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Summary

At frog neuromuscular junction, noradrenaline (NA) shortens the release period for evoked quantal release acting on a
B1 receptor. To test the hypothesis that this action of NA is mediated by cCAMP, we measured the latencies of focally
recorded uni-quantal endplate currents (EPCs) after application of dibutyryl-cAMP (db-cAMP) and adenylyl cyclase
activator, forskolin. The interval between the time when responses with minimal delay appeared and the point at which
90 % of all latencies had occurred (Py, parameter) was shortened in the presence of both 1x10® mol/I db-cAMP and
1x10°® mol/1 forskolin by about 30 %. The cAMP-induced shortening is equal to that found after application of NA and

effects of both drugs are not additive.
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Introduction

The intensity and time course of acetylcholine
(ACh) release can modulate both presynaptic and
postsynaptic parts of signal transmission from nerve to
muscle (e.g. Bukcharaeva et al. 1999a, Giniatullin et al.
1999, Mukhtarov et al. 1999, Nikolsky et al. 1999,
Urazaev et al. 1997, 1998). In this respect, we studied
recently the effect of noradrenaline (NA) on ACh release
with the aim to explain the neuromuscular facilitation by

some catecholamines observed many years ago (Orbeli
1923). We found that the interval between the time when
responses with minimal delay appeared and the point at
which 90 % of all latencies had occurred was shortened
in the presence of 1x10”° mol/l NA by about 35 %. This
suggests that NA facilitates synaptic transmission by
making the release of quanta more nearly synchronous.
Inhibitor and agonist experiments showed that NA acts
on B, receptor and computer modeling demonstrated that
better synchronization of release significantly increased
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the size of reconstructed multi-quantal EPCs.
(Bukharaeva et al. 1998, 1999b).

In the present report we measured the latencies
of focally recorded uni-quantal endplate currents (EPCs)
after application of permeable analogue of cyclic AMP,
dibutyryl-cAMP  (db-cAMP) and adenylyl cyclase
activator, forskolin to demonstrate that this action of NA
on B1 receptors is mediated by cAMP (Sutherland and
Robinson 1966, Greengard and Kebabian 1974, Dryden

et al. 1988).

Material and Methods

Experiments isolated
m. cutaneus pectoris neuromuscular preparations from the
frog Rana ridibunda during winter period (October-
March). Animals were anesthetized with ether before
being stunned and pithed. The isolated preparations were

were performed on

pinned on the bottom of a 3.5 ml translucent chamber
with several compartments, superfused with the following
solution (mmol/l): NaCl 113.0, KCI 2.5, CaCl, 0.2,
NaHCO; 3.0, MgCl, 4.0. pH was adjusted to 7.3. The
solution flowed through the muscle chamber at the rate of
3 ml/min. Temperature was controlled by a Peltier
semiconductor device. The experiments were carried out
at 20.040.3 °C.

. The drugs, noradrenaline, db-cAMP and
forskolin (all from Sigma, St. Louis, MO, USA) were
added to the solution and measurements were usually
started 20-40 min after drug application. In most cases,
drugs were washed out for another 60 min and EPCs
were recorded again. Suprathreshold stimuli of 0.1 ms
duration were delivered to the nerve at 2 s intervals via
platinum electrodes. Nerve action potentials and
extracellular endplate currents were recorded using focal
extracellular pipettes with tip diameter of 2-3 pm and

1-3 MQ resistance, filled with 0.2 mol/l Ca®** Ringer

solution. Pipettes were positioned under visual control in -

the proximal endplate region of a large nerve terminal,
10-15 pm from the beginning of the myelination of the
axon, where three-component nerve spikes, EPCs and
miniature EPCs can be recorded (Mallart 1984,
Shakiryanova et al. 1994). These signals were filtered
between 0.03 Hz to 10 kHz and processed by computer.
Amplitudes of extracellular responses are expressed in
mV.

To estimate the time course of individual quantal
releases from the dispersion of synaptic delay values, uni-
quantal endplate currents were recorded in the Ringer

solution with 0.2 mol/l Ca** and 4.0 mol/l Mg*". The
number of failures in stimulation periods of 250-400 uni-
quantal responses were measured and the quantal content
(m,) was calculated as equal to /n N/n,, where N is total
number of stimuli and », is number of failures (Martin
1955).

Latency was measured as the time interval
between the peak of the inward presynaptic Na' currents
and the time at which the rising phase of the quantal
event reached 20 % of maximum. The mean value of the
shortest 5 % of latencies in each series was taken as the
minimum synaptic delay. Statistical analyses of pre- and
postsynaptic events were performed using Student’s t-test
for paired data (Microcal Origin).

The quantitative characteristics of the change in
the time course of evoked secretion produced by action of
NA, db-cAMP and forskolin were obtained by
cumulative curves. They were built from latency
histograms of the uni-quantal EPCs. The interval between
the minimum synaptic delay and the time at which 90 %
of all measured uni-quantal EPCs had occurred was
designated as Py, parameter. The statistical significance
of the difference between two cumulative curves was
assessed by the Kolmogorov-Smirnov statistics, p<0.05
was taken as significant (Bronstein and Semendjaev
1986, Van der Kloot 1991).

Results and Discussion

Superimposed nerve action potentials and EPCs
in response to stimulation under control conditions at
20 °C are shown in Figures 1A and 1C. The EPCs appear
after the synaptic delay or latency (Katz and Miledi
1965). NA and db-cAMP were then applied at a
concentration of 1x10° mol/l and 1x10° mol/l. These
concentration were selected from preliminary tests of
concentrations ranging from 1x 107 to 2x10™* mol/l.

Noradrenaline. In the low Ca®, high-Mg”*
solution mean quantal content (m,) was 0.33+0.09 (n=9).
After NA (1x10° mol/l) application it was 0.39+0.08
(n=9, P>0.05). The mean frequency of miniature EPCs
(mEPCs) in the presence NA (1.73+0.45 per sec, n=9,
P>0.05) was very similar to that recorded in controls
before the drug (1.410.50 per sec). NA did not change the
presynaptic action potential, the EPC amplitude and
minimal synaptic delay (Bukharaeva et al. 1999b). NA
did, however, change the latency distribution. To quantify
the effects of NA on the synaptic latency, normalized
cumulative curves of synaptic delays (Fig. 1B) for uni-
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quantal EPCs before and after the addition of NA were  Smirnov criteria) to 1.41£0.10 ms (n=9, P<0.05, Fig. 1B)
constructed. The control value of Pgy, 2.16+£0.23 ms, was  in the presence of NA.
significantly reduced by 35 % (by the Kolmogorov-
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Fig. 1. Effect of noradrenaline (NA) (4, B) and db-cAMP (C, D) on the latencies of quantal releases. In A and C, 6-7
superimposed extracellular records are shown which were taken from two endplates before (Control), after NA and db-
cAMP application and after washout of drugs (Wash). Stim. — stimulation artifacts, NS - extracellularly recorded

" presynaptic nerve spikes. The arrow indicates the Na' inward part of the presynaptic spike from which the latency of
each EPC (downward deflections) was measured. In B and D, the cumulative plots of latencies (abscisae, in ms)
expressed as cumulative frequency (in % of total number of EPCs recorded from seven endplates, ordinate) are shown
before (Control), after noradrenaline (NA) and after db-cAMP application (for details see Bukharaeva et al. 1999b). In
B, the dotted lines parallel to the curves are confidence limits at P=0.05. According to the Kolmogorov-Smirnov
criteria the difference between the curves is statistically significant if the confidence limits of the 2 curves do not
overlap. The vertical dotted lines indicate the times when 90 % of the quanta have been released (Pyy parameter). Note
a significant decrease of the release time after NA and db-cAMP, which is not cumulative (cAMP+NA, crosses, in D).

db-cAMP. In similar way as NA, db-cAMP  (0.46+0.02 ms in 9 control experiments versus 0.4310.04
markedly changed the latency distribution (Fig. 1C,D): ms in the presence of db-cAMP, P>0.05). Normalized
the number of EPCs with longer synaptic latencies was  cumulative curves of synaptic delays (Fig. 1D) showed
decreased, but the minimal synaptic delay was unchanged  that the control value of Py, 1.94+0.23 ms, was
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significantly reduced to 1.38+0.10 ms (n=6, P<0.05,
Fig. IB) in the presence of db-cAMP after 60 min. The
ratio between the Py, value in db-cAMP versus that in
controls was 0.72; this drug thus shortened the early
release phase by 28 %.

No other effects of the drug were found. Quantal
content m, was not changed in the presence of db-cAMP,
m, being 0.34+0.15 (n=5) before and 0.35+0.25 (n=5)
after 1x10° db-cAMP application’ and 0.36+0.17 (n=5)
after wash out of db-cAMP for 90 min. The mean
frequency mEPCs in the presence of 1x10°® mol/l
db-cAMP (0.83+0.45 per sec, n=9, P>0.05) was very
similar to that recorded in controls before the drug
(0.74£0.50 per sec). Similarly to NA, it did not change
the amplitude and decay time of mEPCs, suggesting no
effect on postsynaptic receptor sensitivity (data not
given).

db-cAMP plus noradrenaline. When added after
db-cAMP, NA did not further shorten the early release
phase (Fig. 1D). The Py, was 1.38+0.10 ms in the
presence of db-cAMP and 1.35+0.05 ms, (n=5, P>0.05)
when NA was added. The absence of the effect can be
expected if NA effect would be fully substituted by
endogenous cAMP.

Forskolin. Adenylyl cyclase activator forskolin
(Laurenza et al. 1987) was used in the concentration of
1x10°® mol/l, which does not yet influence the miniature
EPCs frequency and postsynaptic ACh sensitivity
(Khirough et al. 1998). Time course of evoked quantal
secretion in the presence of forskolin was almost equally
changed as in the presence of db-cAMP. This is
demonstrated by the reduction of Py, parameter from
1.8540.12 ms in controls to 1.25+0.08 ms (n=6, P<0.05).
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The ratio between the Py, value in forskolin versus that in
controls was 0.69 which means that forskolin shortened
the early release phase by 32 %.

The results strongly suggest that NA facilitates
synaptic transmission at frog neuromuscular junction by
making the release of quanta more nearly synchronous
through B1 receptors coupled with adenylyl cyclase and
cAMP production. As phosphorylation target, N-type
calcium channels involved in ACh release might be
considered (Wessler et al. 1990a,b) or 3; activation might
serve as a substitute for the synchronizing role of external
Ca’ in Ca*'-free medium. In fact, it has been suggested
by Silinsky and Vogel (1986) that cAMP-dependent
phosphorylation of Ca®" storage sites could liberate Ca**
terminal cytoplasm. A  better
synchronization could then be expected. This mechanism

into the nerve
should be apparently separated from the facilitatory effect
of NA on ACh exocytosis measured as quantal number
(Yawo 1996) and further analysis of phosphorylation-
dephosphorylation cascades and targets is required.
Physiologically, the synchronizing action of NA might
potentiate neuromuscular transmission during transmitter
exhaustion and at other extreme physiological states
where the quantal content is reduced, such as survival in
cold and hibernation, as well as during motor nerve
regeneration.
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