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Abstract

The gating properties of acetylcholine receptors (AChRs)
change during the development of rat soleus endplates.
During the first 3 weeks after birth, the apparent mean chan-
nel open time (r) decreases severalfold and the single-
channel conductance () increases 50%. To better under-
stand this phenomenon, we used a combination of noise
analysis, analysis of miniature endplate currents (MEPCs),
and single-channel recordings to quantify the relative levels
of fast and slow AChR activity at developing soleus end-
plates. When the same endplates were studied with both
noise analysis and MEPC analysis, results obtained with the
two techniques were strongly correlated, but MEPC analysis
yielded higher estimates of the relative amount of slow chan-
nel activity. Experiments designed to examine the distribu-
tion of fast and slow channels gave no evidence for a gradient
of either channel type within individual endplates; rather, fast
and slow channels appeared to be mixed together. However,
the relative amount of fast and slow channel activity did vary
markedly among different endplates within individual mus-
cles. In agreement with earlier studies, we found a progres-
sive decrease in the relative amount of slow channel activity
during the first 3 weeks after birth. However, our data indicate
that this process begins sooner than reported previously and
takes longer to complete. Some of the same endplates that
were studied physiologically were also examined in the elec-
tron microscope to test the hypothesis that changes in AChR
gating might be related to ultrastructural changes such as
the formation of folds. The physiological and ultrastructural
results were essentially uncorrelated.

Acetylcholine receptors (AChRs) undergo a number of changes
during the development of skeletal muscle endplates (reviewed by
Fambrough, 1979). In rats, these changes begin soon after the initial
nerve-muscle contact and continue for the next 3 to 4 weeks,
paralleling endplate development as a whole. The first wave of
changes occurs prenatally during the third week of gestation when
AChRs cluster beneath nerve terminals (Bevan and Steinbach,
1977), undergo a decrease in their metabolic turnover rate (Reiness
and Weinberg, 1981; Steinbach, 1981), and show a shift in their
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isoelectric focusing point (Brockes and Hall, 1975). In a second,
postnatal group of events, AChRs change in their response to curare
(Ziskind and Dennis, 1978), in their expression of certain antigenic
determinants (Reiness and Hall, 1981; Hall et al., 1984), and in their
ionic gating properties (Sakmann and Brenner, 1978; Schuetze and
Fischbach, 1978; Fischbach and Schuetze, 1980).

The most striking developmental change in AChR function is a
3- to 5-fold decrease in the apparent mean channel open time (r;
Sakmann and Brenner, 1978; Schuetze and Fischbach, 1978; Fisch-
bach and Schuetze, 1980), which is accompanied by a 50% in-
crease in single-channel conductance (y; Hamil and Sakmann,
1981; Siegelbaum et al., 1984). In rat soleus muscles, the decrease
in 7 begins a few days after birth and takes about 3 weeks to
complete. During the transition period, endplates contain substantial
numbers of both embryonic-type channels with long r's and adult-
type channels with short 7’s.

Because the decay phase of synaptic currents directly reflects
the closing of acetylcholine (ACh)-sensitive channels (Magleby and
Stevens, 1972; Anderson and Stevens, 1973), the shape of synaptic
currents also changes during development. Miniature endplate cur-
rents (MEPCs) decay several times more slowly in newborn end-
plates than in adult endplates (Sakmann and Brenner, 1978; Fisch-
bach and Schuetze, 1980). During the postnatal transition period
when fast and slow channels are present in the same endplates,
MEPC decays are biphasic, consisting of an initial rapid phase
followed by a second slower phase. The relative amplitudes of the
two components presumably reflect the relative amounts of fast and
slow channel activity (Michler and Sakmann, 1980).

The mechanism behind the = decrease has not been elucidated,
but it probably does not involve replacing the entire AChR, as the
turnover rate of AChRs appears to be much slower than the changes
in channel properties (Michler and Sakmann, 1980; Reiness and
Weinberg, 1981). One possibility is that the changes in channel
properties might be related to the formation of postsynaptic mem-
brane folds (Fischbach and Schuetze, 1980; Brenner and Sakmann,
1983). Since both processes take place at the same time (Korne-
liussen and Jansen, 1976; Rosenthal and Taraskevich, 1977), it is
conceivable that the segregation of AChRs to the tips of newly
forming folds (Matthews-Bellinger and Salpeter, 1983) is associated
with changes in channel gating.

To investigate further the developmental changes in endplate
channel properties, we have used a combination of MEPC analysis,
noise analysis, and single-channel recording to study AChR gating
at more than 300 developing rat soleus endplates. Our results show
that the = decrease occurs over a longer period than reported
previously and emphasize that different fibers within individual mus-
cles do not undergo a synchronous 7 decrease. In addition, it
appears that fast and slow channels are not segregated from one
another but, rather, are mixed together.

Some of the endplates that were studied with MEPC analysis were
also examined in the electron microscope to test the hypothesis that
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the changes in channel properties might be related to the appear-
ance of postsynaptic folds. When the exact same cells were char-
acterized physiologically and ultrastructurally, there was at most only
a weak correlation between the extent of synaptic membrane folding
and the relative amount of fast and slow channel activity estimated
from the MEPCs.

Materials and Methods

Electrophysiology. All experiments were performed on the soleus muscles
of Sprague-Dawley rats (Charles River Breeding Laboratories) 1 to 30 days
after birth. Muscles were dissected free of surrounding tissue, pinned to a
layer of cured Sylgard resin, bathed in well oxygenated L-15 tissue culture
medium (Grand Island Biological Co., GIBCO), and placed on the stage of a
Zeiss UEM microscope equipped with differential interference contrast optics.
Endplates were clearly visible at X 500, and at the edges of the preparation
individual fibers could be distinguished uniquely from their neighbors. All
recordings were done at 19 to 24°C.

Spontaneous MEPCs were recorded with a focal extraceliular pipette,
similar to a patch-clamp pipette (Hamill et al., 1981), that was pressed against
the edge of an endplate (Schuetze, 1980). Pipettes were constructed from
Boralex 100-ul capillaries (Rochester Scientific Co.) with a Kopf 700C puller
and were fire polished with an electrically heated, glass-coated, platinum-
iridium wire. The electrode was connected to a List LM EPC-5 current-to-
voltage converter. The signal was fed directly into the analog-to-digital
converter of a Digital Equipment Corporation (DEC) LS| 11/23 computer and
sampled at 20 kHz. MEPCs were detected by waiting for the signal to cross
a threshold set at several times the peak-to-peak base line noise level. Usually
20 to 30 MEPCs were collected from each endplate and analyzed immedi-
ately thereafter (see below). At some endplates more than 200 MEPCs were
collected and analyzed (cf. Figs. 7 and 8).

ACh-induced current fluctuations for noise analysis experiments were
recorded extracellularty with similar electrodes that were filled with 20 um
ACh in L-15 (because of hydrolysis by synaptic acetylcholinesterase, the
ACh concentration at the receptors was undoubtedly lower). A net inward
current accompanied by a severalfold increase in the fluctuations was
recorded by pressing the electrode against the edge of the endplate. The
signal was low-pass filtered at 900 Hz (8-pole Butterworth) and digitized at 2
kHz for 25 to 65 sec. The samples were stored on a Winchester disk drive.
The resistance increase induced by pressing the electrode against the cell

was noted, and a control record for a background spectrum was obtained

by pressing the electrode against a piece of Sylgard (or against a cell
insensitive to ACh) to achieve the same resistance increase. Experimental
records were edited prior to analysis to remove segments containing super-
imposed MEPCs. The power spectra of the edited experimental and control
records were computed and used to generate the difference spectrum.

Single ACh-sensitive channel currents were measured using cell-attached
patch recordings. In these experiments, a small region near the endplate
band was stripped of connective tissue with a fine glass hook. Cleaning was
continued until the selected regions appeared naked when viewed at X 500
with differential interference contrast optics. In some experiments, the prep-
aration was treated with 0.1% collagenase (Sigma type |} in well oxygenated
L-15 for 15 to 30 min. In most cases, however, no enzyme treatment was
used; similar results were observed with both procedures. Pipettes were
constructed as described above for MEPC recordings and were filled with
0.1 to 0.5 um ACh in L-15. In some experiments, rat Ringer solution was
used instead of L-15. The Ringer solution was made according to the method
of Dennis et al. (1981) except that the serum was omitted. Gigaohm seals
(5 to 60 gigaohms) were obtained with conventional techniques (Hamill et
al., 1981), and currents through cell-attached membrane patches were
measured with a List LM EPC-5 current-to-voltage converter. The current
output signal was connected to a low-pass Bessel filter (f. = 1 to 3 kHz, 8-
pole) for conductance measurements and to a low-pass Butterworth filter (f,
= 900 Hz, 8-pole) for spectral analysis. The single-channel currents were
digitized at 2 to 10 kHz and stored on a Winchester disk drive.

Data analysis. MEPCs were fitted either with a simple exponential curve
or with the sum of two exponentials. In both cases, fits were performed using
only that part of the decay phase that fell in the range of 10 to 90% of peak
MEPC amplitude. The initial part of each MEPC decay was ignored because
of rounding near the peak; the final part was ignored because the signal fell
into the base line noise level.

In single exponential fits, each MEPC decay phase was fitted to the
equation

i(t) = LEXP(—t/7)
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where [/ is current, ¢ is time, /, is the current at zero time, and 7 is the
exponential time constant. The base line (zero current level) was defined to
be the average value of the trace during the 2.5 msec preceding the rising
phase of the MEPC. Time zero for MEPC decay was defined to be the time
of peak MEPC amplitude. Least squares regression of the decay phase to
this equation yielded estimates of r and /,.

In double exponential fits, each MEPC decay phase was fitted to the
equation

Ity = LEXP(=t[7;) + I.EEXP(~t[7s)

where /;and /, are the amplitudes of the fast and slow components of MEPC
decays at time zero and 7 and 7, are the corresponding time constants.
The zero current and zero time points were defined as for single-exponential
fits. The two time constants were selected manually. The fast 7 was set
between 0.9 and 1.3 msec and the slow 7 was set between 4.5 and 7.5
msec. The values chosen depended on the bath temperature, which ranged
between 19 and 24°C. These values were consistent with the 7's determined
from power spectra of ACh-induced current fluctuations recorded at the
same temperature. After the r's were selected, estimates of /; and /s were
obtained by fitting the MEPC decay phase to the preceding equation by
least squares regression. The procedure was adopted because it was
sufficiently fast and efficient to permit rapid on-line analysis. Figure 1 is
typical of the goodness of fit. In obviously doubly exponential MEPCs, the
summed squared deviation in double-exponential fits was 3 to 5 times smaller
than that obtained with single-exponential fits.

In noise analysis experiments, the difference spectrum was fitted with the
sum of two Lorentzian curves or, when appropriate, with a single Lorentzian
curve. Single Lorentzian curve fits were done using an iterative, nonlinear,
weighted, least squares regression routine (Schuetze, 1980). In double
Lorentzian fits, the experimental spectrum was fitted to the equation

Sw) = Sy[1 + (wiwi?] + S/[1 + (w/w,)]

where S(w) is the value of the power spectrum at frequency w, Sy is the
amplitude of the fast spectral component at zero frequency, and Ss is the
amplitude of the slow spectral component at zero frequency. (The symbol
w is used for frequency rather than f to avoid confusion with the subscript
for “fast.”) Initial guesses for the two corresponding critical frequencies w;
and w; were selected manually, and least squares regression was used to
find the optimum values of S; and Ss. Then, in an iterative procedure, each
critical frequency was adjusted in turn and the regression was repeated until
the sum of the squared deviations was minimized (generally 2 to 5 times
lower than that obtained with single Lorentzian curves). This yielded estimates
of the two critical frequencies and the two spectral amplitudes. A 7 was
derived from each critical frequency w, through the relationship 7 = 1/(2zw,).

Single-channel recordings were analyzed with a simple, computer-assisted
procedure. Channel openings in Bessel-filtered records were identified by
eye, and their mean amplitudes were measured directly. The apparent mean
channel open times within single-channel recordings were estimated by
spectral analysis of Butterworth-filtered records. These spectra were calcu-
lated and analyzed as described above for noise analysis experiments. The
only modification was that background spectra were not calculated from
separate records, but from segments of experimental records in which there
were na channel openings.

Estimates of the relative numbers of fast and slow channel openings. In
interpreting MEPCs and noise spectra, we modeled AChR channel openings
as rectangular current puises of fixed amplitude but random, exponentially
distributed durations (Anderson and Stevens, 1973). We assumed that there
were two types of channels that had different conductances and different
mean open times. Although this is a reasonable approximation, recent studies
have shown that AChR channel openings are frequently interrupted by brief
closures that give them a burst-like appearance (Colguhoun and Sakmann,
1981). This means that the 7’s we estimated from MEPCs or from noise
spectra are better interpreted as the mean duration of a burst of channel
openings rather than as the mean channel open time. To emphasize this
fact, we refer to = as the apparent mean channel open time.

We estimated the relative numbers of the two channels types that opened
during an MEPC from the results of the double exponential curve fits. It was
assumed that

/I = N/'Yf(vm - Vrev.l) and
Vrev.s)

where N, and N; are the numbers of fast and slow channels open at time t
= 0 (the time of peak MEPC amplitude), v, and vs are the two single-channel

Is = Ns'Ys(Vm -
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Figure 1. An MEPC fitted with one or two exponential curves. A, An
MEPC recorded from a day 11 soleus endplate. The superimposed simple
exponential curve was fitted to its decay phase by least squares regression
(time constant = 3.3 msec). B, The same MEPC fitted with the sum of two
exponential curves with time constants of 6.2 msec and 1.3 msec. C, The
same MEPC with the two exponential components shown individually rather
than summed as in B. At the time of peak MEPC current, the slow exponential
was 41% of the total MEPC amplitude. Calibration bars = 50 pA, 1 msec.
Temperature = 21°C.

[

conductances, and V., and V.., s are the reversal potentials for the two
types of channels. Assuming that the two V,.,'s are identical, it follows that

Ns/(Ns + Nj) = /s/[/s + If('Ys/'Yf)]-

Based on our single-channel recordings, we assumed that v/, was 0.67.

Similar estimates of the relative numbers of fast and slow channel openings
during noise recordings were obtained from the double Lorentzian fits to
ACh power spectra. Here we assumed that (cf. Anderson and Stevens,
1973)

S =N, 4(7/7’/)2 and
S = Ns4(‘YsTS)2

where S, and S, are the zero frequency asymptotes obtained from the
regression 7, and 75 are the two 7's obtained from the regression v, and v
are the two single-channel conductances, and N, and N; are the frequencies
at which the fast and slow channels opened (unitary bursts of openings per
second) during the noise recording. From these equations it follows that

Ne/(Ne + Ni) = Sy/[Ss + Silvs/v)¥{zs/T)?].

As before, based on our single-channel recordings we assumed that v/v,
was 0.67. The validity of this analysis was tested experimentally (Fig. 3).
Generation of simulated MEPCs. In several experiments, MEPCs recorded
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from a developing endplate were compared with simulated MEPCs generated
using a simple computer model (Fig. 7). The goal was to identify factors
responsible for variations in the decay phases of MEPCs at individual
endplates. The model was implemented on a DEC LS| 11/23 computer and
was based on the following assumptions. (7) Each MEPC was due to the
instantaneous, synchronous opening of 1000 ACh-sensitive channels at time
t = 0. No channel openings occurred after time t = 0. The number 1000
was based on measurements of MEPC peak amplitudes reported by Michler
and Sakmann (1980) and on our estimates of the conductances of fast and
slow channels. (2) Each of the 1000 channels that opened had one of two
possible apparent mean open times (r's). S percent of the 1000 had long
7's (~6 msec), and the rest had brief 7's (~ 1 msec). (3) Each channel
opening generated a rectangular current pulse of fixed amplitude but with a
random, exponentially distributed duration. (4) The single-channel currents
of the faster channels were 50% greater than the currents through the slower
channels (cf. Fig. 6). (5) The fast and slow channels were uniformly mixed,
and ACh bound to AChRs randomly. Thus, when the quantum of neurally-
released ACh opened 1000 channels, the number of slow channels that
opened was governed by a binomial distribution dependent on S.

The procedure for simulating an MEPC from any particular endplate was
as follows. First, the parameters S, 75, and 7, were set equal to the values
measured experimentally. Second, the number of slow channels that opened
(Ns) was drawn from a binomial distribution in which n = 1000 and p = S/
100. Third, N, square pulses of unit amplitude were constructed. The duration
of each was drawn independently from an exponential distribution defined
by 7. Fourth, (1000 — Ns) square pulses were constructed. The amplitude
of these was set at 1.5 units (reflecting the 50% greater conductance of fast
channels). The durations were drawn independently from an exponential
distribution defined by 7. Fifth, the rising phases of the 1000 square pulses
were aligned and the pulses were summed. Finally, a noise signal recorded
under conditions similar to those of the original experiment was added to the
simulated MEPC. The result was a function that appeared much like a
recorded doubly exponential MEPC except that its rising phase was instan-
taneous.

Electron microscopy. Physiologically characterized cells were labeled
using a modification of the Lucifer Yellow-diaminobenzidine technique of
Maranto (1982) similar to that described by Schuetze and Vicini (1984). In
brief, after a selected fiber was studied physiologically, it was labeled with
an intracellular injection of Lucifer Yellow (Fig. 9). Then the preparation was
fixed, washed, and bathed in a diaminobenzidine solution (1 mg/ml in L-15).
The labeled cell was relocated in the light microscope, and a portion of the
iabeled fiber adjacent to the endplate was illuminated with UV light for 15 to
45 min. This generated an opague marker in the illuminated region that was
readily identifiable in the electron microscope and yet did not obscure the
endplate. Cells were labeled only if the amount of fast channel activity in
MEPCs was at least 30%.

Morphometry was performed using a digital bit-pad connected to a simple
microprocessor. The degree of postsynaptic folding was quantified by
calcuiating a folding index defined as the ratio of the length of endplate
membrane to the length of the endplate through the midline of the primary
synaptic cleft (cf. Matthews-Bellinger and Salpeter, 1983).

Results

Quantitative comparison of MEPC decays and ACh noise spectra
at developing endplates. Although MEPCs decay as simple expo-
nentials at embryonic and adult rat endplates, at early postnatal
endplates they decay as the sum of two exponential curves (Sak-
mann and Brenner, 1978; Fischbach and Schuetze, 1980) (Fig. 1).
These doubly exponential decays arise from the dual population of
AChRs present in developing endplates. The adult-ike AChRs with
short apparent mean channel open times (7’s) give rise to the initial
rapid decay, and the embryonic-like channels with long 7’s give rise
to the slow decay.

The relative amplitudes of the two exponential components of
MEPC decays reflect the relative activities of the two types of
channels that were activated by the neurally released ACh (Michler
and Sakmann, 1980). This can be quantified by scaling the peak
amplitude of the two components inversely by the appropriate single-
channel conductances (see “Materials and Methods” for details).
The single-channel conductances were determined from patch-
clamp recordings (see below) that showed that the conductance of
adult-type, fast channels is about 50% greater than that of embry-
onic-type, slow channels. As an example of this analysis, note that,
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in the MEPC shown in Figure 1, the fast exponential component is
60% of total peak amplitude and the slow component is 40%. That
is, the fast component is 50% greater than the slow one. Taking
into account the 50% greater conductance of the fast channels, this
indicates that roughly equal numbers of fast and slow channels were
open during the peak of this MEPC.

As expected from earlier work (Sakmann and Brenner, 1978;
Fischbach and Schuetze, 1980), we found that the power spectra
of ACh-induced current fluctuations recorded from endplates with
doubly exponential MEPCs were also complex. That is, unlike the
single Lorentzian spectra found at adult and embryonic endplates,
spectra at these developing endplates were best described by the
sum of two Lorentzian curves, one for each of the two channel
populations (Fig. 2). Just as the two components of MEPC decays
reflect the relative activities of fast and slow channels in response
to neurally released ACh, the relative amplitudes of the two Lorent-
zian components of ACh power spectra should reflect the relative
activities of fast and slow channels to exogenously supplied ACh.
However, the relationship between fast and slow channel activities
and ACh power spectra is complex and depends on the relative
amplitudes of the two spectral components, the two 7’s, and the
two single-channel conductances (see “Materials and Methods”).

We tested the reliability of the spectral estimates of fast and slow
channel activities by applying the procedure to single-channel re-
cordings of AChRs in rat myotubes. Since the two channel types
have different conductances, fast and slow channel openings give
rise to events of different amplitudes that can be distinguished by
inspection. Thus, direct counts of the relative numbers of high and
low conductance events can be compared with the relative amount
of fast and slow channel activity estimated by spectral analysis.
Tissue-cultured myotubes were used instead of soleus muscles for
these experiments because of the greater frequency of channel
openings and the greater ease of obtaining gigaohm seals.

The percentages of high and low conductance channel openings
estimated by direct counts were strongly correlated with the per-
centages of fast and slow channel openings estimated by spectral
analysis of the same record (Fig. 3). Our estimate of the percentage
of low conductance channel openings in the record shown partially
in Figure 3A was 78%. This estimate was rather crude, for we
ignored events that were too small to be assigned unambiguously
to either category; these presumably were very brief openings that
were attenuated by the filter. Nevertheless, the percentage of slow
channel openings estimated from the power spectrum of the same
record was nearly identical (80%). In a total of 22 such experiments
in which the percentage of slow channel openings ranged from 59%
to 99%, the mean difference between the two estimates (percentage
of slow channels — percentage of low conductance channels) was
1.9% =+ 5.4% (mean + SD).

This approach should be eqgually reliable in analyzing ACh noise
recordings. In fact, repeated measurements made on the same
endplates showed that the reproducibility of the technique was
good. In the most complete experiment, nine noise records were
obtained from the same endplate. The results of the nine analyses

Figure 2. ACh noise spectra from three soleus endplates with doubly
exponential MEPCs. A, Spectrum from a day 8 endplate at which the slow
MEPC component was 80% of total MEPC amplitude. Superimposed on the
spectrum is the best fit double Lorentzian curve. The 7’s derived from the
two Lorentzians were 7.0 and 0.9 msec. At zero frequency the ratio of the
slow Lorentzian component to the the fast Lorentzian component was 41.
The relative amplitudes of the two Lorentzian components are not simply
related to the amplitudes of the two MEPC components (see the text). B,
Spectrum from a day 9 endplaté at which the slow MEPC component was
32% of total MEPC amplitude. The 7's derived from the Lorentzians were
4.8 and 1.0 msec; the Lorentzian component ratio at zero frequency was
5.3. C, Spectrum from a day 14 endplate at which the slow MEPC component
was 8% of total MEPC amplitude. The spectral r's were 5.5 and 1.1 msec;
the Lorentzian component ratio was 1.1. In A to C the diamonds indicate
the critical frequencies of the two Lorentzians. Temperature = 20-21°C.
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Figure 3. Spectral analysis of a cell-attached patch clamp recording from
a rat myotube grown in tissue culture (4 days after plating). A, Nonconse-
cutive segments of a record of channel openings induced by 150 nm ACh,
The recording was obtained at the normal resting potential of the cell and
was low-pass filtered at 900 Hz (8-pole Butterworth). Note that the currents
generally fell into one of two amplitude categories, except for brief events
that were attenuated by the filter and could not be categorized. It was
estimated that 78% of the events fell into the lower amplitude category.
Vertical bar = 7.5 pA. B, Spectrum of the entire record represented in A with
the best fit double Lorentzian curve superimposed. The diamonds indicate
the two comer frequencies and correspond to 7's of 5.3 and 1.1 msec. i
was estimated from this spectrum that 80% of the channel activity in the
original record was contributed by events associated with the slower
Lorentzian component.

yielded estimates ranging from 28% to 41% slow channel openings;
the mean was 35% and the standard deviation was 5.2%.

Paired MEPC and noise recordings made at 52 developing soleus
endplates showed a strong correlation between the relative amounts
of slow channel activity in MEPCs and in noise records (Fig. 4). This
suggests that the relative amplitudes of fast and slow decay phases
of MEPCs is a useful measure of the relative amounts of fast and
slow channel activity at developing endplates. However, although
the two techniques agreed qualitatively, they disagreed quantita-
tively. The percentage of slow channel openings estimated from
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MEPCs was about 60% greater than estimates determined from
noise records from the same cells. We believe that much of this
discrepancy reflected a systematic underestimation of fast channel
activity by our MEPC analysis procedure, because fast channels
that closed during the MEPC rising phase were ignored (see “Dis-
cussion”).

Developmental decrease in the percentage of slow channel
activity. The relative amount of slow channel activity was estimated
from MEPCs recorded at 282 endplates and from noise spectra
recorded at 77 endplates (Fig. 5). The results show that some fast
channel activity can be detected as soon as 1 to 2 days after birth,
and that some siow channel activity persists for at least 3 weeks
after birth. Thus, the developmental changes in channel gating do
not have an abrupt onset or offset. It may be that some siow
channels persist even into adulthood. Both MEPCs and spectra
indicated >20% slow channel activity at some endplates in 28 to
30-day-old rats (data not shown), but we did not study older animals.

Several other feature were noted in these experiments. First,
although the relative amounts of fast and slow channel activity
changed markedly with age, the 7’s of the two channel populations
changed little (Table 1). Thus, the kinetics of each channel population
appeared to be constant throughout development. Second, in agree-
ment with the results described above (Fig. 4), the percentage of
slow channel activity estimated from MEPCs tended to be higher
than that estimated from noise spectra. Third, the relative amount of
slow channel activity at each age varied considerably from endplate
to endplate. This was equally true for different endplates in an
individual muscle and for endplates in different muscles of the same
age. Furthermore, within individual muscles, neighboring fibers were
no more similar than fibers spaced further apart. Thus, there was no
evidence for a gradient of endplate maturity within developing
muscles.

Single-channel recordings from developing soleus muscles. Es-
timating the relative number of slow channel openings from MEPCs
and spectra required values for the unitary conductances of the two
AChR populations. These were obtained from single-channel record-
ings of AChRs in perijunctional regions of developing soleus end-
plates (Fig. 6, Table II). The majority of the recordings were per-
formed using the cell-attached patch configuration.

In every case studied, we found two populations of events that
differed about 50% in amplitude. The records were similar to those
obtained from rat myotubes in tissue ‘culture, except that in soleus
the event frequency was generally much lower and the fraction of
large events was occasionally much higher, especially in older
muscles. Although we did not do a detailed analysis of the single-
channel recordings, it is clear that the lower conductance events
were due to the slow, embryonic-type channels and the higher
conductance events were due to fast, adult-type channels. In young
muscles (<4 days), high conductance channels were relatively rare
and spectra of the single-channel recordings yielded long 7's (6 to
9 msec). In older muscles (>>18 days), low conductance events
were rare and the spectra yielded short 7's (1 to 2 msec). This
interpretation is in agreement with the results of others (Siegelbaum
et al., 1984).

Both types of channels appeared to rectify at hyperpolarized
potentials (Table II). This was more pronounced when the patch
pipettes were filled with ACh dissolved in L-15 rather than in rat
Ringer (data not shown). One possibility is that the rectification was
due to the arginine in the L-15 medium (cf. Sanchez et al., 1983),
but we did not explore this further.

A more detailed examination of doubly exponential MEPCs.
When different biphasic MEPCs from the same endplate were fitted
with the sum of two exponential curves, the relative size of the slow
component varied from one MEPC to the next. Therefore, we
normally recorded and analyzed 20 to 30 MEPCs at each endplate
and averaged the results. This reduced the standard error of the
mean of the percentage of slow channel openings to about £2%.
To understand better the origins of this variability, however, in seven
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Figure 4. A comparison of the relative amount of slow channel activity during ACh-noise recordings and during MEPCs at the same soleus endplates.
Both ACh noise and MEPCs were recorded from the same 52 soleus endplates and analyzed to determine the refative amount of slow channel activity in
each case. Based on the results of the MEPC analysis, the data were pooled into bins of width 10% and averaged. The bars indicate +1 SEM for bins
containing three or more pairs of measurements. The line was fitted to the data by least squares regression.

experiments we collected and analyzed >200 MEPCs at individual
endplates.

The results of one experiment based on 203 MEPCs recorded
from the same endplate are illustrated in Figure 7. The slow expo-
nential component averaged 35% of the total peak MEPC amplitude,
but in one-third of the MEPCs the slow component was either <30%
or >40% of total amplitude. The results were similar at the six other
endplates studied.

One explanation is that, even within a single endplate, the relative
numbers of fast and slow channels may vary from one site to the
next. That is, different quanta of ACh may “see” different proportions
of the two types of channels. We tested this by using the amplitude
of extracellularly recorded MEPCs to indicate the relative position of
the transmitter release site. All other factors being equal, the peak
amplitude of the MEPC should indicate the distance between the
active site and the recording electrode (cf. Fig. 5 in Frank and
Fischbach, 1979).

When the relative size of the slow component was plotted against
peak MEPC amplitude, there was no correlation between the two
variables (Fig. 8). This was true at all seven endplates tested,
indicating that there is no gradient of either channel type across an
endplate. However, these resuits do not rule out the possibility of
some microheterogeneity in channel distribution, such as small
islands enriched for either fast or slow channels.

Alternatively, it may be that the observed variance in doubly
exponential MEPCs is an intrinsic property and should be expected
even if both channel types were mixed homogeneously. We tested
this by using a simple mathematical model to generate simulated

MEPCs that took into account three sources of variance (see
“Materials and Methods” for details): (7) variations in the number of
slow and fast channels activated from trial to trial due to the random
binding of ACh, (2) the random, exponentially distributed durations
of individual channel openings, and (3) noise superimposed on
MEPCs by the recording apparatus. The simulated MEPCs were
analyzed in the same way as those recorded experimentally.

The results showed that the simulation could account for about
75% of the observed variance in the estimates of percentage of
slow channel activity (Fig. 7). Further analysis indicated that about
10% of the variance arose from trial-to-trial variability in the proportion
of slow channel activation, about 25% was due to the random
duration of channel openings, and about 40% was due to equipment
noise (data not shown). Possible sources of the remaining 25% of
the variance are given under “Discussion.” We conclude that MEPC
decays provide no evidence for heterogeneity in the distributions of
fast and slow channels within an endplate.

The ultrastructure of endplates with different levels of slow chan-
nel activity. It has been suggested that the developmental decrease
in 7 might be related to the formation of postsynaptic membrane
folds (Fischbach and Schuetze, 1980; Brenner and Sakmann, 1983).
Both events happen during the first three postnatal weeks (Korne-
liussen and Jansen, 1976; Rosenthal and Taraskevich, 1977), and
the formation of folds is accompanied by a segregation of AChRs
to the tips of the folds (Matthews-Bellinger and Salpeter, 1983). To
test this proposal directly, we used MEPC analysis to estimate the
relative numbers of fast and slow channels at nine different soleus
endplates. These same nine fibers were labeled with an electron-
dense marker (Fig. 9) and examined in the electron microscope.
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TABLE |
Tau at different ages

Fast 7 (msec) Slow 7 (msec)
Age
Mean S N*  Mean SD N
Postnatal days 6-10 123 018 34 697 118 34
Postnatal days 11-19 114 025 43 640 109 43

N, number of cells tested. All values were derived from ACh noise
spectra.
23. 9°

10 ms 80 mVv

Figure 6. Nonconsecutive records of single-channel activity induced by
500 nM ACh at a perijunctional site on a day 9 soleus muscle fiber. Note that
the currents fell into two amplitude categories. The recording was obtained
with the membrane hyperpolarized by 80 mV from rest and was low-pass
filtered at 2 kHz (8-pole Bessel). No enzyme treatment was used. Vertical
bar = 7.5 pA.

TABLE |l

Single-channel conductance at different membrane potentials
Channel conductances were determined from the amplitudes of ACh-
induced channel openings recorded with cell-attached patch pipettes. For
each cell, ~30 to 100 events were measured from one patch and the results
were broken into large and small groups. The two groups usually did not
overlap except when the pipette potential was 0 mV, in which case some
events were ambiguous and were discarded. Conductances at the normal
resting potential were determined by dividing the current amplitudes meas-
ured at a pipette potential of 0 mV by an assumed driving potential of =75
mV. For each of the other two potential ranges, events were measured at
two pipette potentials (0 mV and either 40 or 80 mV) and the difference in

current amplitudes was divided by the difference in pipette potentials.

Channel Conductance (pS)

Psiziggs High Conductance Low Conductance
Channel Channel
(mV)
Mean SD N Mean SD
0 48.3 3.2 15 34.6 2.0 15
0 and +40 37.0 4.0 10 258 1.4 9
0 and +80 325 53 8 22.7 3.0 8

N, number of cells tested.

When postsynaptic folding at the labeled endplate was quantified
by morphometry, we found no striking correlation between the extent
of folding and the relative size of the slow MEPC component (Figs.
10 and 11). In the example shown in Figure 10, there were virtually
no postsynaptic folds in an endplate at which the fast exponential
decay component was 41% of the peak MEPC ampilitude. As shown
in Figure 11, the formation of postsynaptic folds and the = decrease
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appeared to be correlated only to the extent that both processes
tended to advance with the age of the animal. Thus, these two
processes do not appear to be directly related.

Discussion

Quantifying the relative amount of slow and fast channel activity.
These experiments differ from earlier developmental studies of AChR
gating in rat muscle in several ways. First, a systematic effort was
made to quantify the relative amounts of fast and slow channel
activity at each endplate studied. Second, in many cases MEPCs
and noise spectra were recorded from the same endplates so that
the two techniques could be compared directly. Third, some of the
physiologically characterized endplates were studied in the electron
microscope, permitting a direct comparison of functional and struc-
tural characteristics. Finally, the number of endplates studied was
large enough (>>300) to give a more complete picture of the time
course of channel conversion.

Several measures helped to minimize the variance in our estimates
of the relative levels of fast and slow channel activity. A major factor
was maximizing the signal amplitude by using extracellular elec-
trodes with relatively small tips (~ 1 um internal diameter). These
were more effective than larger electrodes, probably because the
tips could probe deeper into the endplate region. When the optics
were favorable, it appeared that the largest signals were obtained
when the pipette tip was positioned between the muscle surface
membrane and an overlying cell, presumably a Schwann cell.

To take full advantage of small electrodes, it was helpful to perform
extracellular recordings using a current-to-voltage converter, such
as a patch clamp amplifier, rather than an electrometer. With an
electrometer the high resistance of the small electrode tips de-
creased the frequency response and increased the noise level of
the recordings. With a current-to-voltage converter, however, the
frequency response was essentially independent of resistance and
the noise level decreased when high resistance electrodes were
used. The other major factor in minimizing variance was the use of
long records. ACh noise spectra recordings were 25 to 65 sec long,
which yielded slender spectra. Similarly, estimates from MEPCs were
improved by analyzing 20 to 30 events and averaging the results.

One consequence of the large signals and improved frequency
response obtained in these experiments was that the fast and slow
components could be separated more cleanly than in our previous
studies (Fischbach and Schuetze, 1980). We found that the fast and
slow 7’s differed by a factor of more than 5 rather than 3 or 4 as
reported earlier (Fischbach and Schuetze, 1980). In 77 spectra, the
mean ratio of 7gow 10 Taa Was 5.7 = 0.14 (SEM).

The high signal amplitudes and the large difference between the
two 7's made it easier to estimate the relative amounts of fast and
slow channel activity in MEPCs and in noise spectra. When relatively
large, low noise signals were obtained, the sum of the squared
deviations with double component curve fits was usually at least 2-
fold lower than with single fits. This was true even when the activity
of the minor channel population was as little as 10 to 15% of the
total. When there were roughly equal levels of fast and slow channel
activity, the double fits were often more than 5-fold better than single
fits.

Analysis of MEPC decays is an especially rapid, simple technique
for estimating the relative amounts of fast and slow AChR activity at
developing endplates. Extracellular MEPC recordings are technically
easier and less likely to damage the endplate than noise recordings,
probably because the electrode position is less critical. In addition,
the analysis of MEPCs, once automated, is very fast and easily
performed on line with a laboratory computer. This makes the
technique especially suitable for following individual endplates over
time (S. M. Schuetze and S. Vicini, manuscript in preparation) and
before and after treatment with antibodies or other reagents (cf.
Schuetze et al., 1985). MEPC analysis appears to be reliable in that,
at any particular endplate, the amount of slow channel activity
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Figure 7. Variability in MEPC decays at the same endplate. Two hundred three MEPCs were recorded from a day 11 endplate and fitted with doubly
exponential curves. The histogram shows the distribution of the amplitude of the slow exponential component expressed as a fraction of total MEPC
amplitude (mean = 35% slow). An equal number of simulated MEPCs with the same mean level of slow channel activity were generated with a simple
computer model (see the text), and both sets of MEPCs were analyzed with the same procedure. The standard deviations in these distributions were 5.1%
(observed) and 4.4% (simulated), indicating that the model accounts for about 75% of the variance.

estimated from MEPCs is strongly correlated with estimates derived
from noise spectra.

One limitation of this technigue, however, is that MEPC analysis
overestimates slow channel activity compared to the more direct
approach of noise analysis. At least in part, this discrepancy arose
because the MEPC analyses estimated the relative numbers of fast
and slow channels that were open during the MEPC peak. Channel
openings that occurred during the MEPC rising phase were not
taken into account. Both fast and slow channels were opening and
closing during each MEPC rising phase, but by their very nature,
fast channels were the more likely to close before the peak. Thus,
our MEPC analysis inevitably underestimated the number of fast
channel openings that occurred over the entire time course of the
MEPC.

The magnitude of this error can be estimated. Assuming a time
to peak of 0.9 msec (a typical value), we can extrapolate the fast
and slow exponential curves back to the time of MEPC onset and
obtain a new estimate of the relative number of slow channel
openings that includes events that occurred during the rising phase.
This correction reduces an estimate of 30% slow channel openings
to 18% slow, and an estimate of 80% slow becomes 67% slow.
This brings the MEPC results into closer agreement with the spectral
results. This is a rather simplistic correction, however, for it is based
on the unrealistic assumption that all channel openings occur instan-
taneously at the time of MEPC onset. Therefore, we normally did

not use this correction and simply kept in mind the inherent bias
toward overestimating slow channel activity.

There may be other factors contributing to this discrepancy. For
example, the desensitization kinetics of slow and fast channels may
differ so that the brief, concentrated pulse of ACh that generates an
MEPC opens relatively more slow channels than the prolonged,
dilute ACh application used in noise recordings. In addition, it may
be that our assumption that no channels open during the MEPC
falling phase is incorrect. It is thought that, at most endplates, few
ACh-sensitive channels open after the MEPC peak because synaptic
acetylcholinesterase rapidly hydrolyzes any free transmitter in the
cleft (Magleby and Stevens, 1972; Katz and Miledi, 1973). If the
enzyme activity at soleus endplates were relatively low, however,
some ACh might persist in the cleft after the MEPC peak, thus
slowing the MEPC decay and leading to an overestimate of slow
channel activity. We do not know to what extent these potential
complicating factors affected our analyses. Whatever the origins of
the quantitative difference between MEPCs and noise spectra, the
good qualitative agreement between these techniques indicates that
MEPCs are adequate to judge the approximate maturity of an
endplate with respect to channel conversion.

In interpreting the results of either technique, it is important to note
that the estimates refer to the relative amount of fast and slow
channel activity and not to the relative number of fast and slow
AChR molecules present in the membrane. Thus, for example, if the
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one of 203 MEPCs recorded from a single endplate (same data set as in Fig. 7). Relative MEPC amplitude refers to peak MEPC height expressed as a

multiple of the smallest MEPC in the series.

ACh noise spectrum at a particular endplate indicates 50% slow
channel activity, this does not necessarily mean that the endplate
contains equal numbers of embryonic-like and adult-like AChRs. The
two types of AChRs may differ in their affinity for AChR or in their
opening rates, either of which would affect the estimates of receptor
activity.

Time course of channel conversion. It was clear that some fast
channels could be detected as soon as 2 days after birth and that
some slow channels persisted for at least 3 weeks after birth.
Therefore, channel conversion occurs over a longer period than has
been reported previously (Sakmann and Brenner, 1978; Fischbach
and Schuetze, 1980). This probably reflects the increased sensitivity
of the recording and analysis procedures. Although the relative
amounts of fast and slow channel activity changed markedly with
age, the estimated fast and slow 7’s remained relatively constant,
unlike the developmental decreases in the 7's reported for Xenopus
myocytes in tissue culture (Leonard et al., 1983).

in agreement with earlier results (Fischbach and Schuetze, 1980),
the relative amount of slow channel activity varied considerably from
fiber to fiber within individual muscles. Thus, it appears that different
fibers undergo channel conversion independently of each other.
Because of this asynchrony, it is difficult to estimate how long
channel conversion takes at individual endplates. At soleus end-
plates maintained in vitro, channel conversion apparently can occur
quite rapidly, although the process is often interrupted by pauses of
1 hrormore (S. M. Schuetze and S. Vicini, manuscript in preparation).

Variability among MEPCs within individual endplates. The relative
amplitudes of the fast and slow exponential components varied from

one MEPC to the next even at individual endplates. Initially, we
hypothesized that there was variability in the relative activity of fast
and slow channels within different endplate microregions, but we
found no evidence to support this idea. Further consideration
showed that most of the variability in MEPC decay phases could be
explained more simply. Based on the results of simulation experi-
ments, it appears that about 75% of the variance was due to a
combination of (7) noise superimposed on the MEPCs by the
recording apparatus, (2) the inherently random duration of channel
openings, and (3) variability in the numbers of fast and slow channels
activated due to the random binding of ACh to different members
in the available pool of receptors.

Although we did not identify the factors that underlie the other
25% of the variance in the estimates of percentage of slow channel
activity, there are several obvious possibilities. For example, we did
not take into account variability in single-channel conductance and
in 7 among different channels of a given class. We also did not
consider the possibility that some channels may open after the peak
of the MEPC. These additional factors could well explain the remain-
der of the variance.

Postsynaptic folds at physiologically characterized endplates.
The relative amounts of fast and slow AChR channel activity appear
to be unrelated to the degree of postsynaptic membrane folding.
Even though both processes take place during the same postnatal
period, an endplate can have a substantial level of fast channel
activity and virtually no secondary membrane folds. Although we did
not make a detailed comparison, we found no other obvious mor-
phological distinctions between endplates that differed in their rela-
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Figure 9. Labeling a muscle fiber with an electron-dense marker. A, Part of a living day 11 soleus muscle viewed with differential interference contrast
optics. The stars mark the fiber that is to be labeled. The arrowhead poinis to its endplate region. B, The same field viewed with epi-illumination fluorescence
optics after the fiber was injected with Lucifer Yellow. C, The same field after the cell was fixed, labeled with diaminobenzidine, and stained for
acetylcholinesterase activity. D, The labeled fiber viewed in the transmission electron microscope. Note the transition between the labeled and unlabeled

portions of the fiber. Bar = 10 um (A to C) or 2.3 um (D).

tive levels of slow channel activity, except to the extent that both
physiological and morphological maturity increased with age. How-
ever, our micrographs were relatively low power (approximately X
5,000 to 20,000), and there may have been other structural differ-
ences that would have been apparent only at higher magnification.

Other evidence that channel conversion and synaptic folds are
not related comes from the observation that AChRs in extrajunctional
regions of developing innervated fibers may have predominantly fast
channel activity despite their lack of folds (Schuetze and Vicini,
1984). In innervated cells in which the level of extrajunctional ACh
sensitivity was high enough for noise analysis, AChR channel prop-
erties were identical at synaptic and extrasynaptic sites on the same
cells. Similar conclusions have been drawn from studies of Xenopus
muscle (Kullberg et al., 1981; Brehm et al., 1984).

Finally, the coexistence of fast and slow channels within the same
small patch of membrane, as shown by patch clamp recordings
(Figs. 3 and 6), suggests that AChR gating properties are not
governed primarily by the channel’s membrane environment. In fact,
recent work indicates that embryonic-type and adult-type AChR
channels differ in their molecular structure (Schuetze et al., 1985).

The conductance of fast and slow soleus AChRs. In agreement

with earlier studies of rat myotubes in tissue culture, single-channel
recordings revealed two populations of ACh-sensitive events that
differed about 50% in amplitude. Although we did not do a detailed
analysis of our records, it was clear that the higher conductance
channels were fast and the lower conductance channels were slow.
We did not notice any conductance change with age for either type
of AChR.

In contrast to other reports showing ohmic behavior of ACh-
sensitive channels in rat myotubes (Siegelbaum et al., 1984), chan-
nels in soleus muscles appeared to rectify. At least in part, this was
probably due to our use of L-15 in the patch pipette in early
experiments. Arginine in the L-15 medium would be expected to
generate such rectification (Sanchez et al., 1983). The rectification
was less pronounced or even absent when the patch pipette
contained rat Ringer rather than L-15, but we did not do enough
experiments for the results to be conclusive. Brehm et al. (1984)
also reported rectification in ACh-sensitive channels in Xenopus
myocytes, but in their experiments the conductance increased,
rather than decreased, with hyperpolarization.

Summary. These experiments demonstrate that MEPC analysis is
a simple, rapid procedure for estimating the relative levels of embry-
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Figure 10. Electron micrograph of a day 8 endplate that had been studied physiclogically. MEPCs at this endplate were doubly exponential and the fast
component was 41% of peak MEPC amplitude, which indicated that at least 32% of the channel activity was due to fast, adult-ike AChRs. The cell was
then labeled as described in Figure 9, embedded, semi-serially sectioned, and examined in the electron microscope. This photograph shows the region with
maximum membrane folding (arrow). The dark granular material is the reaction product of the histochemical stain for cholinesterase activity. N, nerve terminal;
M, muscle. Magnification > 27,000.
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Figure 71. Lack of correlation between the relative size of the slow MEPC component and membrane folding. MEPCs were recorded and analyzed from
one endplate in each of nine different soleus muscles. Each fiber was labeled and examined in the electron miscroscope. The extent of membrane folding
was characterized by computing a folding index, defined as the ratio of the total length of the endplate membrane (including folds) to the length of the
endplate through the midline of the synaptic cleft (ignoring folds). The number by each symbol represents the age of the rat (days).




2224

onic-like and adult-like AChR activity at developing endplates. Re-
sults obtained with this technique indicate that channel conversion
occurs within different regions of individual endplates more or less
synchronously. However, different endplates within the same muscle
change their channel properties asynchronously. The developmental
changes in channel properties apparently are completely unrelated
to the formation of postsynaptic folds or to any other obvious
morphological specializations.
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