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(1) The rising phase of minature endplate currents was recorded at the frog's neuromuscular junction using both 
the two electrode voltage clamp and a single external electrode, or Strickholm, voltage clamp. (2) The Q(10) of 
the miniature endplate current rising phase was 2.3 in a variety of solutions selected to alter presynaptic behavior. 
(3) Increasing the solution's viscosity by an amount sufficient to slow the diffusion coefficient of acetylcholine 
by a third has no effect on the duration of the rising or the decay phase. This solution does seem to further slow 
the miniature endplate current decay phase, but not the rising phase, after inhibition of the aeetylcholinesterase. 
(4) As the membrane potential is made more positive, the miniature endplate current rising phase is prolonged, 
with an e-fold slowing per 170 mV change. (5) It is concluded that neither presynaptic nor subsynaptic events 
determine the rising phase of miniature endplate currents at the frog neuromuscular junction. Rather, the limiting 
step occurs within the membrane and is most likely a change in the binding constant of the receptor for the 
acetylcholine molecule. 

Introduction 

At the frog neuromuscular junction, transmitter is 
released randomly in small packets [1] producing a 
brief current (the miniature endplate current) at the 
postsynaptic membrane. This current flows through 
channels opened by acetylcholine. The closing of 
these channels is limited by a step which occurs 
within the membrane, as shown by the existence of a 
voltage-dependent rate of miniature endplate current 
decay [2,3,4]. Anderson and Stevens [5] analyzed 
acetylcholine noise spectra and showed that the rate 
of miniature endplate current decay (ct) was identical 
to the rate at which acetylcholine channels closed at 
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Abbreviations: c~, closing rate of acetylcholine channels; 
% single channel conductance; Vr, reversal potential. 

the frog neuromuscular junction. The observed Q10 
of 2.3 is consistent with a membrane, but not a diffu- 
sion, limited process. 

The events determining the early time course of 
the miniature endplate current are not the same as 
those of the nerve-evoked endplate current. The rising 
phase of the miniature endplate current lasts 1/4 as 
long as the rising phase of the nerve-evoked endplate 
current [6,7]. The endplate current results from an 
asynchronous release of quanta extending over a 
period of 2 ms, while in the miniature endplate cur- 
rent the release is quantal and presumably instanta- 
neous. Thus the early nerve-evoked endplate current 
time course is determined by presynaptic events. 

The rising phase of the spontaneous miniature end- 
plate current may result from the time required for 
acetylcholine to diffuse across the subsynaptic cleft, 
or it may be a membrane-determined event as with 
the decay phase. The first possibility is unlikely since 
the calculations of Eccles and Jaeger [8] suggested 
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that the diffusion of acetylcholine was complete early 
in the miniature endplate current rising phase, and so 
simple diffusion alone does not explain miniature 
endplate current rising phase. Gage and McBurney 
[9] confirmed this discrepancy but found a Q10 of 
1.2 for the miniature endplate current rise time, as 
would be expected for diffusion. There is conflicting 
evidence concerning the second possibility: the minia- 
ture endplate current rise time may be longer [2] or 
shorter [9,10] at increasingly more positive mem- 
brane potentials. 

The purpose of this paper is to determine which 
step limits the opening of the acetylcholine channel. 
The voltage and temperature dependence of the rising 
phase and of the rate at which acetylcholine channels 
open was examined in miniature endplate currents 
recorded by extracellular electrodes. The information 
gained in this study was used to explain the non- 
exponential shape of the miniature endplate current 
decay after inhibition of the acetylcholinesterase, 
with normal and with slowed diffusion. Preliminary 
reports have appeared elsewhere [ 11,12]. 

Materials and Methods 

The endplates used in these experiments were 
from the sartorius of the frog Rana pipiens. This 
muscle was stretched to 120% of its resting length to 
increase the miniature endplate current frequency 
[13,14]. The muscle was placed, perimysium side 
down, in a 2-ml lucite chamber, which was cooled by 
a Peltier device controlled by a feedback circuit 
(+-0.2°C). A dissecting microscope, fitted with polar- 
oid filters, was adequate for finding the smallest 
myelinated motoneurons. Since the endplates were 
unmyelinated, they could be detected only by prob- 
ing the muscle fiber with the voltage electrode (3-5 
MFZ) until external miniature endplate currents or 
rapidly rising (<2 ms) internally recorded miniature 
endplate potentials were seen. Low resistance (0.5-2 
M~2) electrodes for passing current were manufac- 
tured by grinding ordinary micropipettes against a 
brass piece embedded with diamond dust (0-1 pm 
particles). Electrodes were filled with 3 M KCI for 
internal recording or the appropriate Ringer's solu- 
tion for external recording. 

The normal Ringer's solution was 2.5 mM KC1, 
115 mM NaC1, 1.8 mM CaCI~ and 3 mM phosphate 

buffer. The pH was adjusted to 7.2. The recordings 
were regularly made shortly after changing to a 6.5 
mM KC1 Ringer's solution to increase miniature end- 
plate current frequency. The high viscosity Ringer's 
solution was a 10% solution of 500000 molecular 
weight dextran (Sigma, St. Louis, MO) dissolved in 
the 6.5 mM KC1 Ringer's solution. In this solution, 
the viscosity was increased 20-fold over the standard 
Ringer's solution [12] as measured by a Cannon- 
Fenske No. 100 viscometer. The diffusion coefficient 
of acetylcholine (DAch) was slowed 38%, from (8.8 -+ 
0.3)-10 -6 to (5.6 +-0.2). 10 -6 cm 2. s (n--4) [15] 
as measured by diffusion of radioactive acetylcholine 
from a capillary tube [16]. This value compares well 
with that of Krnjevic and Mitchell [17], who mea- 
sured DAC h in agar to be (9.8 -+ 0.4). 10  -6 c m  2 • S at 
20°C. Dreyer and Peper [18] reported DAC h = (11.9 -+ 
0 . 4 ) "  1 0  -6 c m 2 " s ,  and Peper et al. [19] reported 
DAC h = (10.4 -+ 0.4) • 1 0  -6 c m  2 • s u s i n g  similar tech- 
niques, both values being obtained at 23°C. The low 
ionic strength Ringer's solution had 4/5 of the NaC1 
replaced isosmoticaUy with sucrose. High magnesium 
Ringer's solution contained 6.5 mM KC1, 109 mM 
NaC1, 3 mM phosphate buffer, 0.08 mM CaC1, and 
5.5 mM MgC12. Neostigmine was used at about 0.01 
mM ((2-5)" 1 0  -6 /~g/ml). To reach this concentra- 
tion, 0.3 to 1 ml of a 1/10 dilution of 1/1000 
neostigmine hydrochloride (Roche, New Jersey) was 
added directly to the bath and mixed or allowed to 
diffuse to equilibrium for 30 min. This concentration 
has been thought to completely inhibit junctional 
acetylcholinesterase (see, for instance Ref. 3). How- 
ever, neostigrnine inhibits little more than three 
quarters of the activity of junctional acetylcholines- 
terase, even at supra.maximal doses [20]. 

Two methods of recording miniature endplate cur- 
rents were used, a two-electrode voltage clamp and a 
Strickholm (patch) clamp. Both methods used a pre- 
amplifier with capacity neutralization whose band- 
width was 30 kHz for the two-electrode clamp and 
100 kHz for the patch clamp. In both cases, minia- 
ture endplate currents were captured by a device 
which incorporated the features of the digital record- 
ing system previously described [21] but also 
included a transient capturing circuit so that the ini- 
tial baseline, the miniature endplate current rising 
phase, and a portion of the decay phase was stored 
for analysis. The time resolution of this circuit was 



5 ~ .  Since the signal was greater than half of  the 
range of the 8-bit A-D converter, the resolution of the 
amplitude was 0.2 to 0.5%. A detailed description is 
available [ 15]. 

The two-electrode clamp had the standard con- 
figuration [2.3,15,22]. The bandwidth of this clamp 
was 10 kHz as measured using a model circuit, and 
5 -10  kHz using a clamped muscle fiber [15]. This is 
approximately the bandwidth of an exponentially 
rising function which has a rise time of 70/~s [23]. 
Thus, this method did not accurately record the 
miniature endplate current rise time, but was used to 
compare data reported in this paper with that from 
previous reports. All studies of  the miniature endplate 
current decay phase used this clamp exclusively. 

In contrast, extracellular electrodes accurately 
record the early time course of miniature endplate 
current [24,25]. As shown by Strickholm [26,27], 
extracellular electrodes can be modified such that a 
patch of membrane can be polarized away from the 
resting potential. The time constant of such a system 
is less than 10 p.s and the signal to noise ratio is better 
than six. Thus, these records are an accurate measure 
of the miniature endplate currents rising phase. 

All values are given to two significant digits as 
mean-+ S.E. and P values were obtained from the 
Student's t-test. 

Results 

Miniature endplate currents recorded by the 
Strickholm voltage clamp method grew to their peak 
value within 200 to 900 ,us depending on temperature 
and membrane potential. They then decayed as a 
single exponential, just as when recorded by the stan- 
dard two-electrode voltage clamp [6,14]. However, in 
a variety of solutions, the rising phase was briefer 
when recorded by the Strickholm clamp than when 
recorded by the two-electrode clamp (Table I). Just 
as with the two-electrode clamp, the Strickholm elec- 
trode also recorded occasional miniature endplate 
currents which required 1 -2  ms to reach their peak 
amplitude, decayed more slowly than usual, and yet 
were no larger than the more common type. These 
slow miniature endplate currents were not included in 
the data of this paper. A third type of miniature end- 
plate current, shown in Fig. 2, appeared to be the 
result of two, nearly simultaneous, individual minia- 
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TABLE I 

RISE TIMES OF MINIATURE ENDPLATE CURRENT 

The 20-80% rise times of miniature endplate currents were 
recorded internally and externally. Neostigmine prolonged 
the rise time, but increasing the solution's viscosity had no 
significant effect. All experiments were conducted at 10 + 
I°C, and the number of endplates examined is given in paren- 
thesis. 

Recorded rise time (t~s) 

Externally Internally 

Control 250 + 30 (13) 500 _+ 60 (8) 
High viscosity (n) 280 _+ 80 (15) - 
Neostigmine 470_+ 60 (4) 640_+ 60 (7) 
Neostigmine-high rl 520 _+ 60 (10) 710 + 110 (7) 

ture endplate currents. While the statistics of random 
processes [22] predict that only one miniature end- 
plate current in l0 s or less wculd be followed by a 
second miniature endplate current within 0.5 ms, 
(at the observed miniature endplate current fre- 
quency of 2 s-l), actually eight could be discerned in 
a series of  250. These eight were also excluded from 
the analysis in this paper. 

Miniature endplate current rising phase 
Fig. 1 shows a digitized record of a single minia- 

ture endplate current displayed first at a slow then at 
a fast sweep speed, allowing measurement of both the 
decay and the rising phase of the same event. Since 
the very early part of the miniature endplate current 
was obscured by the baseline noise, the precise origin 
and initial kinetic properties are uncertain. The dura- 
tion of the miniature endplate current rising phase 
was approximated by the time required to grow from 
20% to 80% of the peak amplitude (the rise time, tr). 
In this example the rise time was 240 #s. The mean 
rise time for all experiments at 10 -+ 0.5°C was 250 _+ 
30 (13 endplates). 

The miniature endplate current rise time was 
doubled by an 8°C increase bath temperature. As 
illustrated by Fig. 2, the mean rise time at 9.5 _+ 0.5°C 
was significantly different from that at 21 _+ I°C 
(250 _+ 30 vs. 140 _+ 10 tas; n = 13,20;P < 0.001). The 
temperature dependence is seen as clearly in individ- 



54 

A 

4,o 

3,0 

20 
= 
= 
= 

1.0 

t I 

1.0 2.0 

TIME (Ms)  

B 

4.0 

3.0 

2.0 

= 

1.0 

J 

e O  

100  

l I l 

200 300 q(]O 

TIME ( p S )  

Fig. 1. The rising phase of a miniature endplate current. A 
sample miniature endplate current recorded using the Strick- 
holm clamp is displayed at two sweep speeds. The digitized 
record was retouched for clarity. The sweep speed of the 
upper figure was 2.5-times that in the lower. The rise time 
(240 #s) was close to the average for this experiment (280 -+ 
30 /~s, n = 23). The resting potential was -70  my and bath 
temperature was 9.5°C. The amplitude of the current was cal- 
culated from the recorded electrode and seal resistance as 
well as the recorded voltage record. 

ual experiments;  the most complete example,  p lot ted 
as open circles in this figure, had a Qto very similar to 
the mean (2.1 vs. 2.3 for the mean,  see Table II). 

At no temperature did modifying solutions in a 
way designed to effect presynaptic or subsynaptic 
events have an effect on the rising phase as long as the 
cholinesterase was intact.  For instance, the rise time 
was unaffected by raising the magnesium concentra- 

A 1 mV C J I mV 
19.5*C 10oC - -  I 

O,4ms 04ms 

B D Jl mV 
19.5*C L5°C I 

lOms 

~ . . . . . . . . . .  : ,  ~ "  

Fig. 2. Temperature dependence of the rising phase. These 
records were obtained using the Strickholm clamp in the low 
ionic strength Ringer's solution. Record of A is a typical 
miniature endplate current, showing the usual abrupt rise 
(t r = 130 ~s). Record B is representative of those miniature 
endplate currents with prolonged rising phases which have 
inflections. Cooling the preparation to 10°C slowed the aver- 
age rise time 41%. Record C shown here had a rise time 
within one standard deviation of the mean (t r = 170 ~s). 
Cooling the preparation further to 1.5°C slowed the rise time 
two-fold. The example shown had a rise time within a stan- 
dard deviation of the mean (t r = 510 ,us). 

tion or by decreasing the ionic strength of  the bathing 
solution, as can be seen in Fig. 3. Slowing the diffu- 
sion coefficient 38% by raising the solution's viscosity 
[14] had no significant effect on the rise time (280 +- 
80 ~s vs. 250 +_ 30 ~ for control,  all at 9.5 +_ 0.5°C). 

The duration of  the miniature endplate current 
growth phase was as voltage dependent as was the 
miniature endplate current decay rate. Fig. 4 shows 
that the miniature endplate current rise time was 
longer at +37 mV, 190 ~ ,  than at - 8 0  mV, 130 ~ .  
Also apparent  is the more rounded peak at +37 mV, 
compared to - 8 0  mV, which again demonstrates that  
the processes which cause the growth of  the minia- 
ture endplate current are prolonged at more positive 
membrane potentials.  Table III shows that  the mean 
rise time was prolonged by 55%. For comparison, the 
rate of  decay was increased by 64%. Another  fiber in 
the same muscle was examined first at the resting 
potential ,  next at a hyperpolarized potential  and 
finally at the resting potential  again. As there was 
no significant difference between the first and last 
group, the values were combined and are shown in 
Table III. Although the recordings took place over a 
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TAB LE II 

TEMPERATURE DEPENDENCE OF MINIATURE ENDPLATE CURRENT PARAMETERS 

Amplitudes are tabulated as recorded; insufficient information is available to convert the values to currents. Membrane potentials 
ranged from -72 to -85 mV. All values differ, P<  0.005. 

Parameter Parameters at Q10 

19°C 10°C 1.5°C 

t r (us) 130 ± 10 180 + 10 570 + 30 2.3 
a(ms -1) 0.58± 0.02 0.28± 0.01 0.11_+ 0.06 2.5 
Amplitude(mV) -3.1 ± 0.1 -2.6 _+ 0.1 -1.8 ± 0.1 1.4 
N 32 30 36 

small voltage range, the parameters have the same 

magnitude of voltage dependence as in the previous 

fiber. Finally, the voltage dependence of the minia- 
ture endplate current rising phase was examined in a 
third fiber from another muscle by alternatively 

recording a series of miniature endplate currents at 
the resting potential and then at +25 mV, for a total 

of five runs (Table IV). Note that the bath tempera- 
ture is 10°C colder than the previous two examples. 

The rising phase was again slowed with the rise time 
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Fig. 3. Temperature dependence of miniature endplate cur- 
rent rise time. The average control rise times at 10°C and 
20°(2 in Fig. 2 are plotted in a logarithmic scale against bath 
temperature. Also included are the average values of the rise 
time in the low ionic strength (illustrated in Fig. 3) and the 
high magnesium, low calcium Ringer's solution. For com- 
parison, average values from a single experiment are also 
included. The slope of the line of best fit through these 
points gives a QI o 2.3. 

increased by about one-third for a 95 mV depolariza- 

tion. The results of this repeated sampling demon- 

strated the reproducibility of these measurements. 

Action of  neosn'gmine 
The cleft acetylcholinesterase was pharmacologi- 

cally blocked in order to prolong the lifetime of the 

neurotransmitter. Neostigmine, at the supramaximal 
concentration of 10 -6 M for 30 min blocked 80% of 

the cholinesterase activity [20] and modified the 
behavior of both the rising and falling miniature end- 

plate current phases. The rise time was slowed 2-fold, 
to 470-+ 60 /~s, n = 4. If in addition to containing 

A 

~ 2  

- -  2mY 

0.4ms 
B 1.0 ms 

-80mY +57mY 

Fig. 4. Voltage dependence of the miniature endplate cur- 
rent rising phase. Two individual records of representative 
miniature endplate currents recorded with the Strickholm 
clamp at -80 and +37 mV are displayed. The rising phase of 
each record is shown twice, with the upper record at the 
faster sweep speed. Record A was obtained at the resting 
potential (-80 mV) and had a rise time of 130 #s. The rising 
phase was visibly slower at a holding potential of +37 mV, 
with a rise time of 190 ~ts. 
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TABLE III 

VOLTAGE DEPENDENCE OF MINIATURE ENDPLATE CURRENT 

Experiments of 5-7-75. The first and second row of each parameter are from two endplates on the same muscle. The temporal 
sequence of experiments is left to right. Bath temperature was 21°C. 

Parameter Parameter at holding potential 

-104  mV - 8 0  mV +37 mV 

a(ms -1) 1 - 0.60 4- 0.01 0.93 + 0.04 
2 0.47 4- 0.09 0.54 4- 0.04 - 

tr(uS) 1 - 140 _+ 20 230 4- 40 
2 120 4- 10 140 _+ 10 - 

N 1 - 36 32 
2 15 26 - 

neost igmine the solut ion was made  very viscous, slow- 

ing the diffusion o f  ace ty lchol ine  by one-third,  the 

rise t ime was prolonged,  bu t  no t  to a significant 

ex ten t  (520 4- 60 ~ ,  n = 10, P < 0 . 2 ) .  Note  that  the 

high viscosity solut ion alone had no ef fec t  on minia-  

ture endpla te  current  rise t imes (Table I). 

In agreement  wi th  previous studies [3],  neostig- 

mine s lowed the  half- t ime o f  decay by  a fac tor  o f  two  

to three,  bu t  did n o t  significantly change its voltage 

TABLE IV 

VOLTAGE DEPENDENCE OF MINIATURE ENDPLATE 
CURRENT 

Experiments of 4-29-75. Runs at - 7 0  mV were alternated 
with those at +25 inV. Bath temperature was 21°C. The 
mean value of each parameter is different at these two po- 
tentials (P < 0.1). 

Parameter Parameter at potential E 

- 7 0  mV +25 mV 

a(ms - t )  0.28 
0.25 
0.27 

Mean 0.27 

trfaS) 260 
240 
260 

Mean 250 

Amplitude (mV) -3.9 
-2.6 
-3.0 

Mean -3.1 

4- 0.01 
4- 0.01 
_+ 0.01 
4- 0.01 

4-10 
4-10 
4-10 
4-10 

_+ 0.1 
4- 0.1 
-+ 0.01 
-+ 0.01 

0.47 
0.58 

0.52 

280 
360 

320 

3.1 
1.9 

2.5 

4- 0.02 
_4- 0.03 

_+ 0.02 

+10 
4-10 

+ 40 

4- 0.1 
4- 0.1 

+ 0.1 

dependence  (Table V). However ,  closer examina t ion  

showed that  after t r ea tment  by neostigrnine, few 

minia ture  endpla te  currents  could  be described as a 

single exponent ia l ;  instead the currents decayed far 

more  slowly than cont ro l  miniature  endplate  cur- 

rents,  but  progressively faster and faster than 

expec ted  for a single exponent ia l  (Fig. 5A). While 

similar in na ture  to  those shown by  Katz  and Miledi 

[28] for external ly  recorded minia ture  endplate  cur- 

rents in neos t igmine ,  no records had as ex t reme a 

plateau as theirs. I f  all minia ture  endplate  currents 

TABLE V 

MEAN VOLTAGE DEPENDENCE OF APPARENT RATES 
OF MINIATURE ENDPLATE CURRENT DECAY 

The least-squares regression of the apparent rate of miniature 
endplate current decay (a) on voltage (E) is given, assuming 
that c~ = B exp (AE): B and A are constants. The apparent 
rate of decay was obtained by measuring the apparent half 
time of the miniature endplate current decay in each of the 
solutions listed. The temperature was 16.5 4- I°C for all 
values except the high viscosity solution, where the tempera- 
ture was 9.5 4- 0.03°C. If the Qto is 2.7 [3], the value of B 
would become 690 s -1 at 17°C for high viscosity solution, 

A B Temp. N 
(v - t )  (s-l) (°C) 

Control 7.3 + 0.5 890 + 30 17 5 
High viscosity 5.7 + 1.0 360 4- 30 9.5 4 
Neostigmine 5.9 4- 1.0 260 4- 40 17 6 
Neostigmine-high ~ 6.8_+ 1.1 170 4- 20 17 6 
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Fig. 5. Curvature of miniature endplate current decay phase 
after neostigmine treatment. The miniature endplate current 
whose decay phase is plotted semilogarithmicaUy in A was 
recorded after 30 min exposure to neostigmine. As do most 
such plots, this semilogarithmic record curves downward. The 
average of ten miniature endplate currents recorded at 100 
mV in this fiber is shown in B and appears to decay as a 
single exponential. Temperature was 16.5°C. 

recorded during a single run were averaged (Fig. 5B) 
the results do decay as single exponentials, just as 
seen for nerve-evoked endplate potentials [3]. Thus, 
neostigmine-treated endplates differ from the control, 
non-drug treated, endplate in so far as individual 
miniature endplate current records suggest quite a 
different kinetic scheme than the averaged record. 

Increasing the solution's viscosity slowed the half- 
time of the neostigrnine treated miniature endplate 
current decay by a third (Table V). By contrast, with- 
out neostigrnine treatment the solution's viscosity 
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had no effect on the rate of miniature endplate cur- 
rent decay (1.3 -+ 0.4 ms for control, 1.4 -+ 0.5 ms for 
high viscosity, n = 5 and 4, respectively, all at 9.5°C 
and -100  mV). Two neostigmine experiments were 
examined in detail, one with the control solution and 
one with the high viscosity solution. The whole of the 
slowing in the high viscosity solution occurred within 
the first half of the miniature endplate current (Table 
VI). That is, only the initial rate of decay was slowed; 
the final rate of decay of neostigmine treated minia- 
ture endplate currents in control and high viscosity 
neostigmine solutions was the same. The rate con- 
stants associated with all portions of the miniature 
endplate current remain voltage dependent. Table VII 
shows that both the early and the late decay rates 
became faster as the membrane potential became 

TAB LEVI 

VISCOSITY EFFECT ON NEOSTIGMINE MINIATURE 
ENDPLATE CURRENT APPARENT DECAY RATES 

The rate constants of miniature endplate current decay 
were obtained either from the apparent half-times of decay 
of the original records (average) or from the early (initial) 
or late (final) rates of miniature endplate current as mea- 
sured by eye from semflogarithmic plot of these records. 
The experiment with control viscosity included miniature 
endplate currents recorded at 15 different holding poten- 
tials; for consecutive holding potentials were chosen to 
obtain initial and final apparent rate constants. The values 
for the control solution at +50 mV (,)  were extrapolated 
from results obtained at +30 mV. Temperature was 16.5°C. 
The experiment with a high viscosity solution included two 
different holding potentials. Temperature was 9.5°C. 

Solution viscosity Normal High 

Holding potential (mV) - 100 - 9 0  
N 10 17 

a(s -1) initial 150 -+ 20 90 -+ 10 
final 200 -+ 15 180 -+ 20 

Rise time (~s) a 620 -+ 70 

Holding potential (mV) +50 +50 
N * 7 

a(s -1) initial 490 240-+ 20 
fmal 530 480 -+ 110 

Rise time 0zs) a 980 +- 150 

a Not available. 
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more positive. The rising phase could be measured in 
the neostigmine-high viscosity experiment shown in 
Table VI; just as in the drug-free case, the rising phase 
became slower as the membrane potential was made 
more positive. 

Discussion 

The sizable temperature dependence of the minia- 
ture endplate current rising phase, as well as its indif- 
ference to the solution's viscosity, argues strongly 
that the kinetics of this phase are not governed by 
free diffusion of acetylcholine alone. The voltage 
dependence of the duration of the rising phase 
further suggests that the rate limiting step occurs 
within the post-synaptic membrane. 

Temperature dependence 
Two observations exclude free diffusion as the 

explanation for the miniature endplate current rise 
time. The Ql0 of the miniature endplate current ris- 
ing phase is 1.9 times that of free diffusion (Robinson 
and Stokes, 1959). Furthermore, increasing the solu- 
tion's viscosity by a third does not significantly slow 
the rise time until the acetylcholinesterase is inhib- 
ited, and then only by a small amount. The diffusion 
of acetylcholine is certainly slowed within the sub- 
synaptic cleft since the miniature endplate current 
decay was prolonged by an average of 50% after the 
solution's vi.scosity was increased, but only when the 
acetylcholinesterase was inhibited. Alternatively, this 
could have resulted from slowed diffusion of the 
transmitter only along the surface of the muscle, not 
in the cleft. However, were this the case, the rise time 
would not be prolonged. Furthermore, since the 
transmitter might be released near the surface or deep 
within the cleft there would be considerable variation 
in rise time and early decay phase from one miniature 
endplate current to the next. Neither result was 
actually seen. Furthermore, it is unlikely that a privi- 
leged volume immediately around the acetylcholine 
receptor could exist which excludes macromolecules, 
since molecules as large as immunoglobulins are 
known to attack these receptors in the disease myas- 
thenia gravis [29]. Finally, free diffusion of the trans- 
mitter is complete in a few tens of microseconds, not 
the hundreds of microseconds which was the 
observed duration of the rising phase. That is, the 

quanta of acetylcholine released at the frog twitch 
fiber could be completely bound by the morphologi- 
cally defined sites contained within 0.3 grn z, requir- 
ing less than 15 /~s, if diffusion were the same as in 
the bulk solution [30]. Thus, unless the diffusion 
coefficient of acetylcholine within the cleft were 
three orders of magnitude slower than in bulk solu- 
tion, or the diffusion distances were greater than the 
shortest route [31], the rising phase kinetics must be 
governed by steps other than the cleft lifetime of 
acetylcholine. 

The principal reason for including the neostigmine 
experiments in this paper was to demonstrate that the 
diffusion of acetylcholine through the cleft can be 
slowed by adding a high molecular weight dextran to 
the solution (Table V). However, additional lessons 
can be learned. First, the rising phase is slowed by 
inhibiting the cleft acetylcholinesterase. Thus, when 
active, this enzyme effectively limits the spread of 
transmitter from the point of release. Second, an 
averaged record gave very different results from an 
individual miniature endplate current record. This 
behavior was the converse of the two-exponential 
decay seen after local anesthetics [2] which was the 
result of the summed opening blockade and then 
closing of many identical channels [32]. In contrast 
to the fast then slow decay of miniature endplate 
currents after addition of local anesthetics, the minia- 
ture endplate currents decayed slowly at first and 
then faster toward the end after neostigmine treat- 
ment. Each record differed from the next, but when 
averaged, this characteristic shape was no longer 
apparent and the result appeared to be a single 
exponential (Fig. 5). Therefore, in cases such as 
neostigmine, it is the individual miniature endplate 
current records that must be examined, not the aver- 
age. 

Three possible reasons exist for the transformed 
shape of the miniature endplate current decay phase 
after neostigmine treatment. First, the lifetime of the 
bound agonist may be prolonged [33, 28; 34 for 
d-tubocurare]. Thus, the late portion of the miniature 
endplate current decay phase which was sensitive 
only to the membrane potential, and not the sotu- 
tion's viscosity may be due to increased affinity of 
the receptor for the agonist. The earlier portion of 
the miniature endplate current would reflect the 
buffered diffusion of acetylcholine from the cleft, 



which would be modified not only by increasing the 
viscosity to slow free diffusion but also by increasing 
the membrane potential to prolong the lifetime of the 
bound complex. A second general explanation would 
be that the holding current iontophoreses the posi- 
tively charged acetylcholine away from the receptors 
at the more positive membrane potentials. While the 
sign of the current is as expected for the observed 
decay kinetics, such a mechanism would explain 
neither the shape of the decay phase nor the depen- 
dence of only a part of the decay phase on the solu- 
tion's viscosity. Furthermore, there was no correla- 
tion between the amplitude of the current (and 
presumably the amount of acetylcholine available to 
carry current) and the rate of decay [15]. Finally, 
the channel itself may close at a slower rate in the 
presence of neostigmine. Unfortunately, methods 
such as noise analysis have given only ambiguous 
answers [35], but this would readily explain the slow 
final decay of the neostigmine-treated miniature end- 
plate current. 

Voltage dependence 
When the membrane's potential was made more 

positive, the miniature endplate current rising phase 
was as prolonged as the decay phase was shortened. 
This is unlikely to be caused by the current required 
to maintain the membrane holding potential, since 
this current would tend to sweep the cation acetyl- 
choline away from the subsynaptic cleft and so 
shorten, not prolong, the rising phase. Thus, the 
effect must be due to the membrane potential and 
the rate limiting step for the growth of the miniature 
endplate current must lie within the membrane itself. 
Since the open conformation of the receptor is less 
stable at more positive membrane potentials, a non- 
conducting intermediate state must be more stable 
and so have a more prolonged life to explain the 
slower rising phase. Such behavior would explain why 
more channels are open at positive potentials than 
negative at the miniature endplate current peak, as 
opposed to the steady state [2,36]. The increased 
affinity constant would predict a slower loss of 
acetylcholine from the cleft, due to 'buffering' by the 
receptors. However, the lack of effect of raising the 
solution's viscosity and the estimate that virtually all 
released transmitter is bound by the receptors [37] 
argue that buffered diffusion does not account for 
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the prolonged rising phase. 
The voltage dependence of the miniature endplate 

current rising phase has been examined in other 
species. In the toad, the rising phase has either no 
voltage dependence or the same as reported here. 
However, unlike the frog, ordinary, non drug-treated 
miniature endplate currents of the toad occasionally 
have a two-exponential decay phase, and so in their 
case, the rising phase may be governed by different 
mechanisms [38]. In snake slow muscle fibers, 
Dionne and Parsons [39,40] convincingly demon- 
strated a voltage dependent step other than the well 
known voltage dependent closing of the channel [5], 
namely the unbinding of the agonist. This behavior 
was readily apparent at this synapse because the rates 
involved are slower than at the amphibian or snake 
fast fibers, allowing use of the standard two-electrode 
clamp as well as noise analysis and voltage jumps. 
Indeed, the only model to fit their data consistently 
was that proposed first by del Castillo and Katz in 
1957 [41]: 

k l  
A+ R~---- AR ~AR* 

k_ 1 a 

where A is the agonist, R the receptor, AR the closed 
or non-conducting agonist receptor complex and AR* 
the conducting moiety. The rate constants (k, k_ I, c~ 
and fl) are as shown. In the snake slow fibers, the 
kinetics of miniature endplate current, acetylcholine 
noise and current relaxations following voltage steps 
are explained only if the rate constants k_ 1 and a 
become faster as the membrane potential becomes 
more positive (/3 changes little with voltage and the 
behaviour of kl is unknown). Such a study in frog 
twitch muscles is precluded by the limited voltage 
frequency response of the two-electrode voltage 
damp. 

Finally, step changes in the membrane potential 
of rat myotubes lead to relaxations in acetylcholine- 
induced current consistent with this report of a volt- 
age-dependent miniature endplate current rising phase 
[421. 
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