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Multitude of ion channels in the regulation of
transmitter release

Rami Rahamimo¡*, Alexander Butkevich, Dessislava Duridanova{, Ronit Ahdut,
Emanuel Harari and Sylvia G. Kachalsky
Department of Physiology and the Bernard Katz Minerva Centre for Cell Biophysics, Hebrew University Hadassah Medical School,
POBox 12272, Jerusalem 91120, Israel

The presynaptic nerve terminal is of key importance in communication in the nervous system. Its
primary role is to release transmitter quanta on the arrival of an appropriate stimulus. The structural
basis of these transmitter quanta are the synaptic vesicles that fuse with the surface membrane of the
nerve terminal, to release their content of neurotransmitter molecules and other vesicular components.
We subdivide the control of quantal release into two major classes: the processes that take place before the
fusion of the synaptic vesicle with the surface membrane (the pre-fusion control) and the processes that
occur after the fusion of the vesicle (the post-fusion control). The pre-fusion control is the main
determinant of transmitter release. It is achieved by a wide variety of cellular components, among them
the ion channels. There are reports of several hundred di¡erent ion channel molecules at the surface
membrane of the nerve terminal, that for convenience can be grouped into eight major categories. They
are the voltage-dependent calcium channels, the potassium channels, the calcium-gated potassium
channels, the sodium channels, the chloride channels, the non-selective channels, the ligand gated
channels and the stretch-activated channels. There are several categories of intracellular channels in the
mitochondria, endoplasmic reticulum and the synaptic vesicles. We speculate that the vesicle channels
may be of an importance in the post-fusion control of transmitter release.

Keywords: ion channels; neurotransmitters; synaptic vesicles

1. INTRODUCTION

The function of the nervous system is based on the ability
of nerve cells to communicate with each other. The
communication is achieved primarily by synaptic
transmission (Katz 1969, 1986), where the presynaptic
nerve terminals release neurotransmitters that act on the
postsynaptic membrane. It was the process of transmitter
release that was the main interest of Bruno Ceccarelli and
his colleagues. In this ¢eld they made many fundamental
observations regarding structure and function of the
presynaptic nerve terminal (Ceccarelli et al. 1972, 1973,
1979, 1988; Ceccarelli & Hurlbut 1980b; Fesce et al. 1980,
1986; Haimann et al. 1987; Hurlbut et al. 1990; Meldolesi &
Ceccarelli 1981;TorriTarelli et al. 1985, 1987).
Transmitter release from the presynaptic nerve terminal,

following nerve stimulation, is a multistep process. In most
cases it starts with the generation of an action potential in
the presynaptic nerve, its conduction to the terminal,
where it opens voltage-dependent ion channels. The
opening of ion channels causes calcium ions to £ow into
the nerve terminal interior, where they activate the fusion
machinery, which causes the fusion of the synaptic vesicle
with the surface membrane and the release of transmitter.
This review article deals with the ion channels that are

involved in the process of transmitter release, from two
di¡erent viewpoints: the channels participating in the
triggering of quantal release of transmitter (Meir et al.
1998) and channels in the synaptic vesicles (Rahamimo¡ et
al. 1989;Yakir & Rahamimo¡ 1995).

2. SURFACE MEMBRANE CHANNELS

The surface membrane of the nerve terminal possesses a
large number of di¡erent ion channels. A rough estimate is
that in di¡erent nerve terminal preparations, many
hundreds of di¡erent ion channel molecules have been
described. For organizational convenience, the various ion
channels are subdivided into categories (for example,
calcium channels, non-selective channels, ligand gated
channels, etc.). There are at least eight major categories of
ion channels in the surface membrane. The categories are
then subdivided into channel types (for example, the
voltage-dependent calcium channels category in the nerve
terminal comprises N, L, P, Q , R and T types). The
channel types in turn consist of di¡erent channel molecules.

(a) Calcium channels
It is undoubtedly well established that calcium ions are

crucial for transmitter release (e.g. Augustine & Charlton
1986; Augustine et al. 1985a,b). It is therefore reasonable
to conclude that calcium channels, being the major route
for calcium entry into nerve terminals, play a key role in
regulation of synaptic transmission.
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A huge number of calcium channel exist in the nervous
system. Most of the channels are voltage-dependent and
are classi¢ed as low-voltage activated (LVA) and high-
voltage activated (HVA) channels. The threshold of
activation in the former group is slightly above the
resting potential, whereas in the latter group it is
substantially higher (towards 0mV). The pharmaco-
logical classi¢cation arranges the channels into six types:
L, N, P, Q , R and T. At the molecular level, there may
be hundreds, if not thousands of di¡erent subunit
compositions of calcium channels (see Meir et al. 1998).
We speculate that such a large number of molecules
regulating calcium entry into the nerve terminal allows
for a great plasticity in transmitter release, and thus in
synaptic communication.

(b) Potassium channels
Opening of these channels produces an outward

current causing the hyperpolarization of the surface
membrane. Consequently, these channels are involved
mainly in repolarization of the membrane during action
potential; in after-hyperpolarization, which follows an
action potential; and in maintaining the resting potential
of the plasma membrane. They are also involved in
ending periods of strong activity of the nerve terminals,
such as bursts, and in modulation of ¢ring rates.

At least six di¡erent types of potassium channels exist
in nerve terminals. These include the fast, transient A-
type channels; slowly activating KS channels, delayed
recti¢er channels, which activate rapidly but exhibit little
or no inactivation; calcium- and ATP-gated channels, and
S channels, blocked by the neurotransmitter serotonin.
A large number of di¡erent channel molecules have

been described in various nerve terminals. For example,
at least nine di¡erent calcium-gated potassium channels
varying in their electrophysiological characteristics have
been directly recorded in nerve terminals. There are at
least 12 di¡erent mammalian genes encoding A-type
channels. Taken into account that di¡erent types of
potassium channels can coexist at the same terminal (e.g.

Bartschat & Blaustein 1985; Bielefeldt et al. 1992), one
realizes that the number of possible combinations of
potassium channels that can be present in the surface
membrane of nerve terminal is immense. This large
variety in the armamentarium of potassium channels at
nerve terminals probably serves to tailor each terminal to
the speci¢c functions of the synapses in di¡erent locations
in the nervous system in di¡erent species.

(c) Calcium-gated potassium channels
These channels open in response to raising intracellular

calcium concentration [Ca2+]in or in response to depolari-
zation and raising [Ca2+]in. In nerve terminals, calcium-
gated potassium channels are clustered close to calcium
channels (Issa & Hudspeth 1994; Roberts 1994; Roberts et
al. 1990; Robitaille et al. 1993a,b). These channels are
probably of importance in the regulation of transmitter
release during the repetitive activity of the nerve terminal.
The repetitive activity of the terminal causes an increase in
[Ca2+]in (Brethes et al. 1987; Jackson et al. 1991) and thus an
increase in calcium-gated current (Hayashi & Stuart 1993;
Kretz et al. 1982). The activated potassium current causes
hyperpolarization of the membrane, reducing the release
of transmitter.

(d) Sodium channels
Sodium channels play a pivotal role in the generation

of action potential. Since the amount of transmitter
liberated by an action potential depends on the shape of
the depolarization (Katz & Miledi 1965, 1967a^ c),
sodium channels may be of signi¢cance in regulation of
transmitter release. An additional role of sodium channels
is regulation of the intracellular sodium concentration,
which determines the [Ca2+]in through the sodium^
calcium exchanger.

Sodium channels have been found on various nerve
terminals in numerous preparations (Bablito et al. 1986;
Cazalis et al. 1987; Clark & Brooks 1989; Coniglio et al.
1993; Fatatis et al. 1992; Legendre et al. 1988; Lemos et al.
1986; Liao et al. 1991; Mason & Dyball 1986; Salzberg et
al. 1983).

(e) Chloride channels
In most animal cells the equilibrium potential of

chloride is close to the resting potential. Opening of
chloride channels causes increase in membrane conduc-
tance and decrease in the excitability of nerve terminal
(Rudomin 1990). Indeed, it has been shown that
presynaptic chloride channels are involved in presynaptic
inhibition (Dudel & Ku¥er 1961). Chloride channels may
also be of importance in determining which branch of
axon will be activated by an action potential. By
decreasing excitability of one branch (through localized
activation of chloride channels), action potential can be
directed to a speci¢c location (Eguibar et al. 1994; Zhang
& Jackson 1993).

Several types of chloride channels are found at
presynaptic nerve terminals. These include GABAA (e.g.
Finger & Martin 1989; Jackson & Zhang 1995) and
GABAC (e.g. Lukasiewicz 1996) receptors, Ca2+-activated
Clÿ channels (Hussy 1992), glycine receptors (Engblom et
al. 1996; Wahl et al. 1994) and voltage-gated chloride
channels (Edry-Schiller et al. 1991b).
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Figure 1. Schematic drawing of the presynaptic nerve
terminal and di¡erent categories of ion channels in the surface
membrane.
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(f) Non-selective channels
Non-selective channels do not distinguish between

anions and cations. For example, a large non-selective
channel described in fusedTorpedo synaptosomes conducts
Na+ K+, Ca2+, Clÿ and even neurotransmitter acetyl-
choline almost equally well (Meir & Rahamimo¡ 1996).
At least ¢ve electrophysiologically di¡erent non-selective
channels has been recorded in various terminals, ranging
in conductance between 69 and 850 pS (Lemos &
Nordmann 1986; Meir & Rahamimo¡ 1996; Stuenkel et
al. 1990; Tarelius et al. 1990). The physiological role of
these channels is not clear, but at least in the case of the
channel in Torpedo electric organ, non-selective channels
can provide a route for calcium entry into nerve terminals
(Meir & Rahamimo¡ 1996).

(g) Ligand-gated channels
Ligand-gated channels can be subdivided into channels

gated by intracellular and extracellular ligands. The
latter are also called receptors. Presynaptic receptors to
neurotransmitters glutamate, acetylcholine, g-amino-
butyric acid (GABA) (for a review, see McGehee & Role
1996), serotonin (Crespi et al. 1997; Maura et al. 1992;
Nichols & Mollared 1996) and glycine (Engblom et al.
1996; Wahl et al. 1994) have been described in various
preparations. In addition to that purinergic P2X receptors
gated by ATP are also found in the surface membrane of
nerve terminals (Gu & MacDermott 1997; Motin &
Bennett 1995; Sun & Stanley 1996). Whereas acetyl-
choline, serotonin, glutamate and P2X receptors are
cationic channels, GABAandglycine receptors are predom-
inantly anionic channels, conducting chloride. These
receptors probably function in the presynaptic modulation
of transmitter release.

Channels gated by intracellular ligands include ATP-
gated potassium channels (Diest et al. 1992; Lee et al. 1995,
1996; Stanford & Lacey 1997; Takata et al. 1993;Watts et al.
1995;Ye et al. 1997) and Ca2+-gated potassium and chloride
(Okada et al. 1995) channels. ATP-gated K+ channels are
closed by raising intracellular ATP concentration. Thus,
the electrical activity of the nerve terminal and hence,
transmitter release, can be regulated by the energy content
through these channels.

(h) Stretch-activated channels
It has been known for more than 40 years that stretching

of the muscle^nerve synapse increases spontaneous
transmitter release (Fatt & Katz 1952). Recently, stretch-
activated ion channels have been described in various
preparations (Chen & Grinnell 1994, 1995, 1997; Ingber
1997; Sackin 1995). Thus, stretch-activated ion channels
may provide an additional means of regulation of the
activity of the nerve terminal.

(i) The bursting potassium channel
One of the channels we were interested in is the bursting

potassium channel in the fused Torpedo presynaptic nerve
endings (synaptosomes) (Edry-Schiller et al. 1991a) (¢gure
2a). Its features deserve a brief mention here.

This channel is the most common one in the fused
presynaptic nerve endings. It is highly selective for
potassium, and its activation and inactivation properties
are those of the A-type potassium channel (Edry-Schiller
et al. 1991a; Edry-Schiller & Rahamimo¡ 1993). The
behaviour of the channel shows a very interesting
property. The openings of the channel in response to
depolarization pulses are not random, but are dependent
on the `history' of the channel. The probability of opening
is greatly augmented if the channel was open by a
previous pulse. We termed this property a s̀tatistical
memory' (Rahamimo¡ et al. 1992). This memory lasts for
several hundred milliseconds to several seconds. Under
appropriate experimental conditions, oscillations in the
activity of the channel with a period of approximately
20 s can be observed (Rahamimo¡ et al. 1995) (¢gure 2b).
Experimental evidence shows that these properties are
likely to result from the entry of the channel into the
voltage-dependent inactivated state (Butkevich et al.
1997). We speculate that these properties may be of
importance in frequency modulation phenomena.

3. INTRACELLULAR CHANNELS

Many intracellular organelles have ion channels. In the
organelles present in the nerve terminals, ion channels
have been described in the synaptic vesicles. It is well
known that nerve terminals also have mitochondria and
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Figure 2. The bursting potassium channel in the fused presynaptic nerve terminals of Torpedo.(a) Examples of the channel's
activity. The membrane was depolarized from 120mV to +20mV for 250 s with a frequency of 1.25Hz. (b) Oscillations in the
activity of the bursting potassium channel. Autocorrelogram of 300 responses to depolarizatory pulses from 90mV to +20mV.
Stimulation frequency, 1.25Hz.
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endoplasmic reticulum, but much of the information
regarding the ion channels in these organelles comes from
other tissues.

(a) Channels in synaptic vesicles
Synaptic vesicles have a complex life-cycle, which

includes synthesis, ¢lling with transmitter (or transmit-
ters), transport to the release part of the nerve terminal,
docking at the active zone, activation, fusion with the
surface membrane, release of the stored transmitter,
retrieval of the vesicle into the cytoplasm and re¢lling
with transmitters. Many of these stages were the centre of
interest of Bruno Ceccarelli (Ceccarelli et al. 1972, 1973,
1979; Ceccarelli & Hurlbut 1980a,b; Fesce et al. 1980;
Hurlbut et al. 1990; Meldolesi & Ceccarelli 1981; Valtorta
et al. 1990). Here we would like to examine one speci¢c
aspect of the possible roles of ion channels in the life-cycle
of the synaptic vesicle. Ion channels were found in
synaptic vesicles isolated from nerve endings of theTorpedo
electric organ (DeRiemer et al. 1988; Kelly & Woodbury
1996; Rahamimo¡ et al. 1989, 1990;Woodbury 1995; Yakir
& Rahamimo¡ 1995) and in vesicles isolated from neuro-
secretory endings of the hypophysis (Lee et al. 1992). Six
di¡erent types of ion channels have been identi¢ed to
date (Woodbury 1995). For one type of channel, the mole-
cular structure has been determined to correspond to
synaptophysin (Thomas et al. 1988).

(b) The post-fusion hypothesis of transmitter release
Transmitter is released from the nerve terminals as pre-

formed, multimolecular quanta (for a summary, see Katz
1969).This was ¢rst found at the frog neuromuscular junc-
tion and afterwards in many other synapses. After the
discovery of the synaptic vesicles, it was proposed that
these vesicles form the structural basis for quantal release.
Many observations over the last decades con¢rm this
hypothesis (see Ceccarelli et al. 1973, 1979; Heuser 1989;
Heuser & Reese 1973, 1981). However, the vesicle hypoth-
esis for secretion is not devoid of problems, as summarized
recently (Rahamimo¡ & Fernandez1997).
In the past, it was proposed (Uvnas & Aborg 1983,

1989) that charged transmitter molecules are stored in
the synaptic vesicles in a bound form, bound to an ion
exchange matrix. For positively charged transmitters,
such as acetylcholine, the ion exchange matrix has a
negative charge. Proteoglycans and other charged poly-
mers that were found in the synaptic vesicle (Kiene &
Stadler 1987; Kuhn et al. 1988; Nanavati & Fernandez
1993; Stadler & Dowe 1982; Stadler & Kiene 1987) can
subserve this role. Hence, there is a need for cations in
the releasing synaptic vesicle. The positively charged
transmitter molecules have to be replaced with cations to
be released through the fusion pore. If this is the case,
then the ion channels in the vesicle membrane may have
a crucial role in quantal transmitter release. During the
fusion process, the membrane of the vesicle changes its
membrane potential according to the potential of the
surface membrane. If the voltage change is in the range of
the activation of the non-selective ion channels, then they
open and cations enter the vesicle, release the transmitter
from the ion exchange matrix and make it available for
release through the fusion pore. Such a mechanism will
have a limited value if a complete fusion occurs between

the vesicle membrane and the surface membrane, but will
be of great importance if a temporary fusion, nicknamed
`kiss and run' (Fesce et al. 1994), happens. If such a
sequence of events does take place, then a post-fusion
control of transmitter release is possible.

A growing number of articles, coming from various
disciplines, suggest that there is a dynamic exchange of
the contents between di¡erent pools such as clathrin-
coated, dense-core and synaptic vesicles, sorting
endosomes and lysosomes (Artalejo et al. 1998; Palfrey &
Artalejo 1998; Storrie & Desjardins 1996). In many cases
a `kiss and run' was postulated (Ceccarelli & Hurlbut
1980a; Fesce et al. 1994; Meldolesi & Ceccarelli 1981). The
essence of the `kiss and run' model is the possibility for
immediate recycling of secretory and endocytotic vesicles
after their èmptying'.

The kiss and run model accounts for some of the
important observations regarding vesicular behaviour,
such as fast transient changes in the target membrane
capacitance and the rapid kinetics of the vesicle recycling
(Alvarez De Toledo et al. 1993; Henkel & Almers 1996;
Rosenboom & Lindau 1994; Ryan et al. 1993, 1996).

(c) Channels in mitochondria and endoplasmic
reticulum

In mitochondria, several ion channels were found, they
can be divided into voltage-dependent ion channels, ATP-
sensitive K+ channels, anion channels and voltage-
independent high-conductance ion channels. Voltage-
dependent ion channels were found in the inner
mitochondrial membrane and can be divided into
channels with a conductance of around 100 pS and 40 pS
(Sorgato et al. 1987, 1989). ATP-sensitive K+ channels are
highly selective for K+, can be reversibly inactivated by
ATP and have a conductance of 910 pS (Inoue et al. 1991).

Of special interest are the mitochondrial channels
involved in regulation of intracellular calcium concentra-
tion ([Ca2+]in) in the presynaptic nerve terminal. The
role of the mitochondrion in regulation of presynaptic
[Ca2+]in was under a substantial controversy in the last
two decades. On one hand, mitochondria are abundant in
the presynaptic nerve terminals and their inhibition
(which in isolated systems causes a release of their
calcium) augments transmitter release (Alnaes & Raha-
mimo¡ 1975); on the other hand, attempts to estimate
their calcium content yielded low values (Blaustein et al.
1980). The controversy was resolved only recently by
molecular biology (David et al. 1998). Imaging showed
that mitochondria take a very active part in the regula-
tion of [Ca]in after a small number of nerve impulses (see
Melamed-Book & Rahamimo¡ 1998).

The endoplasmic reticulum calcium channels are
very important in many cell functions, e.g. protein
phosphorylation, gene expression, and probably long-
term potentiation and depression (Reyes & Stanton
1996). The intracellular channels responsible for the rapid
and localized release of calcium ions from intracellular
stores are the inositol (1,4,5)P3 receptors (IP3Rs) and
ryanodine receptors (RYRs). They belong to two di¡erent
multigene families with high similarity in their general
organization (for a comprehensive review, see Pozzan et
al. 1994). Changes in the intracellular calcium concentra-
tion are a¡ected by the temporal^spatial distribution of
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intracellular calcium pools and channels. They were
found in the axons of mammalian and avian Purkinje
neurons and lately in the presynaptic boutons of chicken
cerebellum (Ouyang et al. 1997).

4. CONCLUSION

In conclusion, a huge number of di¡erent ion channels
regulate transmitter release from presynaptic nerve
terminals. Ion channels at the plasma membrane are
involved in pre-fusion control of the release, whereas
channels in synaptic vesicles may be important for a post-
fusion control. In addition, ion channels in mitochondria
and endoplasmic reticulum may in£uence transmitter
release through a¡ecting intraterminal calcium concentra-
tion.We speculate that this multitude of ion channels may
allow for a wide spectrum of activities of di¡erent nerve
terminals and be of importance in synaptic plasticity.

The work was supported by the German Israel Foundation
(GIF), Israel Science Foundation, US^Israel Binational Science
Foundation and the Bernard Katz Minerva Centre for Cell
Biophysics. Fellowships provided by the Foulkes Foundation,
Harry Stern Fund and Lady Davis Foundation are greatly
appreciated.

REFERENCES

Alnaes, E. & Rahamimo¡, R. 1975 On the role of mitochondria
in transmitter release from motor nerve terminals. J. Physiol.
Lond. 248, 285^306.

Alvarez DeToledo, G., Fernandez-Chason, R. & Fernandez, J. M.
1993 Release of secretory products during transient vesicle
fusion.Nature 363, 554^558.

Artalejo, C. R., Elhamadani, A. & Palfrey, H. C. 1998
Secretion: dense-core vesicles can kiss and run too. Curr. Biol.
8, R62^R65.

Augustine, G. J. & Charlton, M. P. 1986 Calcium dependence of
presynaptic calcium current and post-synaptic response at the
squid giant synapse. J. Physiol. Lond. 381, 619^640.

Augustine, G. J., Charlton, M. P. & Smith, S. J. 1985a Calcium
entry and transmitter release at voltage-clamped nerve term-
inals of squid. J. Physiol. Lond. 367, 163^181.

Augustine, G. J., Charlton, M. P. & Smith, S. J. 1985b Calcium
entry into voltage-clamped presynaptic terminals of squid. J.
Physiol. Lond. 367, 143^162.

Bablito, J., Jover, E. & Couraud, F. 1986 Activation of the
voltage-sensitive sodium channel by a beta-scorpion toxin in
rat brain nerve-ending particles. J. Neurochem. 46, 1763^1770.

Bartschat, D. K. & Blaustein, M. P. 1985 Potassium channels in
isolated presynaptic nerve terminals from rat brain. J. Physiol.
Lond. 361, 419^440.

Bielefeldt, K., Rotter, J. L. & Jackson, M. B. 1992 Three potas-
sium channels in rat posterior pituitary nerve terminals.
J. Physiol. Lond. 458, 41^67.

Blaustein, M. P., McGraw, C. F., Somlyo, A. V. & Schweitzer,
E. S. 1980 How is the cytoplasmatic calcium concentration
controlled in nerve terminal? J. Physiol. Paris 76, 459^470.

Brethes, D., Dayanathi, G., Letellier, L. & Nordmann, J. J. 1987
Depolarization-induced Ca2+ increase in isolated neurosecre-
tory nerve terminals measured with fura-2. Proc. Natl Acad. Sci.
USA 84, 1439^1443.

Butkevich, A., Ohana, O., Meir, A. & Rahamimo¡, R.1997 Volt-
age dependent switch in the activity mode of the K+ channel
in presynaptic nerve terminals. NeuroReport 8, 2539^2545.

Cazalis, M., Dayanithi, G. & Nordmann, J. J. 1987 Hormone
release from isolated nerve endings of the rat neurohypo-
physis. J. Physiol. Lond. 390, 55^70.

Ceccarelli, B. & Hurlbut, W. P. 1980a Ca2+-dependent recycling
of synaptic vesicles at the frog neuromuscular junction. J. Cell
Biol. 87, 297^303.

Ceccarelli, B. & Hurlbut, W. P. 1980b Vesicle hypothesis of the
release of quanta of acetylcholine. Physiol. Rev. 60, 396^411.

Ceccarelli, B., Hurlbut, W. P. & Mauro, A. 1972 Depletion of
vesicles from frog neuromuscular junctions by prolonged
tetanic stimulation. J. Cell Biol. 54, 30^38.

Ceccarelli, B., Hurlbut, W. P. & Mauro, A. 1973 Turnover of
transmitter and synaptic vesicles at the frog neuromuscular
junction. J. Cell Biol. 57, 499^524.

Ceccarelli, B., Grohouaz, F. & Hurlbut, W. P. 1979 Freeze frac-
ture studies of frog neuromuscular junctions during intense
release of neurotransmitter. II. E¡ects of electrical stimulation
and high potassium. J. Cell Biol. 81, 178^192.

Ceccarelli, B., Hurlbut, W. P. & Iezzi, N. 1988 E¡ect of alpha-
latrotoxin on the frog neuromuscular junction at low
temperature. J. Physiol. Lond. 402, 195^217.

Chen, B. M. & Grinnell, A. D. 1994 Regulation of transmitter
release by muscle length in frog motor nerve terminals.
Dynamics of the e¡ect and the role of integrin-ECM interac-
tions. Adv. Second Messenger Phosphoprotein Res. 29, 383^398.

Chen, B. M. & Grinnell, A. D. 1995 Integrins and modulation
of transmitter release from motor nerve terminals by stretch.
Science 269, 1578^1780.

Chen, B. M. & Grinnell, A. D. 1997 Kinetics, Ca2+ depen-
dence, and biophysical properties of integrin-mediated
mechanical modulation of transmitter release from frog motor
nerve terminals. J. Neurosci. 17, 904^916.

Clark, J. M. & Brooks, M. W. 1989 Role of ion channels and
intraterminal calcium homeostasis in the action of deltame-
thrin at presynaptic nerve terminals. Biochem. Pharmacol. 38,
2233^2245.

Coniglio, L. M., Hardwick, J. C. & Parsons, R. L. 1993
Quantal transmitter release at snake twitch and tonic muscle
¢bres during prolonged nerve terminal depolarization. J.
Physiol. Lond. 466, 383^403.

Crespi, D., Gobbi, M. & Mennini, T. 1997 5-HT3 serotonin
receptors inhibit [3H]acetylcholine release in rat cortical
synaptosomes. Pharmacol. Res. 35, 351^354.

David, G., Barrett, J. N. & Barrett, E. F. 1998 Evidence that
mitochondria bu¡er physiological calcium loads in lizard
motor nerve terminals. J. Physiol. Lond. 509, 59^65.

DeRiemer, S. A., Martin, R., Rahamimo¡, R., Sakmann, B. &
Stadler, H. 1988 Use of fused synaptosomes or synaptic vesi-
cles to study ion channels involved in neurotransmission. In
Ion channel modulation (ed. A. D. Grinnel, D. L. Armstrong &
M. B. Jackson), pp. 407^414. NewYork: Plenum Press.

Diest, M., Repp, H. & Dreyer, F. 1992 Sulfonylurea-sensitive
K+ channels and their probable role for the membrane
potential of mouse motor nerve endings. P£u« gers Arch. 421,
292^294.

Dudel, J. & Ku¥er, W. 1961 Presynaptic inhibition at the cray-
¢sh neuromuscular junction. J. Physiol. Lond. 155, 542^562.

Edry-Schiller, J. & Rahamimo¡, R. 1993 Activation and inacti-
vation of the bursting potassium channel from fused Torpedo
synaptosomes. J. Physiol. Lond. 471, 659^678.

Edry-Schiller, J., Ginsburg, S. & Rahamimo¡, R. 1991a A
bursting potassium channel in isolated cholinergic synapto-
somes ofTorpedo electric organ. J. Physiol. Lond. 439, 627^647.

Edry-Schiller, J., Ginsburg, S. & Rahamimo¡, R. 1991b A
chloride channel in isolated fused synaptosomes fromTorpedo
electric organ. J. Physiol. Lond. 438, 627^647.

Eguibar, J. R., Quevedo, J., Jimenez, I. & Rudomin, P. 1994
Selective cortical control of information £ow through

Ion channels and transmitter release R. Rahamimo¡ and others 285

Phil.Trans. R. Soc. Lond. B (1999)

 rstb.royalsocietypublishing.orgDownloaded from 

http://rstb.royalsocietypublishing.org/


di¡erent intraspinal collaterals of the same muscle a¡erent
¢ber. Brain Res. 643, 328^333.

Engblom, A. C., Eriksson, K. S. & Akerman, K. E. 1996
Glycine and GABAA receptor-mediated chloride £uxes in
synaptoneurosomes from di¡erent parts of the rat brain. Brain
Res. 712, 74^83.

Fatatis, A., Holtzclaw, L., Payza, K. & Russell, J. T. 1992
Secretion from rat neurohypophysial nerve terminals (neuro-
secretosomes) rapidly inactivates despite continued elevation
of intracellular Ca2+. Brain Res. 574, 33^41.

Fatt, P. & Katz, B. 1952 Spontaneous subthreshold activity at
motor nerve endings. J. Physiol. Lond. 117, 109^128.

Fesce, R., Grohovaz, F., Hurlbut, W. P. & Ceccarelli, B. 1980
Freeze-fracture studies of frog neuromuscular junctions
during intense release of neurotransmitter. III. A morpho-
metric analysis of the number and diameter of
intramembrane particles. J. Cell Biol. 85, 337^345.

Fesce, R., Segal, J. R., Ceccarelli, B. & Hurlbut,W. P.1986 E¡ects
of black widow spider venom and Ca2+ on quantal secretion
at the frog neuromuscular junction. J. Gen. Physiol. 88, 59^81.

Fesce, R., Grohovaz, F., Valtorta, F. & Meldolesi, J. 1994
Neurotransmitter release: fusion of `kiss and run'.Trends Cell
Biol. 4, 14.

Finger,W. &Martin, C.1989 Presynaptic e¡ect of gamma-amino-
butyric acid on the inhibitory nerve and nerve terminals
in the cray¢sh neuromuscular junction. Neurosci. Lett. 97,
129^134.

Gu, J. G. & MacDermott, A. B. 1997 Activation of ATP-gated
P2X receptors ellicits glutamate release from sensory neuron
synapses. Nature 389, 349^353.

Haimann, C., Meldolesi, J. & Ceccarelli, B. 1987 The phorbol
ester, 12-O-tetradecanoyl-phorbol-13-acetate, enhances the
evoked quanta release of acetylcholine at the frog neuromus-
cular junction. P£u« gers Arch. 408, 27^31.

Hayashi, J. H. & Stuart, A. E. 1993 Currents in the presynaptic
terminal arbors of barnacle photoreceptors. Vis. Neurosci. 10,
261^270.

Henkel, A. W. & Almers, W. 1996 Fast steps in exocytosis and
endocytosis studied by capacitance methods in endocrine
cells. Curr. Opin. Neurobiol. 6, 350^357.

Heuser, J. E. 1989 Review of electron microscopic evidence
favouring vesicle exocytosis as the structural basis for quantal
release during synaptic transmission. Q. Jl Exp. Physiol. 74,
1051^1069.

Heuser, J. E. & Reese, T. S. 1973 Evidence of recycling of
synaptic vesicle membrane during transmitter release at the
frog neuromuscular junction. J. Cell Biol. 57, 315^344.

Heuser, J. E. & Reese, T. S. 1981 Structural changes after trans-
mitter release at the frog neuromuscular junction. J. Cell Biol.
88, 564^580.

Hurlbut, W. P., Iezzi, N., Fesce, R. & Ceccarelli, B. 1990
Correlation between quantal secretion and vesicle loss at the
frog neuromuscular junction. J. Physiol. Lond. 425, 501^526.

Hussy, N. 1992 Calcium-activated chloride channels in cultured
embryonic Xenopus spinal neurons. J. Neurophysiol. 68,
2042^2050.

Ingber, D. E. 1997 Tensegrity: the architectural basis of cellular
mechanotransduction. A. Rev. Physiol. 59, 575^599.

Inoue, I., Nagase, H., Kishi, K. & Higuty, T. 1991 ATP-sensitive
K+ channel in the mitochondrial inner membrane. Nature 352,
244^247.

Issa, N. P. & Hudspeth, A. J. 1994 Clustering of Ca2+ channels
and Ca2+-activated K+ channels at £uorescently labeled
presynaptic active zones of hair cells. Proc. Natn. Acad. Sci. USA
91, 7578^7582.

Jackson, M. B. & Zhang, S. J. 1995 Action potential propagation
and propagation block by GABA in rat posterior pituitary
nerve terminals. J. Physiol. Lond. 483, 597^611.

Jackson, M. B., Konnerth, A. & Augustin, G. J. 1991 Action
potential broadening and frequency-dependent facilitation of
calcium signals in pituiutary nerve terminals. Proc. Natn. Acad.
Sci. USA 88, 380^384.

Katz, B. 1969 The release of neural transmitter substances.The
Sherrington Lectures, No. X. Liverpool University Press.

Katz, B. 1986 Bayliss-Starling memorial lecture (1985).
Reminiscences of a physiologist, 50 years after. J. Physiol.
Lond. 370, 1^12.

Katz, B. & Miledi, R. 1965 Release of acetylcholine from a
nerve terminal by electric pulses of variable strength and
duration. Nature 207, 1097^1098.

Katz, B. & Miledi, R. 1967a Modi¢cation of transmitter release
by electrical interference with motor nerve endings. Proc. R.
Soc. Lond. B167, 1^7.

Katz, B. & Miledi, R. 1967b The release of acetylcholine from
nerve endings by graded electric pulses. Proc. R. Soc. Lond.
B167, 23^38.

Katz, B. & Miledi, R. 1967c Tetrodotoxin and neuromuscular
transmission. Proc. R. Soc. Lond. B167, 822.

Kelly, M. L. & Woodbury, D. J. 1996 Ion channels from
synaptic vesicle membrane fragments reconstituted into lipid
bilayers. Biophys. J. 70, 2593^2599.

Kiene, M. L. & Stadler, H. 1987 Synaptic vesicles in electromo-
toneurones. I. Axonal transport, site of transmitter uptake
and processing of a core proteoglycan during maturation.
EMBOJ. 6, 2209^2215.

Kretz, R., Shapiro, E. & Kandel, E. R. 1982 Post-tetanic poten-
tiation at an identi¢ed synapse in Aplysia is correlated with a
Ca2+-activated K+ current in the presynaptic neuron:
evidence for Ca2+ accumulation. Proc. Natl Acad. Sci. USA 79,
5430^5434.

Kuhn, D. M., Volknandt, W., Stadler, H. & Zimmermann, H.
1988 Cholinergic vesicle-speci¢c proteoglycan: stability in
isolated vesicles and in synaptosomes during induced trans-
mitter release. J. Neurochem. 50, 11^16.

Lee, C. J., Dayanithi, G., Nordmann, J. J. & Lemos, J. R. 1992
Possible role during exocytosis of a Ca2+-activated channel in
neurohypophysial granules. Neuron 8, 335^342.

Lee, K., Dixon, A. K., Rowe, I. C., Ashford, M. L. &
Richardson, P. J. 1995 Direct demonstration of sulfonylurea-
sensitive KATP channels on nerve terminals of the rat motor
cortex. Br. J. Pharmacol. 115, 385^387.

Lee, K., Dixon, A. K., Rowe, I. C., Ashford, M. L. &
Richardson, P. J. 1996 The high-a¤nity sulphonylurea
receptor regulates KATP channels in nerve terminals of the
rat motor cortex. J. Neurochem. 66, 2562^2571.

Legendre, P., Tixier Vidal, A., Brigant, J. L. & Vincent, J. D.
1988 Electrophysiology and ultrastructure of mouse hypotha-
lamic neurons in culture: a correlative analysis during
development. Brain Res. 471, 273^285.

Lemos, J. R. & Nordmann, J. J. 1986 Ionic channels and
hormone release from peptidergic nerve terminals. J. Exp.
Biol. 124, 53^72.

Lemos, J. R., Nordmann, J. J., Cooke, I. M. & Stuenkel, E. L.
1986 Single channels and ionic currents in peptidergic nerve
terminals. Nature 319, 410^412.

Liao, G. S., Maillard,M. &Kiraly,M.1991Ion channels involved
in the presynaptic hyperexcitability inducedby herpes virus suis
in rat superior cervical ganglion.Neurosci. 41,797^807.

Lukasiewicz, P. D. 1996 GABAC receptors in the vertebrate
retina. Mol. Neurobiol. 12, 181^194.

McGehee, D. S. & Role, L. W. 1996 Presynaptic ionotropic
receptors. Curr. Opin. Neurobiol. 6, 342^349.

Mason, W. T. & Dyball, R. E. 1986 Single ion channel activity
in peptidergic nerve terminals of the isolated rat neuro-
hypophysis related to stimulation of neural stalk axons. Brain
Res. 383, 279^286.

286 R. Rahamimo¡ and others Ion channels and transmitter release

Phil.Trans. R. Soc. Lond. B (1999)

 rstb.royalsocietypublishing.orgDownloaded from 

http://rstb.royalsocietypublishing.org/


Maura, G., Andrioli, G. C., Cavazzani, P. & Raiteri, M. 1992
5-hydroxytryptamine3 receptors sited on cholinergic axon
terminals of human cerebral cortex mediate inhibition of acet-
ylcholine release. J. Neurochem. 58, 2334^2337.

Meir, A. & Rahamimo¡, R. 1996 A voltage-dependent and
calcium-permeable ion channel in fused presynaptic terminals
ofTorpedo. J. Neurophysiol. 75, 1858^1870.

Meir, A., Ginsburg, S., Butkevich, A., Kachalsky, S. G.,
Kaiserman, I., Ahdut, R., Demirgoren, S. & Rahamimo¡,
R. 1998 Ion channels in presynaptic nerve terminals and
control transmitter release. Physiol. Rev. (In the press.)

Melamed-Book, N. & Rahamimo¡, R. 1998 The revival of the
role of the mitochondrion in regulation of transmitter release.
J. Physiol. 509, 2.

Meldolesi, J. & Ceccarelli, B. 1981 Exocytosis and membrane
recycling. Phil.Trans. R. Soc. Lond. B 296, 55^65.

Motin, L. & Bennett, M. R. 1995 E¡ect of P2-purinoceptor
antagonists on glutamatergic transmission in the rat hippo-
campus. Br. J. Pharmacol. 115, 1276^1280.

Nanavati, C. & Fernandez, J. M. 1993 The secretory granule
matrix: a fast-acting smart polymer. Science 259, 963^965.

Nichols, R. A. & Mollared, P. 1996 Direct observation of sero-
tonin 5-HT3 receptor-induced increases in calcium levels in
individual brain nerve terminals. J. Neurochem. 67, 581^592.

Okada, T., Horiguchi, H. & Tachibana, M. 1995 Ca2+-depen-
dent Clÿ current at the presynaptic terminals of gold¢sh
retinal bipolar cells. Neurosci. Res. 23, 297^303.

Ouyang,Y., Martone, M. E., Deerinck, T. J., Airey, J. A., Sutko,
J. L. & Ellisman, M. H. 1997 Di¡erential distribution and
subcellular localization of ryanodine receptor isoforms in
the chicken cerebellum during development. Brain Res. 775,
52^62.

Palfrey, H. C. & Artalejo, C. R. 1998 Vesicle recycling revisited:
rapid endocytosis may be the ¢rst step. Neurosci. 83, 969^989.

Pozzan, T., Rizzuto, R., Volpe, P. & Meldolesi, J. 1994
Molecular and cellular physiology of intracellular calcium
stores. Physiol. Rev. 74, 595^636.

Rahamimo¡, R. & Fernandez, J. M. 1997 Pre- and postfusion
regulation of transmitter release. Neuron 18, 17^27.

Rahamimo¡, R., DeRiemer, S. A., Ginsburg, S., Kaiserman, I.,
Sakmann, B., Shapira, R., Stadler, H. & Yakir, N. 1989 Ionic
channels in synaptic vesicles: are they involved in transmitter
release? Q. Jl Exp. Physiol. 74, 1019^1031.

Rahamimo¡, R., DeRiemer, S. A., Ginsburg, S., Kaiserman, I.,
Sakmann, B., Stadler, H. & Yakir, N. 1990 Ionic channels
and proteins in synaptic vesicles: facts and speculations. J.
Basic Clin. Physiol. Pharmacol. 1, 7^17.

Rahamimo¡, R., Edry-Schiller, J. & Ginsburg, S. 1992 A long
closed state of the synaptosomal bursting potassium
channel confers a statistical memory. J. Neurophysiol. 68,
2260^2263.

Rahamimo¡, R., Edry-Sciller, J., Rubin-Fraenkel, M.,
Butkevich, A. & Ginsburg, S. 1995 Oscillations in the activity
of a potassium channel at the presynaptic nerve terminal. J.
Neurophysiol. 73, 2448^2458.

Reyes, M. & Stanton, P. K. 1996 Induction of hippocampal
long-term depression requires release of Ca2+ from separate
presynaptic and postsynaptic intracellular stores. J. Neurosci.
16, 5951^5960.

Rizzuto, R., Brini, M., Bastianutto, C., Marsault, R. & Pozzan,
T. 1995 Photoprotein-mediated measurements of calcium ion
concentration in mitochondria of living cells. Meth. Enzymol.
260, 417^428.

Roberts,W. M. 1994 Localization of calcium signals by a mobile
calcium bu¡er in frog saccular hair cells. J. Neurosci. 14,
3246^3262.

Roberts, W. M., Jacobs, R. A. & Hudspeth, A. J. 1990
Colocalization of ion channels involved in frequency

selectivity and synaptic transmission at presynaptic active
zones of hair cells. J. Neurosci. 10, 3664^3684.

Robitaille, R., Adler, E. M. & Charlton, M. P. 1993a Calcium
channels and calcium-gated potassium channels at the frog
neuromuscular junction. J. Physiol. Paris 87, 15^24.

Robitaille, R., Garcia, M. L., Kaczorowski, G. J. & Charlton,
M. P. 1993b Functional colocalization of calcium and calcium-
gated potassium channels in control of transmitter release.
Neuron 11, 645^655.

Rosenboom, H. & Lindau, M. 1994 Exo-endocytosis and
closing of the ¢ssion pore during endocytosis in single
pituitary nerve terminals. Proc. Natl Acad. Sci. USA 91,
5267^5271.

Rudomin, P. 1990 Presynaptic inhibition of muscle spindle and
tendon organ a¡erents in the mammalian spinal cord.Trends
Neurosci. 13, 499^505.

Ryan,T. A., Reuter, H.,Wendland, B., Schweitzer, F.,Tsien, R.W.
& Smith, S. J. 1993 The kinetics of synaptic vesicle recycling
measured at single presynaptic boutons.Neuron11,713^724.

Ryan, T. A., Smith, S. J. & Reuter, H. 1996 The timing of
synaptic vesicle endocytosis. Proc. Natl Acad. Sci. USA 93,
5567^5571.

Sackin, H. 1995 Stretch-activated ion channels. Kidney Int. 48,
1134^1147.

Salzberg, B. M., Obaid, A. L., Senseman, D. M. & Gainer, H.
1983 Optical recording of action potentials from vertebrate
nerve terminals using potentiometric probes provides evidence
for sodiumand calcium components.Nature 306, 36^40.

Sorgato, M. C., Keller, B. U. & Stuhmer, W. 1987 Patch
clamping of the inner mitochondrial membrane reveals a
voltage-dependent ion channel. Nature 330, 498^500.

Sorgato, M. C., Moran, O., De Pinto, V., Keller, B. U. &
Stuehmer, W. 1989 Further investigation on the high-conduc-
tance ion channel of the inner membrane of mitochondria. J.
Bioenerg. Biomembr. 21, 485^496.

Stadler, H. & Dowe, G. H. C. 1982 Identi¢cation of a heparin
sulphate containing proteoglycan as a speci¢c core compo-
nent of cholinergic synaptic vesicles fromTorpedo marmorata.
Eur. Mol. Biol. J. 1, 1381^1384.

Stadler, H. & Kiene, M. L. 1987 Synaptic vesicles in electro-
moneurones. II. Heterogeneity of populations is expressed in
uptake properties; exocytosis and insertion of a core
proteoglycan into the extracellular matrix. EMBO J. 6,
2217^2221.

Stanford, T. M. & Lacey, M. G. 1997 Electrophysiological
investigation of adenosine triphosphate sensitive potassium
channels in rat substantia nigra pars reticulata. Neurosci. 74,
499^509.

Storrie, B. & Desjardins, M. 1996 The biogenesis of lysosomes:
is it a kiss and run, continuous fusion and ¢ssion process? Bio
Essays 18, 895^903.

Stuenkel, E. L., Ruben, P., Cooke, I. M. & Lemos, J. R. 1990
Sodium-activated cation channels in peptidergic nerve term-
inals. Brain Res. 517, 35^43.

Sun, X. & Stanley, E. 1996 An ATP-activated, ligand-gated ion
channel on a cholinergic presynaptic nerve terminal. Proc. Natl
Acad. Sci. USA 93, 1895^1863.

Takata,Y., Shimada, F. & Kato, H. 1993 Possible involvement of
ATP-sensitive K+ channels in the inhibition of rat central
adrenergic neurotransmission under hypoxia. Jap. J.
Pharmacol. 62, 279^287.

Tarelius, E., Hanke, W. & Breer, H. 1990 Identi¢cation of a
cationic channel in synaptosomal membranes. Eur. Biophys. J.
19, 79^86.

Thomas, L., Hartung, K., Langosch, D., Rehm, H., Bamberg,
E., Franke, W. W. & Betz, H. 1988 Identi¢cation of synapto-
physin as a hexameric channel protein of the synaptic vesicle
membrane. Science 242, 1050^1053.

Ion channels and transmitter release R. Rahamimo¡ and others 287

Phil.Trans. R. Soc. Lond. B (1999)

 rstb.royalsocietypublishing.orgDownloaded from 

http://rstb.royalsocietypublishing.org/


Torri Tarelli, F., Grohovaz, F., Fesce, R. & Ceccarelli, B. 1985
Temporal coincidence between synaptic vesicle fusion and
quantal secretion of acetylcholine. J. Cell Biol. 101,
1386^1399.

Torri Tarelli, F., Haimann, C. & Ceccarelli, B. 1987 Coated
acetylcholine at the neuromuscular junction. J. Neurocytol. 16,
205^214.

Uvnas, B. & Aborg, C. H. 1983 Cation exchangeöa common
mechanism in the storage and release of biogenic amines
stored in granules (vesicles)? Acta Physiol. Scand. 119,
225^234.

Uvnas, B. & Aborg, C. H. 1989 Role of ion exchange in release
of biogenic amines. News Physiol. Sci. 4, 68^71.

Valtorta, F., Fesce, R., Grohovaz, F., Haimann, C., Hurlbut,W. P.,
Iezzi, N., Torri Tarelli, F., Villa, A. & Ceccarelli, B. 1990
Neurotransmitter release and synaptic vesicle recycling.
Neurosci. 35, 477^489.

Wahl, P., Elster, L. & Schousboe, A. 1994 Identi¢cation and
function of glycine receptors in cultured cerebellar granule
cells. J. Neurochem. 62, 2457^2463.

Watts, A. E., Hicks, G. A. & Henderson, G. 1995 Putative pre-
and postsynaptic ATP-sensitive potassium channels in the rat
substantia nigra in vitro. J. Neurosci. 15, 3065^3074.

Woodbury, D. J. 1995 Evaluation of the evidence for ion
channels in synaptic vesicles. Mol. Membr. Biol. 12, 165^171.

Yakir, N. & Rahamimo¡, R. 1995 The non-speci¢c ion channel
inTorpedo ocellata fused synaptic vesicles. J. Physiol. Lond. 485,
683^697.

Ye, G. L., Leung, C. K. S. & Yung, W. H. 1997 Presynaptic
e¡ect of the ATP sensitive potassium channel opener diaz-
oxide on rat substantia nigra pars reticulata neurons. Brain
Res. 753, 1^7.

Zhang, S. J. & Jackson, M. B. 1993 GABA-activated chloride
channels in secretory nerve endings. Science 259, 531^534.

288 R. Rahamimo¡ and others Ion channels and transmitter release

Phil.Trans. R. Soc. Lond. B (1999)

 rstb.royalsocietypublishing.orgDownloaded from 

http://rstb.royalsocietypublishing.org/

