., 1980, 1981, 1985; Brehm et al., 1982, 1984a, b; Leonard et 
al., 1984; Kullberg and Kasprzak, 1985). In this paper, we de- 
scribe the gating kinetics and conductances of AChRs on non- 
junctional myotomal muscle membrane throughout the full range 
of muscle development. Our records extend from the time the 
receptors first appear in embryos, less than 1 d old, until the 
muscle is lost at metamorphosis. We compare AChR devel- 
opment in the intact animal with the results obtained in cell 
culture and discuss the temporal relationship between devel- 
opmental changes in AChR function and synaptic currents. Pre- 
liminary reports of these results have appeared elsewhere (Kull- 
berg et al., 1986; Brehm et al., 1988). 

Materials and Methods 

Rearing and staging of embryos and tadpoles. All experiments were 
performed in vivo on myotomal muscle of embryos and tadpoles of X 
laevis. Embryos were produced by inducing mating of adult pairs with 
subcutaneous injections of human chorionic gonadotropin (Sigma). Em- 
bryos or young tadpoles used for experiments were reared in dechlo- 
rinated tap water in 60 mm petri dishes at about a dozen per dish. The 
animals were staged according to the criteria of Nieuwkoop and Faber 
(1967). The rate of development is significantly influenced by temper- 
ature, and therefore, the developing embryos and tadpoles were kept in 
an incubator for the first 4-5 d at 23°C. Thereafter, the animals were 



The Journal of Neuroscience, March 1989, 9(3) 1019 

transferred to 5 gallon aquaria and maintained at room temperature, 
which was generally 22-24°C. Under these conditions the animals de- 
veloped well and at the approximate rate expected from Nieuwkoop and 
Faber (1967). Records were taken from embryos ranging in age from 
2 1 hr (stage 19) to just before resorption of the tail at the end of meta- 
morphosis (stage 6 1). During the first 48 hr after fertilization, the em- 
bryos develop rapidly, progressing through each developmental stage 
in l-2 hr until about stage 30. In order to minimize staging errors, the 
animals were staged just before dissection, and we began recording 
within a few minutes after the muscle was exposed. Usually the re- 
cordings were ended within l-2 hr of staging. For embryos younger 
than stage 30, records taken after 1% hr following staging were consid- 
ered to belong to the next stage. 

Myotomal muscle. The cells of the myotomal muscle are short fibers, 
ranging in length from 100 pm at the time of synapse formation (stage 
21) to about 300 pm at early metamorphosis (stage 48-50). The cells 
are arranged in myotomes along the length of the tail, and synapses are 
located oi each end of the cell-near the-myocommata (Kufibeig et al., 
1977: Chow. 1980: Chow and Cohen. 1983). Mvotomal cells remain I  I  

mononucleate until the onset ofmetamorphoiis; then as metamorphosis 
proceeds, they become multinucleate, probably from fusion with sat- 
ellite cells (Muntz, 1975). Myotomal muscle is resorbed completely by 
the end of metamorphosis. 

Preparation of musclefor recording. During dissection and recordings, 
embryos and tadpoles were placed in a modified Ringer’s solution con- 
taining (in mM): 110 NaCl, 1 .O KCl, 1.8 CaCl,, and 8 HEPES adjusted 
to pH 7.4 with NaOH. Tetrodotoxin (1 &ml) was routinely added to 
the solution to immobilize the muscle. Older tadpoles were either pithed 
or decapitated prior to dissection. The myotomal muscle was exposed 
by removing the overlying epithelium with fine-tipped forceps, minutia 
pins, or glass dissecting probes. The muscle was secured to the bottom 
of a Sylgard (Dow-Coming)-covered petri dish with fine stainless steel 
pins or small clips. To improve visualization the preparation was usually 
enclosed in a 3-sided Sylgard chamber, covered with a glass coverslip. 
This prevented impairment of optics by the meniscus around the re- 
cording electrode. The open side of the chamber allowed access for the 
recording electrode. The muscle was viewed at 200 x through an upright 
compound microscope equipped with Hoffman interference optics. 

High-resistance (> 10 GQ) seals were readily obtained from younger 
myotomal muscle (stages 1940) without the need for enzyme treatment 
to remove connective tissue. This was advantageous because most of 
the interesting developments in AChR function had already occurred 
before the time that enzyme treatment was necessary. All records from 
stages younger than 4 1 plus a few at stages up to 44 were obtained from 
muscle without enzyme treatment. Stable seals became progressively 
more difficult to obtain as the muscle aged. In order to remove adherent 
connective tissue and enhance the cleanliness of the muscle surface, 
older myotomal muscle was bathed in Ringer solution plus 1 mg/ml 
collagenase (Type I, Cooper CLS) for 5-30 min depending on age, and 
then washed 2-3 times with Ringer solution prior to recording. 

Recording techniques. Standard single-channel recording techniques 
were used (Hamill et al., 198 1). All recordings were obtained from cell- 
attached patches, at nonjunctional regions of muscle membrane. Elec- 
trodes were made from borosilicate glass (WPI), pulled to an outer tip 
diameter of about 1 pm. The tips were bent under a microforge in order 
to approach the muscle vertically. Electrode tips were occasionally fire 
polished; however, for most experiments high-resistance seals formed 
readily without fire polishing. In some experiments, Sigmacote (Sigma) 
was applied to the electrode tip to reduce noise levels. The electrodes 
were filled with the same salt solution as the bath plus 500 nM ACh, 
except for control experiments as noted in the Results. This concentra- 
tion of ACh elicited sufficient channel activity for convenient analysis 
with minimal overlapping events. To form seals, slight negative pressure 
(O-25 cm water) was applied to the recording pipette aft& con&t with 
the cell. Single-channel currents were amplified bv a List EPC/7 Datch- 
clamp amplifier, Bessel-filtered at 3 kHz, &d recdrded on FM tape (7.5 
ips, O-5 kHz bandwidth). Records were typically taken at 3-4 different 
applied pipette potentials ranging from 0 to 100 mV. All recordings 
were done at room temperature (22-24°C). 

Data analysis. Analysis was done off-line with an INDEC 1 l/73 Lab- 
oratory Display System. Sections of the tape-recorded single-channeled 
data were digitized at 10 kHz and stored on disk. The frequency response 
of the complete recording system was tested by applying square current 
pulses to the head stage, via the test circuit of the EPC/7. The minimum 
square current pulsethat produced a half-amplitude output signal was 

65 psec. Input current pulses of 170 psec produced output signals that 
reached full amplitude. Open channel current amplitudes were measured 
by averaging the sample values which exceeded the half-amplitude 
threshold, not including the first and last sample points. With a sample 
interval of 100 rsec, the amplitude of any opening detected by 3 or 
more sample points above threshold was faithfully measured, within 
the limits of the recording noise. Therefore, the minimum open duration 
that we accepted for measurement was 300 psec. An opening was con- 
sidered to end when at least one sample point fell below the half-am- 
plitude threshold. The minimum recorded gap length was 100 psec, and 
we assumed that all detected gaps represented complete closures. 

The amplitudes, open durations, and closed durations of the single- 
channel events were measured automatically, followed by a manual 
review to check the accuracy of measurement. Overlapping events were 
excluded from the analysis. Scatter plots of event amplitude versus 
duration were displayed for each record. In most cases, the events formed 
l-4 discrete clusters of points which allowed us to define the limits of 
the different amplitude classes. After defining these limits, histograms 
of current amplitudes and open and closed durations were compiled for 
each amplitude class. 

All open and closed duration histograms were fitted with single- and 
double-exponential functions, by the method of maximum likelihood 
(Colquhoun and Sigworth, 1983). Open duration histograms were fitted 
over a range of 0.3-25.6 msec and closed duration histograms over a 
range of 0.2-5 1.2 msec, with correction for missed events outside of 
these ranges. The single- and double-exponential functions were dis- 
played simultaneously for each histogram, and their relative goodness 
of fit was evaluated by eye. Histograms were classified as single expo- 
nential when they were accurately fitted by single-exponential functions, 
and there was little or no discernible improvement in the fitted curve 
using 2 exponential components. Histograms were classified as double 
exponential when they were accurately fitted by 2-component functions 
and the single-exponential curves failed to describe the data. The fast 
and slow time constants of double-exponential histograms usually dif- 
fered by a factor of 3 or more, reflecting our ability to visually resolve 
2 components. We use the terms “mean open time” and “mean closed 
time” to refer to the maximum likelihood estimates ofthe time constants 
obtained from these histograms. The abbreviations, 7,,+, 7rar,, and T,,~~, 
refer to the time constants of single-exponential functions and the fast 
and slow time constants of the double-exponential functions. 

For records that had closed duration histograms with 2 distinct kinetic 
components, we also calculated the mean burst duration of channel 
openings. A burst was defined as a series of successive channel openings 
separated by gaps of less than a critical length. The critical length de- 
pended on the time constants of the closed duration histogram and was 
defined according to exp( - t/t,) + exp( - t,lt,) = 1 (Colquhoun and Sak- 
mann, 1985), where t, is the critical gap length, t,is the mean duration 
of brief gaps between channel openings, and t, is the mean duration of 
long gaps between channel openings. Unless stated otherwise, all data 
are expressed as means + standard deviation, and the sample sizes, 
given in parentheses, refer to the number of recording sites. 

Results 
AChR single-channel activity was recorded from myotomal 
muscle in embryos as young as 2 1 hr (stage 19), the earliest age 
at which nicotinic AChRs are expressed on the muscle surface 
(Blackshaw and Warner, 1976; Kullberg et al., 1977; Chow and 
Cohen, 1983). Records were taken at each stage of development 
between stages 19-25 (a 6 hr period) and at about every third 
or fourth stage over the next 25 d (stages 25-54). The oldest 
muscle studied was at stage 6 1, which is 5 d before completion 
of metamorphosis. 

The frequency of single-channel currents depended on the age 
of the muscle. When 500 nM ACh was present in the patch 
pipette, substantial channel activity was observed at stages 25- 
48 in almost 100% of the patches. At very young stages (19- 
24) or older stages (>48), some patches had no identifiable 
channel activity or else the event frequency was too low for 
analysis. This variability may reflect a lower density of non- 
junctional AChR channels in very young and mature muscle 
relative to intermediate stages (Chow and Cohen, 1983). 
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Figure I. Examples of single ACh receptor channel openings recorded 
from nonjunctional regions of early, intermediate, and late stage myo- 
tomal muscle. Recordings were made at 40 mV applied pipette potential 
from cell-attached patches. Dotted lines indicate the 40 and 60 pS chan- 
nel current amplitudes. 

Single-channel conductances 
When multiple openings were eliminated, the single-channel 
currents fell into 1-4 different amplitude classes. The 2 largest 
currents were predominant in most records. Occasionally it was 
possible to observe ail 4 current levels in the same record, al- 
though usually only 2 or 3 levels were present. In records without 
overlapping events, openings of each amplitude class occurred 
in isolation. Rarely (< l/1000) were events seen that could be 
interpreted as possible transitions from one amplitude class to 
another. This is in contrast to the more frequent partial closures 
of channels to subconductance states, reported in cultured mus- 
cle cells from rat (Hamill and Sakmann, 1981; Takeda and 
Trautmann, 1984; Sigworth, 1985), mouse (Morris and Mont- 
petit, 1986), chick (Auerbach and Sachs, 1983, 1984) and adult 
frog muscle (Colquhoun and Sakmann, 1985). The smaller 2 

OJ-, ,  ,  ,  ,  ,  ,  I  I  I  I  ,  

0 20 40 60 80 100 

Applied potential (mV) 

Figure 2. Single-channel current versus applied pipette potential. 
Channel currents are indicated by triangles (large channels) and squares 
(small channels). These data are taken from a single recording site at 
stage 40. The nonlinearity of current versus voltage is evident in both 
channel types. 

currents had slope conductances of 1 O-l 5 and 20-30 pS. Small, 
independent events have also been noted in recordings of AChR 
activity in cultured Xenopus muscle cells (Brehm et al., 1984a; 
Auerbach and Lingle, 1986). It is possible that these smaller 
events represent the openings of AChR channels; however, we 
have not yet characterized their properties in detail. For the 
remainder of this report only the 2 larger and more frequently 
encountered channel currents will be described. 

The 2 major classes of ACh receptor channels that we ob- 
served during development resemble those previously reported 
in mature myotomal muscle (Brehm et al., 1984b). Currents 
belonging to the 2 classes are shown in Figure 1. Based on the 
cumulative data, the mean single-channel current amplitudes 
at resting potential were 3.28 ? 0.60 pA (128) and 4.54 f 0.83 
pA (68) for the 2 channel types. There was no development 
change in the single-channel current amplitudes. For instance, 
the mean current amplitude of the smaller amplitude channel 
was 3.17 ? 0.61 pA (65) at stages 19 to 30 and 3.39 + 0.57 pA 
(63) at stages 33-6 1. 

As noted previously (Brehm et al., 1984a, b) the current- 
voltage (Z-P’) relationships of both channel classes were nonlin- 
ear (Fig. 2). The slope conductances of both classes increased 
with membrane hyperpolarization. To better describe the de- 
pendence of conductance on membrane potential, we measured 
the slope conductance between successive 20 mV steps of ap- 
plied potential between 0 and 80 mV (Fig. 3). The mean slope 
conductance of the smaller class was 35.2 f 8.8 pS (79), mea- 
sured between 0 and 20 mV, and 39.5 + 10.9 pS (41) between 
40 and 60. At these same applied potentials, the conductances 
of the larger channels were 50.9 f 11.7 pS (34) and 60.0 -+ 18.4 
pS (20). There was no change in the Z-V relationship of either 
channel during development. For the sake of convenience, we 
will refer to the 2 conductance classes as “40 pS” and “60 pS” 
channels. 

Reversal potentials 

The reversal potentials for the 2 channel types were difficult to 
measure with confidence. Linear extrapolation of the Z-V re- 
lationship to the zero current level did not give a valid estimate 
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Figure 3. Mean slope conductance versus applied pipette potential for 
large (triangles) and small (squares) channels. Bars indicate SD. These 
values are based on the cumulative data from all recording sites through- 
out development. Recordings were taken at 0, 20, 40, 60, and 80 mV 
applied potential. The slope conductances between adjacent 20 mV 
applied potentials were calculated at each recording site and then av- 
eraged to obtain the mean values plotted here. The mean slope con- 
ductances are plotted midway between each 20 mV interval. 
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because of the nonlinearity just mentioned. A further compli- 
cation resulted from the voltage sensitivity in the open time of 
both channels. When the membrane was depolarized until cur- 
rents disappeared or reversed, the channel open time became 
so rapid that most events were attenuated by the recording 
system. Nevertheless, we obtained a rough estimate of the re- 
versal potentials by adjusting the applied pipette potential until 
the currents disappeared. At 11 different recording sites the 
channel currents disappeared at -77 f 19 mV applied poten- 
tial. Assuming resting membrane potentials of about -80 mV 
(Kullberg et al., 1985) the zero current level occurs at a mem- 
brane potential near 0 mV. 

0 -2 -4 -6 -8 

Single channel current (pAI 

Figure 4. Amplitude histograms of single-channel currents at 40 mV 
applied potential. These histograms reveal 2 amplitude classes of chan- 
nels and demonstrate the increasing relative abundance of the large- 
amplitude events with development. Developmental changes in conductance classes 

During early developmental stages (19-30) the predominant 
channel openings belonged to the 40 pS class. Out of 78 re- 
cording sites, only 9 had evidence of significant 60 pS channel 
activity. However, by stage 33 more than 60% of the recording 
sites had high-conductance channels, and thereafter this per- 
centage progressively increased to over 95% in older muscle 
(stages 47-61). The relative frequency of 60 pS events at indi- 
vidual recording sites also increased as the muscle developed. 
In Figure 4, current amplitude histograms illustrate the changing 
prevalence of the 2 channel types at different stages of devel- 
opment. The relative increase in frequency of high-conductance 
channel openings at all recording sites is summarized in Figure 
5. From these data it appears that the major period of transition 
in channel types occurs after stage 30. Several recordings from 
muscle older than stage 50 contained only the high-conductance 
channel. Our estimates of relative event frequency were based 
on the number of observed channel openings assigned to each 
class. Because a large number of events were missed, due to the 
frequency response of the recording system, and because of pos- 
sible differences in agonist affinity (Auerbach and Lingle, 1987) 
and gating kinetics, these data do not necessarily represent the 
relative numbers of each channel type actually present in the 

patches. Nevertheless, they support the general conclusion that 
large channels progressively outnumber the smaller ones during 
development of myotomal muscle and that this change mainly 
occurs following stage 30. 

Developmental changes in apparent channel open time 

The open times of the 40 pS channels became briefer during 
development, confirming previous observations made in vitro 
(Leonard et al., 1984). This change is illustrated by the single- 
channel records shown in Figure 1 and the open duration his- 
tograms in Figure 6. Approximately half of the open duration 
histograms at all stages were adequately fitted by single-expo- 
nential functions. However, the fact that 2 exponential com- 
ponents were required to fit many of the histograms suggests 
that some or perhaps all of the apparently single-exponential 
histograms were composed of more than one kinetic component 
that we could not resolve. The time constants of individual open 
duration histograms are plotted against developmental stage in 
Figure 7. There was a wide scatter of estimates at any single 
stage; however, a developmental trend toward faster open times 
of the 40 pS channels was evident. Examination of the fast and 
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Figure 5. Increase in relative percent- 
age 60 pS events versus developmental 
stage. Each data point represents the 
percentage of total observed channel 
openings belonging to the 60 pS con- 
ductance class ofAChRs. In most cases, 
data points at 0 and 100% represent 
multiple recording sites (up to 21) at a 
single stage. The data points from stages 
19 to 25 represent a total of 59 record- 
ing sites at which negligible large-chan- 
nel activity was detected. All other data 
points represent single recording sites. 
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slow components of the double-exponential histograms suggests 
a transition to faster values following stage 30, which coincides 
with the onset of expression of the 60 pS channels. Using stage 
30 as a dividing point, we have summarized the apparent open 
time data in Table 1. Overall, the apparent open times of the 
40 pS channels decreased by about 50% during development. 

The majority of the 60 pS channel open duration histograms 
were well fitted by single-exponential functions with an average 
time constant of about 0.7 msec at 0 mV applied potential (Table 
1). No developmental change in open time was evident (Fig. 7). 
At 0 mV, about 10% of the histograms (5/4 1) were fitted better 
by double-exponential functions. The fast component (CO. 1 
msec) was evident in only the first 1 or 2 bins of the histograms, 
and therefore could not be confidently estimated. The mean 
time constant of the slow component at 0 mV was 0.68 f 0.22 
msec (5). 

The apparent channel open times of both the 40 and 60 pS 
channels lengthened with hyperpolarization (Fig. 8, Table 2). 
There was considerable variability in our estimates of voltage 
dependency at individual sites; nevertheless, the effect of applied 
potential on the open times of the 40 pS channels appeared to 
decrease slightly during development. At stages 19-30, an e-fold 
increase in open time was produced by -60 mV hyperpolari- 
zation, while at stages older than 30, an e-fold increase required 
- 90 mV hyperpolarization on the average. The voltage depen- 

Developmental stage 

dency of the 60 pS channels (e-fold change in open time per 
- 60 mV) was somewhat greater than that of the 40 pS channel 
at comparable stages. There is good agreement between the 
voltage sensitivities we observed and those reported by Brehm 
et al. (1984b). Igusa and Kidokoro (1987) observed that the 
open times of the 40 pS channels were positively correlated with 
those of the 60 pS channels, at a constant applied potential in 
cultured Xenopus muscle. We found a similar correlation in vivo. 
The correlation coefficient (r) between the open times of the 40 
and 60 pS channels at resting potential was 0.67 (n = 16, sig- 
nificant at the 0.01 level). As observed in cultured muscle, we 
found no significant correlation between open time and current 
amplitude at a constant applied potential (r = 0.08 for 60 pS 
channels, and Y = 0.2 1 for 40 pS channels), which suggests that 
the correlated open times were not due to different cell mem- 
brane potentials. 

Closed-state kinetics 
The majority of 40 pS channel closed duration histograms were 
well fitted by the sums of 2 exponential functions (Fig. 9). The 
time constant of the brief component was about 0.2 msec on 
average at 0 mV applied potential (Table 3) and did not change 
significantly during development. The percentage of gaps com- 
prising the brief component declined slightly with age, from 28 
to 19% (Table 3). The time constant of the slow component 

Table 1. Apparent channel open times 

40 pS channels 60 pS channels 
Stages 7,,ngle We4 7fasr We4 7,10w bsec) T,,,~~ (msec) 

19-30 3.24 IL 1.07 (20) 1.22 ? 0.62 (19) 4.06 + 1.19(19) - 
33-50 1.81 f  0.96 (19) 0.50 k 0.40 (19) 2.31 f  0.81 (18) 0.69 k 0.23 (36) 

All data were obtained at 0 mV applied potential. Values are given as the mean time constants + SD. Sample sizes are 
shown in parentheses and indicate the number of different recording sites. No values are reported for the 60 pS channel 
at stages 19-30 because the infrequency of events in this class precluded an accurate estimate of their open time. 
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Figure 6. Open duration histograms of ACh receptor channels at different developmental stages. The developmental stage and channel type (40 
or 60 pS channels) are indicated by each histogram. All data were obtained at 0 mV applied potential. Single-exponential histograms (A-C): On 
the left are displayed histograms that were satisfactorily fitted by single-exponential functions. The maximum likelihood estimate of a single- 
exponential function is superimposed on each histogram. Histograms A and B illustrate the decrease in 40 pS channel open time that occurs during 
development of myotomal muscle; histogram C was compiled from 60 pS channel openings at stage 44 and illustrates the excellent fit to a single- 
exponential function seen in the majority of such recordings. The time constants of the fitted curves are as follows: A, 2.70 msec; B, 1.41 msec; 
and C, 0.67 msec. Double-exponential histograms (D-F): Histograms on the right were fitted better by double-exponential functions. The maximum 
likelihood estimates of both single- and double-exponential functions are superimposed on each histogram. In each case, a double-exponential 
curve satisfactorily fits the data, while a single-exponential curve deviates noticeably from the data, particularly for brief events. The fast and slow 
time constants of the fitted curves are as follows: D, 1.48 and 4.31 msec; E, 0.44 and 1.99 msec; F, 0.07 and 0.62 msec. 

varied widely and had a mean value of 40 ms (range, 7-226 
msec at 38 sites, stages 19-44). In most cases, we were unable 
to resolve brief gaps in the openings of the 60 pS channels. In 
4 closed duration histograms (at 0 or 20 mV applied potential) 
where a fast component was evident, the mean brief gap du- 
rations ranged from -0.1 to 0.4 msec. The mean duration of 
long closed intervals was 113 msec (range, 3-256 msec at 33 
sites, stages 33-6 1). 

Burst kinetics 
The detection of brief closures in the records of 40 pS channel 
activity allowed us to define bursts as successive openings sep- 
arated by gaps of less than a critical length. A critical gap length 
of 0.9 msec was calculated (see Materials and Methods) using 
the average time constants of the fast and slow components of 
all closed duration histograms (0.22 and 40 msec). Burst du- 
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Figure 7. Apparent channel open time versus developmental stage. 
Each data point represents the mean (&SD) time constant of open 
duration histograms at a single stage. The average number ofhistograms 
used to compute each data point was 4 (range, 1-12). A, Mean open 
time estimated from single-exponential open duration histograms of 40 
pS channels. B, Mean open time estimated from the fast component of 
40 pS double-exponential histograms. C, Mean open time estimated 
from the slow component of 40 pS double-exponential histograms. D, 
Mean single-exponential time constants of 60 pS open duration histo- 
grams. 

ration histograms were compiled for all 40 pS records single- 
exponential open duration histograms. The mean burst duration 
declined from 3.95 + 1.46 (20) at stages 19-30 to 2.01 -t 1.06 
(19) at stages 33-44. There was a somewhat greater tendency 
of the embryonic 40 pS channels to reopen immediately follow- 
ing a closure, since the burst durations at early stages were about 
22% longer than their corresponding apparent open durations 

.- 
5 
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Figure 8. Mean channel open time versus applied pipette potential for 
3 selected records from different kinetic classes of channels. Triangles, 
large-conductance channels at stage 54; diamonds, small-conductance 
channels at stage 33; squares, small-conductance channels at stage 23. 
These records further exemplify the differences between mean open time 
of the small channel at early and intermediate stages of development. 

(3.95 vs. 3.24 msec), while those at later stages were only about 
11% longer (2.01 vs. 1.8 1 msec). The ratios of the percentage 
of brief gaps (Table 3) to the percentage of long gaps in the 
closed duration histograms imply that the average burst of the 
embryonic 40 pS channel contained 1.39 openings, while the 
average burst at later stages (33-44) contained 1.23 openings. 
Dividing burst duration by the number of openings per burst, 
we estimate corrected channel open times of 2.84 msec at stages 
19-30 and 1.63 msec at stages 33-44 (as compared with ap- 
parent open times at those stages of 3.24 and 1.81 msec, re- 
spectively). Thus, the developmental change in burst duration 
reflects a significant change in the corrected channel open time 
and a small decrease in the number of openings per burst. 

Control experiments to identijjy AChR channels 

In order to confirm that the 40 and 60 pS events represented 
the activity of AChR channels, recordings were made in the 
absence of ACh and also in the presence of high (20 PM) ACh 
concentrations. In recordings without ACh, precautions were 
taken to ensure that no ACh remained in the recording dish or 
on the silver chloride wire electrode. In most recordings (19 out 
of 3 1 patches), no currents resembling those from the 40 or 60 
pS channels were seen, but in others, channel activity occurred 
that was similar to that observed in the presence of agonist. In 
these records the event frequency was usually much higher as 
the seal formed and declined dramatically over the next minute 
to less than one event per second. These events could have been 
spontaneous openings of AChR channels. Others (Brehm et al., 
1984a, b; Morris and Montpetit, 1986) have found similar AChR- 
like channel activity in the absence of agonist, and Jackson 
(1984) reported that AChR channels can open spontaneously. 
When the pipette contained 20 PM ACh, channel openings of 
both conductance classes occurred in bursts, separated by long 
periods (seconds) of silence, which is typical of desensitized 
AChRs (Sakmann et al., 1980; Auerbach and Lingle, 1986, 1987; 
Igusa and Kidokoro, 1987). 

The occurrence of spontaneous events in the absence of ACh 
prompted us to examine the effects on channel activity of a-bun- 
garotoxin (cPBTX), a highly specific and essentially irreversible 
blocker of nicotinic AChRs. In two sets of experiments we de- 
termined which single-channel currents were abolished by a 
saturating dose (Brehm et al., 1983) of a-BTX. These experi- 
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Stage 25 Table 3. Properties of brief closed intervals 
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Figure 9. Closed duration histograms of 40 pS AChR channels at stages 
25 and 37. These histograms were compiled from data obtained at 0 
mV applied potential. Time constants were 0.24 and 29 msec (stage 25) 
and 0.19 and 32 msec (stage 37). The percentages of brief closures in 
the 2 histograms were 32% (stage 25) and 22% (stage 37). 

ments were done on muscles that allowed rapid and stable seal 
formation without enzyme treatment and consistently exhibited 
substantial channel activity when ACh was present. 

In the first set of experiments, 5 muscles were bathed for 15 
min in a-BTX (0.1 mg/ml) and 3 1 recordings with no agonist 
in the pipette were then obtained. Each recording was main- 
tained at least 1.5 min (average, 2.4 min). While recording, the 
patch was hyperpolarized 60-80 mV from rest. During a total 
recording time of 75 min we saw no 40 or 60 pS channel activity 
in these patches. In about 75% of the records (23/3 1) the patch 
was completely silent, while in the remaining patches, events 
were seen which appeared to be due to stretch-activated chan- 
nels. 

In a second set of experiments we added 1.0 PM ACh and 
0.1 mg/ml o(-BTX to the recording pipette to determine directly 
which channel activity was originally present before it was elim- 

Stages 

19-30 

33-44 

Percentage 
rfasl (msec) of intervals 

0.21 xk 0.07 (24) 28 k 10 (24) 

0.23 k 0.12 (14) 19 k 12 (14) 

Data in this table were computed from closed duration histograms fitted by double- 
exponential functions. Records were obtained at 0 mV applied potential. Parameters 
were computed first at individual sites and then averaged. The percentage of brief 
closed intervals in each histogram was based on extrapolation of the closed duration 
histograms to zero time. The difference in the percentage of brief closed intervals 
between stages 19-30 and 33-44 is significant at the 0.02 level (2-sided t test). 

inated by the toxin. In the presence of the toxin, channel activity 
often disappeared so rapidly that it was impossible to identify 
the events according to their slope conductance. However, in 
39 recordings we collected enough events to identify which con- 
ductance classes were present in the patch before they were 
abolished by the toxin. The 40 and 60 pS channel activity typ- 
ically persisted for ~4 min before completely disappearing. At 
the end of some recordings, after a long period of toxin-induced 
silence, we were able to verify that the patch was still cell- 
attached by breaking the cell membrane with negative pressure 
and observing spontaneous synaptic currents. In records taken 
from the same muscles, but with ACh and no toxin in the pipette, 
the event frequency remained high for the duration of the re- 
cordings, which was over 12 min in some cases. These results 
indicate that the 2 major conductance classes of events we com- 
monly observed in our single-channel recordings were blocked 
by cu-BTX, implying that they were due to AChR channel open- 
ings. 

Stretch-activated channels 

Stretch-activated channels have been previously reported in 
Xenopus muscle in vivo (Brehm et al., 1984b) and in vitro (Brehm 
et al., 1984a) and other membranes (reviewed by Kullberg, 1987). 
In muscles that had been bathed in a-BTX prior to recording, 
suction on the pipette elicited rapid bursts of openings with 
many unresolved closures in about 25% of patches. These chan- 
nel openings had amplitudes comparable to those of AChR 
channels. Unlike the toxin-blockable channels, there was no 
noticeable change in the open time of these channels associated 
with increased hyperpolarization of the patch. The voltage-in- 
sensitive open times and toxin resistance suggest that the chan- 
nels activated by suction are not AChRs. However, spontaneous 
openings of stretch-activated channels could be confused with 
openings of AChR channels because of their similar amplitudes. 
Therefore, in all recordings with agonist in the pipette, we rou- 

Table 2. Voltage dependency of channel open time 

40 pS channels 60 pS channels 

Stages Tsing1e Tfast T,lOW T,,“Ek 

19-30 61.4 + 22.5 (9) - 66.5 k 32.0 (5) - 

33-50 88.9 2 34.8 (17) 78.5 + 53.5 (18) 75.4 k 42.4 (18) 62.6 t 32.7 (33) 

All values are given as the mean change (+ SD) in applied potential (mV) per e-fold change in channel open time. 
Values were calculated at individual sites before averaging. No value is reported for the fast component at stages 19- 
30 because of the wide scatter of values at individual sites. Pooled data at different potentials revealed no voltage 
dependency of this component. The difference in the T.,.~. voltage dependency of the 40 pS channel between stages 19- 
30 and 33-6 1 is significant at the 0.05 level by a 2-sided t test. The difference in the T,,,~~ voltage dependency between 
60 pS channels and 40 pS channels at stages 33-50 is significant at the 0.02 level. 
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tinely tested for stretch-activated channels. Records showing 
such activity were not analyzed. 

Collagenase control experiments 
At all developmental stages through 40, satisfactory recordings 
were routinely obtained from freshly dissected muscle without 
enzyme treatment. As development progressed, more connec- 
tive tissue was deposited over the muscle surfaces, and brief 
treatment by collagenase (1 mg/ml for 5-30 min) was usually 
necessary for reliable seal formation. However, recordings with- 
out collagenase treatment were occasionally obtained from stages 
as late as 44. To determine if treatment of the muscle by col- 
lagenase (or other contaminating proteases) altered the prop- 
erties of AChRs, we studied the effects of enzyme treatment at 
stages 37-40, during which AChR activity could be examined 
with and without such treatment. The muscle was treated for 
30 min in collagenase (1 mg/ml) and washed with Ringer’s prior 
to recording. 

There did not appear to be any effect of enzyme treatment 
on the slope conductance of either channel type. The slope con- 
ductances of the 2 classes were 39.5 -t 8.9 pS (10) and 57.0 f 
9.1 pS (5), between 40 and 60 mV applied potential. The relative 
abundance of each channel was not significantly affected by 
enzyme treatment. Channels of the 40 pS class were present in 
90% of patches in both enzyme-treated muscle (1 l/ 12 patches) 
and control muscle (29/32 patches), while 60 pS channels were 
present in 50% of patches (6/ 12) in enzyme-treated muscle and 
75% of patches (24/32) in control muscle. The latter difference 
is not significant (2 sample proportion test). At recording sites 
where both types of channels were present, the relative numbers 
of observed events were similar in control and enzyme-treated 
cells. The percentage of observed high conductance events was 
34% in collagenase-treated muscle (average of 6 sites) as com- 
pared with 40% in control muscle (24 sites). 

The open-state kinetics of the 60 pS channel did not appear 
to be affected by collagenase treatment. The channel open time 
at resting potential was 0.81 f 0.28 msec (3). However, pro- 
nounced double-exponential distributions were found in each 
of 5 open duration histograms of 40 pS channels in collagenase- 
treated muscle as compared with 18 out of 36 in control muscle. 
The slow time constant had a mean value of 3.0 1 & 1.18 (5) at 
0 mV, which was not significantly different from the control 
values (Table 1); however, the time constant of fast component 
was 0.20 ? 0.09 msec (5) which was about half that recorded 
in control muscle. In the collagenase-treated muscle, the brief 
openings made up 73 ? 11% of the events, as compared with 
5 1 f 22% in control recordings. Comparable fast components 
in the open duration histograms were not observed by Brehm 
et al. (1984), who studied AChR function in collagenase-treated 
muscle of late-stage Xenopus tadpoles; however, in view of a 
possible effect of enzyme treatment on the 40 pS channel gating, 
we have limited our 40 pS kinetic data to those recordings 
obtained without enzyme treatment. 

Discussion 

The single-channel properties of AChRs on myotomal muscle 
were studied from the time of their first appearance on the 
muscle until just before resorption of the muscle in metamor- 
phosis. Myotomal muscle is the first muscle in Xenopus embryos 
to develop and becomes recognizable - 19 hr (stage 18) after 
fertilization. AChR activity was recorded as early as 2 1 hr (stage 
19) which is when AChRs can first be detected by binding of 

1251-a-BTX (Chow and Cohen, 1983) or by depolarization in 
response to bath applied ACh (Blackshaw and Warner, 1976; 
Kullberg et al., 1977). Stage 19 is 2 hr prior to the first evidence 
of innervation (Blackshaw and Warner, 1976; Kullberg et al., 
1977) and 5-6 hr before the muscle begins to contract (Nieuw- 
koop and Faber, 1967; Kullberg et al., 1977). 

During the first 14 hr (stage 19-30) after the initial appearance 
of AChRs, the membrane was dominated by channels with long 
open times (- 3 msec) and low conductances (3 5-40 pS). Note- 
worthy changes in channel function began less than 2 d after 
fertilization (-stage 30). At this time, we began to observe a 
class of high-conductance channels (50-60 pS) with brief open 
times (< 1 msec) in many recordings, and as development pro- 
gressed, these channels became the dominant ones on the myo- 
tomal muscle. Over the range ofdevelopment during which large 
channels were abundant enough for analysis (stages 33-6 l), their 
conductance and gating properties remained constant. We ob- 
served no change in the conductance of the 40 pS channels 
during development but found that their open times became 
about 50% briefer. The reduction in 40 pS channel open time 
was correlated with the appearance of significant large channel 
activity, suggesting a possible coregulation of these events. 

Comparison of AChR development and endplate currents 

Endplate currents in myotomal muscle undergo a pronounced 
decrease in duration during development (Kullberg et al., 1980, 
1985) which is probably due in part to changes in endplate 
AChR channel open time similar to those reported here for 
nonjunctional AChR channels. At recently formed synapses 
(stage 24) the decay constants of miniature endplate currents 
(MEPCs) are 6-9 msec, which is 2- to 3-fold longer than the 
channel open time at similar stages. This difference may be due 
to the absence of acetylcholinesterase (AChE) at these early 
synapses (Kullberg et al., 1980). The MEPC decays become 
faster between stages 24 and 30, and AChE begins to accumulate 
at the synapse during this time. By stage 30, the MEPC decay 
constants are about 3 msec, which corresponds to the channel 
open time that we measured at that stage. This suggests that 
AChE activity is then sufficient to limit the synaptic current 
decay to the apparent channel open time. Following stage 30, 
there is a further decline in the MEPC duration, which parallels 
the increased expression of the fast-gating 60 pS channels and 
the decrease in open time of the 40 pS channels observed in 
nonjunctional membrane. The decay constants of MEPCs reach 
their briefest values at stages 47-50 and stabilize at about 0.8 
msec (Kullberg and Kasprzak, 1985), a value comparable to the 
measured apparent channel open time of 0.7 msec for the 60 
pS channels. 

The close correspondence between MEPC decay constants 
and nonjunctional single-channel open times at stages 30 and 
older indicates that similar channels are found at junctional and 
nonjunctional regions throughout most or all of development. 
A similar conclusion was reached by comparison of ACh noise 
spectra at junctional and nonjunctional regions of developing 
myotomal muscle (Kullberg et al., 1981). 

Comparison of ACh receptor development in vitro and in vivo 

Several studies of cultured Xenopus muscle have confirmed the 
existence of 2 amplitude classes of AChR channels (Kidokoro 
et al., 1982; Brehm et al., 1984a; Leonard et al., 1984; Auerbach 
and Lingle, 1986,1987; Igusa and Kidokoro, 1987). The channel 
conductances were estimated by Brehm et al. (1984a, b) to be 
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46 and 64 pS (at 23”(Z), while at a lower recording temperature 
(1 l-l 4”C), Leonard et al. (1984) found conductances of 25 and 
43 pS. During development in culture, the larger-amplitude 
channels gradually become more numerous relative to the low- 
er-amplitude channels. The 60 pS channels in culture have open 
times of less than 1 msec (corrected to the resting potential using 
the voltage sensitivity in Table 2), which do not change with 
the age of the culture (Brehm et al., 1984a, b). In cultures older 
than a day, estimates of the open time of the small channel range 
from 1 to 2 msec, corrected to the resting potential (Brehm et 
al., 1984a, Auerbach and Lingle, 1987; Igusa and Kidokoro, 
1987). Leonard et al. (1984) recorded from cultures correspond- 
ing in age to stages 2 l-24 and stage 45 and found that the small- 
conductance channel open time decreased 3-fold over this age 
interval. These data suggest that the principal features of AChR 
channel development that occur in vivo also take place in cul- 
tured myotomal muscle. 

We observed 2 components in the closed duration histograms 
of single 40 pS AChR channel activity in vivo. The time constant 
of the brief component, -200 psec, was similar to that reported 
by Igusa and Kidokoro (1987) in cultured muscle (300 psec). 
The interpretation of brief closed intervals is debatable (Sine 
and Steinbach, 1987); however, if they represent transitions 
between doubly liganded open and closed states in the activation 
sequence of the channel, then the opening rate constant (0) and 
agonist dissociation rate constant (k-J can be estimated ac- 
cording to Colquhoun and Sakmann (198 5) where the brief gap 
duration equals l/(p + 2kP,) and the number of gaps/burst 
equals (3/2k-,. For the embryonic form of the 40 pS channel, 
we estimate an opening rate constant of - 1300/set and an ag- 
onist dissociation rate of - 1700/set. The estimated opening 
rate constant decreases with development to -8OO/sec, while 
the dissociation constant remains nearly constant at - 18001sec. 
The latter values are similar to those reported by Igusa and 
Kidokoro (1987) (5 1 O/set and 22 1 O/set). However, those au- 
thors point out that their estimate of @, obtained from recordings 
with low ACh concentration (0.2 PM), is inconsistent with their 
estimate of & 7800/set, obtained from the channel open prob- 
ability during bursts of openings produced by high ACh con- 
centration (50 PM). Auerbach and Lingle (1987), using a faster 
sampling frequency, detected 3 components in the closed du- 
ration histograms. The fastest component, which they suggest 
is part of the activation sequence, had a time constant of about 
40 psec. They estimated an opening rate of 5600-7000/set and 
a dissociation rate of 6700-8800/set. These values are consis- 
tent with the predicated channel open probability during bursts 
at high ACh concentrations. A 40 Msec component would not 
have been detected in our recordings, so we have no direct 
evidence about the occurrence of such brief closures in vivo. In 
light of these results from cultured muscle, higher-resolution 
recordings will be necessary for satisfactorily describing the closed 
state kinetics in vivo. 

Molecular mechanisms of changes in AChR properties 

Two main features of receptor development need to be ex- 
plained in terms of molecular mechanisms: the decrease in open 
time of the small channel and the emergence of channels with 
a high conductance and brief open time. So far, there is no 
evidence for a mechanism to account for the change in the open 
time of the 40 pS channel. Agents that block protein synthesis 
do not appear to prevent the conversion to faster gating in vitro, 
suggesting that the change may take place in receptors that have 

already been inserted in the membrane (Carlson et al., 1985). 
On the other hand, the transition from low- to high-conductance 
channels may be transcriptionally controlled. In bovine muscle, 
substitution of an E subunit in place of the y subunit in the 
receptor pentamer causes a switch to higher channel conduc- 
tance and faster gating (Mishina et al., 1986). It has not yet been 
shown that this mechanism explains the development of high- 
conductance channels in Xenopus; however, a recent study of 
AChR subunit mRNA expression in myotomal muscle (Baldwin 
et al., 1988) revealed that the y transcript levels decline 50-fold 
during the time that the 60 pS channels become dominant on 
the membrane, whereas o( and 6 transcripts decline only about 
3- or 4-fold. It is possible that increased expression of 6 mRNA 
during this period of development accompanies the decline in 
y mRNA, thereby maintaining receptor synthesis and endowing 
new receptors with higher conductance and faster open times. 
A test of this hypothesis awaits the cloning of the E subunit gene 
in Xenopus. 
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