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SUMMARY

1. Long-term potentiation (l.t.p.) of transmitter release induced by adrenaline in
bull-frog sympathetic ganglia was studied using intracellular recording techniques.

2. The quantal content of the fast excitatory post-synaptic potentials (fast
e.p.s.p.s: evoked by the nicotinic action of acetylcholine) was potentiated for more
than several hours after treatment with adrenaline (1-100 JtM).

3. A similar l.t.p. of quantal content was produced consistently by isoprenaline
(10 ftM) and only in a certain fraction of cells by dopamine (10 pM). The l.t.p. induced
by adrenaline (10 /SM) was blocked by a 4-antagonist, propranolol (1 #M), but not by
an a-antagonist, phenoxybenzamine (1 /UM).

4. Dibutyryl adenosine 3',5'-phosphate (dibutyryl cyclic AMP) (0-8-1-0 mM),
adenosine 3',5'-phosphate (cyclic AMP) (4 mM), 3-isobutyl-1-methylxanthine
(10 /IM), caffeine (1-2 mM), and cholera toxin (2 4ug ml-') applied for 20-30 min, all
caused the l.t.p. of quantal content. By contrast, adenosine 5'-phosphate (AMP)
(4 mM) and adenosine (4 mM) had no potentiating action.

5. Treatment ofthe ganglion with adrenaline (2-5-160 EtM) or dibutyryl cyclic AMP
(4 mM) for 15-30 min resulted in the l.t.p. of the frequency of miniature e.p.s.p.s.

6. The l.t.p. of quantal content induced by adrenaline was markedly suppressed
by lowering temperature from 20-25 C to 11-13 C, and blocked by dibutyryl
guanosine 3',5'-phosphate (dibutyryl cyclic GMP) (100 /tM) consistently when applied
together, but inconsistently when given after adrenaline.

7. The post-synaptic sensitivity to acetylcholine was unchanged for at least 1 h
after exposure to adrenaline (25-160 /tM) or dibutyryl cyclic AMP (0-8-4 mM).

8. It can be concluded that adrenaline produces l.t.p. of transmitter release by
activating a cyclic-AMP-dependent metabolic process through the activation of
/-adrenoceptors, and that this mechanism is presumably regulated by a process
involving endogenous guanosine 3',5'-phosphate (cyclic GMP).

INTRODUCTION

Long-term potentiation (l.t.p.) of synaptic efficacy induced by neuronal activities
in central neurones (Bliss & Lomo, 1973; Andersen, Sundberg, Sveen, Swann &
Wigstrdm, 1980; Baranyi & Feher, 1981) has been suggested as a basis for a certain
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aspect of learning and memory (cf. Bliss, 1979). Use-dependent types of l.t.p. were

also found to exist in both mammalian (Dunant & Dolivo, 1968; Brown & McAfee,
1982, Briggs, Brown & McAfee, 1985a) and amphibian (Kumamoto & Kuba, 1983b;
Koyano, Kuba, Kumamoto, Minota & Nohmi, 1983; Koyano, Kuba & Minota, 1985)
peripheral ganglia, and both presynaptic (Koyano et at. 1985; Briggs, McAfee &
McCaman, 1985b) and post-synaptic (Kumamoto & Kuba, 1983b; Koyano et at. 1985)
mechanisms were suggested.

In addition to use-dependent l.t.p.s, another type of l.t.p. induced by a hetero-
synaptic transmitter was found to exist in bull-frog sympathetic ganglia during a

study on the inhibitory action of adrenaline (Kato, Koketsu, Kuba & Kumamoto,
1985). It was observed that the amplitude and quantal content of the fast excitatory
post-synaptic potential (fast e.p.s.p.) were enhanced for a long time after a brief
exposure to adrenaline or dibutyryl adenosine 3',5'-phosphate (dibutyryl cyclic
AMP). These findings appear to be important in three respects; (1) for understanding
the mechanism of synaptic plasticity in general, (2) as the first evidence in vertebrate
for heterosynaptic plasticity similar to the serotonin-induced potentiation in an

Aplysia ganglion, the best-analysed model system for the mechanism of learning and
memory (Kandel & Schwartz, 1982), and (3) in relation to the recent findings that
monoamines play important roles in thel.t.p. in the vertebrate central nervous system
(Bliss, Goddard & Riives, 1983).
At a preliminary stage of experiments (Kuba, Kato, Kumamoto, Koketsu & Hirai,

1981) the adrenaline-induced l.t.p. in bull-frog sympathetic ganglia was studied
mainly with relatively high concentrations. Furthermore, its characteristics were

described only in abbreviated form (Kuba et al. 1981; Kumamoto & Kuba, 1983a).
For these reasons, we have investigated further the adrenaline-induced l.t.p. at
relatively low concentrations and now report in detail its characteristics and the
evidence for the possible involvements of various cyclic nucleotides and subsequent
metabolic processes in the mechanism.

METHODS

B-type neurones of the ninth or tenth paravertebral sympathetic ganglion of the bull-frog (Rana
catesbeiana) were studied (Nishi & Koketsu, 1960). The ordinary intracellular recording technique
was employed. Composition of normal Ringer solution was (mM): NaCl, 115-5; KCI, 2-0; CaCl2, 1-8;
Na2HPO4, 1-3; and NaH2PO4, 0-7.

Micro-electrodes were filled with 3M-KCI or 1M-K3citrate (tip resistance, 30-100 MQI). Penetra-
tion with an electrode filled with the latter-salt solution gave a larger resting potential of the ganglion
cell. The fast e.p.s.p.s generated by the nicotinic action of acetylcholine (ACh: cf. Kuba & Koketsu,
1978) were recorded every 3 sin a low Ca2+-high Mg2+ solution (Ca2+, 0 7-09mM; Mg2+, 5.4J6.5mM),
whose tonicity was adjusted by altering Na+ concentration. All the fast e.p.s.p.s were stored on

FM tape (DC -1 KHz) and their quantal content and size were later calculated from 100 or 200
fast e.p.s.p.s by both the variance and failure methods (del Castillo & Katz, 1954; see Koyano
et al. 1985 for a detail of the method), using a microcomputer (DEC, MINC-1 1/03). In most
experiments, quantal contents obtained by two methods were coincident as shown in Fig.1 A and
B (the better coincidence was obtained by the analysis of 200 fast e.p.s.p.s). Therefore, the average

value obtained by the two methods was usually used. In several experiments, however, when the
number of failures was less than 5 %, only the variance method was employed. When a fast e.p.s.p.

was accompanied by an action potential during potentiation of transmitter release, the amplitude
of this fast e.p.s.p. was assigned to be a value equivalent to the largest in the sampling period. When
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the number of action potentials exceeded 50% of total in the sampling period, the data wNere
discarded.

Since the phenomena to be studied lasted more than several hours, it was necessary to assess
whether the parameters of the fast e.p.s.p. were constant under the control condition. Fig. 1 C shows
fairly good stability of the quantal content and size of the fast e.p.s.p.s recorded over 250 mmi inI
a control (drug-free) solution, although they fluctuated around a mean value. This constancy of
the fast e.p.s.p.s was confirmed in three other cells.
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Fig. 1. A and B, correlation between the qutanta! content calculated by the v-ariance
method (q.c. (variance)) and that by the failure m"eth1od (q.C. (faiilulre)) frloml 100 (1A) or
200 (B) fast e.p.s.ip.s. Q.e.s (failure) were classifie( into groups. each haling a1 ra11nre of
0 2 (0-0)20, 0(21-0 40, 0 414)-60 and so on). The mean of (q.c. (Vat1ian(T) and S.E. Of Mean
were calculate(1 fromn data of three to fifty-six samplingy periods and p)lotte(d against ea('h
range of (I.e. (failure). The S.E. of the values without at vIertical balr1 was within the size
of symbol. Correlation coefficients were 0(991 and 0(998 for - and B, respetiv-ely. C.
(uantal content (q.c.; *) an1(d size (q.s., 0) of' fast e.p.s.p-.s recordedovter 4 hI in a; low
(Ca2+ high Mg2+ solution, showing tlheir stalbility under the control condition. Each point
was expressed as a percentage of the mean of all the x'alties fo() each pm'arameter.

ACh 1)otentials were i(l('e( byiblono)horetic ap)lil'ation of ACh (2 Ni). Thev were jutdged( to b)e
generated b)y tle Ini(cotinic ac('tion of' ACh 1based(1 on their fist time course. Iiniattnir ('.p).s.j).s
(in.e.p).s.1).s) were re('trded in itlaighi K+ (10 mIM) solution to raise the basal lev el of' their freq(iency.
All experlimlents were (calrried onlt, at room( temperatuire (20-250( ) unless otherwise spweifie(d. I14e
Imetho(1 for lowering thlle tempe11rattme of'a pteifusing solution was silillar' to that lused in a1 P1ev 0I1S
exp)erimient (Kutba, 1980). )ata, Were analysed for' statistical significaclle losing at Stludent's I test.
Adrenaline HC. duol)pamine HC(l henox1; eri'iam1ine. ppranullolol atnd cholelta toxin werel obtairr(e
fi''ori Sigmia, isoplenaline bitartrate fromt Nzakarai Che( . Inrid. Jap)an, dibutitv cyclicAyNIAM.
(dil)utyr'yl gtuanosine 3',5 ph-j)osp)h}ate (dibtit yrvl (vc clic GMIP). adenosine. adenosine ..-phosphate
(cyclic AM 1') antie adenosine 5' ph-osphSatle (AM 1') froi lP.-L. Biocherli. Inc.. U.S. A.. caffeine
anhydrousu) fr-omi Wako lI re Chemn.. Ja)a.ll, anied .3-isobut y Imet-lllet lh£11ltlhllne (1 BNI X ) from
Aldrich.
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RESULTS

L.t.p. of transmitter release induced by adrenaline
Adrenaline produces biphasic effects on transmitter release in bull-frog sympathetic

ganglia; inhibitory action during exposure (Kato et al. 1985) and long-lasting
potentiation after removal.
Time course of adrenaline-induced l.t.p. When the ganglion was treated with

adrenaline at a concentration of 10 Cum for 30 min, the amplitude and quantal content
ofthe fast e.p.s.p. were decreased (Fig. 2A b, B), or in some cells unchanged or slightly
increased. By contrast, after the ganglion was washed with an adrenaline-free
solution, the amplitude and quantal content were consistently enhanced for more
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15 min

c Wash
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d 60 min
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Fig. 2. Effects of adrenaline on the fast e.p.s.p.s. A, fast e.p.s.p).s before, (luring and after
treatment with adrenaline (10luM). Each trace shows fast e.p.s.p).s recorded on a pen-writing
recorder (flat response up to 100 Hz) and their electronic average displayed in a fast time
base. B, the time course of changes in quantal content (q.c.; *) and quantal size (q.s.;
0) induced by application of adrenaline (10 /LM). Each point is the mean an(i s. a. of nean
of data obtained from five cells and expressed as a percentage relative to the control. rhe
s.p. of the values without a vertical bar was within the size of symbol. Adrenaline was
applied (luring the perio(l indicated by a horizontal bar.
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than several hours (Fig. 2Ac-f, B), indicating a l.t.p. of transmitter release. This
adrenaline-induced l.t.p. remained unchanged in most cells (seven out of ten ) for at
least 2 h or dissipated very slowly over several tens of minutes in some (three) cells.
A low concentration (1 /tM) of adrenaline increased quantal content even during
exposure without any sign of inhibition (Fig. 3A), but with a slower rate of onset.

Dose-response curvesfor the adrenaline actions. Fig. 3A shows dose-response curves
for the actions of adrenaline on the quantal content of fast e.p.s.p.s during and after
treatment. The facilitatory action appeared at a concentration less than 1 /UM
(adrenaline at 0 1 /lM caused l.t.p.; Koketsu, Akasu, Miyagawa & Hirai, 1982 a), while
the minimally effective concentration for the inhibitory action was greater than 1 JiM.
The magnitude of adrenaline-induced l.t.p. was maximal at concentrations greater
than 10/M. The duration of adrenaline-induced l.t.p. seems to be independent of
adrenaline concentration.

A 200 B

150

100..........
d ~~~~~~d

50

0
1 10 100 1 10 100

Adrenaline (gM) Adrenaline (#M)
Fig. 3. Dose-response curves of adrenaline actions on quantal content (q.c.; A) and size
(q.s.; B) during and after treatment. 0 represent the values during treatment with
adrenaline for 20-30 min, while * indicate the values 60 min after treatment. The S.E.
of the values without a vertical bar was within the size of symbol. Data were obtained
from four to fifteen cells.

The quantal size of the fast e.p.s.p. remained unchanged during and after the
treatment with adrenaline (Fig. 3B) except at 100 /UM, where a small depression was
observed (cf. Koketsu, Miyagawa & Akasu, 1982b; Kato et al. 1985).

Effects on miniature excitatory post-synaptic potentials. Adrenaline (2-5-160 JtM)
produced a significant potentiation of the frequency of m.e.p.s.p.s during and after
treatment (Fig. 4). In some cells, a decrease in frequency was observed in the presence
ofadrenaline (cf. Kato et al. 1985). However, the enhancement offrequency after wash
was consistently seen, although the magnitude of the increase was variable among
cells, and continued for at least several hours (Table 1). The mean amplitude of
m.e.p.s.p.s was not changed significantly during and after treatment with adrenaline
(Fig. 4 and Table 1).
No change in the ACh sensitivity of the post-synaptic membrane. The amplitude of

ACh potentials induced by ionophoretic application of ACh remained unchanged for
a long time after superfusion ofthe ganglion with adrenaline (10 #UM; Fig. 5: 101 + 9 %,
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Fig. 4. Effects of adrenaline on m.e.p.s.p.s. Changes in m.e.p.s.p. frequency before, during
and after application of adrenaline (5,/M) were plotted against time. Inset histograms are
frequency distributions of the amplitude of m.e.p.s.p.s obtained from the period indicated
by a horizontal bar with respective symbol below the time course of the m.e.p.s.p.
frequency. Vertical dotted lines in each histogram indicate the mean amplitude. Adrenaline
was applied during the time period indicated by downward and upward arrows.

TABLE 1. Effects of adrenaline (2-5-160 ,uM) on frequency and amplitude of m.e.p.s.p.s. Mean
frequency (min') and amplitude (mV) of control m.e.p.s.p.s are shown in parentheses

Frequency Amplitude
100% 100%

Control (11-7+6-0 (S.E.), n = 7) (0-83+0-22, n = 7)
Adrenaline

During 0-20 min 158+65 (n = 7) 108± 10 (n = 7)
Wash 10-30 266+ 146 (n = 7) 106+8 (n = 7)

60-80 197+39(n=6) 121+9(n=6)
100-120 146+43 (n = 5) 109+9 (n = 5)

n = 5, at 30-40 min after a 20 min exposure). This result, together with no change
in the quantal size of the fast e.p.s.p. and the amplitude of m.e.p.s.p.s after wash-out
of adrenaline, indicates that adrenaline-induced l.t.p. is solely presynaptic in origin.

The type of adrenoceptor for adrenaline-induced l.t.p.
L.t.p.s induced by dopamine and isoprenaline. Dopamine, which has a actions and

was reported to produce a cyclic-AMP-dependent potentiation of slow e.p.s.p.s in
mammalian ganglia (Libet, Kobayashi & Tanaka, 1975), showed variable effects on
the quantal content of the fast e.p.s.p., although it consistently produced the
inhibition during exposure (Kato et al. 1985). In four cells out of eight, there was no
l.t.p. of quantal content (98, 108, 113 and 95% of control at 30 min) after application
of dopamine (10 trm; Fig. 6A). Four other cells exhibited a long-lasting increase in
quantal content (287, 157, 127 and 145 %). In contrast, isoprenaline (10 AM),
fl-agonist, consistently brought about the l.t.p. of quantal content in all the cells

520



ADRENALINE-INDUCED L.T.P. 521

Control Adrenaline, 20 min Wash, 10 min

I A~~~~~~r1 - -1 - Iy
Wash, 20 min 30 min 40 min

2 s

10 1 pA

Fig. 5. Effects ofadrenaline (10 /M) on ACh potentials induced by ionophoretic application
of ACh. Duration of a current pulse for ionophoresis was 150 ms.
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Fig. 6. Experiments to determine the type ofadrenoceptor involved in adrenaline-induced
l.t.p. A and B, effects of dopamine (10 /M) and isoprenaline (10 /M) on quantal content
(q.c.) of the fast e.p.s.p. during and after application of each of them. C and D, effects
of adrenaline (10 #M) on quantal content in the presence of phenoxybenzamine (1 /ZM) or
propranolol (1 uM). Data were expressed as a percentage of the control. Drugs were
superfused to the ganglion during the time period indicated by a horizontal bar.
Phenoxybenzamine (1 /M) and propranolol (1 /M) by themselves had no effect on quantal
content (108+6%, n = 8 and 107+6%, n = 11, of the control, respectively).
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studied (Fig. 6B). Quantal content at 30 min after washing isoprenaline was 198 %
(±17 % of the control, n = 5). There was no significant change in quantal size
throughout thel.t.p. induced by dopamine or isoprenaline.

Effects of adrenaline antagonists. In the presence of an a-antagonist, phenoxybenz-
amine (1 tM), adrenaline (10 /M) produced a significant potentiation of the quantal
content of the fast e.p.s.p.s after a 20 min exposure (154+ 9% of the control, n = 4,
significantly different from100% (P < 002), at 30 min after wash: Fig. 6D), which
does not significantly differ from the adrenaline-inducedl.t.p. produced in the absence
of antagonist (162+10%0, n = 26, significant from100% (P < 0 001), but not from
that in the presence of antagonist (P> 05)). However, only a small or nol.t.p. was
induced by adrenaline (10 #M) in the presence of a fl-antagonist, propranolol (1 /LM:
111+6%, n = 6, P< 0-1;1OftM: 115+18%, n = 4, P>04; Fig. 6C). These results
and those in the foregoing section (except for the cases in which dopamine caused
a l.t.p.) suggest that a fl-adrenoceptor participates in the generation of adrenaline-
inducedl.t.p. Phenoxybenzamine at high concentrations (10 ItM) reduced the mag-
nitude of adrenaline-inducedl.t.p. (quantal content: 120 +8 %, n = 6) (Kuba et al.
1981). This would presumably be due to a non-specific blocking action of this blocker
on the presynaptic,8-adrenoceptor.

Involvement of endogenous cyclic AMP and a metabolic process
Dibutyryl cyclic AMP and cyclic AMP mimic the potentiating actions of adrenaline.

Dibutyryl cyclic AMP (0 8-1 mM) reduced slightly the amplitude of the fast e.p.s.p.
(Fig. 7A b; cf. Kato et al. (1985)) during the initial stage (10-20 min) oftreatment with
it. However, an exposure longer than 20 min to dibutyryl cyclic AMP caused an
enhancement in the amplitude and quantal content of the fast e.p.s.p. (Fig. 7B).
When the nucleotide was removed, there were further potentiations of the amplitude
(Fig. 7Ac-f) and quantal content (Fig. 7B, filled circles), comparable in time course
with those induced by adrenaline. Throughout potentiation, the quantal size of the
fast e.p.s.p. remained essentially unchanged, although there was a small increase or
decrease in some cells (Fig. 7 B, open circles). Cyclic AMP (4 mM) also caused a similar,
but smaller l.t.p. of quantal content (144+ 10 % of the control, n = 3, P < 0 05, at
30 min) after a 20 min treatment without a change in quantal size (114+ 5 %, n = 3,
P> 0 2). The smaller effect of cyclic AMP could be due to a low permeability of the
nucleotide to the cell membrane. The same explanation may be applicable to the lack
of effect of cyclic AMP (4 mM) in a preliminary report (Kuba et al. 1981), where the
nucleotide was applied only for 10 min.
The frequency of m.e.p.s.p.s increased for a long time after the treatment with

dibutyryl cyclic AMP (4 mM) without a significant change in amplitude (Table 2).
AMP and adenosinefail to induce the l.t.p. Adenosine (4 mm) produced only a small,

but insignificant enhancement of quantal content (115+10 %, n = 5, P> 0 1, at
30 min) after a 20 min exposure without a significant change in quantal size
(109+ 5 %, n = 5). AMP (4 mM) did not show any potentiating actions (quantal
content: 101 +12 %, n = 6) after treatment for 20 min, while it inhibited significantly
both the quantal content (49+10%, n=6, P<0-01) and size (65±11%, n=6,
P < 0 05) during treatment.

Phosphodiesterase inhibitors induce l.t.p. When the ganglion was superfused with
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Fig. 7. Effects of dibutyryl cyclic AMP on the fast e.p.s.p.s. A, fast e.p.s.p.s recorded
before, during and after treatment with dibutyryl cyclic AMP (1 mM). Each trace shows
the fast e.p.s.p.s recorded on a pen-writing recorder and their electronic average displayed
in a fast time base. B, the time course of changes in quantal content (q.c.; *) and size
(q.s.; 0) before, during and after treatment with dibutyryl cyclic AMP (08-1 mM). Each
point indicates the mean and S.E. ofmean of data obtained from six different cells. Values
were expressed as a percentage of the control. The s.E. of the values without a vertical
bar was within the size of symbol. Nucleotide was applied during the time period marked
by a horizontal bar.
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TABLE 2. Effects of dibutyryl cyclic AMP (4 mM) on frequency and amplitude of m.e.p.s.p.s.
Mean frequency (min-) and amplitude (mV) of control m.e.p.s.p.s are shown in parentheses

Frequency Amplitude
100% 100%

Control -(13-9+25, n = 11) (0-87+006, n = 11)
Dibutyryl cyclic AMP
During 5-10 min 96+7 (n = 10) 96+6 (n = 10)
Wash 5-10 174+32 (n = 10) 102+6 (n = 10)

15-20 172+31 (n= 5) 105+9 (n = 5)
45-50 182+27 (n= 4) 108+3 (n = 4)

a solution containing a phosphodiesterase inhibitor, IBMX (10 #SM), for 20 min, the
quantal content of the fast e.p.s.p. increased gradually or remained unchanged (Fig.
8A: the mean increase was significant with P < 0 01 in Fig. 8Ba). However, the
potentiation of quantal content occurred consistently after the removal of the drug
(Fig. 8A, Ba; P < 0-05). Caffeine, another phosphodiesterase inhibitor, also caused
a similar potentiation of quantal content (P < 0 02) after a 20 min exposure

A
200

1IBMX Pt,
(10 1M) /

150

50

0 50 100 150
Time (min)

B
a IBMX

(10gM)
Wash

b Caffeine
(1-2 mM)
Wash

0 50 100 150

Q.c. or q.s. (%)

Fig. 8. A, the time course of potentiation of quantal content of fast e.p.s.p.s induced by
IBMX (10,UM) in two different cells. Each point was expressed as a percentage of the
control. IBMX was superfused to the ganglion during the time period marked by a
horizontal bar. Note a marked difference in the onset of potentiation between these two
cells. B, effects of IBMX (10 /M) and caffeine (1-2 mM) on quantal content (q.c.; open
column) and size (q.s.; hatched column). Each value, expressed as a percentage of the
control, is the mean and S.E. of the mean of data obtained during a 20 min exposure or
30 min after wash in eight cells (both in a and b).
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(Fig. 8Bb). These results can be explained by the idea that blocking the hydrolysis of
endogenous cyclic AMP, which is presumably produced at a low rate in the absence
of a stimulant in the nerve terminal, causes the accumulation of cyclic AMP in the
terminal which results in the activation of the l.t.p. mechanism. The effect of caffeine
(but, presumably not the action of IBMX for a low concentration being used) may
also be in part accounted for by the Ca2+-mobilizing action (Kuba, 1980), which would
have raised free Ca2+ in the terminal and subsequently activated the Ca2+-dependent
l.t.p. of transmitter release (cf. Koyano et al. 1985).

Cholera toxin causes l.t.p. Cholera toxin is known to activate irreversibly adenylate
cyclase by the ADP ribosylation of guanosine 5'-triphosphate (GTP)-binding protein
(Cassel & Pfeuffer, 1978; Gill & Meren, 1978) for the activation of adenylate cyclase
(cf. Lefkowitz, Stadel & Caron, 1983). The exposure of the ganglion to cholera toxin
(2 jg ml-') for 20 min produced the long-lasting enhancement of quantal content
(320, 187, 127 and 153 % of the control at 40 min after wash) without a change in
quantal size in four cells out of six. In other two cells, only a small potentiation was
observed (116 and 120 %). These results, excluding those in two cases, are in
accordance with the long-term effects of dibutyryl cyclic AMP, cyclic AMP and
phosphodiesterase inhibitors on quantal content, and suggest an involvement of
GTP-binding protein in the activation of adenylate cyclase in the preganglionic
terminals.

Suppression ofadrenaline-induced l.t.p. at low temperature. Adrenaline-induced l.t.p.
was markedly suppressed by lowering temperature (to 11-13 °C from room temper-
ature). In contrast, the inhibition of quantal content during treatment was greater
at low temperature than at room temperature. This must be due to the suppression
of the potentiation which coexisted (but masked by inhibition) during treatment.
These results suggest the involvement of a metabolic process in the mechanism of
adrenaline-induced l.t.p., which is presumably activated by endogenous cyclic AMP.

Regulation of adrenaline-induced l.t.p.
Dibutyryl cyclic GMP blocks the generation of adrenaline-induced l.t.p. It has been

known that in certain cellular processes guanylate cyclase operates antagonistically
against an adenylate cyclase system (for instance, see Libet et al. 1975; cf. Goldberg
& Haddox, 1977). When dibutyryl cyclic GMP (100 /IM) was applied simultaneously,
adrenaline (10 lm) failed to induced l.t.p. of quantal content in all the cells examined
(109+ 17 %, n = 4, at 30 min after wash: Fig. 9B). However, when dibutyryl cyclic
GMP was superfused to the ganglion after the end of application of adrenaline,
adrenaline-induced l.t.p. was induced in five cells (244, 147, 125, 123 and 1800% of
the control at 30 min: Fig. 9C) out of eight, while the generation of the l.t.p. was
blocked in three cells (88, 116 and 82 %). These results indicate that dibutyryl cyclic
GMP is less effective in blocking the adrenaline-induced l.t.p. mechanism once
cyclic AMP has risen in the presynaptic terminals. It is to be noted that dibutyryl
cyclic GMP by itself had no effects on quantal content (Fig. 9A).
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Fig. 9. Effects of dibutyryl cyclic GMP on the adrenaline-induced l.t.p. A, effects of
dibutyryl cyclic GMP (100 /SM) on the quantal content (q.c.) and size (q.s.) of the fast
e.p.s.p. during and after treatment. B and C, effects of dibutyryl cyclic GMP (100 FM) on
the l.t.p. induced by adrenaline (10 FM), when the nucleotide was applied concomitantly
with adrenaline (B), or after exposure to adrenaline (C). 0 and * indicate quantal content
expressed as a percentage of the control, while 0 are quantal size. The drugs were applied
during the time period indicated by a horizontal bar. In C, two different types of effect
on quantal content are shown.

DISCUSSION

Possible mechanisms of adrenaline-induced l.t.p.
The mechanism of adrenaline-induced l.t.p. in bull-frog sympathetic ganglia may

be envisaged in the following schema. The binding of adrenaline to a ,f-adrenoceptor
activates adenylate cyclase through the activation of GTP-binding protein. The
resultant rise in endogenous cyclic AMP in the presynaptic nerve terminals (cf.
Rdhrkasten & Zimmermann, 1983) initiates a sequence of metabolic processes which
presumably includes the phosphorylation of a specific protein (involved in or
modulating a transmitter release mechanism) by cyclic-AMP-dependent protein
kinase (Nestler & Greengard, 1982; cf. Cohen, 1982), as suggested for the potentiation
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of transmitter release by serotonin in Aplysia ganglia (Klein & Kandel, 1980; cf.
Kandel & Schwartz, 1982). This results eventually in the long-lasting enhancement
in both evoked and spontaneous release of transmitter.

In a cascade mechanism of adrenaline-induced l.t.p., a regulatory process involving
endogenous cyclic GMP may operate. It seems likely that endogenous cyclic GMP
(which was found to exist in the cholinergic terminals: cf. R6hrkasten & Zimmermann,
1983) inhibits the generation of adrenaline-induced l.t.p., presumably by acting on
an initial step of its mechanism. Koketsu & Yamada (1982) reported the existence
of a muscarinic receptor inhibiting transmitter release at the preganglionic terminals
in bull-frog sympathetic ganglia. Accordingly, it might be possible that the activation
of such a muscarinic receptor would raise cyclic GMP level in the terminals
(Michaelson, Avissar, Kloog & Sokolovsky, 1979; cf. Goldberg & Haddox, 1977). A
similar antagonistic role of cyclic GMP was reported for the mechanism of the
long-lasting potentiation of slow e.p.s.p. by dopamine in rabbit sympathetic ganglia
(Libet et al. 1975).

Bernier, Castellucci, Kandel & Schwartz (1982) found that the time course of the
short-term potentiation in Aplysia ganglia parallels closely that of an increased
level of cyclic AMP. However, this may not be the case for the adrenaline-induced
l.t.p. in the sympathetic ganglion. Phosphodiesterase in the preganglionic terminals
appears to be active even under the resting condition, as evidenced by the generation
of l.t.p. by its inhibitors, IBMX and caffeine. It is unlikely therefore that cyclic AMP
or dibutyryl cyclic AMP applied externally for a short period would remain
unhydrolysed in the preganglionic terminals over a long period, during which the l.t.p.
of transmitter release persisted. Consequently, there may be a process which
continues to be activated after a brief rise of endogenous cyclic AMP in the
presynaptic terminals of the bull-frog sympathetic ganglion. The final step of the
adrenaline-induced l.t.p. mechanism, leading to increased transmitter release, will be
reported elsewhere.

Origin of adrenaline for adrenaline-induced l.t.p. in situ
Suetake, Kojima, Inanaga & Koketsu (1981) suggested that depolarization of the

post-ganglionic neurone releases catecholamines from the ganglion cell soma.
Enhancement in the activity of the pre- and accordingly post-ganglionic neurones
may thus raise the catecholamine concentration around the presynaptic terminals
and activate the adrenaline-induced l.t.p. mechanism. This hypothesis, however, is
not supported by the recent findings that the tetanic stimulation of the pre- (33 Hz,
10 s: Koyano et al. 1985) or post-ganglionic (20 Hz, 5 s: Kumamoto & Kuba, 1983b)
nerve produced a l.t.p. different from adrenaline-induced l.t.p. Nevertheless, this
idea remains to be studied, since is is possible that the durations oftetanic stimulation
used in the above experiments would not have been long enough to raise and/or keep
the catecholamine concentration around the presynaptic terminals, as observed for
inability of a 5 min exposure to exogenous adrenaline to produce adrenaline-induced
l.t.p. (K. Kuba & E. Kumamoto, unpublished observation).
Another origin of adrenaline would be outside the ganglion. The concentration of

adrenaline least effective for inducing adrenaline-induced l.t.p. was as low as 041 /M
(Koketsu et al. 1982 a). It is not known, however, whether the catecholamine
concentration in circulating blood rises to this level under physiological conditions.
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Physiological significance
The adrenaline-induced l.t.p. in bull-frog sympathetic ganglia would be the first

evidence that shows the involvement of a monoamine-cyclic-AMP system in the
presynaptic mechanism of synaptic plasticity at vertebrate synapses. Bliss et al.
(1983) have recently suggested a role of monoamines in the mechanism of l.t.p. in
the hippocampus of the rat. Thus, the involvement of catecholamines in a l.t.p.
mechanism is not specific to the bull-frog sympathetic ganglion. In this context, the
adrenaline-induced l.t.p. could be a general model for the cellular mechanism of
learning and memory.

In addition to adrenaline-induced l.t.p., two other types of l.t.p. have been found
in bull-frog sympathetic ganglia; one is the l.t.p. of transmitter release induced by
Ca2+-dependent activities of the presynaptic nerve terminals (Koyano et al. 1985) and
the other is the l.t.p. of the sensitivity of the post-synaptic membrane to transmitter
caused by Ca2+-dependent post-synaptic activities (Kumamoto & Kuba, 1983b).
Although it is not known how these three types of l.t.p. co-operate under physiological
conditions, there is no doubt that they play important roles in the regulation of the
activity of the peripheral autonomic nervous system.
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