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Strength and precision of neurotransmission
at mammalian presynaptic terminals

By Tomoyuki TAKAHASHI*1,†

(Communicated by Masanori OTSUKA, M.J.A.)

Abstract: Classically, the basic concept of chemical synaptic transmission was established at
the frog neuromuscular junction, and direct intracellular recordings from presynaptic terminals at
the squid giant presynaptic terminal have further clarified principles of neurotransmitter release.
More recently, whole-cell patch-camp recordings from the calyx of Held in rodent brainstem slices
have extended the classical concept to mammalian synapses providing new insights into the
mechanisms underlying strength and precision of neurotransmission and developmental changes
therein. This review summarizes findings from our laboratory and others on these subjects, mainly
at the calyx of Held, with a particular focus on precise, high-fidelity, fast neurotransmission. The
mechanisms by which presynaptic terminals acquire strong, precise neurotransmission during
postnatal development are also discussed.
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Introduction

Since Sherrington introduced the term “synapse”
for the neuro-neuronal nexus,1) the basic concept of
chemical synaptic transmission has been established
by electrophysiological studies at the frog neuro-
muscular junction (NMJ) as well as at the squid
stellate ganglion giant synapse. At the frog NMJ,
Ca2D-dependent neurotransmitter release2) and the
quantal nature of neurotransmission3) were discov-
ered. The latter finding led Katz to predict vesicular
transmitter release.4) At the squid synapse, the
biophysical nature of neurotransmission including
the input-to-output correlation of electrical signals
was clarified with simultaneous pre- and postsynaptic

intracellular recordings,5),6) and molecular mecha-
nisms of transmitter release7),8) were investigated by
direct injections of pharmacological reagents into
presynaptic terminals.

These pioneering studies of synaptic transmis-
sion were accomplished at visually identified presy-
naptic terminals, whereas investigations of neuro-
transmission in the mammalian central nervous
system (CNS) were performed with blind micro-
electrode recordings from anesthetized animals.9)

Attempts to visualize CNS neurons were made using
cultured neurons10) and cerebellar slices.11) Intra-
cellular recordings were then made from neurons
visualized in thin slices of immature rat spinal cord
(Fig. 1A).12) Later, patch-clamp techniques were
applied to this thin slice preparation, thereby
enabling stable recordings from neurons in various
CNS regions (Fig. 1B),13) as well as at different
postnatal developmental stages (Fig. 1C).14) This
“slice-patch-clamp” method was subsequently applied
to a giant presynaptic terminal, the calyx of Held, in
auditory brainstem slices of rodents (Fig. 1D).15)–17)

Hence, this giant synapse slice preparation has
become a model mammalian synapse for investigat-
ing molecular and cellular mechanisms of neuro-
transmission. The large structure of the calyx of Held
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allows direct access to the presynaptic terminal with
whole-cell patch pipettes, enabling researchers to
load pharmacological tools or to manipulate intra-

terminal ionic composition. It is also possible to
measure intra-terminal Ca2D concentration and its
spatio-temporal profile (Fig. 1E).18) The calyx of
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Fig. 1. Development of slice preparations and recording techniques. A, Left panel, a thin slice preparation of neonatal rat spinal cord
immobilized on a cover glass with fibrin clots.12) Middle left, neurons in the ventral horn are visualized with a Nomarski differential
interference condenser and a 40X water immersion objective. A glass microelectrode for intracellular recording is advanced from the
left. Middle right, an action potential elicited by a supra-threshold depolarizing current pulse (upper traces) superimposed with
subthreshold and hyperpolarizing potentials. Right, spontaneous synaptic potentials recorded from the neuron. B, Cleaning the
neuronal surface to facilitate G+ seal formation with patch-clamp pipettes.13) C, Postnatal developmental acceleration of glycine
receptor channel current kinetics.14) Glycine-induced single channel currents in outside-out patches excised from a dorsal horn neuron
in 4-day-old (4P; time scale, 200ms) and 16P (right; time scale, 20ms) rats. Graph indicates single channel mean open time (left
panel) undergoing developmental shortening. Right panel, mean decay time constant of glycinergic inhibitory postsynaptic currents
(sample records on the right), undergoing developmental acceleration of their decay times. D, Simultaneous pre- and postsynaptic
whole-cell recording from the calyx of Held (left pipette) and a principal cell in the medial nucleus of the trapezoid body (MNTB, right
pipette). A presynaptic action potential (AP, upper trace) elicits an EPSC (lower traces). E, AP-induced Ca2D transients recorded
from different confocal spots on the calyx of Held terminal loaded with the Ca2D indicator Oregon green BAPTA-5N (100µM).72) Left
sample traces, a Ca2D transient from a hot spot on the release face (yellow) and that from the non-release face (green) are
superimposed with an AP. Right, a calyx terminal is visualized with Alexa 594 co-loaded with the Ca2D indicator. Ca2D transients
from different spots (red) on the release face (yellow) and on the non-release face (green) on the calyx are shown.
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Held is a typical, high-fidelity fast glutamatergic
synapse, with strong synaptic efficacy and precise
neurotransmission with synchronous transmitter
release, contributing to sound localization by de-
tecting inter-aural differences in sound intensity.19)

Likewise, precise neurotransmission is essential for a
wide range of fast synapses, such as those involved
in coincidence detection for sensory cognition or
Hebbian-type memory formation20),21) as well as for
motor co-ordination.22),23) At the rodent calyx of
Held, synaptic strength and precision are acquired
during postnatal development, particularly during
the second week when animals start to hear
sound.24),25)

Quantal nature of transmitter release
at a mammalian CNS synapse

The quantal nature of neurotransmitter release
is clearly demonstrated at amphibian NMJ, where
miniature end-plate potentials (mepps) represent
unit postsynaptic responses to neurotransmitter3)

released from single vesicles. However, it took a long

time before the quantum release hypothesis was
fully accepted for the mammalian CNS.26) This was
mainly because multiple synaptic inputs to most
CNS neurons made it difficult to confirm spontaneous
miniature responses as units of nerve-evoked synaptic
responses. Exceptionally, at the calyx of Held
synapse, the postsynaptic neuron in the medial
nucleus of the trapezoid body (MNTB) receives a
single glutamatergic input from a globular bushy cell
in the anterior ventral cochlear nucleus, allowing the
quantum hypothesis to be tested.27) The amplitude
distribution of spontaneous miniature excitatory
postsynaptic currents (mEPSCs) recorded from
MNTB neurons approximately fits a Gaussian
distribution (Fig. 2). Depolarization of the presynap-
tic terminal increases mEPSC frequency, but has
no effect on mEPSC amplitude, i.e., quantal size
(Fig. 2A), as at the frog NMJ.28) In a low [Ca2D]/
[Mg2D] bath solution, EPSC amplitude distribution
is described by Poisson’s law as:

PðrÞ ¼ ðmr=r!Þe�m;

A B

Fig. 2. Quantal nature of postsynaptic currents at the calyx of Held synapse.27) A, Amplitude histograms of mEPSCs at a presynaptic
holding potential of !70mV (upper panel) and !30mV (lower panel). Sample records of mEPSCs are shown in insets. Upon
presynaptic depolarization, mEPSC frequency increases from 8.5Hz (at !70mV) to 166Hz (at !30mV), but neither the mean
amplitude nor the coefficient of variation (CV F standard deviation/mean) of mEPSCs changed. B, Quantal nature of evoked EPSCs.
Upper right panel, amplitude histograms of mEPSCs and background noise (black). Lower left panel, amplitude histogram of evoked
EPSCs, including failure events, in 0.65mM [Ca2D]-4.5mM [Mg2D] artificial cerebro-spinal fluid (aCSF), with multiple Gaussian
curves (dashed lines) calculated from Poisson’s law.
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where P(r) represents the probability that a presy-
naptic AP will induce release of r (0,1,2,3+) quanta,
and m represents the mean number of quanta
released in response to a presynaptic AP (Fig. 2B).
By definition, m is given as the EPSC/mEPSC
amplitude ratio provided that evoked transmitter
release occurs synchronously, and from Poisson’s law
as !ln (number of failures/number of stimulation
trials).3) These criteria all fit the calyx of Held, where
multiples of the mEPSC amplitude account for peaks
of the EPSC amplitude (Fig. 2B).

Synaptic strength as a determinant
of neuronal circuitry operation

At excitatory synapses, AP generation in post-
synaptic neurons and ensuing propagation in neuro-
nal circuitry is determined primarily by the EPSC
amplitude, representing synaptic strength,

I ¼ Npq

where N, p, and q represent the number of release
sites (or readily releasable vesicles), mean release
probability, and quantal size, respectively.3) At
excitatory synapses, strength of synaptic transmis-
sion represented by Npq plays pivotal roles in
functional operation of neuronal circuitries. When
Npq does not reach the AP threshold in a post-
synaptic neuron, electrical signals stop there, whereas
supra-threshold Npq generates APs that propagate
down into their axon terminals. In this regard, short-
and long-lasting changes in synaptic strength are
thought to underlie different lengths of memory
formation and cancellation, whereas its irreversible
decline may underlie various neuronal diseases. The
mechanisms determining N and p reside in presy-
naptic terminals, whereas q is determined by both
presynaptic and postsynaptic factors, i.e., vesicular
transmitter content and postsynaptic receptor den-
sity. It is of fundamental importance to clarify
molecular mechanisms underlying N, p, q and to
identify which of these parameters can be targeted by
signaling molecules.

Determinants of quantal size, q

It has long been believed that a quantal packet
of transmitter saturates postsynaptic receptors at
the CNS synapse. This is based on the finding that
“quantal size”, deduced from deconvolution of nerve-
evoked synaptic responses, has a small (e.g., 0.1)
coefficient of variation (CV), comparable to that of
background noise.29)–31) The saturation hypothesis
was supported by the prediction from a calculation

that vesicular transmitter content largely exceeds the
number of postsynaptic receptors activated by each
transmitter packet.32) However, later studies found
much larger CVs for “quantal size”, deduced from
synaptic currents by lowering p at various synapses in
CNS slices.33)–36) If quantal transmitter release satu-
rates postsynaptic receptors, the quantal size, q, is
determined predominantly by postsynaptic receptor
density. By contrast, if it does not, vesicular trans-
mitter content also determines q. A direct test of this
alternative hypothesis was made at the calyx of Held,
where the concentration of the neurotransmitter
glutamate in the presynaptic terminal cytosol can
be manipulated with a whole-cell patch pipette.
Whole-cell dialysis of calyceal terminals with gluta-
mate-free solution decreases the amplitude of EPSCs
because of time-dependent glutamate leakage out of
vesicles and a use-dependent increase in the number of
empty vesicles after recycling (Fig. 3A). If vesicular
glutamate normally saturates postsynaptic AMPA
receptors, glutamate overloading into vesicles will
not further increase the amplitude of mEPSCs (q)
or evoked EPSCs (I). When high concentrations of
glutamate were loaded into presynaptic terminals
with a patch pipette, both mEPSC and EPSC am-
plitudes significantly increased (Fig. 3B), indicating
that neither single nor multiple packets of transmitter
normally saturate postsynaptic AMPA receptors.37)

After exocytic release of transmitter, vesicles are
retrieved by endocytosis and refilled with transmitter
to be reused for another round of neurotransmission
(Fig. 3C). Refilling of vesicles with glutamate is
mediated by vesicular glutamate transporters
(VGLUTs),38) which actively transport glutamate
from presynaptic cytosol (3–5mM) into vesicles (80–
100mM) using an electrochemical gradient produced
by the proton pump vacuolar ATPase (Fig. 3C).
Glutamate uptake into isolated vesicles in vitro takes
tens of minutes,39),40) which is far too slow to account
for the time required for vesicle reuse at synapses
(940 s).41) The time needed to refill vesicles with
glutamate can be measured in the calyx nerve
terminal, first by reducing vesicular glutamate using
a glutamate-free pipette solution and then abruptly
increasing glutamate concentration using UV pho-
tolysis of caged MNI-glutamate (Fig. 3D).42) As
vesicles refill with glutamate, the EPSC amplitude
recovers due to vesicle refilling with glutamate. The
time constant of vesicular glutamate refilling esti-
mated from the EPSC recovery time is 15 s at room
temperature with a Q10 of 2.4, implying that full
refilling takes nearly 1min. Thus, vesicle refilling in
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intact presynaptic terminals is much faster than that
in vitro, but it still is a rate-limiting step for vesicle
reuse. The vesicle refilling time constant estimated
at glutamatergic presynaptic terminals constrains
the physiological role of fast vesicle endocytosis
and recycling, characterized as “kiss and run”43) or
“ultrafast endocytosis”.44)

Regulatory mechanisms underlying
the release probability p

Modulation of the transmitter release probabil-
ity, p, is a common presynaptic mechanism for
regulating synaptic strength. In the nerve terminal,
there are three main targets that can be involved in
regulation of p. One of these is the release machinery

comprising soluble N-ethylmaleimide-sensitive factor
activating protein receptors (SNAREs). Botulinum
toxin A and E inhibit the target (t)-SNARE SNAP-
25, and tetanus toxin blocks the vesicular (v)-SNARE
synaptobrevin, thereby inhibiting transmitter re-
lease. Another target in the presynaptic terminal is
the voltage-gated KD channel. Its activation hyper-
polarizes terminals, thereby deactivating voltage-
gated Ca2D channels (VGCCs) to reduce transmitter
release.45) Drugs such as cyclothiazide46) or 4-chloro-
m-cresol,47) or some lipid mediators48) inhibit voltage-
gated KD channels, thereby increasing p. VGCCs
are often coupled to GTP-binding protein-coupled
receptors (GPCRs), and probably the most common
presynaptic target for signaling molecules that have
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Fig. 3. Whole-cell manipulation of vesicular glutamate content.37),42) A, Mean amplitudes of evoked EPSCs (open circles) and mEPSCs
(filled circles) in the presence (upper panel) or absence (lower panel) of L-glutamate (10mM) in presynaptic terminal cytosol.37) Inset
records are presynaptic APs and EPSCs sampled from two epochs (i and ii) during whole terminal dialysis. B, Potentiation of evoked
EPSCs (open circles) and mEPSCs (filled circles) after loading L-glutamate (100mM) into presynaptic cytosol. C, Schematic drawing
of vesicle recycling and reuse in the nerve terminal. The bottom scheme represents vesicle refilling with glutamate that is driven by the
electrochemical proton gradient produced by vacuolar ATPase and mediated by vesicular glutamate transporter (VGLUT). D, Direct
estimation for the vesicle glutamate refilling rate. The speed of vesicle refilling with glutamate estimated at the calyx of Held, using
the MNI-glutamate photolysis.42)
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been studied to date. When a ligand binds to a
GPCR, the GPCR O. subunit is dissociated from the
, subunit and directly blocks VGCCs from inside, in
a so-called membrane-delimited manner. This type of
VGCC inhibition can be reproduced by direct loading
of O. subunits into the calyx of Held terminal.49)

Immature calyx of Held terminals express a variety of
GPCRs, including metabotropic glutamate receptors,
GABAB receptors, adenosine A1 receptors, and 5-
hydroxytryptophan 1B receptors, all of which inhibit
VGCCs via the GPCR O. subunit, thereby lowering
transmitter release probability.50)

During repetitive activation, presynaptic VGCCs
at the calyx of Held undergo facilitation followed by
inactivation (Fig. 4A).51) This activity-dependent

VGCC facilitation depends upon Ca2D entry that
triggers acceleration of channel gating.52),53) The
VGCC facilitation is mediated by the Ca2D-binding
protein neuronal calcium sensor 1 (NCS-1)54) and/or
calmodulin.55) Synaptic facilitation is caused by
residual Ca2D from the initial entry,56) and simple
summation of residual Ca2D and the Ca2D influx
during the subsequent pulse have been thought to
cause synaptic facilitation. At the calyx of Held,
this direct contribution of residual Ca2D to synaptic
facilitation is estimated at 30%.57) In addition, 50%
of the paired-pulse EPSC facilitation (at a 5ms
inter-pulse interval, Fig. 4B) can be explained by
VGCC facilitation caused by residual Ca2D.58),59) At
cerebellar inhibitory synapses, VGCC facilitation

WT

P/Q (-/-)

A C

B

Fig. 4. Activity-dependent VGCC facilitation. A, Repetitive activation of presynaptic Ca2D currents causes transient facilitation
followed by sustained inactivation of VGCCs at the calyx of Held.51) B, Paired-pulse presynaptic stimulation using AP-waveform
command pulses (top trace) induces facilitation of VGCCs (second traces) and ensuing EPSC facilitation (bottom trace) at the calyx
of Held (left panel). Manual attenuation of the AP-waveform command pulse amplitude to cancel VGCC facilitation reduces EPSC
facilitation (right panel). The percentage contribution of VGCC facilitation to EPSC facilitation is about 50%, irrespective of the
intracellular Ca2D buffer strength (lower bar graphs).58) In these experiments, p is lowered with botulinum toxin E included in
presynaptic pipettes to minimize synaptic depression. C, VGCC facilitation during repetitive stimulation at the calyx of Held in wild
type mice (WT, upper panel, with sample records in inset) and VGCC inactivation in P/Q-type VGCC knockout mice, where N-type
VGCCs take over the P/Q-type VGCC current (lower panel).60)
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almost fully accounts for synaptic facilitation (Shinya
Kawaguchi, personal communication). Another
mechanism postulated for synaptic facilitation is a
transient saturation of endogenous fixed Ca2D buffer
by Ca2D on the first entry, causing a greater Ca2D

concentration rise in the second Ca2D entry.57) Thus,
VGCC facilitation downstream of residual Ca2D is
an important mechanism underlying synaptic facili-
tation. VGCC facilitation is a unique feature of
CaV2.1 (P/Q-type).55),60),61) In mice with their
CaV2.1 genetically ablated, CaV2.2 (N-type) domi-
nates calyx synaptic transmission (Fig. 4C).60),61) In
these mice, repetitive stimulation causes VGCC
inactivation with no facilitation. VGCC inactivation
contributes to short-term synaptic depression during
sustained stimulation.51),60)

Maintenance of readily releasable
vesicle numbers, N

After exocytic fusion, synaptic vesicles are
retrieved by endocytosis into nerve terminals, refilled
with neurotransmitter and reused (Fig. 3C). This
vesicle recycling process comprises two important
steps, endocytosis and trafficking. Vesicle endocytosis
requires GTP hydrolysis by the GTP-binding protein
dynamin, which participate in fission of the nerve
terminal plasma membrane to reform vesicles. The
non-hydrolysable GTP analog GTP.S, when loaded
into calyceal terminals, blocks vesicle endocytosis
(Fig. 5B),62) as assessed from membrane capacitance
measurements (Fig. 5A). GTP.S has no immediate
effect on exocytosis, but gradually attenuates exocy-
tosis as stimulation proceeds, and eventually abol-
ishes it (Fig. 5B), due to a lack of vesicle recycling.
Thus, endocytic block secondarily blocks exocytosis.
Another mechanism postulated for the block of
exocytosis following endocytic block is a jammed
pathway from a release site to an endocytic site.
This type of block reportedly occurs shortly after
high frequency stimulation.63)

It is well established that exocytic transmitter
release is triggered by Ca2D. Although the depend-
ence of vesicle endocytosis upon Ca2D was contro-
versial, recent findings at immature calyces of
Held support the model of Ca2D dependence. Ca2D-
chelating agents (EGTA or BAPTA) loaded into
the calyx terminal attenuate endocytic capacitance
changes (Fig. 5C).64)–66) Thus, both exocytosis and
endocytosis of synaptic vesicles depend upon cyto-
solic [Ca2D] in the nerve terminal.

A balance between the rates of exocytosis and
endocytosis is essential for maintaining terminal

membrane area and vesicle number. This balance is
achieved in part by Ca2D entry, which simultaneously
accelerates both exo- and endocytosis. In addition,
there is an activity-dependent mechanism for exo-
endocytic balancing. During high-frequency stimula-
tion, vesicles undergo massive recycling. At the calyx
of Held, glutamate released by exocytosis activates
postsynaptic NMDA receptors, and ensuing post-
synaptic Ca2D entry stimulates NO synthesis.67)

Gaseous NO released from postsynaptic neurons
enters presynaptic terminals and stimulates soluble
guanylyl cyclase,68) thereby increasing cyclic GMP
concentration. Protein kinase G (PKG) activated
by cyclic GMP activates the G-protein RhoA,
thereby activating Rho kinase.69) Rho kinase
up-regulates phosphatidylinositol-4,5-bisphosphate
(PIP2) synthesis in the terminal membrane, thereby
accelerating vesicle endocytosis (Fig. 6A).68) In this
cascade, endocytosis is accelerated in proportion to
the rate of exocytosis. A similar feedback cascade also
operates at hippocampal synapses in culture,70)

suggesting that this is likely a general homeostatic
mechanism for the maintenance of high frequency
neurotransmission. In fact, a PKG inhibitor, when
loaded into the presynaptic terminal, slows endocytic
capacitance change and also reduces synaptic
fidelity during sustained high-frequency transmission
(Fig. 6B).68)

Mechanisms underlying the precision
of neurotransmission

Together with synaptic strength, synaptic pre-
cision is an important parameter for fast synaptic
transmission. Precisely timed AP generations at
postsynaptic neurons require synchronous transmit-
ter release. Thus, synaptic precision is defined as the
rate of transmitter release that can be estimated by
deconvolution of AP-evoked EPSCs with quantal
EPSCs.71) The coupling distance between VGCCs
and release-ready (primed) vesicles influence vesicle
release probability, as well as speed and synchronic-
ity of transmitter release. Recently, freeze fracture
replica immunogold labeling of Cav2.1 revealed that
VGCCs are distributed in clusters at the calyx of
Held (Fig. 7A),72) as well as at hippocampal73)

presynaptic terminals. Among Ca2D-chelating agents,
EGTA has a relatively slow binding on-rate
(107M!1 s!1);74) therefore it is used as a tool to assess
coupling distances between Ca2D sources and sensors.
At the calyx of Held in slices from P14 rats,
intra-terminal loading of 10mM EGTA by pipette
perfusion attenuates EPSC amplitude by 56%
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(Fig. 7B). This EGTA sensitivity constrains primed
vesicles outside of VGCC clusters (Fig. 7C). Cou-
pling distance between a VGCC cluster and a vesicle
is then defined most properly as the distance between
a vesicle and the perimeter, rather than the center,
of a VGCC cluster (Fig. 7D). With this topography
and definition, and the percentage inhibition by
EGTA of EPSC amplitude, by taking into account
the endogenous fixed buffer strength and kinetics, as
well as the stochastic nature of VGCC opening in
response to an AP, the “perimeter coupling distance”
can be estimated by simulation at 11–19 nm with 1–

64 VGCCs per cluster. The relatively narrow range of
coupling distance, compared with the broad variation
in assumed VGCC number, arises from the fact that
coupling distance is measured from the perimeter,
instead of the center of a VGCC cluster. As the
vesicle release probability p strongly depends on the
number of VGCCs per cluster (Fig. 7D), this model
predicts that synaptic precision is determined by the
“perimeter coupling distance” independently of the
synaptic strength parameter, p. This explains varia-
ble synaptic characters and their developmental
changes (see below).

A

C

B GTPγγS

Fig. 5. Synaptic vesicle endocytosis. A, The principle of membrane capacitance measurements. Exocytic fusion of vesicles increases the
surface area of nerve terminal plasma membranes, thereby causing an abrupt increase in presynaptic membrane capacitance ("Cm) as
monitored with a whole-cell patch pipette connected to a lock-in amplifier. During endocytosis, membrane retrieval of multiple
vesicles gradually decreases whole-terminal membrane capacitance. B, GTP.S (200µM) loaded into the calyx terminal blocks
endocytosis with no immediate effect on exocytosis (upper traces, with or without GTP.S, superimposed).62) However, exocytosis
gradually declines to a low level during repetitive stimulation in a use-dependent manner (lower panel). C, Intra-terminal loading of
EGTA (10mM, red trace) or BAPTA (1mM, blue) attenuates both exocytosis and endocytosis at the calyx of Held before hearing
onset. In the bottom panel, records are normalized at the exocytic "Cm amplitude and superimposed to show the time course of
endocytosis slowed by Ca2D chelators.66)
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Postnatal developmental changes in synaptic
strength and precision

Strength and precision of neurotransmission,
which support accurate brain functions, are acquired
during postnatal development. Activity-dependent
VGCC facilitation underlying synaptic facilitation
(Fig. 4) reflects the nature of P/Q-type Ca2D

channels (Cav2.1). In the early postnatal period,
multiple types of VGCCs including N-type (Cav2.2),
P/Q-type and R-type (Cav2.3) channels mediate
transmitter release in presynaptic terminals in
various CNS regions (Fig. 8A).75) As animals mature,
N- and R-type channels are down-regulated in nerve
terminals and synaptic transmission becomes pre-
dominantly mediated by P/Q-type channels at major
excitatory and inhibitory synapses with relatively
strong synaptic efficacy, such as the calyx of Held
synapse, the inhibitory synapse from cerebellar

Purkinje cells to deep cerebellar nuclear (DCN)
cells, and the reticulo-thalamic inhibitory synapse
(Fig. 8B).76) This developmental switching strength-
ens synaptic efficacy, particularly in response to high
frequency inputs, because of the facilitatory nature
of P/Q-type channels (Fig. 4). Interestingly, this
VGCC subtype exchange occurs specifically in the
nerve terminal, with no change in the cell body.77),78)

Thus, the developmental switch is caused by cellular
sorting of VGCC subtypes in nerve terminals rather
than direct de novo synthesis in cell somata. The
responsible mechanism was further pursued using
cerebellar slices in culture.78) In this slice culture,
Purkinje cells (PCs) and DCN cells can be visually
identified and IPSCs can be evoked in DCN cells in
response to extracellular stimulation of PC axons.
During early culture stages, IPSCs are blocked by
both the N-type specific blocker, B-conotoxin GVIA,
and the P/Q-type specific blocker, B-agatoxin IVA,

a

b

c

d

A B

Fig. 6. Retrograde feedback mechanism for maintenance of fidelity of high-frequency synaptic transmission at the calyx of Held.68),69)

A, The feedback cascade starting from exocytic release of glutamate, and acceleration of vesicle endocytosis via PIP2 upregulation.
B, Whole-cell loading of the PKG inhibitor Rp-cGMPS (3 µM) into the calyx presynaptic terminal (scheme in top panel) impairs
fidelity of synaptic transmission (output/input AP ratio, bottom panel) during 100Hz continuous stimulation of a presynaptic
terminal (“input” in top panel). Postsynaptic AP firings (sample traces in the middle panel at different epochs [a–d] during
stimulation, control in black and with Rp-cGMPS in red) are monitored with an extracellular electrode attached to an MNTB neuron
(“output” in top panel).
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but IPSCs gradually become resistant to B-conotoxin
with time. Thus, the slice culture system replicates
the postnatal N-to-P/Q type channel switch at
cerebellar PC-DCN synapses (Fig. 8C). At 12–14
days in vitro (DIV), the N-type channel fraction of
IPSCs is reduced to 14% (Fig. 8D). This fraction can
be reduced further to 1.4% when neuronal activity
during culture is enhanced with the GABAA receptor
blocker bicuculline. In contrast, block of neuronal
activity with tetrodotoxin (TTX) increases the N-
type fraction to 87%. This TTX effect can be
reproduced in vivo by chronically infusing TTX into
pup cerebella.78) Thus, during postnatal develop-
ment, increasing neuronal activity down-regulates
presynaptic N-type channels. How does it accomplish
this? It is suggested that the neurotrophin receptor
TrkB is involved because the TrkB ligand BDNF or

NT4 applied to culture media specifically counteracts
the up-regulatory effect of TTX on N-type channels,
whereas the TrkA ligand NGF or the TrkC ligand
NT3 has no such effect (Fig. 8D). BDNF and/or
NT4 released from cerebellar neurons in response to
APs may bind to TrkB, thereby inducing the N-to-P/
Q-type channel switch in developing nerve terminals.
Consistent with the Ca2D-dependent release of
neurotrophins, low [Ca2D]/high [Mg2D] culture media
increases the N-type channel fraction like TTX. The
molecular mechanism downstream of TrkB, causing
VGCC subtype sorting, remains to be clarified.

During the second postnatal week, at the calyx
of Held in rodents, synaptic strength remains similar
in response to low frequency inputs, but it increases
to high frequency inputs (Fig. 9A).79) This is because
of reciprocal changes in parameters p and N during

A

B

C

D

Fig. 7. VGCC-vesicle coupling in the calyx presynaptic terminal.72) A, Freeze-fracture immunogold labeling of Cav2.1 at the calyx of
Held of P14 rats. Upper left panel, Cav2.1 particles (5 nm) co-exist with active zone protein RIM immunogold particles (2 nm) within
the same cluster (encircled in green). Lower panel, Cav2.1 particles (artificially labeled in green) forming 4 clusters. Right panel, many
Cav2.1 clusters on the presynaptic surface. B, Attenuation of EPSC amplitude by 10mM EGTA switched at time 0 from 0.1mM
EGTA using pipette perfusion. C, Schematic drawing of the topography of a VGCC cluster and synaptic vesicles. D, Perimeter
coupling model. Top panel, contour plots for isovalue lines of EGTA inhibition (percentage of inhibition of EPSCs by 10mM EGTA)
around open VGCC clusters. Bottom panel, EGTA-inhibition vs perimeter coupling distance (PCD, upper panel) and vesicle release
probability (Pv) vs PCD (lower panel) assuming various number of open VGCCs in a cluster (1–64).
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development; p decreases, but N increases, both 2-
fold.79),80) Thus, as animals mature, a smaller fraction
of the larger vesicle pool is consumed in response to
a presynaptic AP. The main cause of the devel-
opmental decrease in p is the presynaptic AP
duration, which is shortened 2-fold from P7 to P14
(Fig. 9B),81),82) thereby decreasing the resulting Ca2D

influx.72) This developmental shortening of AP
duration is caused mainly by an increase in the
density of voltage-gated potassium channels and
acceleration in their gating kinetics (Fig. 9B).82)

Developmental changes in quantal parameters
are directed toward an increase in synaptic strength,
particularly for high frequency synaptic transmission.

Developmental changes are also directed toward an
increase in synaptic precision. Shortening of presy-
naptic AP duration reduces the synaptic delay, the
time from AP to transmitter release.72) Furthermore,
a numerical simulation constrained by EGTA
infusion experiments indicates that the coupling
distance from the perimeter of VGCC cluster to the
vesicular Ca2D sensor shortens by 910 nm from P7
to P14 in the calyx of Held (Fig. 9C) (Fig. 7B).72)

Together with AP acceleration, reduction of the
coupling distance shortens the synaptic delay by
0.4ms. Developmental shortening of the coupling
distance also enhances synchrony of transmitter
release, with the duration of the 50% release rate

D

C

B

A

Fig. 8. Developmental switch of VGCC subtypes. A, Multiple VGCC subtypes mediate synaptic transmission at CNS synapses.75) Bar
graphs indicate the proportion of VGCCs resistant to blockers of P/Q-type channels (filled bars), N-type channels (open bars) and L-
type channels (hatched bars) at cerebellar synapses (left column), spinal cord (middle) and hippocampus (right). B, Developmental
changes in the B-conotoxin-sensitive (N-type) fraction of postsynaptic currents.76) The N-type channel-dependent fraction becomes
undetectable after P20 in the calyx of Held, cerebellar PC-DCN and reticulo-thalamic synapses, whereas it remains essentially
constant throughout development at cerebellar and spinal cord synapses. C, The N-to-P/Q type switch at cerebellar PC-DCN
inhibitory synapses.76) IPSCs are sensitive to B-conotoxin at P7 (top panel), but become resistant at P16 (middle panel).
Developmental decline in the B-conotoxin-sensitive fraction of IPSCs (bottom panel). D, Effects of TTX, the pan-Trk antagonist
k252a, or neurotrophins DTTX, included in culture media, on the N-type channel (B-conotoxin-sensitive) fraction of IPSCs.78)

B-conotoxin sensitivity of IPSCs is tested in their absence at DIV12–14.
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diminishing by 0.2ms (Fig. 9C). Thus, both synaptic
strength and precision increase as animals mature.

To maintain high-frequency synaptic transmis-
sion with high fidelity, vesicular endocytosis is

coupled to exocytosis using Ca2D (Fig. 5). As animals
mature, at P14 calyces, vesicle endocytosis is no
longer attenuated by 10mM EGTA or 1mM
BAPTA (Fig. 9D, cf. Fig. 5C), whereas it is blocked

A

B

C

D

E

Fig. 9. Postnatal developmental changes in synaptic strength and precision. A, Developmental increase in synaptic strength to high
frequency inputs at the calyx of Held.79) Upper panel, EPSCs with similar amplitudes, evoked at 0.05Hz at P7, P10 and P14. Lower
panels, EPSCs evoked at 1Hz (sample records superimposed) undergo stronger depression at P7 than at P14 (left panel).
Developmental increase in steady state EPSC amplitude (Iss) during 1Hz stimulation (right panel, Iss/I1st in ordinate). B, Mechanisms
underlying developmental acceleration of presynaptic APs.82) Presynaptic APs at P7, P14 and P20 (left traces, superimposed).
Voltage-gated potassium currents evoked by depolarizing calyceal terminals from !80mV to 0mV in 20mV steps at P7, P14 and P20
(right upper panel). Developmental acceleration in the rising phase of potassium currents from P7 to P14 and P20 (superimposed
after normalizing current amplitudes in the right lower panel). C, Developmental increase in synaptic precision.72) APs (top traces),
EPSCs (middle traces) and vesicular release rate (bottom traces) calculated by deconvolution of EPSCs with mEPSCs at P7 (left
traces) and P14 (right) calyces of Held. Gray traces are those in the presence of 10mM EGTA. Right panels indicate release rates
(upper panel) and synaptic delays (lower panel) predicted by simulation for different PCDs (abscissae). AP waveforms at P7 (green
lines) and P14 (black lines) are used for the simulation. Left bottom, schematic drawings for vesicle (blue)-VGCC (black) couplings at
P7 and P14. D, Developmental decrease in the Ca2D domain area involved in vesicle endocytosis.66) 10mM EGTA (red trace) or 1mM
BAPTA (blue trace) no longer attenuates endocytic capacitance change after hearing onset (cf. Fig. 5C). Exocytic capacitance
magnitudes are normalized and superimposed in the rightmost panel. E, Developmental acquisition of the PKG-dependent signal
cascade for endocytic acceleration.68) Capacitance change induced by a 20ms depolarizing pulse at P7 (left) and P14 (right) calyces, in
the presence (red) or absence (black) of the PKG inhibitor Rp-cGMPS (3µM), in presynaptic terminals. Note the similar endocytic
time course between P7 and P14 in the presence of the PKG inhibitor.
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by 10mM BAPTA.66) Thus, the Ca2D domain that
primes endocytosis is narrowed during development.
The molecular mechanism determining coupling
distances between VGCC clusters and vesicles under-
going exocytosis or endocytosis remains unknown.
Another regulatory mechanism for balancing exo-
endocytosis is the PKG-dependent retrograde feed-
back mechanism (Fig. 6). This mechanism is ac-
quired during postnatal development. Endocytosis
following exocytosis evoked by a 20ms depolarizing
pulse is relatively slow at P7, with the PKG inhibitor
having no effect, but it becomes faster by P14
(Fig. 9E). In the presence of the PKG inhibitor,
endocytic time course at P14 is similar to that at P7.
Consistently, PKG expression in the calyx terminal
increases significantly from P7 to P14. Thus,
endocytosis is accelerated during development by
initiating the PKG-dependent retrograde feedback
cascade.68)

Future scope

In Drosophila,83) C. elegans84) and mice, genetic
techniques elucidated various roles of synaptic
molecules. However, there are many more molecules
of unknown function in presynaptic terminals. Condi-
tional gene manipulation techniques85) combined
with presynaptic functional analysis, will provide
new insights into their roles. Another powerful
approach in this regard will be shRNA knockdown
techniques that have been applied to a recently
developed giant presynaptic terminal in dissociated
neuronal culture (unpublished observations). A giant
presynaptic terminal culture preparation will also
facilitate real-time imaging of vesicle dynamics and
presynaptic molecular interactions correlated with
presynaptic functions.

Among many presynaptic molecules, overexpres-
sion of ,-synuclein is associated with Parkinson’s
disease.86) The microtubule-binding tau protein,
which localizes in axons and axon terminals, is
found at 8-fold higher concentrations, in phosphory-
lated form, in brain homogenates from Alzheimer’s
patients.87) Neurons derived from iPS cell lines from
psychiatric patients express mutated psychiatric
disorder related protein, Disrupted-in-Schizophrenia
1 (DISC1) and vesicular transmitter release at
glutamatergic synapses is impaired.88) Thus, the
nerve terminal may be the initiation site for various
neuronal diseases. In this respect, clarification of
presynaptic molecular interactions and cascades for
the maintenance of neurotransmission is essential for
both scientific and clinical reasons.
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