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SUMMARY

1. The amplitude and exponential decay time constant of miniature endplate
currents (MEPCs) were measured in mouse diaphragms treated with anti-
cholinesterase under conditions known to modulate non-quantal acetylcholine (ACh)
release.

2. Anti-cholinesterase prolonged MEPC decay and the extent of this initial
prolongation was not influenced by non-quantal release. When non-quantal release
was present, the decays of MEPCs became increasingly faster over several hours.
This increased decay did not occur in the absence of non-quantal release.

3. Potentiation of the non-quantal release by zero Mg2I and 1 x 10- M choline, on
the other hand, led to acceleration of MEPC shortening.

4. Increase oftemperature from 15 to 26 TC and the presence ofthe desensitization-
promoting drug proadifen (5 x 10-6 M) accelerated the rate of MEPC shortening.

5. These observations are consistent with increased receptor desensitization due to
non-quantal release. Repetitive binding of ACh to postsynaptic receptors which
prolongs the time course of MEPC in anti-cholinesterase-treated endplates leads to
progressive desensitization in the presence of non-quantal release and to the
subsequent shortening of the quantal responses.

INTRODUCTION

In addition to the well-established quantal release of acetylcholine (ACh) from the
nerve terminal, there is also non-quantal release (NQR) (Katz & Miledi, 1977;
Vyskocil & Illes, 1977, 1978). In nerve-muscle preparations treated with an anti-
cholinesterase (anti-AChE) the ACh released non-quantally reaches the postsynaptic
receptors and causes a small depolarization of the membrane potential at the
endplate region of the muscle fibres. This depolarization may be identified by the
hyperpolarization (H-effect) seen after the blockade of ACh receptors with
(+ )-tubocurarine. Under certain conditions, the ACh released in this manner can
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lead to a desensitization of the ACh receptors and can eventually prevent impulse
transmission (Vyskocil, Nikolsky & Edwards, 1983). There is evidence that suggests
that the quantal and non-quantal release influence each other. Specifically, increases
in quantal release potentiate the NQR (Zemkova, Vyskoc'il & Edwards, 1990;
Nikolsy, Voronin, Oranska & Vyskocil, 1991). Here we examined the question of
whether the amplitude and duration of quantal events can be modified by ACh
released in a non-quantal manner. The kinetic parameters of quantal MEPCs change
during manipulation ofNQR, indicating direct interaction between transmitter from
both types of release. This interaction is discussed in terms of the repetitive binding
of ACh to receptors and desensitization.

METHODS

The experiments were performed in vitro on diaphragm strips dissected quickly from female mice
(20-25 g body weight) killed by cervical dislocation. The muscles were placed into a 2 ml
perfusion chamber with a Peltier cooling device and continuously superfused with Krebs-Ringer
solution (mm: NaCl, 120; KCl, 5; CaCl2, 2; MgCl2, 1; NaH2PO4, 1;NaHCO3, 24; glucose, 17;
pH 7 2-7 4) continuously aerated with a 95% 02 and 5%C02 mixture. The perfusion rate was

2 ml min-'. Unless otherwise stated, experiments were performed at 20 0C. For intracellular
recording of the MEPCs a standard two-microelectrode voltage-clamp technique was used and the
membrane potential was held at -70 mV. The frequency band of the recording was 0-3000 Hz. At
least 100 events from the bell-shaped part of the amplitude histogram were captured from each
fibre and analysed by a computer for both amplitude and time constant of the exponential decay
(rMEPC)* Non-quantal ACh release was measured using the H-effect (Katz & Miledi, 1977; Vyskocil
&Illes, 1977, 1978), i.e. the difference between the resting membrane potential recorded from the
focal endplate zones of twenty-five muscle fibres before and of that10 min after (+ )-tubocurarine
application (Vyskocil &Illes, 1978).

Acetylcholinesterase (AChE) was inhibited by 30 min pretreatment of the preparation with
1 x 10-5 M Armin (diethoxy-p-nitrophenylphosphate; Institute of Organic Chemistry, Academy of
Science, Moscow, USSR), an irreversible organophosphate drug, or by continuous bathing with
3 x 10-1M neostigmine (Sigma, USA).
Some diaphragms were denervated under ether anaesthesia using sterile precautions. The

phrenic nerve was cut intrathoracically as described elsewhere (Beranek & Vyskocil, 1967).
The results were expressed as the mean of the indicated value obtained from all the fibres

(n) ±s.E.M. The statistical significance of the differences was evaluated by Wilcoxon's non-

parametric test at a probability level (P) of 0 05.

RESULTS

Amplitude and TMEPC of the MEPC during spontaneous decrease of NQR
The H-effect has been shown to decrease spontaneously with time (Nikolsky et al.

1991). MEPC amplitude,TMEpc and the amplitude of the H-effect were therefore
followed for 3 h in six muscles starting 15-20 min after removal of the anti-AChE
drug armin (Fig. 1). Initially, the H-effect, reflecting NQR, was 5-8+0-5 mV (n = 6,
time zero on Fig. 1). MEPC amplitude andTMEPC were 3'0+0 5 nA and 5-4+006 ms
(n= 10).
The H-effect declined to zero within 3 h and theTMEPC decreased in parallel from

5-4 + 0-2 to 3-1 + 0-3ms (P> 0-05, n = 6). There was no significant change in MEPC
amplitude throughout the experiment. Similar results were obtained when the
reversible anti-cholinesterase neostigmine (3 x 10-6 M) was present in the bath
throughout the experiment (data not shown).
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Measurements of TMEPC and MEPC amplitude in five diaphragms untreated with
anti-AChE showed no substantial changes with time (Fig. 1). TEPC was 1-4+002 ms
at the beginning and remained stable over 4 h, as did the amplitude (not given).

Magnesium and MEPC
It has been shown that non-quantal release is inhibited by Mg2+ in the medium

(Zemkova' & Vyskocil, 1989). It is high in Mg2+-free saline and is almost zero at
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Fig. 1. The time course (abscissa in minutes) of changes in the decay time constant of
miniature endplate currents (MEPC decay; *) and their amplitude (nA, MEPC ample; A)
during spontaneous decrease of non-quantal acetylcholine release, expressed as the H-
effect (mV, *), in endplate treated with an anti-cholinesterase (anti-ChE) (ordinate).
Open triangles show the decay time constant of MEPCs recorded from 6 control muscles
untreated with anti-ChE. Otherwise, 6-10 muscles were used and in each 3-4 endplates
were recorded at any given time (± 2 min), as indicated. The inset shows the interposed
mean time course of 100 MEPCs recorded and averaged from the same endplate at time
zero (+ 4 min) and 180 min after anti-ChE treatment.

concentrations of 3 mm or higher. TMEPC and amplitude were therefore measured in
0, 1 (normal) and 3 mm Mg2+ saline (Fig. 2A).

There were only small changes in TMEPC when non-quantal release was eliminated
by 3 mm Mg2+. To check that non-quantal release was indeed absent, H-effect was
assessed independently in several muscles at the end of MEPC measurements.
When magnesium was absent from the bathing solution, the decay was markedly

shortened and TMEPC reached values of about 2 ms within 180 min. Variations in
Mg2+ concentration affected neither amplitude nor time course of the MEPC in
preparations not treated with anti-ChE (Zemkova' & Vyskocil, 1989). Control MEPC
amplitude was 3-9+ 0.5 nA and r = 1-43 + 01 ms (n = 10 fibres); with 3 mm Mg2+ it
was 3-7 + 0-4 nA and 1-47 + 0-2 ms respectively (n = 4 fibres).
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Choline and MEPC
The non-quantal release is more pronounced and prolonged with 1 x 10-5 M choline

in the bath (Nikolsky et al. 1991). The time course of the change in MEPC shortening
was faster in the presence of choline than in control choline-free medium (Fig. 2B).
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Time (min)

120 150 180

Fig. 2. A, the time course (abscissa in minutes) of changes in the decay time constant of
the miniature endplate currents (ordinate in milliseconds) measured in anti-cholin-
esterase-treated diaphragms bathed with saline containing 0, 1 and 3 mm magnesium.
Twenty-one endplates from 6 muscles were studied. B, the time course (abscissa in
minutes) of MEPC decay time constant changes (ordinate in milliseconds) in anti-ChE-
treated endplates bathed either in the control solution (0) or in the presence of 1 x 10-5 M
choline (0). Each point represents a mean of measurements from 10-12 endplates.

Denervation and MEPC
It is known that in the diaphragm non-quantal release is decreased (rat, Zemkova,

Vyskocil & Edwards, 1987) or even absent (mouse, Nikolsky, Voronin & Oranska,

6

co

E

._

C
0
u
0
0
0
E

0

a)

5

4

3

2

1

51-

u'

B

C)
Ean
C

u
U_

0
0
0
E

0
0
0
a

4

3

2

1

0

6 r



ACh LEAKAGE AND MEPC DECAY

7

6

5

4
T T T T
I

T
1T

f - i
_ T

3 .

2

1l

7

6

5

4

3

2

1

A Decay

* Ampi

* Ampl, no
anti-AChE

v Decay,
no anti-AChE

0 60 120 180

Time (min)

A Decay, 15 OC

* Decay, 20 OC

* Decay, 26 OC

v 26 OC (nA)

0 60

Time (min)

120 180

Fig. 3. A, the time course (abscissa in minutes) of the amplitude (nA, ampl) and decay
time constant (ms, decay) of miniature endplate currents measured in anti-AChE-treated

(A, @) and non-treated (-, V, no anti-AChE) diaphragms, denervated intrathoracically
for 4 h. B, the time constant of MEPC decay time constant (ordinate in milliseconds) at
three different temperatures. Open triangles are MEPC amplitude changes at 26 'C. Each
point is a mean of measurements from 8-10 endplates.

1985) within 4 h of section of the phrenic nerve in vivo. At that time the quantal
release of ACh is maintained and MEPC frequency and other parameters are

unchanged. In 4-h-denervated muscles with intact AChE, the MEPC amplitude was
3-2 + 0-4 nA and TMEPC = 1-4 + 0-2 ms (n = 8). These values are similar to those
obtained from innervated endplates (amplitude = 2-9 + 0-5, TMEPC = 1-5+ 0-3 ms,
n= 8).
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When the denervated muscles were bathed with Armin, their MEPCs increased in
amplitude to 39 +08 nA and TMEPC to 6-2 +07 ms (n = 9) (similar values to those
recorded in innervated diaphragms treated with Armin). However, in contrast to
innervated muscles (see Fig. 1), there was no shortening of the time constant ofdecay
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Fig. 4. The time course (abscissa in minutes) of changes in MEPC decay time constant
(upper trace, ordinate in milliseconds) and amplitude (lower part, ordinate in
nanoamperes) in control (0) and proadifen-treated muscles (5 x 10-1 M, arrow, 0). The
figure also shows the initial increase of MEPC decay and amplitude after application of
3 x 10-6 M neostigmine (at time zero) into the muscle bath. Mean values from 10-12
endplates (4 muscles).

during the next 3 h (Fig. 3A). Tests at various times showed no H-effect throughout
this period. This suggests that the reduced time of decay observed in innervated
muscles is related to the presence of non-quantal release and may well be due to
desensitization developing as a result of the ACh released both quantally and non-
quantally.
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Temperature, proadifen and MEPC
It is known that the time course of desensitization is accelerated at higher

temperatures and is slowed by cooling (Magazanik & Vyskocil, 1975). Amplitude and
TMEPC were therefore estimated at 15, 20 and 26 'C. After anti-AChE treatment at
26 'C there was a marked prolongation ofMEPC decay within the first few minutes,
and TMEPC was 6-9 times that before anti-AChE, whereas at 20 'C there was only a
341-fold difference. The time course of the reduction of TMEPC was slowest at 15 'C
and fastest at 26 'C (Fig. 3B) in agreement with the postulated role of desensitization.
At 26 0C, a significant reduction in MEPC amplitude was observed, another
indication that desensitization had occurred. This decrease in amplitude was absent
in muscles with intact AChE at 26 'C (data not given).

Proadifen (5 x 10-6 M), is known to potentiate the desensitization of the ACh
receptor (Magazanik & Vyskocil, 1973; Giniatullin et al. 1989). Addition of proadifen
to the bath (20 'C) initially accelerated the shortening of MEPC in preparations
treated with anti-AChE (Fig. 4). Shortly after this, MEPC amplitude began to
decline, and was reduced to 15-20% at 120 min after addition of proadifen (cf.
Giniatullin et al. 1989). This means that desensitization is manifested first as a
shortening of MEPC decay time and thereafter as a drop in MEPC amplitude.
Proadifen had no effect on endplates with intact AChE (Magazanik, Nikolsky &
Vyskocil, 1982).
The phenomena described here was also seen in muscles bathed continuously with

the reversible anti-cholinesterase neostigmine (3 x 10-6 M; Fig. 4). This eliminates
the possibility of spontaneous reactivation of Armin-inhibited AChE.

DISCUSSION

We have shown that the prolongation of quantal MEPC decay induced by blocking
AChE is not potentiated by non-quantal ACh release (cf. Figs 1 and 2, time zero, with
Fig. 3). However, the subsequent shortening of the decay depends on non-quantal
release as the MEPCs did not shorten in the absence of non-quantal release.

In anti-AChE-treated endplates the prolongation of the decay phase of a single
quantal response (miniature endplate potential or MEPC) known as postsynaptic
potentiation (Hartzel, Kuffler & Yoshikami, 1975; Feltz & Trautmann, 1980) is
apparently a consequence of the repetitive binding and activation of postsynaptic
receptors. The repetitive binding and the resulting prolongation of decay would be
greater if both the concentration ofACh and receptor density were high. Conversely,
repetitive binding and therefore decay time would be reduced if either the ACh
concentration or the receptor density decreased, as happens in the presence of ACh
receptor inhibitors or during desensitization. Proportional increase of repetitive
binding and decay prolongation with higher ACh concentration should be observed
only if two ACh molecules were required to activate one receptor (Colquhoun &
Hawkes, 1981; Conti-Tronconti & Raftery, 1982). Otherwise, in the case of 1:1
stoichiometry of receptor activation, the increase in ACh concentration would
decrease repetitive binding as a result of reduced availability of free receptors.
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The concentration of ACh giving rise to the MEPC can be increased (without
quantum size change) by the non-quantally released ACh which is present in the cleft
(Vysko'il et al. 1983). However, there is no reduction of TMEPC when non-quantal
release was eliminated suggesting that the non-quantal ACh does not enhance
repetitive binding during quantal release. On the other hand, non-quantal ACh did
produce a shortening of the quantal responses, most probably by desensitization. We
propose that desensitization has in fact two stages: (a) shortening the responses when
the decay is controlled to a substantial extent by repetitive ACh binding and when
the initial number of receptors has not been markedly reduced either by pre-existing
desensitization or by antagonists, and (b) a reduction in amplitude during the
massive and more prolonged maintenance of the receptors in the desensitized state.
Desensitization could shorten the responses in two ways: (i) by decreasing the
density (number) of functioning receptors or (ii) by decreasing the amount of ACh
available for repetitive binding by 'trapping' a portion of ACh molecules on inactive
desensitized receptors. This 'trapping' could be quite significant since the affinity of
desensitized receptors for ACh is increased by two orders of magnitude (Heidmann
& Changeux, 1979; Cohen & Strnad, 1987; Magazanik, Snetkov, Giniatullin &
Khazipov, 1990). Immediately after release, the quantal ACh activates the available
receptors facing the active zone so that the MEPC amplitude is maximal (as
indicated by the small amplitude increase after AChE inhibition, Fig. 4, lower trace).
Amplitude remains almost maximal even if only a small fraction (say 5%) of the
receptors are already desensitized. As a result of this initial activation, a further
proportion of the receptors becomes desensitized, the number of receptors available
for repetitive binding is decreased and the decay time is reduced. These desensitized
receptors could continue to trap ACh molecules, thereby reducing even further the
probability of repetitive binding. Therefore the initial effect of the desensitization-
potentiating drug proadifen was not a decrease in amplitude but a shortening of the
decay time (open circles in Fig. 4; cf. also Giniatullin et al. 1989). Non-quantal release
might well maintain a certain number of ACh receptors in a desensitized or easily
desensitizable state (Magleby & Pallota, 1981). This number depends on the extent
of non-quantal release and on factors that increase the rate of desensitization.

Non-quantal release could also 'saturate' desensitized receptors and thus allow for
quantally released ACh molecules to bind repetitively to non-desensitized receptors.
After NQR cessation, ACh is 'trapped' on the desensitized receptors, so that the
possibility of repetitive binding is reduced and MEPC decay is shorter.

This speculation on the role of non-quantal release and desensitization in
shortening of the MEPC is supported by the present results. MEPC shortening was
observed in all cases when non-quantal release was present. The time course ofMEPC
shortening was faster when NQR was greater (zero Mg2+, choline present) and also
when desensitization was increased at a higher temperature. At 26 TC, desensitization
was apparently sufficient to diminish the number of functional receptors so that the
amplitude of the MEPC declined. In this instance desensitization caused the
shortening, not only by trapping ACh molecules, but also by significantly lowering
the number of ACh receptors available for repetitive binding.
Again, no shortening was observed with 3 mm Mg2+, after denervation, and at
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15 'C. Under these conditions NQR was insignificant and in the latter case the
desensitization rate was low.
Once developed, desensitization can last for minutes or longer (Magleby & Pallota,

1981; Magazanik et al. 1990). This in turn could explain the observation that the
decay time was shortened even after cessation ofNQR under normal conditions (Fig.
1). The proposed role of desensitization in the shortening of the quantal responses
due to NQR is in agreement with earlier observations demonstrating a decrease in
MEPC decay after application of the desensitization-potentiating drug proadifen to
anti-AChE-treated frog neuromuscular junctions (Giniatullin et al. 1989).
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their helpful discussions and Dr J. Krusek for skilful technical assistance; and to an anonymous
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