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ABSTRACT Miniature endplate potentials (MEPPs) were recorded from frog
sartorious neuromuscular junctions under conditions of reduced quantal con-
tents to study the effect of repetitive nerve stimulation on asynchronous (tonic)
quantal transmitter release. MEPP frequency increased during repetitive stim-
ulation and then decayed back to the control level after the conditioning trains.
The decay of the increased MEPP frequency after 100- to 200-impulse condi-
tioning trains can be described by four components that decayed exponentially
with time constants of about 50 ms, 500 ms, 7 s, and 80 s. These time constants
are similar to those for the decay of stimulation-induced changes in synchronous
(phasic) transmitter release, as measured by endplate potential (EPP) ampli-
tudes, corresponding, respectively, to the first and second components of facili-
tation, augmentation, and potentiation. The addition of small amounts of Ca®*
or Ba®* to the Ca**-containing bathing solution, or the replacement of Ca®*
with Sr**, led to a greater increase in the stimulation-induced increases in
MEPP frequency. The Sr-induced increase in MEPP frequency was associated
with an increase in the second component of facilitation of MEPP frequency;
the Ba-induced increase with an increase in augmentation. These effects of Sr**
and Ba’" on stimulation-induced changes in MEPP frequency are similar to the
effects of these ions on stimulation-induced changes in EPP amplitude. These
ionic similarities and the similar kinetics of decay suggest that stimulation-
induced changes in MEPP frequency and EPP amplitude have some similar
underlying mechanisms. Calculations are presented which show that a fourth-
power residual calcium model for stimulation-induced changes in transmitter
release cannot readily account for the observation that stimulation-induced

changes in MEPP frequency and EPP amplitude have similar time-courses.

INTRODUCTION

Quantal transmitter release at the neuromuscular junction can be divided into
two types: synchronous (phasic) release, which produces endplate potentials
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(EPPs), and asynchronous (tonic) release, which produces miniature endplate
potentials (MEPPs) (del Castillo and Katz, 1954 a; Boyd and Martin, 1956;
Miledi and Thies, 1971; Silinisky et al., 1977). Under conditions of reduced
quantal content, repetitive stimulation of the motor nerve leads to cumulative
increases in both types of release; EPP amplitudes increase during repetitive
stimulation, and testing impulses applied after the conditioning trains show
that the altered state of the nerve terminal that gives rise to this increased
transmitter release returns slowly to the preconditioning level (Feng, 1941;
Liley, 1956; Gage and Hubbard, 1966; Braun, et al., 1966). Similarly, the
frequency of MEPPs increases during repetitive stimulation and returns to
the prestimulation levels after the conditioning trains (del Castillo and Katz,
1954 q; Liley, 1956, Hubbard, 1963; Hurlbut et al., 1971; Miledi and Thies,
1971; Erulkar and Rahamimoff, 1978). In this paper we examine the kinetic
properties and ionic dependence of stimulation-induced changes in MEPP
frequency and compare them to stimulation-induced changes in EPP ampli-
tude to investigate whether the two types of transmitter release underlying
these phenomena have mechanisms in common. A preliminary report of this
study has appeared (Zengel and Magleby, 1978).

METHODS

Standard microelectrode techniques were used to record intraceliular endplate poten-
tials (EPPs) and miniature endplate potentials (MEPPs) from endplate regions of
frog (Rana pipiens) sartorius nerve-muscle preparations (Magleby and Zengel, 1976 a).
Most experiments were performed with 6- to 8-M§ electrodes on muscles from
medium sized frogs (~3 inches from nose to rump). MEPP amplitudes tended to be
small (0.1-0.5 mV), because the muscle fibers were large (see Katz and Thesleff
[1957]), but the noise level in the recording system was low because of the low-
resistance electrodes, and it was usually possible to hold such cells for 1-5 h with
resting potentials more negative than —70 to —80 mV.

The standard bathing solution had the composition (mM); NaCl, 115; KCI, 2;
CaCl, 1.8; NagHPOy, 2.16; NaH2POy,, 0.85; glucose, 5; choline, 0.03. This solution
was modified by reducing Ca** to 0.3-0.6 mM and adding 5 mM Mg?* to greatly
decrease quantal content (low-Ca Ringer’s solution). Osmolarity was maintained by
changing NaCl. To examine the effects of Ba** and Sr**, the low-Ca Ringer’s solution
was modified by adding 0.1-0.2 mM Ba®* or 0.2-0.4 mM Sr**, or by replacing the
Ca®" with 0.8-1.2 mM Sr** (Sr Ringer’s solution). The pH of all solutions was
adjusted to 7.2-7.4 before use. Experiments were carried out at 20°C.

In the basic experiment described in this paper we investigated the effects of the
solutions on the time-course of changes in MEPP frequency that occur during and
after repetitive stimulation. Data were collected and analyzed in terms of trials, each
trial consisting of a period before the conditioning train to determine the control
MEPP frequency, a conditioning train, and a period of time after the train to follow
the decay of MEPP frequency back to control levels. Trials with short conditioning
trains (10-11 impulses) usually lasted 30 s. Trials with long conditioning trains (100-
200 impulses) usually lasted 5-8 min.

In preliminary experiments, MEPPs were recorded with an FM tape recorder,
played into a penwriter at reduced tape speed, and analyzed by hand. The results of
these experiments were consistent with those presented in this paper, but it was not
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practical using this technique to obtain and analyze enough data to define reliably
the time-course of changes in MEPP frequency. To solve this problem, we and Dr.
Frank Morris developed a computer program that delivered the desired stimulation
pattern to the nerve and recorded the amplitude of all the resulting EPPs and the
amplitude and time of occurrence (1-ms resolution) of all MEPPs. MEPPs were
detected by their amplitudes and rates of rise and decay. The program also detected
MEPPs that fell on the decaying phase (tails) of EPPs or other MEPPs; it measured
the amplitude of these MEPPs by assuming an exponential decay of the preceding
EPP or MEPP. The time constant of decay used in the program was determined for
each cell from the decay of EPPs in that cell. The base line toward which the voltage
decayed was updated as the program ran to correct for possible drifts in the resting
potential and recording system.

This program was extensively tested by comparing computer-measured results with
those obtained by measuring the same data by hand. The two methods gave virtually
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Ficure 1. Detection of MEPPs during a conditioning train. Computer-sam-
pled and -displayed data from an intracellular record obtained from the
endplate region of a frog sartorius nerve-muscle preparation. The response to six
stimuli near the end of a 40-impulse train is shown. The arrows indicate the
time of the nerve impulses delivered at a rate of 20/s. The responses immediately
after the stimuli are EPPs. The responses with dots above them (computer
placed) are computer-detected MEPPs. To facilitate photography, the data
were obtained from a tape-recorded experiment. The sample rate in this
illustration (! point/250 ps) was two to four times faster than that normally
used during direct computer-sampled experiments. 0.5 mM Ca®*.

identical results. During an experiment, the computer continuously displayed the
digitized data and placed a dot over each detected MEPP, so the accuracy of detection
could be continuously monitored.

Fig. 1 presents examples of computer-sampled data during a conditioning train of
40 impulses delivered at 20 impulses/s. The arrows indicate the time of nerve
stimulation; the responses immediately after the arrows are EPPs. The dots above the
smaller potentials indicate computer-detected MEPPs. Notice that the program
detects all MEPPs, including those occurring during the falling phase of EPPs or
previous MEPPs. The signal, as was the case for Fig. 1, was usually filtered with a
low-pass active filter (18 dB/octave) at 500 Hz before analysis to reduce unwanted
noise. This slowed the rise of the MEPPs and EPPs somewhat but had little effect on
their peak amplitudes. The threshold level for MEPP detection was set to exclude the
ciass of very small MEPPs described by Kriebel and Gross (1974).

After the experiments, the data from all trials to be averaged were superimposed in
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a master file by arranging all MEPPs for all the trials in order of their time of
occurrence in relation to the start of each trial. Each MEPP was stored as a time of
occurrence together with its amplitude. Plots of MEPP frequency against time were
then made from this master filee MEPP rate during the conditioning train was
corrected to compensate for the fact that MEPPs could not be detected during the
time required to stimulate the nerve and sample for EPPs (usually ~6-10 ms,
depending on the length of the nerve and the resulting conduction time).

Preliminary analysis of the data was carried out by the moving bin technique,
which has been described in detail by Rahamimoff and Yaari (1973). Basically, the
frequency of MEPPs was calculated for a block of time (bin size), and the block was
then advanced (moved) in time with steps smaller than the bin size. The frequency of
MEPPs was plotted at the center of the time bin for each successive position. To
increase the resolution of this technique, we further analyzed the data using a modified
moving bin technique in which the bin size was changed according to the rate and
rate of change of MEPP frequency. Large bin sizes (200 ms to several seconds) were
used when the MEPP frequency was low and only slowly changing with time, such
as before a conditioning train or several seconds after the train. Smaller bin sizes (10-
200 ms) were used when the frequency of MEPPs was high and/or rapidly changing
in time, such as during and immediately after the conditioning trains. For the data
analysis for most of the figures in this paper we used a changing bin size with steps in
time of about one-half to one times the current bin size. This increased the time
resolution where necessary and simplified the figures by decreasing the number of
points to be plotted. We also analyzed much of the data with standard moving bin
and nonmoving bin techniques, with similar results.

Data are presented as mean *+ SD.

RESULTS

MEPP Frequency Increases during and after Repetitive Stimulation

The effect of repetitive stimulation on the frequency of MEPPs is shown in
Fig. 2. The nerve was conditioned with 1,000 impulses applied at a rate of 20
impulses/s. Intracellular records obtained at various times during (4-C) and
after(D-F) the conditioning train are presented. Responses whose rising phases
fell between 2 and 6 ms after each stimulus (indicated by the rapid vertical
deflections) were considered to be EPPs; the other responses, indicated by the
dots, were considered to be MEPPs. In addition to the stimulation-induced
increase in EPP amplitudes, the MEPP frequency increased from <1/s at the
start of the train (Fig. 2 4) to ~15/s after 41 s of stimulation (Fig. 2 C). After
the conditioning train, the MEPP frequency returned slowly toward the
control frequency (Fig. 2 D-F). The marked fluctuation in successive EPP
amplitudes during the train was due to the quantal nature of transmitter
release (del Castillo and Katz, 1954 4), which is very evident at the low
quantal contents used in these experiments. A stimulation-induced increase in
evoked and spontaneous transmitter release was consistently seen in the more
than 30 experiments performed for this study. The amplitudes of MEPPs did
not change during or after the conditioning stimulation in these experiments,
in agreement with previous studies (del Castillo and Katz, 1954 6; Magleby
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and Zengel, 1976 a), indicating that postsynaptic sensitivity remained constant
under the low quantal content conditions.

Decay of MEPP Frequency after Repetitive Stimulation Described by Four Expo-
nential Components

Because of the small number of MEPPs that occur during and after any single
conditioning train, it was not possible to obtain accurate estimates of the time-
course of changes in MEPP frequency from a single conditioning trial such as
that shown in Fig. 2. This difficulty was overcome by combining data from

50 ms
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Figure 2. Effect of repetitive nerve stimulation on EPP amplitude and MEPP
frequency. Tracings of intracellular recordings. The nerve was conditioned with
1,000 impulses at a rate of 20 impulses/s. The records were obtained at the
indicated times during (4-C) and after (D-F) the conditioning train. The sharp
vertical deflections (shock artifacts) indicate the times of the stimuli. Responses
immediately after the stimuli are EPPs. The dots indicate MEPPs. The flat-

topJ)cd EPPs in C are due to the pen writer reaching its limit of travel. 0.4 mM
Ca™

many identical conditioning-testing trials. An example is shown in Fig. 3,
which presents data from 123 trials in which a total of 47,295 MEPPs were
recorded. Each trial consisted of a 30-s rest period before the conditioning
train to obtain estimates of the control MEPP rate, a 200-impulse conditioning
train delivered at 20 impulses/s, and a 5-min period to measure the decay of
MEPP frequency after the conditioning train. Average MEPP frequency
increased more than 10 times during the conditioning train and then decayed
back to the control level with several apparent time constants (Fig. 3 A4).

To analyze the decay of MEPP frequency we began by expressing MEPP
frequency as Vm(f), the fractional increase in MEPP frequency over the
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where vm(¢) is the MEPP frequency at time ¢ and vy, is the control MEPP
frequency. Vm(f) was then plotted semilogarithmically against time as shown
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in Fig. 3 B. The line in this figure represents the exponential decay of the
slowest component of MEPP frequency, which had a time constant (time
required to fall to 1/e of its initial value) of 69 s. The magnitude of this
component, 0.9, was obtained by extrapolating the line to 0 time, the time at
the end of the conditioning train.

Superimposed on this slowest decaying component were faster decaying
components, as indicated by the deviation of the data points from the line at
times <30 s. Because the faster decaying components fell on one or more
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Ficure 3. Effect of 200-impulse conditioning trains (20 impulses/s) on MEPP
frequency. Data averaged from 12 cells from six preparations (123 trials, 47,295
MEPPs). (4) Rise and decay of MEPP frequency during and after the condi-
tioning stimulation, which is indicated by the horizontal bar. (B) Decay of the
fractional increase in MEPP frequency, Vu(f), after the conditioning train
shown in A. The line indicates the decay of potentiation, Pum(¢), the slowest
component. The decay of MEPP frequency was well described by this line to
250 s after the train (data only plotted to 130 s), at which time the increased
frequency was too small to measure. (C) Decay of the increase in MEPP
frequency after the data in B had been corrected for the contribution of Pu{f)
with Eq. 2. The line plots the decay of augmentation, Am(¢), the next slowest
component. (D and E) Decay of the faster components, the second component
of facilitation, Fy,(¢), and the first component of facilitation, F/1,,(¢), obtained
after the data in C had been corrected for Am(?). In this and the following figures
the bin sizes used in the data analysis were often different for the various parts
of the figures; the bin sizes were typically smaller immediately after the train in
those parts where higher time resolution was needed, such as B when compared
with 4. Decay lines have been drawn by eye. 0.4 mM Ca®*. The quantal content
in the absence of repetitive stimulation ranged from 0.1 to 1.2 in the cells
averaged for this figure for an overall average of ~0.4.
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slower decaying components, estimates of these faster decaying components
could only be obtained in terms of a model that defined the way in which the
different components combined to change MEPP frequency. We initially
analyzed the data in three ways: by assuming additive, multiplicative, and
power relationships among the different components (similar to Egs. 6, 7, and
8 in Zengel and Magleby [1980]); in all cases, the decay of MEPP frequency
was well described by four exponentially decaying components with time
constants similar to those of the four components of stimulation-induced
changes in EPP amplitude.

Because of this similarity and the observation that the model used to
analyze the decays had little effect on the time constants of decay of the four
components, we refer to components of MEPP frequency by the names of the
similarily decaying components of EPP amplitude, and we have analyzed the
decays of MEPP frequency presented in the figures and table in this paper in
the manner used previously to account for and analyze stimulation-induced
changes in EPP amplitudes (Zengel and Magleby, 1977 and 1980) so that
direct comparisons between these two types of transmitter release could be
made. (Support for the implied assumption in this analysis that analogous
components of MEPP frequency and EPP amplitude have similar underlying
mechanisms will be presented in the following sections.)

The data were analyzed with

Ym(t) = [F,(t) + Fp(t) + 1P[Am(t) + [ Pm(t) + 11— 1, 2)

where Vm(2) 1s the fractional increase in MEPP frequency as defined by Eq.
1, F1,,(t) and Fz,(t) are the first and second components of facilitation of
MEPP frequency, Am(t) is augmentation of MEPP frequency, and Pwm(t) is
the potentiation component (see Eq. 7 in Zengel and Magleby [1980]).

Pu(t), the slowest decaying component, was estimated as shown in Fig. 3 B
from the decay of the fractional increase in MEPP frequency after the
facilitation and augmentation components had decayed to insignificant levels.

Fig. 3 C presents a semilogarithmic plot of the faster decaying components
of MEPP frequency after correction for Pm(¢). The points plotted in this figure
were calculated from {[Vm(t) + 1]/[Pm(t) + 1]} — 1 using values of Pm(¢)
obtained from the observed MEPP frequency with Eq. 1 and values of Pm(t)
determined from the line in Fig. 3 B. The line in Fig. 3 C indicates the decay
of Am(t), the second slowest component of MEPP frequency, which had a
time constant of 9.1 s.

The two slowest decaying components of MEPP frequency, indicated by
the lines in Fig. 3 B and C (potentiation and augmentation, respectively), are
similar to those described by Erulkar and Rahamimoff (1978) and apparent
in the data of Liley (1956).

The deviation of MEPP frequency at short times from the line describing
the decay of Am(¢) in Fig. 3 C indicates the presence of still faster decaying
components of MEPP frequency. Rearranging Eq. 2 to solve for facilitation
gave Fu,(t) + Fo,(t) = {{Vm() + 11/ {{Am(t) + 11[Pm(t) + 1}}V° — L.
Values of the sum of the two components of facilitation, Fm(t), were calculated
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from this equation and plotted semilogarithmically against time in Fig. 3 D,
using values of Vm(t) obtained from the observed MEPP frequency with Eq.
1 and values of Pm(¢) and Am(¢) determined from the lines in Fig. 3 B and C,
respectively. The line in Fig. 3 D indicates the decay of the second component
of facilitation of MEPP frequency, which had a time constant of 565 ms.
Subtracting this line from the data points at short times and replotting them
in Fig. 3 E gave the decay of the first component of facilitation of MEPP
frequency, which had a time constant of 44 ms.

Four components of decay of MEPP frequency were seen in three other
experiments of the type shown in Fig. 3. The two slower components were
also present in other experiments in which there were not enough MEPPs to
analyze for the faster components. Data from all of these experiments are
summarized in Table I. For comparison, the time constants for the decay of
the first component of facilitation, the second component of facilitation,
augmentation, and potentiation of EPP amplitude are also presented. Notice

TABLE I

TIME CONSTANTS OF DECAY OF THE FOUR COMPONENTS OF
TONIC AND PHASIC QUANTAL TRANSMITTER RELEASE
AFTER 100- 1o 200-IMPULSE CONDITIONING TRAINS

Component MEPP frequency EPP amplitude*
Facilitation
First component, ms 4719% 4) 6012 (7
Second component, ms 472108 4 508+87 7
Augmentation, § 6.9£1.6 (n 7.3%1.3 (52)
Potentiation, s 82+25 19) 65+18 (52)

Number of estimates is indicated in parentheses.

* From Magleby and Zengel (1976 a), Zengel and Magleby (1980), and unpublished
observations.

1 Mean % SD.

that the four time constants that describe the decay of MEPP frequency are
similar to the four time constants describing the decay of EPP amplitude.
This similarity of time constants suggests that corresponding components of
decay of MEPP frequency and EPP amplitude may have similar mechanisms.
If this is the case, corresponding components should also have similar ionic
sensitivities. This possibility is examined in the following sections.

SP** Increases the Magnitude and Time Constant of Decay of the Second Component
of Facilitation of MEPP Frequency

The addition of small amounts of Sr®* to the bathing solution or the replace-
ment of Ca?* with Sr®* increases the magnitude and time constant of decay
of the second component of facilitation of EPP amplitude but has little effect
on potentiation, augmentation, or the first component of facilitation (Zengel
and Magleby, 1977 and 1980). Fig. 4 shows that Sr** has a similar effect on
the second component of facilitation of MEPP frequency. Intracellular re-
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cordings obtained during and after 11-impulse conditioning trains in low-Ca
(0.55 mM) Ringer’s solution (low-Ca Ringer) and after replacement of the
Ca** with 1.2 mM Sr?* are shown in Fig. 4 4. There was a much greater
increase in MEPP frequency during and immediately after the conditioning
train recorded in Sr**. This enhancement of MEPP frequency by Sr** was no
longer detectable ~1 s after the train (after the break in the base line). This
observation suggests that Sr’* increased facilitation of MEPP frequency,
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which would be expected to decay in <1-2 s but had little effect on the slower
decaying augmentation and potentiation of MEPP frequency.

That this is the case is shown in Fig. 4 B-E. In this experiment, the nerve
was conditioned with 11 impulses at 33 impulses/s. Fig. 4 B shows plots of
MEPP frequency against time during and after conditioning trains in low-Ca
(0.5 mM) Ringer (filled circles) and 0.9 mM Sr Ringer’s solution (Sr Ringer)
(open circles). Although there was little difference in the control MEPP
frequency for the two solutions (0.47/s in low-Ca Ringer and 0.31/s in Sr
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Ficure 4. Effect of Sr** on the stimulation-induced increase in MEPP fre-
quency during and after short conditioning trains. (4) Tracings of intracellular
records obtained during and after conditioning trains of 11 impulses delivered
at 20 impulses/s in low-Ca (0.55 mM) Ringer and after the replacement of Ca®*
with 1.1 mM Sr**. The breaks in the records exclude 500 ms. (B) Rise and
decay of MEPP frequency during and after conditioning trains of 11 impulses
delivered at 33 impulses/s in low-Ca (0.5 mM) Ringer (filled circles) and in 0.9
mM Sr Ringer (open circles). The Ca data were averaged from four cells from
two preparations (961 trials, 15,547 MEPPs), and the Sr data from two cells
from one preparation (53 trials, 1,204 MEPPs). (C) Decay of the increase in
MEPP frequency, Vm(f}, after the train in B. The decays of augmentation,
Awm(?), in low-Ca Ringer (continuous line) and Sr Ringer (dashed line) are
shown. (D and E) Decay of the second component of facilitation, Fs,,(f), and
the first component of facilitation, F1,(f), obtained from the data in C after
correction for Am(?).

Ringer), MEPP frequency increased to >30/s by the end of the conditioning
train in Sr Ringer, compared with an increase to only 2/s in low-Ca Ringer.

Fig. 4 C-E shows plots of the decay of augmentation and the two compo-
nents of facilitation of MEPP frequency after the conditioning trains shown
in Fig. 4 B. Notice in Fig. 4 D that Sr** increased the magnitude of the second
component of facilitation immediately after the conditioning train 50 times,
from 0.056 to 2.8, while increasing its time constant of decay about 1.4 times,
from 420 to 574 ms. Compared with these dramatic effects on the second
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component of facilitation, Sr** had relatively little effect on augmentation
(Fig. 4 C) or on the first component of facilitation (Fig. 4 £). (The magnitude
of potentiation after these 11-impulse trains was small and not included in the
analysis.)

When the data were analyzed assuming an additive relationship (Zengel
and Magleby, 1980) between the components of MEPP frequency mstead of
the relatlonshlp described by Eq. 2, a similar selective effect of Sr** was
observed. Sr** increased the magnitude of the second component of facilitation
over 450 times while having less of an effect (only 10% as great, 45 times
increase) on the magnitude of the first component of facilitation and little
effect (<1% as great, 1.5 times mcreasc) on the magnitude of augmentation.
The selective effect of Sr** on increasing the second component of facilitation
of MEPP frequency was consistently observed, was reversible, and is similar
to the effect of Sr** on stimulation-induced changes in EPP amplitude (cf.
Fig. 4, this paper, and Fig. 7, Zengel and Magleby [1980]).

If the second component of facilitation of MEPP frequency has kinetics
similar to those of the second component of facilitation of EPP amplitude, as
suggested by the results presented in Fig. 4, then the Sr-induced increase in
the second component of facilitation of MEPP frequency should occur mainly
during the first 1-2 s of repetitive stimulation when the magnitude of this
component is increasing toward a steady-state level. (See Mallart and Martin
[1967] and Zengel and Magleby [1980] for a discussion of the kinetics of
facilitation.) That this is the case is shown in Fig. 5, where it can be seen that
the Sr-induced increase in MEPP frequency occurs mainly during the first 2
s of repetitive stimulation, similar to the Sr-induced increase in EPP amplitude
(cf. Fig. 5, this paper, and Figs. 9 4 and 10, Zengel and Magleby [1980]).

Analy51s of the decay of MEPP frequency after long conditioning trains
such as those used for Fig. 5 showed that, whereas Sr** increased the second
component of facilitation of MEPP frequency, it had little effect on augmen-
tation or potentiation of MEPP frequency.

Ba** Increases the Magnitude of Augmentation of MEPP Frequency

The addition of small amounts of Ba®* to the bathing solution increases the
magnitude of augmentation of EPP amplitude but has little effect on the
time-course of augmentation or the magnitude or time-course of potentiation
(Zengel and Magleby, 1980). If augmentatlon of MEPP frequency has an
underlying mechanism similar to augmentation of EPP amplitude, then Ba®*
should also increase the magnitude of augmentation of MEPP frequency.

That this is the case is shown in Fig. 6. In this expcriment the nerve was
stimulated with 100-impulse (20/s) condmonmg trains in low-Ca (0.4 mM)
Ringer and after the addition of 0.1 mM Ba** to the low-Ca Ringer. Fig. 6 4
presents plots of the MEPP frequency during and after the conditioning
trains. The MEPP frequency increased to 50/s by the end of the conditioning
train recorded in the presence of Ba®* (open circles), compared with an
increase to only 8/s in its absence (filled circles).

In contrast to Sr®*, which produced a greater rate of increase in MEPP
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frequency, mainly during the first 1-2 s of repetitive stimulation (Fig. 5), Ba®*
produced a greater rate of increase in MEPP frequency throughout the
conditioning train (Fig. 6 B). After the train, the Ba-induced increase in
MEPP frequency decayed in ~20 s (Fig. 6 4), whereas the Sr-induced increase
in MEPP frequency decayed in ~1 s (Fig. 4 B). These effects of Ba®* would
be expected if Ba** increased the magnitude of augmentation of MEPP
frequency, since increased augmentation can lead to a greater rate of increase
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Ficure 5. Effect of Sr®* on the stimulation-induced increase in MEPP fre-

quency during long conditioning trains. Plot of MEPP frequency against time
during conditioning trains of 200 impulses delivered at 20 impulses/s in low-Ca
(0.4 mM) Ringer (filled circles) and after the Ca®* had been replaced with 0.8
mM Sr®* (open circles). Average of six trials for the Ca data and seven trials for
the Sr data, all obtained from the same cell.

in EPP amplitude during repetitive stimulation, which then mostly decays
within 20 s after the train (Maglcby and Zengel [1976 4], Figs. 1 and 3).

Fig. 6 C and D shows that Ba** did increase the magnitude of augmentation
of MEPP frequency 17-fold, from ~0.9 to 15 (Fig. 6 D), but had little effect
on potentiation (Fig. 6 C). In six experiments of the type shown in Fig. 6,
Ba’" increased the magnitude of augmentation of MEPP frequency 7.5 % 5-
fold (range of 4-16). The apparent Ba-induced increase in the time constant
of decay of augmentation of MEPP frequency shown in Fig. 6 D was not
consistently seen. In these same six experiments, the mean time constant of
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Ficure 6. Effect of Ba** on the stimulation-induced increase in MEPP fre-
quency. (4) Rise and decay of MEPP frequency during and after conditioning
trains of 100 impulses delivered at 20 impuilses/s in low-Ca (0.4 mM) Ringer
(filled circles) and in 0.4 mM Ca** + 0.1 mM Ba®* Ringer (open circles).
Average of 15 trials (4,558 MEPPs) for the Ca data and 16 trials (3,957 MEPPs)
for the Ca + Ba data, all recorded from the same cell. (B) Rise of MEPP
frequency during the trains in 4 plotted on an expanded time scale. (C) Decay
of the increased MEPP frequency, Vm(t), after the trains shown in 4. The dotted
line plots the decay of potentiation, Pm(t). (D) Decay of augmentation, Am(t),
for the data in C after correction for Pm(t).
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decay was 6.6 + 2.1 s in the absence of Ba®" and 6.4 + 1.5 s in its presence.
Thus, the Ba-induced increase in MEPP frequency was similar to the Ba-
induced increase in EPP amplitude; in both cases Ba®* increased the magni-
tude of augmentation but had little effect on its time constant of decay or on
potentiation (cf. Fig. 6, this paper, and Fig. 1, Zengel and Magleby [1980]).
As was the case for EPP amplitude (see Fig. 2 in Zengel and Magleby
[1980]), the Ba effect was slow in onset and slowly reversible.

We had difficulty gathering enough data to obtain accurate estimates of
the effect of Ba®" on facilitation. However, analysis of the available data
indicated that whether Ba** had an effect on facilitation depended on the
assumed relationship between the components of increased MEPP frequency.
When the data in Fig. 6 were analyzed using Eq. 2, Ba®* appeared to have
little effect (<50% increase) on the magnitudes and time constants of decay of
the two components of facilitation when compared with the 16 times increase
in the magnitude of augmentation. When the data in Fig. 6 were analyzed
assuming an additive relationship (see Eq. 6, Zengel and Magleby [1980])
between the components of increased MEPP frequency, Ba®* still had little
effect on potentiation, increased the magnitude of augmentation 20 times
with little effect on its time constant of decay, and appeared to increase the
magnitudes of both components of facilitation >20-50 times with compara-
tively little effect on their time constants of decay. Similarly, Ba®" also
increased the magnitude of the two components of facilitation of EPP ampli-
tude when the data were analyzed assuming an additive model, but, in
contrast to the pronounced effect of Ba®* on facilitation of MEPP frequency
with this model, the effect of Ba** on facilitation of EPP amplitude was small
when compared with the Ba-induced increase in the magnitude of augmen-
tation of EPP amplitude (Zengel and Magleby, 1980).

Each Nerve Impulse Adds a Step Increase in MEPP Frequency

The initial rapid decay of MEPP frequency after the last impulse in the
conditioning trains shown in Figs. 3, 4, and 6 suggests that there should be
some decay of MEPP frequency between impulses during repetitive stimula-
tion. To investigate this possibility, we measured MEPP frequency in the
intervals between successive nerve impulses during repetitive stimulation at
20 impulses/s. The results are shown in Fig. 7. To obtain enough MEPPs to
detect possible changes in frequency, it was necessary to combine data from
many identical conditioning trains. The data in this figure were averaged
from 2,700 blocks of data, each 100 ms long. (100 blocks of data were obtained
from each of 27 conditioning trains of 200 impulses each.) Fig. 7 plots averaged
MEPP frequency against time for two successive intervals between nerve
impulses. The vertical dashed lines indicate the time of the nerve impulses,
which occurred every 50 ms. It can be seen that MEPP frequency, when
averaged over all the conditioning trains, jumped from 2/s just before each
impulse to 5/s just after each impulse. When data from the first and second
halves of the conditioning trains were analyzed separately, average MEPP
frequency jumped from 1/s just before to 3/s just after each impulse during
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the first half of the trains and from 3/s just before to 7/s just after each
impulse during the second half (not shown).

These data suggest that each nerve impuise in a conditioning train produces
a step increase in MEPP frequency that then decays appreciably (due mainly
to the decay of facilitation) during the interval before the next impulse. This
fluctuating response is superimposed on an underlying response that slowly
increases (due mainly to the increases in augmentation and potentiation)
during the conditioning train. The plotted increase in MEPP frequency
during the conditioning trains in Figs. 3, 4, and 6 thus represents the
underlying response plus the average of the fluctuating response.

Note that the only real discontinuous changes in MEPP frequency during
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Ficure 7. Changes in MEPP frequency between nerve impulses during repet-
itive stimulation. Consecutive 100-ms blocks of data were averaged from 27
conditioning trains of 200 impulses each (2,700 blocks of data, 770 MEPPs).
The vertical dashed lines indicate the times of the nerve impulses in the 100-ms
blocks of data. The plotted points, obtained using a bin size of 10 ms with a 1-
ms step, show that each nerve impulse produces a rapid increase in average
MEPP frequency, which then decays toward the initial level.

and after the conditioning trains were the incremental increases in MEPP
frequency added by each nerve impulse. For example, MEPP frequency was
higher immediately after (30-ms bin) rather than during the train shown in
Fig. 4 B because of the incremental increase in MEPP frequency added by
the last impulse in the train. Apparent discontinuities in MEPP frequency did
appear, however, depending on the bin size used to average MEPPs during
and after the conditioning trains. For example, large bin sizes (greater than
the interval between nerve impuises during the train) led to an apparent
sudden drop in MEPP frequency immediately after the conditioning trains.
This occurred because the two components of facilitation of MEPP frequency,
which were repeatedly added by each nerve impulse during the trains, decayed



ZENGEL AND MAGLEBY Transmutter Release 519

rapidly after the trains and contributed little to measured MEPP frequency
in the large bin after the trains. This is the case for Fig. 3 4, which shows an
immediate drop in MEPP frequency after the train (200-ms bin).

If the bin size immediately after the train were made smaller than during
the train, then the measured MEPP frequency immediately after the train
was higher than that measured during the train. This occurred because the
two components of facilitation added by the last impulse in the train did not
have time to decay appreciably during the short measurement period imme-
diately after the train. This is the case for the data analysis in Fig. 3 B when
compared with Fig. 3 4, Fig. 4 C when compared with Fig. 4 B, and Fig. 6 C
when compared with Fig. 6 4 and B.

DISCUSSION

This study shows that stimulation-induced changes in MEPP frequency and
EPP amplitude have similar decay rates and similar sensitivities to Ba®" and
Sr?*. These findings suggest that stimulation-induced changes in these two
types of transmitter release have some similar underlying mechanisms. This
conclusion does not require that tonic and phasic quantal transmitter release
have identical mechanisms; previous studies have suggested that the quanta
used in the two types of release are not always identical (Dennis and Miledi,
1974; Large and Rang, 1978). It simply requires that both types of release are
similar enough in underlying mechanisms that they respond in a similar
manner to the stimulation-induced changes in the nerve terminal that increase
release. Note that these conclusions apply only to stimulation-induced changes in
MEPP frequency. It appears that a significant fraction of the resting MEPP
frequency may be due to release mechanisms different from those that increase
MEPP frequency during depolarization or stimulation of the nerve terminal
(Barrett et al., 1978).

The demonstration that potentiation, augmentation, and the two compo-
nents of facilitation are present after repetitive stimulation and that they
retain their kinetic properties in the absence of testing nerve impulses shows
that these processes are not due to changes in the size or shape of the
presynaptic nerve action potential. This conclusion agrees with those drawn
in previous studies using a variety of experimental techniques (Martin and
Pilar, 1964; Braun and Schmidt, 1966; Zucker, 1974; Erulkar and Rahami-
moff, 1978; Zucker and Lara-Estrell, 1979). Changes in the presynaptic nerve
action potential may, however, modify some of these processes (Charlton and
Bittner, 1978).

Previous studies (Rahamimoff and Yaari, 1973; McLachlan, 1977; Mellow
et al., 1978; Silinsky, 1978) have established that Sr** and Ba®* enhance
stimulation-induced changes in MEPP frequency. This study shows that the
Sr-induced increase in MEPP frequency during and after repetitive stimula-
tion is associated mainly with an increase in the second component of
facilitation (Figs. 4 and 5), whereas the Ba-induced increase in MEPP
frequency is associated mainly with an increase in augmentation (Fig. 6).
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Note that the differential effects of Sr** and Ba?* on transmitter release are
clearly evident from a simple inspection of the experimental data; they are
not created by the process of analyzing the data in terms of kinetic components.
The Sr-induced increase in transmitter release develops during the first 1-2 s
of repetitive stimulation (Fig. 5) and decays away in <2 s (Fig. 4 B), whereas
the Ba-induced increase develops throughout the conditioning stimulation
(Fig. 6 B) and decays away in ~20 s (Fig. 6 4).

Because the faster decaying components are superimposed on the slower
ones, it will not be possible to establish whether St** affects the first component
of facilitation of MEPP frequency or whether Ba®' affects one or both
components of facilitation of MEPP frequency until the relationships between
the components of transmitter release are established. In spite of this limita-
tion, the selective effect of Sr** on the second component of facilitation, with
little effect on augmentation and potentiation, and the selective effect of Ba®*
on augmentation, with little effect on potentiation, support the suggestion
that the components of increased transmitter release are separable and can
act relatively independently of one another (see Mallart and Martin [1967],
Landau et al. [1973}, Magleby [1973], and Magleby and Zengel [1976 b and
1976 ¢)). Further support for this suggestion comes from the finding of Erulkar
and Rahamimoff (1978) that augmentation of MEPP frequency is abolished
in a bathing solution with greatly reduced Ca®*, whereas potentiation of
MEPP frequency is not. Erulkar and Rahamimoff (1978) conclude that
augmentation and potentiation result from two distinct processes.

Kinetic models that have been developed to describe stimulation-induced
changes in EPP amplitude have assumed that changes in transmitter release
result from the build up and decay of some factor or factors in the nerve
terminal during and after repetitive stimulation (Mallart and Martin, 1967;
Linder, 1973; Younkin, 1974). If stimulation-induced changes in spontaneous
and evoked transmitter release arise from similar underlying mechanisms, as
suggested by the results presented in this paper, then stimulation-induced
changes in MEPP frequency provide a measure of the changes in this residual
factor (or factors). On this basis, the data in this paper support the major
assumption used in the kinetic models. Each nerve impulse does appear to
add an increment of residual factor(s), as indicated by the increment in MEPP
frequency shown in Fig. 7, which builds up during the train (Figs. 3 4 and 6
B) and then decays with a time-course similar to that of the stimulation-
induced changes in EPP amplitude (Figs. 3, 4, and 6; cf. Zengel and Magleby
[1980)).

It has been proposed that the residual factor that builds up in the nerve
terminal and gives rise to the increase in EPP amplitudes and MEPP
frequency is Ca or a Ca complex, Ca*, and that transmitter release is
proportional to the fourth power of Ca* at the release sites (see Dodge and
Rahamimoff [1967], Katz and Miledi {1968], Rahamimoff [1968], Rahami-
moff and Yaari [1973], Miledi and Thies [1971]). Since Ca does build up in
nerve cells during repetitive stimulation (Baker et al., 1971; Gorman and
Thomas, 1978; Ahmed and Connor, 1979; Smith and Zucker, 1980}, it is of
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some interest to determine whether the fourth-power residual Ca model of
transmitter release is consistent with the results obtained in our study.
On the basis of this hypothesis, transmitter release is given by

release = k(Ca*)*, (3

where £ is a constant and Ca* represents Ca®* or a Ca complex at the release
sites. Ca* may be divided into

Ca* = Cas + Cag + Car, 4)

where Cas is the steady-state level of Ca* in the absence of repetitive stimu-
lation and gives rise to the Ca-dependent resting MEPP frequency, Cag
represents the transient increase in Ca* at the release sites at the time of the
nerve impulse and gives rise to EPPs, and Car represents the increase in
residual Ca* that builds up during repetivive stimulation and gives rise to the
stimulation-induced increase in EPP amplitude and MEPP frequency. By
substituting this expression for Ca* into Eq. 3, transmitter release is given by

release = k(Cas + Cag + Car)*, (5)

where transmitter release is expressed in quanta/s and includes both phasic
release, which produces EPPs, and tonic release, which produces MEPPs.

As pointed out by Miledi and Thies (1971), it is possible to use a single
equation of this type to include both EPP amplitude and MEPP frequency if
EPP amplitude is expressed in quanta/s rather than quantal content. For
example, if it is assumed that the phasic transmitter release that follows the
transient increase in Cag at the time of the nerve impulse lasts about 1 ms
(Katz and Miledi, 1965), then the phasic release rate during this 1-ms period
would be 1,000 quanta/s if the nerve impulse released a single quantum of
transmitter.

Under the conditions of our experiments, a single nerve impulse in the
absence of repetitive stimulation (Cag = 0) did typically release about 1
quantum of transmitter. The value of Cag is not known under these conditions,
but if Ca* is expressed in units and Cag is set equal to 1 unit for 1 ms at the
time of each impulse (phasic release) and set equal to 0 at all other times
(tonic release), then the value of £ in Eq. 5 would be 1,000 quanta/s if Cas is
small when compared with Cag, a likely condition.

To account for the four components of increased MEPP frequency and EPP
amplitude with the fourth-power residual Ca model described by Eq. 5, it is
necessary to assume that Cagr is sequestered or removed in such a manner as
to give four apparent components with different time constants and that Ba®*
and Sr** can selectively affect some components without affecting others. (A
discussion of restrictions that would apply to assumptions of this type is
presented in Zengel and Magleby [1980].) To simplify the initial evaluation
of Eq. 5, we will assume that there is only one component of increased
transmitter release.

Fig. 8 4 and B shows the decay of EPP amplitude and MEPP frequency
calculated with Eq. 5, assuming that Cagr built up to 20% of Cag during a
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Ficure 8. Relationship between the decay of MEPP frequency and EPP
amplitude predicted on the basis of the fourth-power residual calcium hypothesis
of transmitter release described by Eq. 5. (4 and B) Calculated decay of evoked
transmitter release (EPP amplitude) and MEPP frequency, assuming that Car
increases from O to 0.2 at 0 time and then decays away with a 7-s time constant;
Cag = | and Cas = 0.001. (C) Semilogarithmic plots of the decays of the
fractional increase in EPP amplitude and MEPP frequency obtained from A
and B. (D-F) Same as A-C except Cas = 0.5.

O,

train (Cag = 0.2) and then decayed with a 7-s time constant and that Cas was
small when compared with Cag (Cas = 0.001). Fig. 8 C presents semiloga-
rithmic plots of the decays of the fractional increase in EPP amplitude and
MEPP frequency. Notice that the fourth-power residual Ca model predicts
that MEPP frequency should decay ~3.4 times faster than EPP amplitude
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under these conditions. This theoretical finding is in marked contrast to the
experimental observation that analogous components of increased MEPP
frequency and EPP amplitude decayed at about the same rate (Table I).

If we assumed that Cas was not so small when compared with Cag but
equaled 1 or 10% of Cag (Cas = 0.01 or 0.1, respectively), then the calculated
decay rates of MEPP frequency were still 3.1 or 2.2 times faster, respectively,
than the calculated decay rates of EPP amplitudes (not shown). If Cas were
set equal to 50% of Cag (Cas = 0.5), the calculated decay rates of MEPP
frequency and EPP amplitudes were somewhat similar, although MEPP
frequency still decayed slightly faster, as shown in Fig. 8 D-F. Under these
conditions, however, the predicted MEPP frequency in the absence of repeti-
tive stimulation was 62.5/s, more than 100 times greater than the resting
MEPP frequency of ~0.5/s observed in our experiments. It seems unlikely
that any error in estimating the value of £ from the resting quantal content
would be large enough to account for this 100-fold discrepancy, and, if the
value of k£ were arbitrarily changed to describe the resting MEPP frequency,
Eq. 5 would no longer describe resting quantal content. Thus, the fourth-
power residual Ca model described by Eq. 5 cannot account for the decay of
MEPP frequency and EPP amplitude, the resting quantal content, and resting
MEPP frequency all at the same time.

The fourth-power residual Ca model can be further tested by determining
whether it can account for the relationship between EPP amplitude and
MEPP frequency during repetitive stimulation when both types of transmitter
release are increasing. Fig. 9 4 presents plots of the observed increase in EPP
amplitude against time during conditioning stimulation of 200 impulses at
20/s (experiment also illustrated in Fig. 3). The continuous line in Fig. 9 B is
a plot of the predicted increase in MEPP frequency during the train calculated
with Eq. 5, assuming £ = 1,000 quanta/s, Cas = 0.001, and using values of
Car calculated from the observed increase in EPP amplitude. For this calcu-
lation we assumed that the resting (spontaneous) MEPP frequency in the
absence of repetitive stimulation was essentially Ca independent by letting
Cas be small. The dashed line in Fig. 9 B is a plot of predicted MEPP
frequency, assuming £ = 100 quanta/s and Cas = 0.17. For this calculation,
resting MEPP frequency was assumed to be Ca dependent by selecting values
of £ and Cas that gave the observed resting MEPP frequency of 0.8/s. For
both of these cases, the fourth-power residual Ca model predicted that average
MEPP frequency would increase with a pronounced upward inflection during
the conditioning train, reaching a rate of 150/s after 10 s of stimulation. The
predicted response is inconsistent with the observed increase in MEPP fre-
quency during the conditioning stimulation, which did not inflect upward
and which reached an average frequency of 10/s (Fig. 9 C). Changing the
values of Cas and £ used in the calculations could change the form of the
predicted response or scale it, respectively, but it was not possible to select
plausible values for these parameters that would simultaneously give the
observed form of the response and the observed MEPP frequencies.

The data in Fig. 9 4 and C represent the average response of 12 cells. When
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the data from single endplates were analyzed separately, the form of the
response varied at the different endplates but similar results were obtained in
all cases; predicted MEPP frequency increased markedly slower than the
observed MEPP frequency during the first few seconds of stimulation and
then increased much more rapidly than the observed MEPP frequency after

this time.

Predicted MEPP
frequency (/s)

Figure 9. Relationship between MEPP frequency and EPP amplitude during
conditioning stimulation. (4) Increase in EPP amplitudes during the condition-
ing train for the experiment presented in Fig. 3. (B) Predicted increase in MEPP
frequency during the train in 4 calculated with Eq. 5 using values of Car
determined from the increase in EPP amplitude. Continuous line: & = 1,000
quanta/s, Cag = 1, and Cas = 0.001. Dashed line: £ = 100 quanta/s, Cag = 1,
and Cag = 0.3. (C) Observed increase in MEPP frequency during the condition-

ing train.

Thus, in our experiments the fourth-power residual Ca model described by
Eq. 5 cannot account for the relationship between EPP amplitude and MEPP
frequency during or after stimulation. It seems unlikely that the lack of fit was
due to saturation or depletion phenomena, because the quantal contents
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(typically 0.1-1.5) and MEPP frequencies were low. In addition, the concen-
trations of Ca®* (typically 0.4 mM) and Mg®* (5 mM) used in our experiments
would assure that the data were collected within the fourth-power range of
the curve relating [Ca®']o to transmitter release (Dodge and Rahamimoff,
1967). Note also that Eq. 5 does not specify the source of the residual Ca*
(Cag). It could arise by Ca®* entering the nerve terminal and accumulating
during repetitive stimulation or by Ca®* release from intracellular stores. In
either case, Eq. 5 would be expected to describe the relationship between
MEPP frequency and EPP amplitude if the relationships described by it are
correct and if the assumption used in evaluating this equation, that Cag does
not change during repetitive stimulation, is also correct. Although we cannot
exclude the possibility that Cag may change during the stimulation used in
our experiments, available data suggest that Cag remains relatively constant
(Smith and Zucker, 1980).

One aspect of our data that a power model acts in the right direction to
account for is that the increases in MEPP frequency observed in the presence
of Ba®* and Sr** were typically many times greater than the increases in EPP
amplitude. For example, during short conditioning trains the increase in
MEPP frequency was 20 times greater in the presence of Sr®* than in its
absence (Fig. 4 B), whereas in a somewhat similar experiment Sr** increased
EPP amplitude only two times (Fig. 7 B of Zengel and Magleby {1980]).
Calculations with Eq. 5 showed that small increases in Car (Srg?) could
produce large changes in MEPP frequency while having a lesser effect on EPP
amplitude. However, for the reasons pointed out above (Figs. 8 and 9), a
fourth-power residual Ca (Sr, Ba) model cannot account for the observations
that analogous components of increased MEPP frequency and EPP amplitude
decayed at similar rates in the presence and absence of Ba** and Sr?*, nor can
it account for the relationship between EPP amplitude and MEPP frequency
during the conditioning trains in the presence of these ions.

The observation that the components of increased transmitter release are
separable and can act somewhat independently of one another (Landau et al.,
1973; Magleby, 1973; Magleby and Zengel, 1976 b and 1976 ¢; Erulkar and
Rahamimoff, 1978; Zengel and Magleby, 1980; this paper) is also difficult to
explain with the fourth-power residual Ca hypothesis, as is the observation
that potentiation appears to accumulate linearly rather than to the fourth
power (Magleby and Zengel, 1975 a and 1975 b).

It appears, then, that to account for all aspects of stimulation-induced
changes in transmitter release it will be necessary to modify the fourth-power
residual Ca hypothesis described by Eq. 5. It is known that there are a number
of different Ca®* buffering and sequestering systems in nerve (Baker and
Glitsch, 1975; Blaustein et al., 1978), which may require that the concept of
residual Ca be changed from that described by Eqs. 3-5. Furthermore, some
components of increased transmitter release may not arise from residual Ca in
the classical sense. Erulkar and Rahamimoff (1978) have suggested that
augmentation of MEPP frequency is associated with an increased permeability
of the nerve terminal membrane to Ca®*.
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It may be found that some aspects of increased transmitter release are
consistent with the fourth-power residual Ca hypothesis, while others are not.
In our experiments, MEPP frequency typically increased with a slight upward
inflection during the first few hundred milliseconds of stimulation (Figs. 4 B,
5,and 9 ), as would be expected if the early onset components of stimulation-
induced changes in transmitter release are consistent with this hypothesis.
Barrett and Stevens (1972) have found that a fourth-power residual Ca model
could account for the relationship between MEPP frequency and EPP ampli-
tude after a single impulse. Considering the conditions of their experiments,
which were markedly different from ours in terms of temperature (1-2°C),
numbers of conditioning impulses, and conditioning-testing intervals, they
were looking mainly at an early component of facilitation. The mechanism of
this component may be consistent with Eq. 5, whereas that of the slower
components is not, perhaps because the repetitive stimulation required to see
these later components leads to accumulation of Na* and Mg®* in the nerve
terminal, which would be expected to affect transmitter release (Birks and
Cohen, 1968; Hurlbut et al., 1971; Atwood et al., 1975; Erulkar and Raham-
imoff, 1978). Repetitive stimulation, perhaps through the cumulative action
of Ca, could also lead to changes in other factors in the nerve terminal, such
as the number of effective release sites and the location of synaptic vesicles.
Changes in all of these factors, then, as well as changes in residual Ca and
perhaps Ca permeability, could contribute to stimulation-induced changes in
transmitter release.
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