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ABSTRACT

	

Amechanism of the long-term potentiation of transmitter release
induced by adrenaline (ALTP) was studied by recording intracellularly the fast
excitatory postsynaptic potentials (fast EPSPs) . The ALTP was produced during
the blockade of K+ channels at the presynaptic terminals by tetraethylammo-
nium (TEA). The synaptic delay, possibly reflecting a relative change in the
duration of an action potential at the presynaptic terminal, was not changed
during the course of the ALTP. By contrast, it was significantly lengthened by
TEAand other K+ channel inhibitors (4-aminopyridine and Cs') that markedly
enhanced the evoked release of transmitter . The magnitude of facilitation of
the fast EPSP, induced by a conditional stimulus to the preganglionic nerve,
was decreased during the generation of the ALTP, but was unchanged during
the potentiation of transmitter release caused by TEA. These results, together
with theoretical considerations applying the residual Cat` hypothesis to the
facilitation, suggest that the enhancement of transmitter release during the
ALTP is not caused by an increased Ca" influx during a presynaptic impulse
owing to the blockade of K+ channel or the modulation of Ca" channel, but
presumably is induced by a rise in the basal level of free Ca" in the presynaptic
terminal .

INTRODUCTION

Much evidence has accumulated that various transmitters and humoral agents
modulate the release of transmitter from the presynaptic terminals at both
vertebrate (Jenkinson et al ., 1968 ; Kuba, 1970 ; Kato and Kuba, 1980 ; Koketsu
and Yamada, 1982 ; Katayama and Nishi, 1984 ; Kato et al ., 1985) and inverte-
brate (Klein and Kandel, 1980 ; Kandel and Schwartz, 1982) synapses . If these
presynaptic modulations last for a long time, they provide a basis for an important
mechanism of neuronal plasticity . We have recently reported (Kuba et al ., 1981 ;
Kumamoto and Kuba, 1983a; Kuba and Kumamoto, 1986) that adrenaline
produces a long-lasting potentiation of transmitter (acetylcholine [ACh]) release
in bullfrog sympathetic ganglia, the mechanism of which appears to involve a
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rise in endogenous cyclic AMP (cAMP) and a subsequently activated metabolic
process in the presynaptic terminals . However, it is not known how the activation
of a cAMP-dependent process eventually results in the enhancement of trans-
mitter release . This paper deals with the mechanism of the final step of a cascade
process underlying the long-term potentiation induced by adrenaline (ALTP) .
There are at least five possible mechanisms for the enhancement of impulse-

induced transmitter release by adrenaline : (a) an increased Ca21 influx caused
by the broadening of an action potential as a result of the blockade of K+
conductance increase, (b) an enhancement of the Ca" conductance increase
during a presynaptic spike, (c) an elevation of the basal level of free Ca", [Ca21,
in the presynaptic terminals, (d) enhanced efficacy of the excitation-secretion
coupling, and (e) an increased rate of transmitter synthesis . The results examined
in the present study suggest that the ALTP is induced by an increase in basal
[Ca2+ ]i . A preliminary account of this work has been presented elsewhere (Ku-
mamoto et al ., 1984).

METHODS

Isolated ninth or tenth lumbar sympathetic ganglia of bullfrogs (Rana catesbeiana : B-type
neurons) were studied using a conventional intracellular recording technique (Nishi and
Koketsu, 1960) . Microelectrodes were filled with 3 M KCl (tip resistance, 30-100 MQ) .
The compositions of normal Ringer and low-Ca", high-Mg" solutions were as described
previously (Kumamoto and Kuba, 1983a) . The fast excitatory postsynaptic potentials (fast
EPSPs ; induced by the nicotinic action of ACh ; cf. Kuba and Koketsu, 1978) were
recorded in either a low-Ca", high-Mg" solution, or normal Ringer, or high-Ca"
solution, the latter two of which contained d-tubocurarine (10-100 'M) . The tonicity of
the high-Ca" solution was adjusted by reducing NaCl . The quantal content and size of
the fast EPSP recorded in a low-Ca", high-Mg" solution were calculated as described
previously (del Castillo and Katz, 1954; Kuba et al ., 1981).

Synaptic delay was measured as the period between the positive peak of a presynaptic
spike (which was recorded by an electrode inserted into the postganglionic neuron
simultaneously with a postsynaptic response) and the onset of the fast EPSP (cf. Kumamoto
and Kuba, 1985) . Measurements were made on data obtained by electronic summation
of 20-50 fast EPSPs accompanied by presynaptic spikes using an averager (ATAC-210,
Nihon-Kohden, Japan) . The facilitation ofthe fast EPSP was observed by recording paired
fast EPSPs every 10 s in a low-Ca2+ , high-Mg" solution (Mallart and Martin, 1967 ;
Magleby, 1973) . The interval of paired stimuli ranged from 50 ms to 2 s . Since the
amplitude of each fast EPSP fluctuated under this recording condition, at least 25
responses were summed electronically . Even with this procedure, the mean of the
facilitations varied occasionally with time . Therefore, the "moving bin" method was
employed to obtain the time course of the change in the magnitude of the facilitation
(Rahamimoff and Yaari, 1973; cf. Koyano et al ., 1985) . Three consecutive values of the
facilitation, each obtained by summing 25 responses (recorded for a 250-s period), were
averaged . This "averaged" magnitude of facilitation represented a value for a 12.5-min
period, which constituted a bin size, and was plotted at the midpoint of each bin . All
experiments were carried out at room temperature (20-24°C) . Data were examined for
statistical significance by Student's t test . The drugs used were adrenaline bitartrate (Sigma
Chemical Co., St . Louis, MO), tetraethylammonium (TEA) Cl (Wako Pure Chemical Co.,
Japan), and d-tubocurarine (Nakarai Chemical Co., Japan) .
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RESULTS

Theoretical Basis for Testing the Increased Ca2+ Influx Hypothesis and the
Elevated Basal Ca21 Hypothesis for the Mechanism ofALTP

Characteristics offacilitation . When paired stimuli with an interval of 50-
2,000 ms were applied to the presynaptic nerve, the amplitude of the second fast
EPSP was enhanced (inset of Fig. 1) . This facilitation of the fast EPSP amplitude
must result solely from the increased release of quanta, since adifference between
the quantal sizes of the first and second fast EPSPs was not seen (not shown) and
there was no potentiation of ACh potentials with repetitive ionophoretic appli-

F(t) = E,/E0 - 1 .

t (ms)
FIGURE 1 . Relationship between the magnitude of facilitation (F = E'/E0 - 1 ;
ordinate) and the time interval between paired stimuli (t; abscissa) plotted in a
semilogarithmic scale. Paired fast EPSPs were induced in low-Ca2+, high-Mg2+
solutions every 10 s. The inset (upper right) is the average of 25 such responses
induced at 50-ms intervals. F was obtained by summing >50 paired fast EPSPs.
Each point represents the mean ± SEM of 8-12 measurements as given by the
numbers in parentheses. The solid line is a theoretical relationship that was calcu-
lated by Eq . 4, using the values for kf and to listed in Table 1. This line was found to
be almost the same for n = 1-4 within the width of the line .

cation of ACh (unpublished observations; cf. Otsuka et al ., 1962). The magnitude
offacilitation [F(t)] was defined as the net increase in the amplitude of the second
fast EPSP (E,) over the first one (Eo) at a time interval (t), as follows:

The facilitation was larger when the second stimulus was given at a time close to
the first one (Fig . 1 ; cf. Tashiro et al ., 1976).

Application of the residual Ca2+ hypothesis to facilitation . Transmitter release
is induced by Ca" influx during a presynaptic action potential (cf. Katz, 1969).
It is assumed that Ca' in the nerve terminal reacts with a specific site, X, which
playsa key role in the depolarization-secretion coupling (Katz and Miledi, 1968)
and that the quantal content (m) is proportional to a fraction of X occupied by n

1 .0
(11)

(12) 11 MV

4-0.5 (B)

___2___5_____
ms

(11)

(10)
(10)

(B)

0
a

50 100 200 500 1000 2000



778

	

THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 87 - 1986

Ca", (Ca) �X. The free intracellular Ca2+ concentration near the release site,
[Ca21],' would be composed of an increase in [Ca2+], caused by a nerve impulse
(y o) and the resting basal [Ca21], (c) (cf. Zucker and Lara-Estrella, 1983). Accord-
ingly, if the reaction of X with Ca21 is practically in equilibrium, the quantal
content would be expressed by the following equation (cf. Dodge and Rahami-
moff, 1967 ; Hubbard et al ., 1968, for similar models with different assumptions) :

YO

y

kes

	

(yo + C)"	'

(yo + c)' + K

	

(1)

where kes is a constant representing the overall efficacy of the excitation-secretion
coupling andK is the dissociation constant for (Ca)�X. It is assumed that yo during

,/y
exp(- klt)

i
. . .. . . . . . . . . .. . . . . ' �....... . .. .

c

Time

FIGURE 2.

	

A schematic diagram of the time course of changes in [Ca2+ ]i in the
terminal after a nerve impulse . It is assumed that the increased [Ca"];decays at
least in two phases: an initial, rapid decline, which ceases completely within a
refractory period of a spike, and a late single-exponential decrease . In this diagram,
the time course of the initial phase was assumed to be a simple linear function,
although the exact function is not known. c is the resting basal [Ca"];, yo is an
increase in [Ca"];at t = 0 caused by a nerve impulse, and y is a fraction of the
increased [Ca"];at t = 0, which decays single-exponentially with a rate constant, kf .
Both axes are on a linear scale in an arbitrary unit . The analysis of the facilitation
was made for a period of 50-2,000 ms after the spike.

each presynaptic impulse is constant (Chariton et al ., 1982) and that it declines
in at least two phases, an initial, rapid phase, followed by a slow, single-exponen-
tial decay with a time constant 1/kf (Fig . 2) . The fast component would disappear
completely within the refractory period of a spike (cf. Zucker and Stockbridge,
1983; Stockbridge and Moore, 1984) and contribute to the phasic release of
transmitter. Only the slow exponential component of the decay phase would thus
participate in the facilitation under the present experimental conditions (in the
time period of 50-2,000 ms after a conditional stimulus), no matter what function
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determined the initial rapid phase. Accordingly, the amount of increased [Ca. 21],

at the time of a test impulse induced at t after a conditioning impulse would be
the sum of yo and y exp(-kft) (y is a fraction of yo at t = 0, which declines single-
exponentially ; see Fig . 2) . Consequently, the quantal content during the course
of the facilitation (m') would be

{yo[1 + a-exp(-kft)] + cl"
m' = kes ( yo[ 1 + a -exp(-kft)] + c }" + K '

where a is equal to y/yo . From Eqs . 1 and 2, the magnitude of facilitation, F =
m'/m - 1, would be

F

	

(I + z/x)" - 1
(x"/K)(1 + z/x)" + 1 '

where x = yo + c and z = you - exp(-kft) . As the rise in [Ca2+] i appears to be small
in comparison with K in the low-Ca2+ , high-Mg2+ solution, where quantal contents
were much smaller than those in normal Ringer (Nishi et al ., 1967; see Table

779

where w = y/(yo + c) . This demonstrates that if this particular formulation of the
residual Ca2+ hypothesis is applicable to facilitation, the left-hand side of Eq. 5
must be linear to t. This appears to be the case, as shown in Fig . 3, where linear
relationships were obtained for time intervals between 50 and 200 ms at various
values of n . The relationship for intervals of >200 ms deviated from linearity
(not shown in Fig . 3 ; see Fig . 1) . This could be due to the existence of the other
[Ca2'] i removal process, which is slower than that considered above (see Discus-
sion) . For the purpose of the present analysis, we focused only on the initial
single-exponential component offacilitation, which will hereafter be called simply
"facilitation ." The intercepts and slopes of straight lines in Fig . 3 gave values for
w and kf, respectively, that are listed for various n values in Table 1 .
As a special case for Eq . 5, the assumptions of n = I (although this is not

feasible ; see I)iscussion) and w = 1 yield F = exp(-kft) . This allows a practical
comparison of the time constant of facilitation in bullfrog sympathetic ganglion
cells with those in other preparations. A mean value of 157 ms so calculated for
time intervals of <200 ms was >35 ms at the frog neuromuscular junction
(Mallart and Martin, 1967), but <200 ms in guinea pig superior cervical ganglion
cells (McLachlan, 1975) .

If this particular formulation of the residual Ca" hypothesis is correct, then
the magnitude of facilitation for each consecutive pair of responses during the
course of repetitive stimuli would decrease, as the stimulation proceeds . Fig . 4A
shows such an experiment . The ratio of the amplitude of the third EPSP (EW) to
the second one (E,), ED/E t , was usually smaller than that of the second to the
first, Et/EO (Fig . 4B) . Similarly, the ratio of the fourth EPSP amplitude (Ese) to

111), Eq . 3 is reduced to
F=(1 +z/x)"- 1, (4)

which can be rewritten as follows :

In[(F + 1)1i" - 1] = Inw - kft, (5)
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FIGURE 3 .

	

Relationships between In[F + 1)'I" - 1 ] and t for various values of n,
using the experimental data in Fig . 1 . Each point, which represents a mean ± SEM,
was obtained from the pooled data shown in Fig. 1 . The lines were drawn by least-
squares regression for each value of n . The early fast component of the facilitation
caused by the initial rapid decline of the increased [Ca 2+ ] i was omitted from the
graph and only the facilitation ascribed to the single-exponential decay of the [Ca"];
is shown simply for the estimation of the values for w (extrapolation by interrupted
lines) .

the third one, E3,/E2,, was smaller than that of the third to the second, ED/E,
(Fig . 4B and Table II) . These results, which approximately fit the values expected
from the theory (Table II and Appendix A), suggest that when the basal level of
[Ca21], was increased, the magnitude of facilitation would be reduced . This is
further supported by the following theoretical consideration .

Changes in facilitation predicted from an elevated basal (Ca"]; or from an
increased Ca2+ influx during an impulse . If adrenaline increases the basal level of
[Ca"];, the magnitude of the potentiation by adrenaline (P), defined as a

TABLE I

Valuesfor w, kf, and a at Each Value ofn

Values of wand kf were calculated from the intercept (at t = 0) and the slope of the
lines in the graph of Fig. 3, respectively, and values of a were computed according to
the method described in the text . The values for wand kf that were calculated from
the relationship of pooled data were almost the same as those obtained from five
individual cells (unpublished observations) . The a value with the asterisk contradicts
the definition that y is a fraction ofyo , i.e., the a (= ylyo) value must be equal to or less
than unity. This deviation apparently resulted from the experimental variation of
individual data points at n = 1 .

n w kf

s - '

a

1 1 .13 7.56 1 .13-1.15*
2 0.472 6.94 0.47-0.54
3 0.295 6.74 0.30-0.40
4 0.214 6.62 0.23-0.33
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(1 + u/x)" - 1
(x"/K)(1 + u/x)" + 1 '

which at a low extracellular Ca' concentration reduces to

P = (1 + u/x)" - 1,

TABLE II
Changes in the Magnitude ofFacilitation
During the Course ofRepetitive Stimuli

O O ,':.
O
O O

0.1

	

"n U
0""o 1i) go

FIGURE 4.

	

(A) Fast EPSPs induced by triple or quadruple pulse stimuli at 50-ms
intervals . Each record is the average of 25 responses . (B) Relationship between the
magnitude of facilitation for the second or third pair of fast EPSPs and that for the
first pair . The ratios .of the amplitude of the third fast EPSP to the second one, E2,/
E, (p), and that of the fourth to the third, Es,/E 2, ("), were plotted against the ratio
of the second to the first, E,/Eo. Each point was obtained by summing at least 50
responses . The dashed line indicates a slope of unity .

fractional increase in quantal content over the control, would be expressed by
the following equation :

Observed

Calculated

Values in parentheses are the number ofcells . See text or the legend ofFig. 4 for the
notations of EY,/E, and Es,/E2 , . The theoretical values for Es c/E, and Es,/Esc at 50-ms
intervals were calculated using the values for kfand m at each value ofn listed in Table
I (see Appendix A) .

where u is a net increase in the basal [Ca211, induced by adrenaline. The value

n E2,/E,

1 .45±0.07 (SEM)

.,/E2,

1 .20±0.17
(23) (5)

1 1 .30 1 .16
2 1 .38 1 .22
3 1 .42 1 .26
4 1 .44 1 .28
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for P at 30 min after wash of adrenaline was 0.62 (± 0.10, n = 26, P < 0 .001)
in low-Ca 2', high-Mg2+ solutions (see Table III) . Using this P value and the
values for kf and w given in Table I, the ratio of the magnitude of facilitation
during the ALTP (Fad,) to that in the control (F,), Fad,/F,, can be calculated for
each value of n from the following equation :

Faar_ [ 1 + w(P + 1)-' f° - exp(-kft)]" - 1
Fc

	

[1 + w-exp(-kft)]" - I

	

'
which is obtained from Eqs. 4and 7 . According to this hypothesis, the facilitation
is expected to decrease during the ALTP for each value of n, as shown in Fig.
5A .

A
0.6
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FIGURE 5. Changes in F during the ALTP predicted from the elevated basal
[Ca"];hypothesis or the increased Ca" influx hypothesis . (A) Fad,/F, expected from
the increased basal [Ca"];hypothesis . The Fad/F, values at various values of n were
calculated from Eq . 8 with 0.62 for P and the values for kf and w listed in Table I .
(B) Ranges of the Fad,/Fc expected from the enhanced Ca21 influx hypothesis . The
Fad,/F, values at various n were calculated from Eq. 10 with the P value of 0.62 and
the values of kf , w, and a in Table I.

On the other hand, if adrenaline enhances Ca21 influx during a presynaptic
impulse, P at a low extracellular Ca21 concentration is written as

P=(ya+c)"/(yo+c)"_ 1,

where yo is a rise in [Ca2+ ] ; caused by Ca2+ influx during an impulse after
treatment with adrenaline . If adrenaline increases Ca2+ influx by the same
quantity for each impulse and does not alter the ratio a (= y/yo), Fad,/F, can be
expressed by using Eqs. 4 and 9, as follows:

_Fad, __ {1 + [a - (a - w)(P + 1)-'~n]-exp(-kft)~" - 1

F~

	

[ 1 + w- exp(-kft)]" - 1 (10)

The estimation of this Fad,/F, requires the value of a in addition to known
quantities of w, kf, and P. Assuming that the same mechanism causes both
spontaneous and evoked release of transmitter, their rates can be expressed by
a common term, the number of quanta per second, which represents the
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probability of release and may accordingly reflect the levels of [Ca"]; for
spontaneous and evoked release (cf. Zucker and Lara-Estrella, 1983). The
probability of evoked release (Me) in low-Ca2+' high-Mg2+ solutions (where the
quantal content was 1 .5 ; Table 111) would be 300-1,500 quanta/s, assuming 1-
5 ms for the duration of evoked release (cf. Kuba and Nishi, 1979), while the
probability of spontaneous release (MS) would be 0 .01-5 quanta/s (Kumamoto
and Kuba, 1985; Kuba and Kumamoto, 1986). Placing these values to the
equations Me = ke5(yo + c)"/K [obtained from Eq. 1 at (yo + c)" << K] and M, =
kesc"/K, and giving w values (Table I) to the equation a = w(yo + c)/yo (derived
from the definition of w), the a values for each value of n were estimated (Table
I, column 3) . The ranges of a thus calculated and the values for w, kj, and P
yielded the Fad,/Fc values according to Eq . 10 . As shown in Fig. 5B, the Fad,/Fc
values, based on the increased Ca2+ influx hypothesis, were almost equal to or
slightly greater than unity for each value of n.

It should be noted that achange in the efficacy for excitation-secretion coupling
(key) or the dissociation constant for Ca2+ binding (K) would have no effect on
facilitation . An increased rate of transmitter synthesis would also probably be
expressed solely as an increase in key .

Effects ofAdrenaline and TEA on Facilitation
Fig. 6A illustrates the effects of a K+ channel inhibitor, TEA (100 AM), on the
facilitation induced by paired stimuli. Although TEA increased the quantal
content about threefold (see below), it did not affect facilitation . The lack of
effect of another K+ channel inhibitor, 3,4-diaminopyridine, on facilitation was
also reported by Molg6 and Thesleff (1984) . In addition, facilitation was not
influenced by increasing the Cat+/Mg2+ ratio from 0.083 to 0.167 in low-Ca",
high-Mg2+ solutions (1 .02 ± 0.09 of the control F, n = 7), although the amplitude
of the fast EPSP increased by a factor of 1 .87 (± 0.25, P < 0.02) . These results
indicate that an increase in Ca2+ influx during a presynaptic spike would not
affect facilitation .

In contrast to the effects of TEA andthe increased Cat+/Mg2+ ratio, facilitation
was depressed to 0 .65 (± 0.07, n = 7, P < 0 .01, at 30 min after wash) of the
control F during theALTP (Fig . 6B), during which the quantal content increased
by 1 .62-fold . This decrease in F is consistent with the assumption of an increased
basal [Ca2'] i during the ALTP (see Fig. 5A). Therefore, it is likely that adrenaline
does not increase Ca21 influx during a presynaptic impulse, or the efficacy of
excitation-secretion coupling mechanism, or the synthesis of transmitter, but
raises the basal level of [Ca2+]; in the nerve terminal .

Dependence ofALTP on Extracellular Ca2+ Concentrations
Table III shows the magnitudes of an ALTP induced in low-Ca', high-Mg2+
solutions, normal Ringer, and high-Ca2+ solution . The ALTP was almost un-
changed by the variation of the Cat+/Mg2+ ratio from 0 .083 to 0.124, which
altered the quantal content on average from 0.90 to 1 .59, but decreased with a
further rise in the ratio (0.167 ; averaged quantal content, 2.05), and was
significantly depressed in normal or high-Ca21 solution . This may be accounted
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FIGURE 6.

	

Time courses of the effects of 100,uM TEA (A) and 10 IM adrenaline
(B) on the facilitation (F) of the fast EPSP induced at 50-ms intervals . TEA or
adrenaline was added to the perfusing solution during a period shown by a horizontal
bar . Each point, expressed as a percentage relative to the control, represents the
mean and SEM of facilitations obtained from four (A) and six (B) cells and treated
by the "moving bin" method . The value in the presence of adrenaline indicates the
mean and SEM of data obtained during a period shown by the horizontal bar that
were not treated by the "moving bin" method .

for by Eq. 7 based on an increased basal [Ca2+ji hypothesis, which predicts that
an increased Ca21 influx during a presynaptic impulse reduces the ALTP.

Evidence Against the K+ Conductance Inactivation Hypothesisfor the Mechanism
ofthe ALTP

As shown in Fig . 7, under the blockade of K+ channels by TEA (100 JIM), which
enhanced the quantal content of the fast EPSP (318 ± 34% of the control, n =

TABLE III
Dependence of the ALTP on Extracellular Ca'* Concentrations

P represents the magnitude ofthe ALTP 30 min after treatment with adrenaline (10
wM). Results are shown as means ± SEM. n is the number of cells . Some of the results
in low-Ca", high-Mg4 + solutions indicated by asterisks were adopted from previously
published data (Kumamoto and Kuba, 1983x ; Kuba and Kumamoto, 1986). The
values ofcontrol quanta] content in low-Ca4+ solutions were compiled from the present
and earlier work (Kuba et al ., 1981 ; Kumamoto and Kuba, 1983x, b, 1985 ; Kato et
al ., 1985 ; Kuba and Kumamoto, 1986) .

Ca 2+

MM

Mgt+

MM

Ca4+/Mg4+ P
Control quantal

content

0 .60 7 .2 0 .083 0.68±0.31 (n = 6)* 0.90±0.10 (n = 33)
0.72 6.5 0.111 0.63±0.15 (n = 8)* 1.63±0.14 (n = 39)
0.77 6.2 0.124 0.73±0.14 (n = 8)* 1.59±0.09 (n = 79)
0.90 5 .4 0 .167 0.26±0.09 (n = 4)* 2.05±0.18 (n = 18)
1 .8 0 0.10±0.17 (n = 5)
7 .2 0 0.20±0.07 (n = 4)
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TEA

FIGURE 7.

	

Effects of TEA (100 juM) on the ALTP in two different cells. Each
point is expressed as a percentage of the mean quantal content during a 15-min
period in the presence of TEA, but before application of adrenaline . Horizontal
bars indicate a period during which TEA or adrenaline was added to the bathing
solution .

n L0
G

G

ertrd HA

0

	

2

	

4

	

6
Relative change in QC

FIGURE 8.

	

Relationship between a relative change in quantal content (QC) induced
by K' channel blockers and that in synaptic delay (SD) . Some of the data were
adopted from those in an earlier paper (Kumamoto and Kuba, 1985). The quantal
content was calculated from data stored on FM tape and the synaptic delay was
measured from the electronically averaged records of the same data, in which the
fast EPSPs were accompanied by a presynaptic spike (in 18 out of 42 cells). The
solid symbols indicate data obtained by applying 25-200,uM TEA ("), 0.6-5 /AM 4-
AP (A), and 5-10 mM Cs' (/), respectively . The points bound by a solid line
indicate changes observed in single cells by changing TEA concentrations . The
insets (upper left) are the presynaptic spike (pre) and the initial part of the fast EPSP
(post) averaged from 20 responses in the presence and absence of TEA. The period
ofsynaptic delay is indicated by the horizontal bars . The dashed line drawn through
the data points is the least-squares regression line (correlation coefficient, 0.778).
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14 : Kumamoto and Kuba, 1985), the ALTP could be observed, although it was
significantly decreased (P = 0 .32 ± 0.08, at 30 min after wash in most cells [n =
11 ], except for one cell, where an unusually large potentiation [P = 2 .14] was
observed) compared with that in the absence ofTEA (P < 0.1) . Such a persistence
of the ALTP in the presence of TEA suggests that adrenaline facilitates trans-
mitter release without blocking TEA-sensitive channels, i.e ., voltage-sensitive K+
channels at the presynaptic terminal membrane (cf. Klein and Kandel, 1980, for
the action of serotonin) . The decrease in the ALTP can be explained by an
increased Ca" influx during a presynaptic impulse by TEA (see the preceding
section) . In fact, the magnitude of the ALTP in the presence of TEA was

8

100
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a
`0 100
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y
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FIGURE 9. (A) Presynaptic spikes and fast EMS averaged from 25 responses
before (a) and after (b) the treatment with adrenaline . The presynaptic spike and
the initial part of the fast EPSP are also shown in expanded scales in time and
voltage. The periods indicated by a horizontal bar show synaptic delay . (B) Time
courses ofthe effectsofadrenaline (101AM) on the quantal content (QC,") calculated
from 200 fast EMS and the synaptic delay (SD, /) measured from the averaged
records of 25 responses . Data are expressed as a percent change relative to those
before the application of adrenaline .

inversely correlated with that of the control quanta] content (correlation coeffi-
cient, 0.69) in a similar way, as shown in Table 111 .
When the K' channel at the nerve terminal was blocked, the duration of a

presynaptic spike was broadened . This resulted not only in an enhanced release
of transmitter, but also in the prolongation of synaptic delay. Fig. 8 illustrates a
good positive correlation between the increase in the quanta] content of the fast
EPSP and that in the synaptic delay under the effect of various K+ channel
inhibitors (TEA, 4-aminopyridine, and Cs') in low-Ca", high-Mg" solutions . If
adrenaline potentiates transmitter release by broadening a presynaptic action
potential as a result of blocking the K+ channel, the synaptic delay would be
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expected to increase by 20-30% for a twofold increase in release according to
the relationship in Fig. 8. However, adrenaline had no effect on synaptic delay
irrespective of the twofold potentiation of quantal content (Fig . 9) . The mean
synaptic delay during the ALTP was 99.5 ± 0 .8% (n = 4) of the control.
Consequently, it can be concluded that the ALTP does not result from the
blockade of the K'' channel at the presynaptic terminals.

DISCUSSION

K+ Conductance Inactivation Mechanism

It has been reported that serotonin (or some other, unknown transmitter) elicits
a long-lasting potentiation of transmitter release by a CAMP-dependent mecha-
nism in certain molluscan neurons (Brunelli et al ., 1976 ; Shimahara and Tauc,
1978 ; Abrams et al ., 1984). Kandel and his co-workers (Siegelbaum et al ., 1982 ;
Shuster et al ., 1985 ; cf. Kandel and Schwartz, 1982) analyzed the mechanism of
this heterosynaptic potentiation in Aplysia neurons in detail and suggested that
the blockade of the transmitter-sensitive K+ channel through the phosphorylation
of either the channel itself or a membrane-associated protein by a cAMP-
dependent protein kinase results in an increased Ca2+ influx during a presynaptic
impulse and causes the potentiation . However, the observations in the present
study are apparently inconsistent with this "K+ conductance inactivation mecha-
nism" as an explanation for the enhanced release of transmitter during the
ALTP. First, the facilitation of the fast EPSP was not affected by TEA, which is
thought to block voltage-dependent K+ channels and raise Ca21 influx, but is
significantly depressed during the ALTP. Second, the magnitude of the ALTP
was smaller at relatively high rates of evoked release in normal Ringer or in the
presence of TEA than it was at low rates of release in low-Ca2+ solutions, whereas
the treatment with K+ channel blockers (TEA or 4-aminopyridine) caused a
significant potentiation of transmitter release even at a high level of release (in
normal Ringer : Heuser et al ., 1979 ; Akasu and Yamada, 1980; Maeno, 1980 ;
Enomoto and Maeno, 1981). Third, synaptic delay was not altered during the
ALTP, although it was significantly prolonged by various K+ channel inhibitors .
Fourth, the ALTP was observed when transmitter liberation was augumented
by blocking the K+ channel with TEA. The latter tworeasons are also inconsistent
with the possibility that a prolongation of presynaptic spike duration occurs by a
blockade of TEA-insensitive, voltage-dependent K+ channels during the ALTP
(cf. Kandel and Schwartz, 1982).

Ca` Conductance Increase Mechanism

Adrenaline is known to increase the Ca21 current at the myocardial cell mem-
branes through the modulation of Ca2+ channel by the activation of a cAMP-
dependent protein kinase (Reuter and Scholz, 1977 ; Cachelin et al ., 1983 ; cf .
Reuter, 1983). It is therefore possible that the enhancement of transmitter
release during the ALTP results from an increase in Ca2+ conductance during a
presynaptic impulse. However, the present observations also rule out this mech-
anism. Procedures to increase Ca21 influx during a presynaptic spike such as an
increase in extracellular Ca21 or the application of TEA had no effect on
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facilitation, whereas the magnitude of facilitation was significantly suppressed
during the ALTP.

Increased Basal [Ca2+J; Hypothesis
The depression of facilitation during the ALTP is best explained by an increase
in the basal level of Ca" in the presynaptic terminal, applying the residual Ca"
hypothesis (Katz and Miledi, 1968 ; Rahamimoff, 1968; Barrett and Stevens,
1972) to the mechanism of facilitation . This conforms to the previous finding
that spontaneous release of transmitter was also enhanced during the ALTP
(Kuba et al ., 1981 ; Kuba and Kumamoto, 1986). However, this conclusion rests
in large part on the validity of the residual Ca2+ hypothesis as the mechanism of
facilitation .

Is facilitation caused by residual free Ca212 There are several experimental
findings that support the residual Ca2' hypothesis for the facilitation . First, the
time course of facilitation induced by paired stimuli and a progressive reduction
in the magnitude of facilitation during repetitive stimulation were well described
by this hypothesis (Figs . 3 and 4 and Table II) . Second, the lack of a change in
the magnitude of facilitation by the procedures that raised Ca21 influx during a
presynaptic impulse could be accounted for by this hypothesis (Figs. 5B and 6A) .
The tail part of the facilitation, however, deviated from the values expected
from the present residual Ca2+ hypothesis (Fig . 1) . It is possible that the deviation
results from the simple assumptions of the initial fast and subsequent single-
exponential decay of the increased [Ca2+]i in the terminal (presumably by diffu-
sion of Ca2+ away from the internal surface of the membrane) after an impulse,
as shown in Fig. 2 (Zucker and Stockbridge, 1983; Stockbridge and Moore,
1984). There must be much slower removal processes of intraterminal Ca2+ ,
e.g ., active Ca2+ extrusion at the plasma membrane or Ca.2+ uptake by Ca2+ -
storing organelles, such as mitochondria and endoplasmic reticulum. In any case,
however, it is quite clear that the deviation of the tail part of the facilitation
from the theory does not seriously affect the conclusion, since the present analysis
was limited to a period during which these slow processes would be negligible .

The role of cooperative actions of Ca' in facilitation . If the present residual
Ca2+ hypothesis formulated for the facilitation of evoked release is correct, it
should also hold for a change in spontaneous release after a presynaptic spike.
In fact., there was a slight rise in the frequency of miniature EPSPs (MEPSPs)
after the generation of a single fast EPSP, which was estimated to be 1 .24
(± 0 .07, n = 5) of the control (MS = 4.1 ± 1 .0 quanta/s) for the period of 500
Ins, beginning at 100 ms after a spike. The residual Ca2+ hypothesis predicts
increases in the MEPSP frequency of 11 .0-51 .2, 2.71-6.45, 1 .74-2 .56, and
1 .48-1 .82 for n values of 1, 2, 3, and 4, respectively (see Appendix B) . A
comparison between experimental and theoretical values for changes in MEPSP
frequency after a single fast EPSP would give a restriction to the n value in the
present hypothesis, which is >4. This value of n in the bullfrog sympathetic
ganglia is consistent with those in other preparations, e.g ., 2 or 3 for the squid
giant synapse (Charlton et al ., 1982 ; Zucker and Stockbridge, 1983 ; Smith et al .,
1985), 4 for the frog endplate (Dodge and Rahamimoff, 1967; Stockbridge and
Moore, 1984), and 5 for the crayfish neuromuscular junction (Zucker and Lara-
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Estrella, 1983) . Thus, the existence of cooperative action of Ca" at the presyn-
aptic terminal is obviously essential for the residual Ca2+ hypothesis to be valid
for the facilitation of both spontaneous and evoked release . The precise value of
n in the bullfrog sympathetic ganglia, however, must be determined in a more
explicit way . Nevertheless, it is quite clear that this ambiguity does not affect the
conclusion of the increased basal [Ca211, for the mechanism of the ALTP.

The origin of Ca2+ for the ALTP. An increase in the basal [Ca21], in the
terminal could be caused by either a mobilization of Ca21 from the internal store
or an increase in the resting Ca21 influx in the terminal membrane. Although
we cannot decide between these possibilities, there is a finding that may be
worthwhile to discuss . In regard to the first possibility, it might be assumed that
the amount of Ca21 to be mobilized in the terminal would be relatively inde-
pendent of the extracellular Ca2+. If this were the case, raising the extracellular
Ca21 would not change the magnitude of adrenaline-induced rise in basal [Ca2+];,

but would increase the Ca21 influx during a presynaptic impulse . This would
decrease the magnitude of the ALTP according to Eq . 7 . Although this was
indeed observed at a relatively higher value of the Ca2+/Mg2+ ratio (another
reason for this will be given later), the magnitude of the ALTP was constant in
a low range ofthe ratio (Table III), which is inconsistent with the first possibility .
On the other hand, if the elevation of basal [Ca2+1, is due to a rise in resting Ca2+

influx, raising the extracellular Ca21 would enhance a rise in the basal [Ca2+], (u)
in proportion to an increase in Ca2+ influx during a presynaptic impulse (yo) .
Under this condition, the magnitude of the ALTP would not be changed
considerably, as expected from Eq. 7 . This was the case in a certain range of
Ca2+ concentration . However, when the extracellular Ca2+ was raised further,
the ALTP eventually decreased because of the nonlinear dependence of release
mechanism on Ca2+ according to Eq. 6 .

Other Possible Mechanismsfor the ALTP
There is no direct evidence to support or rule out the possibilities that the
synthesis of transmitter in the preganglionic terminals and the efficacy of the
excitation-secretion coupling mechanism, presumably including exocytosis of the
terminal membrane, were increased during the ALTP. However, the reduction
offacilitation during the ALTP and the dependence of the ALTP on the external
Ca" concentration may not be accounted for by these two mechanisms . Accord-
ingly, it can be concluded that an increase in the basal level of Ca" in the
terminal is the best explanation for the enhancement of transmitter release
during the ALTP.

APPENDIX A

Estimation of Facilitations During a Train of Fast EPSPs from the Facilitation
Induced by Paired Stimuli

We assume that yo , y, and kf are the same for every nerve impulse and that the individual
yo and y during a train sum linearly with c. At time t after the arrival ofj impulses with a
time interval (t), an increment in [Ca"]; is expressed as

y[l - exp(-jkft)lexp(-kft)
1 - exp(-kJt)
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Accordingly, the ratio of the amplitude of the (j + 1)th fast EPSP (Ej,) to the jth one
[E(i-,),] is

E,,	_

	

1 + (w - 1)H - wHi+'
E(j-, ), - [ 1 + (w - 1)H - wHl ] '

where H = exp(-kft). From this equation, it is obvious that as the number of impulses (j)
increases, the amplitude of the fast EPSP becomes constant .

APPENDIX B

Facilitation of Spontaneous Transmitter Release Predicted from the Residual
Ca2+ Hypothesis

The [Ca2+]i during facilitation at t (greater than the refractory period of a presynaptic
spike) after a conditioning impulse is larger byy-exp(-kft) than the basal level, c, as shown
in Fig . 2 . Like the evoked release, the frequency of spontaneous transmitter release is
assumed to be proportional to the nth power of Ca. 2+ concentrations in the nerve terminal .
Then, integrating release probability from t = t, to t2 after the conditional stimulus yields
the ratio of the number of quanta released spontaneously during a post-stimulus period
(t2 - t,) to that during an equivalent period before the conditional one :

which is
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