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Introduction
The inescapable relationship between form and function in biological systems has focused attention on the
giant synaptic endings in the central auditory system.
Two of these giant endings are the subject of this
article: endbulbs of Held that arise from myelinated
auditory nerve fibers and calyces of Held that arise
from globular bushy cells of the cochlear nucleus.
These endings form hundreds of synapses with their
targets and are implicated in fail-safe synaptic transmission that faithfully couples neural activity to environmental auditory events. The importance of this
linkage is the preservation of neural timing that codes
for all aspects of sound. Sounds only have significance
to us when they occur over time. This preservation of
timing within auditory signals enables the translation
of prosodic utterances into perceptible speech and the
processing of two cues used to localize sounds in
space, interaural time differences (ITDs) and interaural level (intensity) differences (ILDs).
The ITD and the ILD pathways contain some of the
largest, fastest, and most powerful synaptic endings
in the central nervous system. The ITD pathway is
initiated by the myelinated auditory nerve fibers that
give rise to large and highly branched axosomatic
endings called the endbulbs of Held. One or two of
these endbulbs converge onto the cell body of a spherical bushy cell in the anteroventral cochlear nucleus
(AVCN) that, in turn, transmits high-fidelity temporal information bilaterally to structures in the superior olivary complex. The ILD pathway is initiated by
myelinated auditory nerve fibers that give rise to
many smaller endbulbs that converge onto globular
bushy cells in the AVCN. Globular bushy cells project
to the contralateral medial nucleus of the trapezoid
body (MNTB) and form a giant axosomatic synaptic
ending called the calyx of Held. These two giant endings represent the key components for preserving
timing in the auditory system.

Endbulbs of Held: Morphology
Large endings of auditory nerve fibers were originally
described in Golgi-stained material by Hans Held in

1893. They were characterized in kittens as axosomatic, spoon-shaped endings with many filopodia
that marked the end of the anterior branch of the
fiber (Figure 1, left). When endings of the anterior
branch were labeled in the same location of the adult
cat, however, they appeared vastly different (Figure 1,
right). The question was whether the differences were
due to staining techniques or age of the animal studied. These endings were analyzed in an age-graded
series of cats using the Golgi stain and horseradish
peroxidase (HRP), demonstrating that the structural
differences were due to the age of the animal examined
(Figure 2). Auditory nerve fibers from every vertebrate
examined have exhibited large axosomatic endbulbs
of Held. These include the red-eared turtle, alligator
lizard, chickens, owls, guinea pigs, rats, cats, monkeys,
and humans. Endbulbs are found in the anteroventral
cochlear nucleus and make synaptic contact with neurons known as spherical bushy cells.
The phylogenetically conserved ending implies
functional significance for the processing of acoustic
information. The size of the ending suggests powerful
synaptic drive on the postsynaptic cell. The faithful
transmission of presynaptic activity to the postsynaptic cell ensures that neural activity in the brain is
yoked in time to acoustic events. The precision of
the timing forms the substrate for sound localization
as well as for translating sequences of sounds into
perceptible speech.

Synapses: Presynaptic Endings
The reliability of transmission at this synapse was
inferred from the observation that a small positive
potential, called the prepotential, occurred 0.5 ms
prior to the action potential. The prepotential was
interpreted to represent the depolarization of the endbulb, and the coupling between prepotential and spike
resulted in the notion of a fail-safe synapse that may
nonetheless be modulated by inhibition. This ending
has between 400 and 1500 release sites as calculated
through serial section electron microscopy. The release sites of endbulbs have the morphology typical
of normal synapses in the central nervous system
(Figure 3). They are characterized by the presynaptic
assemblage of clear, round synaptic vesicles, approximately 50–55 nm in diameter, that accumulate across
from convex, dome-shaped postsynaptic densities
(PSDs) of the postsynaptic membrane.
The postsynaptic density is visible as a small (on the
order of 0.5 mm in diameter or less) aggregation of
electron-dense material on the cytoplasmic side of the
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Figure 1 Left panel: Golgi-stained endbulbs of Held from neonatal kittens. They appear as spoon-shaped swellings with filopodia,
identical to the original description by Hans Held in 1893. Right panel: HRP-labeled endbulb from an adult cat. The contrast in morphology
of neonatal and adult cat endbulbs raised the question as to whether the differences were due to staining methods or age of the animals.

target membrane. The density is composed of neurotransmitter receptors, ion channels, signal transduction proteins, cytoskeletal proteins that anchor
receptors to the postsynaptic site, and adhesion molecules for proper alignment of pre- and postsynaptic
membranes. All of this machinery is essential for
chemical synaptic transmission. The main demand
on this transmission is speed. The auditory system
processes sound for spatial localization, identification, and communication. Inherent to these functions
is the ability to faithfully transmit rapid changes in
the acoustic signals. The amino acid glutamate is the
candidate for facilitating rapid transmission.
The unmistakable identification of glutamate as the
neurotransmitter of the auditory nerve has been impeded by the widespread distribution of glutamate
in nervous tissue and the inability to measure its
release during synaptic activity. As a result, research
strategies have been to analyze the effects of pharmacologic agonists and antagonists of glutamate, to study
the properties of glutamate receptor subunits, and/or to
characterize glutamate transporters. Quantitative
immunohistochemistry demonstrated greater labeling
over primary auditory nerve endings compared to nonprimary endings (containing flat or pleomorphic synaptic vesicles) or glia. Moreover, potassium-induced
depolarization that depleted glutamate significantly
lowered such staining in endbulb terminals. The presence of glutamate and one of its metabolic precursors
in the endbulb and the complementary distribution of
glutamate receptors (GluRs) in cochlear nucleus neurons represent strong inferential evidence that glutamate is the neurotransmitter. The involvement of
glutamate in auditory nerve synapses is greatly strengthened by observations that large postsynaptic

currents in cochlear nucleus slice recordings are blocked by glutamate receptor antagonists.

Synapses: Postsynaptic Targets
Receptors that reside in the PSD of the target cell seem
to be primarily of the ionotropic type that are formed
by several subunits surrounding a central ion pore.
Immunogold and immunoperoxidase methods demonstrate a strong reaction for GluR2/3 and GluR4.
Since GluR1 shows little or no immunolabeling
at endbulb synapses, it is inferred that most synaptic
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA) receptors are composed of GluR3 and
GluR4 subunits. These subunits facilitate fast transmission because of rapid desensitization. Moreover,
calcium permeability due to the lack of GluR2 could
account for the rapidly decaying responses of the
postsynaptic spherical bushy cells. Immunolabeling
of metabotropic glutamate receptors (mGluR1a) is
modest at the endbulb synapse.
N-Methyl-D-aspartate (NMDA) receptors feature a
voltage-dependent calcium channel. Opening of the
NMDA channel occurs as a result of depolarization
via the AMPA receptors. There are a number of different NMDA receptor subunits, including NR1,
NR2A–D, and NR3. Receptors are composed of
NR1 plus one or more variants of NR2, the combination of which determines physiological properties.
The role of these receptors at the endbulb synapse is
not known; they are present in the developing auditory system but they diminish by weaning.
The spiking pattern of auditory neurons is determined in part by the type of voltage-sensitive potassium
channels expressed. The activation and deactivation
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The time-varying nature of natural sounds requires
that accurate identification depends on the ability of
auditory neurons to encode timing. Vertebrates have
the capacity to discriminate between pitches that differ by as little as 2 ms in the period of the sound waves,
and to resolve differences on the order of 10 ms in
the time of arrival of a sound at the two ears. The
duration of single action potentials is significantly
longer than these timing differences, so it is remarkable that there are biological mechanisms that reliably preserve and transmit this information. There
are, however, a number of specializations in auditory
neurons that facilitate the processing demands.
One to two endbulbs of Held converge upon single
spherical bushy cells in the anteroventral cochlear
nucleus. It is estimated that a single auditory nerve
fiber will activate between 2000 and 10 000 AMPA
receptors. Excitatory postsynaptic potentials (EPSPs)
in bushy cells are brief and have very rapid rise times.
The consequences are (1) threshold is reached quickly,
(2) action potentials occur reliably and with little
temporal jitter, (3) endbulb depolarization produces
only one postsynaptic spike, and (4) refractory period
is short. As a result, spherical bushy cells exhibit the
ability to ‘follow’ repeated stimulation up to 300 Hz,
which is near the maximum firing rate of auditory
nerve fibers, but there is also ‘enhancement’ – these
cells perform better than the fibers. These factors
contribute to the coupling in time of neural discharges
to acoustic events by the auditory system.

Plasticity

10 µm
Figure 2 Developmental sequence of endbulbs of Held. Endbulbs were stained using either the Golgi or HRP method. Note
the progression of endbulb structure, from a spoon-shaped ending
to a highly branched arborization. This result emphasizes the
importance of age on structure and presumably function.

kinetics of potassium channels provide for rapid
repolarization of action potentials. These potassium
channels are abundant in spherical bushy cells. The
fast response is necessary because auditory neurons
maintain timing while responding to high rates of
synaptic input. The likely candidates for the low
voltage-activated and high voltage-activated potassium
currents in auditory neurons are Kv1.1 and Kv3.1,
respectively. The combination of AMPA receptors and
these potassium channels accounts for the brevity and
rapidity of auditory neuronal signaling.

The efficiency of synaptic transmission at the endbulb
synapse is well known and is determined by the
amplitude and time course of evoked excitatory postsynaptic currents (EPSCs). Both spontaneous and
evoked EPSCs, however, exhibit large fluctuations in
amplitude and time course. Because receptor desensitization did not play a role in this variability, it was
proposed that variability in response characteristics
was due to intrinsic fluctuations in release probability
and numbers of available receptors. Modulation of
release probability is achieved by varying calcium and
protein kinase C levels, which in turn can elicit shortterm plasticity of responses.
Evidence for long-term plasticity arises in different
forms. Auditory nerve fibers exhibit separate groupings on the basis of spontaneous discharge rates and
thresholds to activation. Low-spontaneous-rate (SR)
fibers have high thresholds, represent approximately
40% of the population of myelinated fibers, and give
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Figure 3 Electron micrograph through a section of endbulb containing a synapse (flanked by arrowheads). The ending contains
mitochondria and many clear, round synaptic vesicles. At the synapse, there is the signature arch of the postsynaptic membrane
accompanied by a fuzzy membrane thickening known as the postsynaptic density. The postsynaptic density contains neurotransmitter
receptors, ion channels, and structural proteins. Reproduced from Ryugo DK, Huchhton DM, Pongstapron T, and Niparko JK (1997)
Ultrastructural analysis of primary endings in deaf white cats: Morphologic alterations in endbulbs of Held. Journal of Comparative
Neurology 385: 230–244, with permission. Copyright (1997) by Wiley-Liss. Inc.

rise to endbulbs having very complicated arborizations. In contrast, high-SR fibers have low thresholds, represent roughly 60% of the population of
myelinated fibers, and give rise to endbulbs have less
complicated shapes (Figure 4). Under normal conditions, these two populations of endbulbs exhibit
different morphology.
In the event of congenital deafness, however, the
auditory nerve fibers have little spike activity, and the
resulting endbulbs appear withered (Figure 5). Moreover, the endbulb synapses of congenitally deaf cats
have a pathologic appearance when compared to
those of normal hearing cats (Figure 6(a), asterisks).
Those of congenitally deaf cats lack synaptic vesicles
and show hypertrophied, flattened postsynaptic densities (Figure 6(b), arrowheads). These synapses could
be rescued if miniaturized human cochlear implants
were surgically placed into congenitally deaf cats
(Figure 6(c), asterisks). The implanted cats were stimulated 7 h per day, 5 days per week for 10–12 weeks
using the same processing strategy and programming software used in children. Environmental sounds
had biological significance because the implanted
cats could routinely be ‘called’ for a food reward.
Since the cochlear nucleus gives rise to all ascending
auditory pathways, the preservation of the endbulb–
bushy cell circuit would support the faithful transmission of temporal cues contained within auditory
signals. It is proposed that the changes in endbulb
synapses by cochlear implants represent one key to
the development of integrative and cognitive brain
functions reflected in aural and oral communication
in deaf children.
Endbulbs of Held serve as a near one-to-one pipeline from a single inner hair cell to a single spherical

bushy cell. They are found in a wide variety of vertebrates, emphasizing evolutionary pressure for their
preservation. They are known for their reliability but
also exhibit structural and functional plasticity under
different conditions. Much remains to be learned
about these important synaptic endings.

Calyces of Held
The calyx of Held is perhaps the largest nerve terminal in the mammalian central nervous system (CNS)
and covers 25–50% of the postsynaptic somatic surface (Figure 7). It was recognized as the terminal
portion of an axon by Hans Held (1893), whose
name became associated with this structure via reference to the ‘calyces of Held’ by other neuroanatomists of his time. This structure figured in the great
debate over the neuron doctrine that blazed at the end
of the nineteenth century. Held and Camillo Golgi,
two leaders in the nascent field of neuroanatomy,
adhered to the theory that the nervous system was a
continuous reticulum, resembling a nerve net. Held
interpreted rodlike structures seen in the postsynaptic
neuron to be the injection of calyx fibrils into the
cytoplasm of its target. Ramón y Cajal claimed that
the rodlike structures belonged strictly to the postsynaptic neuron. His analysis of the calyx as supporting
the integrity of individual nerve cells was eventually
proved correct.
The advent of the electron microscope and singleneuron recording techniques in the mid-twentieth
century opened a second phase of study of this large
terminal and its functional role in hearing. Round
synaptic vesicles, structural evidence for an excitatory connection, fill the terminal and associate with
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Figure 4 Camera lucida drawings of HRP-labeled endbulbs stained by intracellular injections. Two groups of auditory nerve fibers may
be distinguished on the basis of spontaneous discharge rate (SR) and sensitivity. Because they are found at all frequency ranges, they are
hypothesized to underlie separate aspects of stimulus processing. Note that the endbulb from the low-SR fiber exhibits more complex
branching compared to that of the high-SR fiber. Reproduced from Sento S and Ryugo DK (1989) Endbulbs of Held and spherical bushy
cells in cats: Morphological correlates with physiological properties. Journal of Comparative Neurology 280: 553–562, with permission.
Copyright 1989 by Alan R. Liss.

Figure 5 Camera lucida drawings of HRP-labeled endbulbs from normal hearing cats and congenitally deaf cats. There is no
spontaneous or driven spike activity in auditory nerve fibers of congenitally deaf cats. Note that the endbulbs of deaf cats appear withered
and atrophic. Spike activity has an influence on endbulb shape. Reproduced from Ryugo DK, Rosenbaum BT, Kim PJ, Niparko JK, and
Saada AA (1998) Single unit recordings in the auditory nerve of congenitally deaf white cats: Morphological correlates in the cochlea and
cochlear nucleus. Journal of Comparative Neurology 397: 532–548, with permission. Copyright 1998 by Wiley-Liss, Inc.
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Figure 6 Electron micrographs of endbulbs (EB; yellow) illustrate the restorative effect of activity on synapses. (a) The endbulb of a
normal hearing cat exhibits the typical arched postsynaptic density with accumulations of synaptic vesicles (asterisks). (b) The endbulb of
congenitally deaf cats, by contrast, contains few synaptic vesicles and the postsynaptic densities are flat and hypertrophied (arrowheads).
(c) The endbulb of a congenitally deaf cat that received stimulation from a cochlear implant exhibits synapses with normal morphology
(asterisks). Reproduced from Ryugo DK, Kretzmer EA, and Niparko JK (2005) Restoration of auditory nerve synapses in cats by cochlear
implants. Science 310: 1490–1492, with permission. Copyright 2005 by American Association for the Advancement of Science.

multiple synaptic sites, later shown to range in number from 400 in mice to 600 in rat to 2500 in cat.
Resembling the endbulb, the calyx was shown to
exhibit a physiological signature in extracellular
recordings, whereby a short prepotential preceded
an action potential in the postsynaptic neuron,
located in the medial nucleus of the trapezoid body
within the superior olivary complex, by about 0.5 ms.
Each postsynaptic action potential is typically associated with a prepotential. Intracellular recording and
labeling of single neurons unambiguously associated
the calyx nerve terminal with its origin from the
globular bushy cell located in the ventral cochlear
nucleus, and revealed that globular bushy cells innervate other cell groups in the superior olivary complex
via small bouton endings (Figure 8). As described in
the previous section of this article, globular bushy
cells are themselves contacted by multiple large endings of auditory nerve fibers. The ability of bushy

cells to encode temporal fine structure in the incident
acoustic wave and their involvement in brain stem
circuits that mediate sound localization implicated the
calyx in functional roles for localizing sound in space.
A third phase of investigation began in 1994 with
the first intracellular recording directly from the
calyx in brain slices using patch electrode techniques
(Figures 9(a) and 9(b)). Over the ensuing years the
calyx has been studied as a model for glutamatergic
neurotransmission throughout the brain. The ability
to record pre- and postsynaptic signals simultaneously (Figure 9(c)) has made this a powerful preparation. To date, bulk labeling techniques using tract
tracing molecules, viral transfection, and immunocytochemistry have not revealed a single instance of
more than one calyx terminating onto a single postsynaptic neuron. Contrary to the pervasiveness of
endbulbs of Held, calyces are typically mammalian
structures. Their presence in humans, however, can be
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Figure 7 Globular bushy cells in cats are immunolabeled by antisera to the putative calcium-binding protein PEP-19. (a) Thick,
immunolabeled fibers in the ventral trapezoid body belong to globular bushy cells. (b) Calyces of Held are immunolabeled throughout the
medial nucleus of the trapezoid body (MNTB), and are easily seen because the MNTB neurons are immunonegative. (c) The large-diameter
calyceal axon branches near its postsynaptic target. (d) In some cases, large branches occur further from the soma. Scale bar ¼ 50 mm
(a), 100 mm (b), 10 mm (c, d). Reproduced from Berrebi AS and Spirou GA (1997) PEP-19 immunoreactivity in the cochlear nucleus and
superior olive of the cat. Neuroscience 83(2): 535–554, with permission from Elsevier Science Ltd.

Figure 8 Branching pattern and terminal profiles of a single globular bushy cell input to the superior olivary complex of the cat. (a)
Artist’s rendering of the branching and terminal profile for the labeled terminals shown in (b) and (c). A thick section through the superior
olive in the transverse plane is pictured, viewed from a caudal perspective (mso, lso: medial and lateral superior olive). The large-diameter
axon branches and delivers a calyx into the medial nucleus of the trapezoid body (mntb). The calyx is pictured in panel (b). The parent
axon turns rostrally, but also branches further within the superior olive. These branches terminate as boutons; those within the ventral
nucleus of the trapezoid body are pictured in panel (c). Reproduced from Spirou GA, Brownell WA, and Zidanic M (1990) Recordings from
cat trapezoid body and HRP labeling of globular bushy cell axons. Journal of Neurophsyiology 63(5): 1169–1190, with permission.
Copyright 1990 by The American Physiological Society.

questioned, since their postsynaptic cell group, the
MNTB, has not been unambiguously identified in
the human brain stem.

Internal Structure
Mature calyces resemble clawlike structures of complex geometry. Each calyx is formed from a largediameter axon that branches repeatedly, sometimes

via thin necks, into single swellings or series of swellings. Early in development the calyx is less branched
(see later), and hence derived its name in reference to
a floral calyx, the collection of green sepals that surround the petals of the flower. All parts of the calyx
except the necks contain active zones and are filled
with round synaptic vesicles. The large size of the
calyx and number of active zones pose challenges
for neurotransmission at high rates, where ionic
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Figure 9 Intracellular recordings from the calyx and its postsynaptic target can be performed simultaneously. (a) Differential interference contrast (DIC) image of a medial nucleus of the trapezoid body (MNTB) cell (asterisk) and calyx (arrow points to calyx covering the
right side of the cell body). A patch pipette is positioned to record from the calyx. (b) The calyx pictured in panel (a) is filled through
the patch pipette with fura dye, which fluoresces in the presence of calcium. This technique confirms the selective recording from the
calyx. (c) DIC image showing simultaneous recording from the MNTB cell (left pipette electrode) and the calyx (right pipette electrode).
Scale bar ¼ 10 mm (a, b), 15 mm (c). Reproduced from Billups G and Forsythe ID (2002) Presynaptic mitochondrial calcium sequestration
influences transmission at mammalian synapses. Journal of Neuroscience 22(14): 5840–5847, with permission. Copyright 2002 by the
Society for Neuroscience.

gradients must be maintained and neurotransmitter
rapidly cleared from the synaptic cleft. Early electron
microscopic studies revealed regions of the calyx that are
apposed to the postsynaptic membrane and that
are studded with synaptic sites and puncta adherentia.
These contacts form directly onto the somatic membrane or onto somatic appendages, which are hairlike
protrusions of the postsynaptic somatic membrane.
Interdigitated with these contact regions are separations of the pre- and postsynaptic membranes, called
extended extracellular spaces (EESs; Figure 10). These
spaces can be infiltrated with glial processes and may
clamp extracellular ionic concentration in the cleft and
facilitate diffusion of neurotransmitter away from the
cleft. These factors minimize desensitization of postsynaptic AMPA receptors because glutamate transporters, which recover synaptically released molecules, are
found on glial membranes in the EES and in greater
number on glial membranes surrounding the calyx.
The fenestrated geometry of mature calyces also supports rapid diffusion from the synaptic cleft. A
specialized organelle complex, called the mitochondrion-associated adherens complex (MAC), tethers
mitochondria to a punctum adherens within 200 nm
of the presynaptic membrane. This complex can be
ringed by synaptic sites, and also is hypothesized to
support high-fidelity synaptic transmission.

Development
The 1:1 innervation ratio between calyces and their
postsynaptic targets provides a developmental model
for studying the precise formation of topographic
connections between cell groups. The calyx proceeds
through four stages of growth: (1) appearance of the

migratory growth cone in the vicinity of the MNTB,
(2) expansion of growth cone processes into a single
large ending called a protocalyx, (3) further expansion
of the protocalyx into a spoon-shaped structure called
the young calyx, which envelopes about 50% of the
postsynaptic somatic surface, and (4) the refinement
of the spoon-shaped structure into a more clawlike
calyx (Figure 11). The timing for these stages of calyx
formation has been most studied using rodent animal
models. Postsynaptic neurons of the MNTB are born
between embryonic days 12 and 14 and within a day
or two, axons of ventral cochlear nucleus cells have
crossed the midline into the region where the MNTB
will arise. Since the MNTB and other cell groups of
the superior olivary complex do not coalesce into
recognizable entities until P17, innervating axons
may appear in this vicinity prior to the postsynaptic
targets.
Young calyces appear in relative abundance by P5,
so physiological studies of the calyx typically commence at this age. Synapses onto MNTB cells, evident
in the electron microscope as early as the day of birth,
generate postsynaptic currents which grow in amplitude from 50 pA at P0 to as large as 10 nA by P4. The
growth in postsynaptic current accelerates between
P2 and P4. Serial section electron microscopy reveals
that protocalyces appear at P2, and can expand into
young calyces within 48 h. This rapid growth period
prompted the question of whether competition
among inputs was occurring at the earliest age of
young calyx formation at P4. Minimal stimulation
techniques suggest multiple inputs onto a minority
of MNTB neurons (15%). Three-dimensional reconstructions of MNTB cells and their inputs from
electron micrographs reveal multiple inputs onto a

Encyclopedia of Neuroscience (2009), vol. 1, pp. 759-770

Author's personal copy

Auditory System: Giant Synaptic Terminals, Endbulbs, and Calyces 767

Figure 10 Serial electron micrographs from a calyceal swelling contacting a cell body (cb) in a cat. Synapses (s) and mitochondrionassociated adherens complexes (MACs; labeled M) lie adjacent to one another. These functional contacts can be separated by extended
extracellular spaces (asterisk), where pre- and postsynaptic membranes are separated. MACs are comprised of a mitochondrion (m),
vesicular chain of membrane between the mitochondrion and cell membrane (vc), and punctum adherens (adjacent to M label). Individual
synapses and MACs are numbered. Arrows indicate coated, and presumably endocytosing, vesicles. Scale bar (shown in panel E for all
panels) ¼ 0.25 mm. Reproduced from Rowland KC, Irby NK, and Spirou GA (2000) Specialized synapse-associated structures within the
calyx of Held. Journal of Neuroscience 20: 9135–9144.

Stage 1
Growth cone

Stage 2
Protocalyx

Stage 3
Young calyx

Stage 4
Mature calyx

Figure 11 Stages of calyx growth, defined using Golgi stain of pouch-young opossum. Stage 1: Migratory growth cones enter the region
of the medial nucleus of the trapezoid body. Stage 2: Growth cones expand into a protocalyx. Stage 3: The protocalyx further expands into
a cup-shaped structure called a young calyx, which envelops much of the postsynaptic cell body. Stage 4: The young calyx is pruned into a
highly branched, mature calyx. Reproduced from Morest DK (1968) The growth of synaptic endings in the mammalian brain: A study of the
calyces of the trapezoid body. Zetschrift fur Anatomie und Entwicklungsgeschichte 127: 201–220, with kind permission of Springer
Science and Business Media.

similarly small percentage of cells (12%; Figure 12).
Therefore, specificity in matching of axonal inputs to
their targets occurs at early stages of nerve terminal
formation. In other neural systems, axons typically

compete for innervation territories, and these are
refined via experience-driven processes. In the calyx
system, the cochlea is only beginning to transduce
sound when young calyces are formed, so calyx
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Figure 12 A 3-D reconstruction of two neighboring MNTB cells at P4. (a, b) Two views of a pair of representative MNTB cells that were
contacted by single large terminals. Panel (b) is a 90 clockwise rotation of panel (a) about the vertical axis. Rotated scale axes and arrows
are provided for reference. MNTB cells are transparent and colored tan (top cell) or brown (bottom cell) for distinction of overlapping
dendrites and axons. Cell bodies are ovoid in shape and have two to three dendrites (only proximal dendrites, an axon (ax), and an
eccentric nucleus (red) are included in the reconstruction). The blue calyx terminal consists of two large pieces linked by a narrow bridge
(panel (b)) and has a solitary process extending away from the cell body (blue arrowhead). The axon (ax) of this terminal was traced to its
branch point from a trapezoid body fiber. The green terminal on the top cell extends a collateral that contacts the bottom cell (green arrow
in panel (a)). Innervation territories avoid the nuclear pole (np) of the MNTB cells (top cell, panel (b); bottom cell, panel (a)). The nuclear
pole is defined by the close apposition of the nuclear membrane and cell membrane. Orange terminals could not be linked to other inputs
onto the cell or to an axon. Asterisks indicate the axons for each terminal of the corresponding color. Scale axes are 2 mm from origin to
end, 4 mm in total length. Note that scale axes in the 3-D perspective views apply most accurately to the middle depth of field. Reproduced
from Hoffpauir BK, Grimes JL, Mathers PH, and Spirou GA (2006) Synaptogenesis of the calyx of Held: Rapid onset of function and
one-to-one morphological innervation. Journal of Neuroscience 26(14): 5511–5523, with permission. Copyright 2006 by the Society for
Neuroscience.

growth is an experience-independent process. Competition among calyx-forming inputs may occur earlier among the growth cones or protocalyces.

Short-Term Synaptic Plasticity
In mammals, the mechanisms that underlie synaptic
plasticity have proved difficult to study, especially in
the CNS. However, the calyx of Held has offered a
solution to this quandary. The power of simultaneous
pre- and postsynaptic recording is increased when
these techniques are combined with other approaches,
such as pharmacologic manipulations and fluorescence
imaging. Important information has been gleaned
from the calyceal connection with the MNTB cell,
tempered by the reminder that studies are conducted during the maturation process of the terminal and
its postsynaptic partner, and often not at physiological temperatures. Most studies employ the rat as
the animal model for physiological studies, and

recordings are made from animals between P5 and
P15. This age range brackets the onset of hearing in
rodents between P8 and P12 and includes the early
stages of myelination.
The calyx-to-MNTB neuron connection has been
considered an efficient converter of excitation into
inhibition, although recent in vivo demonstrations of
prepotentials that do not elicit postsynaptic spikes
challenge that view. Cellular studies in vitro reveal
modulatory events, such as direct glycinergic and
GABAergic effects on the calyx, that also provide a
different picture of synaptic processing and integration
by MNTB cells. Within a week after its formation,
the calyx exhibits a nearly adultlike ability to follow
high rates of stimulation with good temporal fidelity.
Seemingly contrary to this observation, postsynaptic
EPSCs depress rapidly during repetitive stimulation,
although depression is lessened by 2 weeks of age. The
calyx connection offers an experimental paradigm
to relate presynaptic Ca2þ levels, which are strongly
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linked to short-term plasticity, to postsynaptic currents
in a mammalian nerve terminal. Experimental manipulations of Ca2þ concentrations using fluorophores,
Ca2þ chelators, and caged Ca2þ have led to quantitative
relationships between Ca2þ concentration within the
calyx and vesicle release. Resting Ca2þ levels are estimated to increase at the active zone to approximately
10–20 mM following a single action potential. In adult
animals, Ca2þ enters the terminal primarily via P/Qtype Ca2þ channels. Facilitation of postsynaptic currents can be elicited by prepulse depolarization of the
calyx terminal or by posttetanic potentiation. During
potentiation, postsynaptic current amplitudes follow
presynaptic Ca2þ levels, which increase by an order
of magnitude during the tetanic stimulus. Ca2þ levels
are thought to couple with highly nonlinear Ca2þ
sensors to facilitate vesicle release. These studies provide strong evidence for a causal relationship between
Ca2þ levels and potentiation. Although the vesicle
release probability is likely to vary among active
zones, the average release probability across the multiple active zones is estimated to be on the order of 0.25,
with a readily releasable pool of vesicles numbering
between 1500 and 4000. Given the sensitivity of the
vesicle release mechanism to small changes in Ca2þ,
action potential amplitude and duration must be tightly
controlled, especially during high rates of activity.
Specializations that mediate these properties include
the exclusion of sodium channels from the terminal
and the positioning of these channels along a lengthy
heminode of the axon leading into the calyx. In sum,
many mechanisms operate in concert to affect Ca2þ
levels at microdomains surrounding individual active
zones and regulate vesicle release across hundreds of
synaptic sites.

Conclusion
The large axosomatic endings, the endbulbs and
calyces of Held, are more than independent, synaptic transmission machines. Recent evidence suggests
that they are subject to modulatory influences. Glycine acts presynaptically to depolarize the terminal
and facilitate neurotransmitter release. Retrograde
signaling via endocannabinoids occurs at these endings, perhaps enhancing the sensory experience.
Certain second messenger systems can influence
vesicle mobilization, and activation of metabotropic glutamate receptors can affect vesicle release
probability and the size of the readily releasable
pool of vesicles during trains of activity. The next
few years promise advancement of our knowledge
of the mechanistic elements of synaptic transmis-

sion at these large synaptic terminals. Studies at the
cellular level will lead to progress at the molecular
level to complement in vivo exploration of the
role of these remarkable structures in the neural
encoding of natural sounds.
See also: Auditory System: Central Pathway Plasticity;
Auditory System: Central Pathways; Auditory
Localization; Cochlear Mechanics; Cochlear
Development; Deafness; Sound Localization: Neural
Mechanisms; Temporal Processing in the Auditory
Pathway.
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