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Abstract
Primary auditory afferents are usually perceived as passive, timing-preserving, lines of
communication. Contrasting this view, a special class of auditory afferents to teleost Mauthner
cells, a command neuron that organizes tail-flip escape responses, undergoes potentiation of their
mixed (electrical and chemical) synapses in response to high frequency cellular activity. This
property is likely to represent a mechanism of input sensitization as these neurons provide the
Mauthner cell with essential information for the initiation of an escape response. We review here
the anatomical and physiological specializations of these identifiable auditory afferents. In
particular, we discuss how their membrane and synaptic properties act in concert to more
efficaciously activate the Mauthner cells. The striking functional specializations of these neurons
suggest that primary auditory afferents might be capable of more sophisticated contributions to
auditory processing than has been generally recognized.
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1. Introduction
The operation of neural networks depends upon interactions among multiple nonlinear
processes at many levels (Getting, 1989). Among these processes, specialized cellular and
synaptic properties are generally recognized as major determinants of network operation
(Getting, 1989). The auditory system is rich in cellular specializations, where
morphological, biophysical and biochemical features converge to secure the preservation of
acoustic timing information along the auditory pathway (Trussell, 1999). Such
specializations include unconventional transduction mechanisms that provide outstanding
temporal resolution through the absence of slow chemical processes (Hudspeth, 1997), the
presence of particular potassium (K+) voltage-gated channels that impart brief membrane
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time constants and provide one-to-one spiking (Trusell, 1997), and synaptic mechanisms
that guarantee the fast and safe transmission of auditory information through highly
specialized contacts (Trusell, 1999; Glowatzki and Fuchs 2002; Trusell 2002).

In this context, primary auditory afferents are perceived as canonical passive lines of
communication between peripheral receptors and second order sensory neurons located in
the central nervous system that faithfully relay critical timing information for its processing
along the auditory pathway. A special class of auditory afferents terminating as, single,
“Large Myelinated Club Endings” on the goldfish Mauthner (M-) cells (Bartelmez, 1915), a
pair of large reticulospinal neurons that mediate tail-flip escape responses in fish (Eaton et
al. 2001; Korn and Faber, 2005), challenge this perception as their synapses undergo
activity-dependent potentiation (Yang et al., 1990; for review see Pereda et al., 2004).
Stimulation of these afferents with high frequency trains evokes a long-term potentiation of
both components of their mixed, electrical (gap-junction mediated) and chemical, synaptic
response (Yang et al., 1990). The plastic properties of these synapses likely represent a
mechanism for input sensitization (Yang et al., 1990) and therefore an unusual specialization
for a primary auditory afferent, which in this case provides a decision-making neuron (Eaton
et al., 2001) with relevant sensory information that could be directly translated into a
behavioral response essential for the survival of the fish.

Primary auditory afferents extend from their contacts with peripheral receptors to those with
their target in the central nervous system. As a result of this unfavorable anatomical spread
the membrane and synaptic properties of these neurons have been generally investigated in-
vitro at either their central (Zhang and Trussell 1994) or peripheral ends (Santos-Sacchi
1993; Davis, 1996; Glowatzki and Fuchs 2002). In contrast, because of their advantageous
experimental in vivo accessibility (where anatomical integrity and synaptic connectivity are
preserved) and critical role in the initiation of the escape response, identifiable auditory
afferents terminating as Large Myelinated Club endings on the M-cells provide an ideal
opportunity to link cellular biophysical analysis with system-level analysis of information
processing.

Here we review the anatomical and physiological specializations of these notable auditory
afferents. More specifically, we discuss how intrinsic membrane and synaptic properties act
in concert to more efficaciously activate the M-cells. The striking functional properties of
these neurons suggest that primary auditory afferents might be capable, at least in lower
vertebrates, of more sophisticated contributions to auditory processing than has been
generally recognized.

2. The Mauthner cell system and the Club ending afferents
2.1. The Mauthner cell system

Fish can elude predatory attacks by producing a stereotyped escape behavior, which is
characterized by a rapid and powerful unilateral bending of the body and tail that involves
most of its somatic musculature (for review see Korn and Faber, 2005). This behavior has a
characteristic short latency when triggered by abrupt acoustic stimuli, and it is initiated by
the activation of the M-cell (Fig. 1A). The M-cells are a pair of reticulospinal neurons
located in the medulla of teleost fish (Beccari, 1907). These uncommonly large cells are
anatomically and physiologically identifiable and have historically constituted a valuable
preparation for the study of the cellular correlates of behavior (Faber et al., 1989; Korn and
Faber, 2005). Their characteristic large myelinated axons, first noticed by Mauthner
(Mauthner, 1859), cross the midline to descend the length of the spinal cord, issuing axon
collaterals that massively activate cranial and spinal motor systems via reliable (with high
safety factor) chemical synapses (Faber et al., 1989). Such an anatomical arrangement
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allows a single action potential in this cell to initiate an escape response by producing a tail
flip.

Because of its dramatic behavioral consequences, this response has a characteristic high-
threshold that is supported, amongst other factors, by the cellular properties of the M-cells.
Together with a strong inhibitory control (Faber and Korn, 1978), the low input resistance,
short time constant and hyperpolarized membrane potential (about −83 mV) of the M-cell
prevents the spontaneous occurrence of this behavior as a consequence of weak,
environmental, noise (Faber and Korn, 1978). Also adapted to their function, M-cells are
unable to fire repetitively, an otherwise inconvenient feature for a cell in which a single
action potential initiates an escape response that lasts several hundreds of milliseconds
(Eaton et al., 1988; Korn and Faber 2005). This property was proposed to rely on the
presence of K+ channels of the Kv1 family (Nakayama and Oda 2004), known to antagonize
repetitive responses (Rathouz and Trusell 1998; Trussell 1999).

2.2. Auditory afferents terminating as Large Myelinated Club endings
Because of their large size, characteristic myelinization and dendritic localization, the Large
Myelinated Club endings (Club endings) are the most recognizable synaptic input to the M-
cells. First described by Bartelmez in 1915 in the catfish (Fig. 1A), and henceforth referred
to as “Club ending afferents”, this population of about 100 large afferents 5–15 μm in
diameter, originate in the rostral portion of the saccular macula (the main auditory
component of fish ear; Popper and Fay, 1998) and run in the posterior branch of the VIIIth

nerve of teleost fish. These afferents have bipolar cell bodies ellipsoid in shape covered by a
myelin sheath (Rosenbluth and Palay, 1961;Sento and Furukawa, 1987). Such anatomical
characteristics, shared with other fibers of escape networks across species (Bullock, 1977),
support high-speed impulse conduction and suggest they provide the M-cells with critical
auditory information for the initiation of the escape response.

Because of their large size and characteristic physiological properties Club ending afferents
can be easily recognized during anatomical and physiological studies. The afferents can be
recorded in vivo in the posterior root of the VIIIth nerve and unambiguously identified by the
presence of the electrotonic coupling potential due to the passive dendritic depolarization
produced by the antidromically-evoked M-cell action potential (Furshpan, 1964), their
characteristic lack of spontaneous activity and high threshold for acoustic stimulation.
Several studies showed that intracellular labeling of fibers exhibiting these properties
invariably resulted in fibers that because of their size, prominent myelinization, dendritic
distribution and saccular origin unambiguously corresponded to Club endings afferents (Lin
and Faber 1988a; Smith and Pereda 2003).

While the study of these neurons mainly focused on the structure and physiological
properties of their easily recognizable synaptic contacts (see section 3), less is known
regarding the physiological properties of the afferent fibers themselves. The anatomical
characteristics of the Club ending afferents (large diameter and characteristic myelinization)
match those of saccular fibers originated from the rostral part of the sacculus, and designated
as S1, according to the initial characterization of goldfish auditory afferents by Furukawa
and Ishii (Furukawa and Ishii, 1967). In contrast with S2, a smaller type of fiber, S1
afferents were shown to respond to higher frequencies (>500 Hz; Furukawa and Ishii, 1967).
More rigorous characterization of goldfish afferent responses confirmed the presence of both
high frequency and low frequency afferent types (Fay 1978, 1995). Although in these
studies physiological responses were not correlated with anatomical identification of the
afferent fibers, both low and high frequency tuning were observed in afferents lacking
spontaneous activity (Fay, 1978), a notable characteristic and identification criteria for Club
ending afferents (Curti et al., 2008). Thus, it is likely that these larger afferents can respond
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to a broader range of frequencies. Anyway, the individual frequency selectivity of these
afferent neurons is likely to be irrelevant for stimuli that initiate an escape response, as most
saccular fibers will respond to any frequency within the goldfish’s effective range of hearing
at sound levels 40 dB or more above best threshold (Fay, 1995; see below). Accordingly,
strong acoustic stimuli are necessary for triggering an escape response in the M-cell system,
which has a characteristic high threshold (Fay 1995).

3. Synaptic specializations
Although a Club ending afferent issues a few substantially thinner branches, likely targeting
other neurons in the teleost brainstem, the primary axon characteristically terminates as a
large single terminal (8–15 μm; about the same diameter of the axons) on the lateral dendrite
of the M-cell (Fig. 1B). These unusually large contacts are easily identifiable under the light
microscope and were the object of early investigations attempting to understand the nature
of neuronal interconnectivity. Specifically, early studies of these terminals by the anatomical
school of Chicago were designed to investigate the presence or absence of cytoplasmatic
continuity between pre and postsynaptic neurons (Bartelmez, 1915), an issue that was finally
settled by Bodian in his classic 1937 paper “The structure of the vertebrate synapse.”
(Bodian, 1937; see Pereda et al., 2004 for review).

Together with its large diameter and heavy myelinization, the existence of a single terminal
constitutes by itself a functional specialization. The lack of terminal branching provides safe
impulse conduction, eliminating the possibility of branch point failures and of slower
conduction through thinner processes, thus guaranteeing faster transmission and higher
temporal fidelity. Consistent with these anatomical features the dendritic arborization of
these afferents at the saccular macula is also significantly simpler and with thicker processes
than those of other afferent types (S2 fibers; Sento and Furukawa, 1987). Thus, the relatively
simpler anatomical features of Club ending afferents are likely to represent a functional
specialization of these neurons, which seem advantageous to their vital behavioral role.

A wealth of anatomical and electrophysiological data shows that Club endings support both
chemical and electrical modalities of transmission (Lin and Faber, 1988a; for review see
Pereda et al., 2004). In fact, these contacts provided one of the first demonstrations of gap
junction plaques (Robertson, 1963) and electrical transmission (Furshpan, 1964) in the
vertebrate central nervous system. Detailed electron microscopic studies, including freeze-
fracture techniques (Tuttle et al., 1986), have shown that while the specializations
corresponding to chemical transmission lie in the periphery, gap junction plaques are located
on most of the surface area of the terminal. The plaques range in number from 63 to 243 gap
junctions, and the total area they occupy about 20 % of the synaptic area (Tuttle et al.,
1986). These gap junctions are formed by connexin 35 (Pereda et al., 2003) the fish ortholog
of the widely expressed mammalian connexin 36, that is responsible for electrical coupling
at neocortical inhibitory interneurons and inferior olivary cells among many cell types
(Connors and Long, 2004). From the electrophysiological point of view, a presynaptic
impulse generates a mixed excitatory response. That is, stimulation of the posterior branch
of the VIIIth nerve, where these fibers runs, evokes an electrical potential followed by a
chemically mediated excitatory postsynaptic potential (Fig. 1B). Due to the fast time
constant of the M-cell (~400 μs) both components can be easily distinguished (Fukami et al.,
1965). Interestingly, it has been recently suggested that the dominant mode of transmission
at Club ending synapses during natural stimulation is electrical (Szabo et al., 2006).

While electrical transmission is supported by the existence of an unusual number of gap
junctions plaques, chemical transmission is mediated by the release of glutamate from ~15
release sites (Lin and Faber, 1988b), which are distributed in the periphery of the terminals,
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where the access resistance is low. Both the pharmacological characteristics and voltage
dependence of the synaptic currents are consistent with glutamate being the transmitter at
these contacts that activates both non-NMDA and NMDA receptors (Wolszon et al., 1997).
Even at its relatively hyperpolarized resting potential (~ −80mV), the excitatory synaptic
responses of the Club endings on the M-cell are normally mediated by the activation of both
NMDA and non-NMDA receptors (the contribution of NMDA receptors depends on the size
of the synaptic potential; see Wolszon et al., 1997). Surprisingly, the NMDA component is
almost as fast as the non-NMDA component (Wolszon et al., 1997). In contrast to most
primary auditory afferent synapses, which are known to depress in response to multiple
stimuli (Zhang and Trussell, 1994), glutamatergic synapses at Club endings
characteristically exhibit frequency-dependent facilitation (Pereda and Faber, 1996;
Wolszon et al., 1997), suggesting the existence of unusual synaptic specializations in these
teleost afferents. While mixed synapses are often found in lower vertebrates, the
combination of these two forms of transmission is particularly beneficial for the function of
Club ending afferents. Electrical transmission provides speed and reliability of transmission
and the presence of chemical transmission, with relatively longer duration, allows temporal
summation during repetitive responses in a cell in which the membrane time constant is
unusually brief (Fig. 2B).

The advantage and contribution of combining electrical and chemical synapses are
emphasized by the existence of important functional interactions between these two
modalities of transmission. The most remarkable of these interactions is the induction by
glutamatergic synapses of long-term activity-dependent changes in the efficacy of both
chemical and electrical synaptic transmission. That is, both components of the mixed
synaptic response undergo activity-dependent potentiation of their synaptic strength in
response to high frequency stimulation of the VIIIth nerve. The induction of activity-
dependent long-term potentiation (LTP; Fig. 2A) requires a strong high frequency
stimulation of the VIIIth nerve (brief trains of 2 to 8 stimuli at 500 Hz applied once every
two seconds), is blocked by postsynaptic injections of BAPTA and by superfusion of the
medulla with NMDA receptor antagonists (Yang et al., 1990;Pereda and Faber, 1996), and is
specific to the tetanized pathway. Physiological and pharmacological evidence showed that
this discontinuous stimulating pattern is essential to evoke potentiation; continuous high
frequency stimulation, which rapidly depresses the chemical component, does not cause
potentiation (Pereda and Faber, 1996). Thus, bursting facilitates release of glutamate and
allows temporal summation of the synaptic responses for the postsynaptic depolarization
presumably necessary to relieve Mg+ block of the NMDA receptors (Fig. 2B), whose
activation is necessary for potentiation (Yang et al., 1990;Pereda and Faber, 1996).

It has been shown that the activation of NMDA receptors leads to a localized increased in
the intracellular concentration of calcium (Ca++), which in turns activates the kinase Ca++-
calmodulin-dependent kinase II (CaM-KII) (Pereda et al., 1998), whose activity is necessary
for the potentiations (Fig. 2C). Simultaneous pre and postsynaptic recordings at these single
terminals, demonstrated that such functional interaction takes place in the same ending,
within a few micrometers (Smith and Pereda, 2003). Accordingly, confocal and freeze
fracture immunolabeling of these terminals showed that the NR1 subunit of the NMDA
glutamate receptor, proposed to be the key regulatory element in this phenomenon, is
present at PSDs closely associated with gap junction plaques containing Cx35 (Pereda et al,
2003).

These synaptic plastic properties are unusual for synapses of a primary auditory afferent and
they are likely to represent a form of sensory-motor processing. They probably represent a
cellular specialization of these contacts whose function is to provide a decision-making
neuron with essential sensory information. As mentioned above, the ability to trigger these
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synaptic changes relies on stimulation with brief trains. Interestingly, the initial selection of
this pattern was inspired in the natural bursting properties of these afferents (Yang et al.,
1990), which characteristically respond with multiple action potentials to brief or low
frequency acoustic stimulation (Furukawa and Ishii, 1967; see below). This suggests that the
synaptic properties of Club endings are adapted to the firing characteristics of the afferents
and the requirements of the M-cell system, where the increased synaptic gain of these
auditory nerve synapses will sensitize a vital escape response, lowering its threshold to
acoustic stimuli (for review see Korn and Faber, 2005).

4. Intrinsic membrane properties underlying repetitive firing in Club ending
afferents

In addition to being phase-locked to higher frequencies, Club ending afferents
characteristically respond with multiple action potentials to brief (Fig. 3A) or low frequency
(Furukawa and Ishii, 1967) acoustic stimulation. Consistent with this property, depolarizing
pulses typically evoke an initial high frequency burst of action potentials, which is
immediately followed by a complete absence of activity (Fig. 3B). In contrast,
depolarization of the M-cell axon with a current pulse of equal (typically 1.5 the cell’s
threshold; Curti et al., 2008) or stronger magnitude invariably results in only a single action
potential, a property that has been linked to the presence of K+ channels of the Kv1 type
(Nakayama and Oda, 2004). Taken together, these findings indicate that: 1) Club ending
afferents are endowed with electrophysiological properties that favor the generation of high
frequency bursts in response to strong depolarizations, and 2) because the M-cells are not
capable of repetitive firing, rather than relaying timing information, their ability to generate
high frequency bursts must represent a functional specialization of these afferents with the
goal of providing the M-cell with adequate patterns of synaptic activation for the initiation
of an escape response.

Consistent with this view, detailed analysis showed that Club ending afferents show an
intrinsic ability to respond with repetitive discharges of 200–600 Hz and exhibit a strong
frequency adaptation (Fig. 3B). This property critically relies on the activation of a
persistent sodium current (INa+P), which is counterbalanced by the delayed activation of an
A-type potassium current (Curti et al., 2008). This interaction can also be observed at near-
threshold membrane potentials (Fig. 3B), suggesting that the same active mechanisms are
essential for determining both subthreshold and suprathreshold electrical behavior of these
neurons. Intracellular injection of the derivative of local anesthetic QX-314 or extracellular
application of tetrodotoxin (TTX), which block Na+ channels, abolished repetitive firing
within a time window of 5 to 10 minutes in which the amplitude of action potentials were
largely unaffected (Fig. 3C) (Curti et al., 2008). In contrast, when extracellular applications
of 4-aminopyridine (4-AP) were used to reduce voltage-dependent K+ channels (Rudy,
1988;Storm, 1990;Jerng et al., 2004) the action of INa+P was unopposed resulting in
prolonged repetitive discharges in response to suprathreshold pulses that in control
conditions evoked only one spike (Fig. 3D). These observations indicate that the firing
pattern of Club endings afferents critically relies on a balance between these two
conductances (see Curti et al., 2008). Interestingly, unlike many neuronal types in the
auditory system in which firing is controlled by low threshold K+ channels containing
subunits of the Kv1 family (Mo et al., 2002,Rathouz and Trusell, 1998;Trussell 1999;Klug
and Trussell, 2006), the insensitivity to α-DTX, sensitivity to 4-AP in the milimolar range
and the time course of the recovery from inactivation all suggest the participation of
subunits of the Kv4 family in this A-type current. Thus, the evidence suggest a lack of
participation of Kv1 channels, a property that is likely to contribute to the ability of these
afferents to fire repetitively (Curti et al., 2008).
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The interaction of these two currents with the passive membrane properties of these
afferents supports the presence electrical resonance, whose frequency preference is
consistent with both the effective range of hearing in goldfish and the firing frequencies
required for synaptic facilitation, an obligatory requisite for the induction of activity-
dependent changes. Electrical resonance characterizes the frequency at which neurons
respond best to depolarization and therefore describes its frequency-dependent properties, in
particular how neurons process oscillatory inputs at subthreshold potentials and their
propensity to fire within a frequency range (Hutcheon and Yarom, 2000). Accordingly,
membrane oscillations were occasionally observed following the initial burst of action
potentials evoked by depolarizing current pulses, suggesting that underlying oscillatory
membrane mechanisms were responsible for repetitive firing at Club ending afferents (Fig.
4A). Subthreshold K+ conductances such as that found at Club ending afferents are
responsible for the generation of electrical resonant behavior in various neuronal types
(Hutcheon et al., 1996; Hutcheon and Yarom, 2000; Izhikevich, 2007), and they produce a
characteristic “sag” in the subthreshold membrane response to depolarizing pulses (Fig. 4B).

In contrast to other neurons in which resonant properties were explored directly (this
approach was prevented by the filtering properties of the electrodes in our in-vivo recording
conditions; see Curti el al., 2008) the frequency preference of Club ending afferents was
estimated by determining the underlying resonant mechanisms from near-threshold
membrane responses. Electrical membrane resonance is known to result from the interaction
of two mechanisms with specific frequency-dependent properties: a low-pass filter that is
determined by the passive membrane properties (membrane time constant) that attenuates
responses to inputs with high frequency content, and a high-pass filter, which is set by
slowly activating voltage-dependent K+ currents that opposes membrane depolarization and
thereby attenuates voltage responses to inputs with low frequency content (“resonant
currents”; Hutcheon and Yarom, 2000; Izhikevich, 2007). The approximate resonant
properties can then be estimated if the values of the activation time constant of the “resonant
K+ current” and the membrane time constant are determined experimentally. The low pass
filter (membrane time constant) was measured by fitting a single exponential function to the
decay that followed the cessation of current pulses of different polarities and amplitudes
whereas the high pass filter (representing the activation of the A-type current) was estimated
from the decaying portion of the near-threshold membrane response (Fig. 4B). Combined
(Fig. 4C), these values determined a band-pass filter with a bandwidth of 742 Hz and a peak
value at 220 Hz, suggesting the existence of resonant properties at Club ending afferents
(Curti et al., 2008).

Computer simulations using parameters of A-type currents described for auditory neurons
(Rothman and Manis, 2003) that are similar to those estimated for these afferents
(comparable values of kinetics of activation and recovery from inactivation and similar
pharmacological profile [lack of sensitivity to DTX and sensitivity to 4-AP in the mM
range]) showed a clear resonant behavior with a peak at 220 Hz (Fig. 4D) (Curti et al.,
2008). This approach also allowed us to evaluate the role of the persistent Na+ current in this
resonant behavior. As previously shown (Hutcheon and Yarom, 2000), the addition of an
INa+P produces a strong amplification (~35%) of the predicted membrane resonance
without modifying the resonant frequency, suggesting that this conductance is likely to play
a relevant functional role by allowing the full expression of this resonance (Fig. 4D). Thus,
despite the low stringency of this model (reported values of currents with similar kinetics
were used given the impossibility of obtaining direct measurements), computer simulations
adequately reproduced the frequency range of the predicted membrane resonance,
suggesting that IA has robust resonant properties in these neurons and indicated an essential
role for INa+P in amplifying these properties (Curti et al., 2008).
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If the interaction between “resonant” and “amplifying” currents is strong, it can destabilize
the membrane potential allowing the generation of spontaneous oscillatory pacemaker-like
activity (Hutcheon and Yarom 2000). Most commonly, this interaction is weak so the
frequency preference of a given cell is latent and oscillatory activity is only revealed in the
presence of its inputs. Such “weaker” resonance makes a neuron a “good listener” within a
specialized frequency band (Hutcheon and Yarom 2000). This second possibility seems to
be the case of Club ending afferents, in which oscillatory activity was observed only in
response to depolarization (Fig. 4A). Remarkably, the bandwidth of the estimated resonance
matched the effective range of hearing in goldfish, estimated to be 100 to 1000 Hz (Fay,
1995). The tuning curves of two fibers, representative of the “high” and “low” frequency
types of broadly-tuned afferents identified in goldfish (Fay, 1978, 1995), are superimposed
on the predicted Bode plot in Fig. 4C (examples taken from Fay, 1995). Thus, resonant
mechanisms seem to endow Club ending afferents with a special sensitivity to a range of
behaviorally relevant frequencies and to translate them into specific patterns of activity.

5. Interactions between membrane and synaptic properties
The most important consequence of electrical resonance is that it endows these afferents
with the propensity to respond with high frequency (200 to 600 Hz) bursts of action
potentials to strong depolarizing inputs (Curti et al., 2008). Bursts, which are often generated
by the interaction of synaptic inputs with intrinsic membrane properties, are thought to
represent reliable neural codes during information processing (Lisman, 1997; Izhikevich et
al., 2003; Krahe and Gabbiani, 2004), and they play special roles in the induction of synaptic
plasticity (Lisman, 1997). The generation of bursts in response to abrupt strong acoustic
stimuli seems a particularly advantageous strategy for the M-cell system, and it could
constitute an efficient and desirable code of information. That is, a burst of action potentials
in these afferents would generate, as opposed to a single action potential, a prolonged
synaptic response that can efficiently depolarize the large and unusually low input resistance
M-cell (Faber and Korn, 1978).

Interestingly, the optimal intervals required for the synaptic facilitation of the glutamatergic
component of the mixed synaptic potential matched the band of frequency determined by the
resonant properties of the membrane (Fig. 5). That is, this facilitation takes place within a
narrow temporal window (Fig. 5B) and it does not extend beyond the frequency range
determined by the firing properties of Club ending afferents, indicating that bursts of 200–
600 Hz are optimal in producing facilitation of the chemical component of synaptic response
(Curti et al., 2008). Further, the time course of the synaptic facilitation was extremely fast
when compared with that of other well-characterized contacts (Fig. 5C), suggesting that
firing characteristics of these auditory afferents are adapted to the requirements of synaptic
transmission at Club endings (Curti et al., 2008).

Because of the longer duration of the chemical component, high frequency bursts also allow
temporal summation of the mixed synaptic responses (Fig. 2B, 5A), an otherwise unlikely
possibility given the short duration of the electrical component and the brief membrane time
constant of the M-cell. Thus, by promoting synaptic facilitation and allowing temporal
summation of successive synaptic responses, high frequency bursts of action potentials are
capable of leading to stronger and longer lasting depolarizations of the M-cell lateral
dendrite. As previously mentioned, brief high frequency bursts of action potentials are also
required for the induction of activity-dependent long-term potentiation of the mixed synaptic
response (Yang et al., 1990), as they optimize the activation of NMDA receptors by
providing enhanced glutamate release at more depolarized potentials, which is essential for
the induction of the plastic changes (Pereda and Faber, 1996;Wolszon et al., 1997). Taken
together our evidence suggests that the intrinsic membrane properties of Club ending
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afferents allow them to translate behaviorally relevant auditory signals into patterns of
activity that seem to match the requirements of their fast and highly modifiable synapses.

We showed that INa+P plays an essential role in shaping this afferent’s firing properties
(Curti at al., 2008). These mixed synapses are surrounded by numerous dopaminergic fibers
(Pereda et al., 1992) and one target of dopamine modulation via PKA-phosphorylation is
Na+ channel function (Cantrell and Catterall, 2001). Indeed, our data shows that bath
application of dopamine (100 μM) modifies the firing properties and near-threshold
responses in a way that is consistent with a down-regulation of INa+P at these afferents (Fig.
6). Specifically, near-threshold responses to depolarizing current pulses were affected only
in the early part of the response (Fig. 6B), which is dominated by INa+P (see Fig. 3B). In
contrast, the late part of the voltage response, which is dominated by the activation of IA,
remained largely unaffected (Fig. 6B). This effect was more clearly observed by comparing
the ratio between the amplitudes of the early and late portions of the near-threshold
responses, during control conditions and after Dopamine application (Fig. 6C). The effect of
Dopamine on subthreshold responses was accompanied by a parallel reduction on the
number of spikes and firing frequency during repetitive responses. Similar results were
observed after bath application of forskolin (50 μM; not shown), which increases the
intracellular concentration of cAMP. Although these results remain to be confirmed with
more adequate experimental approaches, they suggest that modulation of INa+P could be a
target for regulatory processes. Because of its impact on repetitive firing, regulation of
INa+P could dramatically reduce dendritic depolarization and affect the induction of
activity-dependent synaptic plasticity at Club ending mixed synapses (a potential
metaplastic mechanism), endowing these auditory afferents with a dynamic mechanism for
the processing of sensory information.

6. Electrical resonance as a mechanism of input synchronization
Club endings constitute a relatively homogenous population of ~100 afferents terminating
on the lateral dendrite of the M-cell (Bartelmez 1915). These afferents were also shown to
be relatively physiologically homogeneous, as all fibers exhibited similar biophysical
properties (Curti et al., 2008). Mechanisms of frequency selectivity in lower vertebrates,
including goldfish (Sugihara and Furukawa, 1989), are known to involve the contribution of
resonant electrical membrane properties, which allow inner-ear hair cells to be tuned to
stimuli of specific frequency content (Fettiplace and Fuchs, 1999). The reported tuning
curves and characteristic frequencies of the two types of afferent response reported in
goldfish (Fay 1978, 1995) fell within the band of electrical resonance estimated for Club
ending afferents (Fig. 4C; Fay 1978, 1995), indicating that this mechanism is unlikely to
underlie their individual frequency tuning.

Because resonant features seem to be uniformly distributed amongst Club ending afferents,
rather than contributing to individual frequency tuning, these properties are likely to serve as
a mechanism for the synchronization of the afferent population during strong acoustic
stimulation. That is, because most saccular fibers will respond to any frequency within the
goldfish’s effective range of hearing at sound levels 40 dB or more above best threshold (see
Fig. 4C for the Q10dB [range of frequency response at 10dB above threshold] of each
afferent; Fay, 1995), this resonant mechanism would act instead to synchronize this
population of large afferents to loud acoustic stimuli of behavioral relevance by making
them, regardless of their characteristic frequency, electrically tuned to the whole hearing
range. This possibility is consistent with the fact that strong acoustic stimuli are necessary
for triggering an escape response in the M-cell system, which has a characteristic high
threshold (Fay, 1995).
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7. A mechanism of lateral excitation contributes to afferent synchronization
The synaptic contacts of Club endings afferents are tightly segregated to the distal portion of
the M-cell lateral dendrite (Bartelmez, 1915). Despite the fact that the M-cell’s geometry
and electrical properties favor the spread of postsynaptic depolarizations from this relatively
remote dendritic site towards the lower impedance soma (Fig. 7A), the postsynaptic
depolarization produced by the activation of some of these afferents can be recorded as a
coupling potential in neighboring, inactive, terminals and can lead to backfiring of
subthreshold terminals (Fig. 7B) (Pereda et al., 1995; Curti and Pereda, 2004). Thus,
because their electrical synapses are bi-directional (Furshpan, 1964), these terminals are
interconnected through the M-cell lateral dendrite thereby forming a functional
compartment. The retrograde spread of dendritic depolarizations to the presynaptic Club
endings influences their excitability (Pereda et al., 1995), promoting cooperativity between
afferents (Fig. 7A).

Because of the unfavorable conditions mentioned above, this mechanism of retrograde
communication is enhanced by properties of the Club ending afferents. That is, the
amplitude of the coupling potential produced by the retrograde spread of signals from the
postsynaptic Mauthner cell is dramatically enhanced by depolarization of the presynaptic
terminal (Pereda et al., 1995). This voltage-dependent enhancement of electrical coupling
does not represent a property of the junctions themselves but instead the activation of the
INa+P present at presynaptic terminals that acts to amplify the synaptic response (Curti and
Pereda, 2004). This amplification can also be observed at resting potential if signals are
large enough to activate a significant fraction of INa+P channels, and it can be removed by
intracellular application of QX314 (Fig. 7B). This amplification was also shown to occur
under physiological conditions, using brief sound clicks (Fig. 7A,C) (Curti and Pereda,
2004). Figure 7C illustrates the intradendritic response to this brief auditory stimulus (top)
and the coupling, obtained in sequential recordings, in one neighboring terminal for which
the stimulus strength was subthreshold (bottom). This coupling was also suppressed by
QX-314 indicating that amplification of retrograde coupling by INa+P operates under
physiological conditions. Thus, amplification of retrograde transmission by INa+P is likely
to play an essential physiological role in promoting the recruitment of subthreshold afferents
during the activation of a population of these fibers. Because of its voltage-dependence, the
integrative property of this amplifying mechanism would be particularly relevant in afferents
that were subliminally activated by the stimulus (i.e., depolarization did not reach threshold;
Fig. 7A). As a result, retrograde coupling acts as a mechanism of lateral excitation that
enhances the effectiveness of an input when only a portion of these fibers are active by
synchronizing that afferent population and promoting the recruitment of new fibers that are
close to threshold (Pereda et al., 1995; Curti and Pereda, 2004). In addition, retrograde
coupling may act to enhance transmitter release when afferents are simultaneously activated
(Smith and Pereda, 2003; Pereda et al., 2004). This population mechanism is likely to boost
synaptic transmission in situations in which a large number of these afferents are activated,
such as during loud threatening sounds, and represents another example of a functional
interaction between chemical and electrical synapses at these terminals (Pereda et al., 2004).

It is generally believed that patterns of lateral excitation play relevant physiological roles by
amplifying the responses of sensory afferents tuned to qualitatively similar stimuli
(Herberholz et al., 2002). In contrast to other examples such as retinal cones (DeVries et al.,
2002), and crayfish locomotor system (El Manira et al., 1993) in which electrical synapses
are located between the presynaptic neurons, Club endings are electrically coupled to each
other through the M-cell lateral dendrite. This coupling arrangement would explain why
while in some systems junctional properties prevent the antidromic spread of
postsynaptically originated currents (Furshpan and Potter, 1959; Auerbach and Bennett,
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1969; Ringham, 1975; Edwards et al., 1991) the physiological properties of the Club
endings actually promote this phenomenon. Thus, by virtue of its bi-directional properties,
electrical transmission plays an essential functional role by promoting synchronization
between terminals and therefore enhancing the efficacy of the synaptic potential evoked by
the population of afferents. Furthermore, changes in the efficacy of electrical synapses
would further enhance this mechanism, as an additional way of increasing the impact of this
input on the excitability of the M-cells.

8. Discussion
Club ending afferents exhibit several functional specializations that make them the ideal
candidates to provide the M-cell with the essential information for the initiation of a
behavioral response. Anatomical (large size and characteristic myelinization) and synaptic
specializations (single terminals which combine strong electrical transmission with
facilitating chemical synapses) guarantee speedy dendritic depolarization and high temporal
fidelity by combining swift impulse conduction with fast and reliable synaptic transmission
(Fig. 8). In addition, converging biophysical and synaptic properties contribute to the
synchronization of the population of afferents, increasing the probability of evoking an
escape response.

Perhaps the most remarkable specialization of Club endings is the ability of their synapses to
undergo activity-dependent potentiation of both chemical and electrical synapses (Yang et
al., 1990; Pereda and Faber, 1996; Smith and Pereda, 2003). Interestingly, there are not
reports of plasticity in mammalian primary auditory afferents. Such property is presumably
undesirable in initial stages of the auditory pathway, where synaptic connections should be
reliable and specialized to transmit precise timing information. Strategies such as
multivesicular release in hair cells (Glowatzki and Fuchs, 2002) or multiplicity of release
sites and anatomical specializations in the Calyx of Held (Trussell, 1997) guarantee fast and
secure relay transmission with high probability of triggering a postsynaptic spike and low
jitter. Consistent with the high probability of release observed in synapses with high safety
factors, the synaptic contacts of mammalian primary afferents onto cochlear nucleus neurons
show a characteristic paired-pulse depression (Zhang and Trussell, 1994). Chemical
synapses at Club endings on the M-cell, on the other hand, exhibit paired-pulse facilitation
(Pereda and Faber, 1996; Wolszon et al., 1997), which is a requisite for the induction of
plastic changes. These properties are consistent with the existence of unusual synaptic
specializations. Thus, the unique synaptic properties of Club endings likely represent a
sophisticated control of sensory-motor processing and endow these specialized teleost
primary auditory afferents with significant power over a decision-making neuron.

Recently, a novel form of activity-dependent potentiation was reported at Club ending
synapses using a different stimulating pattern (Cachope et al., 2007). In this case stimulation
of the VIIIth nerve with 5 trains of 100 Hz and 1 second duration evoked a long-term
enhancement of both components of the synaptic response (Cachope et al., 2007). This
novel effect involves endocannabinoids and is indirectly mediated via the release of
dopamine from nearby varicosities (Cachope et al., 2007), which in turn led to potentiation
of the synaptic response via a cAMP-dependent protein kinase-mediated postsynaptic
mechanism (Cachope et al., 2007; Pereda et al, 1994). The pattern of activity used to trigger
this form of potentiation was chosen because is known to promote the release of
endocannabinoids in other systems (Chevaleyre et al., 2006), and it was not inspired in the
firing characteristics of these afferents. Thus, it is still unclear how endocannabinoid release
is achieved under more physiological patters of activity.
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The properties of these fast and modifiable mixed synapses are supported by biophysical
specializations that allow Club endings to translate the goldfish’s effective range of hearing
into adequate patterns of afferent activity. While the lack of repetitive M-cell firing is
thought to be due to the presence of DTX-sensitive K+ channels of the Kv1 family
(Nakayama and Oda 2004), our results show that the ability of Club ending afferents to
respond with high frequency bursts of action potentials results from the interaction of a
INa+P, which is required for repetitive responses, with an A-type K+ conductance. This
INa+P plays an essential functional role as is required for the generation of repetitive
responses and amplifies an otherwise weak electrical resonance. From the dynamical
systems point of view the electrical behavior of these afferents corresponds to an Andronov-
Hopf type of bifurcation (Izhikevich, 2007). Further, the lack of a bistability of this
afferent’s electrical behavior (Curti et al., 2008) suggests that it more specifically
corresponds to a supercritical Andronov-Hopf bifurcation (Izhikevich, 2007). Interestingly,
Andronov-Hopf bifurcations can be reproduced in reduced models that combine a persistent
Na+ current with a delayed K+ current (“persistent sodium plus potassium model”;
Izhikevich 2007) indicating that the electrophysiological properties of Club ending afferents
can be adequately explained by the interaction between these two currents.

Activation of the M-cell necessarily involves synchronized input from a number of afferent
synapses, given the brief duration of the postsynaptic potentials. Consistent with this need,
two mechanisms are known to contribute to the synchronization of this population of
afferents. The first one, supported by their resonant properties, is their propensity to respond
to any frequency within the goldfish hearing range during loud acoustic stimuli (Curti el al.,
2008). The second is a mechanism of lateral excitation that promotes the coordinated
activity of these afferents and is supported by the existence of bi-directional electrical
synapses (Pereda et al., 1995; Curti and Pereda, 2004). INa+P was shown to play an essential
role in amplifying retrograde synaptic communication via electrical synapses, thereby
contributing to the synchronization of Club endings (Pereda et al., 1995; Curti and Pereda,
2004). Thus, biophysical and synaptic properties synergistically contribute to promote the
synchronization of the afferent response, increasing the probability of evoking an action
potential in the postsynaptic M-cell.

The presence of a relatively small number of Na+ channels lacking fast inactivation (INa+P)
is essential for the function of a Club ending afferent and defines its electrophysiological
phenotype, allowing these fibers to link behaviorally relevant auditory signals into patterns
of activity that match the requirements of their fast and highly modifiable synapses (Fig. 8).
Although INa+P generally represents a small (~1%) non-inactivating fraction of the total
Na+ current it has a significant functional impact because it is activated about 10 mV
negative to the transient Na+ current, where few voltage-gated channels are activated and
neuron input resistance is high (Crill, 1996). As a result of this property, subthreshold Na+

currents play essential cellular roles, namely amplifying dendritic synaptic potentials,
regulating repetitive firing, and producing depolarizing responses (Crill, 1996;Ogata and
Ohishi, 2002). Persistent Na+ currents have been reported to be present in primary afferents
(Kocsis and Waxman, 1983;Bowe et al., 1985;Honmou et al., 1994;Wu et al., 2005;Rush et
al., 2007) where they are thought to mediate important functional and pathological roles
(Stys et al., 1992,1993). Consistent with these observations, Nav1.6 channels, thought to
underlie persistent Na+ currents (Ogata and Ohishi, 2002;Rush et al., 2007), were found in
primary auditory afferents (Hossain et al., 2005). It is possible that the transient Na+

channels underlying spikes could also contribute to the observed oscillatory behavior.
Because some models of Na+ channel gating kinetics predict slow and incomplete
inactivation of macroscopic current for depolarizations to subthreshold voltages, it has been
proposed they could underlie subthreshold currents in some neuronal types (Taddese and
Bean, 2002).
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In summary, the biophysical properties of these afferents seem to be adapted to the M-cell
system, where the increased synaptic gain of these auditory nerve synapses will sensitize a
vital escape response, lowering its threshold to acoustic stimuli (Korn and Faber, 2005).
Although anatomically simple, primary afferents can be endowed with complex membrane
and synaptic properties (Fig. 8) and capable, at least in lower vertebrates, of more
sophisticated contributions to auditory processing than has been generally recognized.
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Figure 1. The Mauthner cell system and the Club ending afferents
A, The M-cells mediate sound-evoked tail-flip escapes responses in teleost fish. B, Large
identifiable auditory afferents innervate the rostral portion of the saccular macula
(Sacculus), the main auditory component of the goldfish ear, and terminate as mixed
(electrical and chemical) synapses known as Large Myelinated Club endings (“Club
endings”) on the lateral dendrite of the M-cell. These terminals form mixed, electrical and
chemical, synapses (Mixed synapse) with the distal portion of the M-cell lateral dendrite.
Experimental arrangement used to obtain in vivo dendritic intracellular recordings of the M-
cell. Stimulation of the VIIIth nerve, where Club endings run, elicits a mixed excitatory
postsynaptic potential (EPSP) composed of an early, fast electrical component (electrical)
which is followed by a delayed, longer lasting glutamatergic component (chemical).
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Figure 2. Activity-dependent modulation of synaptic transmission in Club endings
A, Discontinuous high frequency stimulation (HFS; trains of 6 pulses at 500 Hz, every 2
seconds for 4 minutes) of the VIIIth nerve evokes persistent potentiation of both components
of the EPSP. Plot illustrates the amplitudes of the electrical (open circles) and chemical
(filled circles) components versus time (each point represents the average of 20 traces) for
one experiment. B, Induction of the short-term potentiations of the synaptic responses
depends on NMDA receptor activation. Superimposed synaptic responses evoked by a train
of four VIIIth nerve stimuli, in control and after superfusing with saline containing the
antagonists (APV/CPP). Note that while the first chemical synaptic response produced by
the train does not produce a significant NMDA receptor mediated response the late
facilitated components do. C, Schematic representation of the proposed potentiating
mechanism for Club endings. Influx of Ca2+ through NMDA receptors activates CaM-KII
that phosphorylates either glutamate receptors and connexins or regulatory molecules.
Modified from Pereda et al. (2004), with permission.
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Figure 3. Intrinsic membrane properties underlying repetitive firing in Club ending afferents
A, Electrophysiological responses obtained sequentially from the M-cell lateral dendrite
(middle trace) and a Club ending (upper trace) in response to brief acoustic stimulation (500
μs duration sound click, lower trace). This stimulus evokes a high frequency burst of action
potentials in the Club ending that temporally correlates with the sound-evoked synaptic
potential (Sound-evoked PSP) recorded in the M-cell lateral dendrite, produced by the
activity of this and an undetermined number of these afferents. B, Top: Direct intracellular
activation of Club ending afferents with depolarizing current pulses (50 ms duration, lower
trace) at 1.5 times its threshold (1.5 T) evokes a repetitive discharge consisting of a train of
action potentials that exhibits marked frequency adaptation. Middle: Active mechanisms
involved in near-threshold membrane responses. The figure shows a representative response
of a Club ending to a depolarizing current pulse (represented by the lower trace; magnitude
is different for upper and middle trace). At the beginning of the pulse the response is
dominated by the activation of a persistent Na+ current (INa+P). The amplifying action of
this Na+ current is counterbalanced by the delayed activation of an A-type K+ current (K+).
C, Firing responses evoked by a depolarizing current pulse (3.3 nA, 50 ms duration) before
(left) and after extracellular application of 1 μM TTX (right; TTX). The effects of TTX were
observed within the time window in which the amplitude of the action potential of the
afferents remained largely unaffected by the drug, suggesting that only persistent sodium
channels were affected. D, Membrane responses to current pulses obtained before (left) and
after extracellular application of 5mM 4-AP (right; 4-AP). The current pulse, which in
control conditions was just sufficient to evoke a single action potential, was capable of
inducing a vigorous repetitive discharge 5 minutes after 4-AP application. Modified from
Curti et al. (2008), with permission.
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Figure 4. Club ending afferents exhibit resonant membrane properties
A, Electrophysiological recordings revealed the presence of subthreshold membrane
oscillations underlying repetitive responses. Trace illustrates the membrane response to a
depolarizing current pulse, consisting of four action potentials followed by a damped
oscillation of the membrane potential (trace represents the average of 5 single responses
centered in the oscillation; action potentials are truncated). The frequency of this
subthreshold oscillation was estimated fitting a function consisting in the sum of a sinusoidal
and an exponential function (143 Hz, thicker trace). B, Indirect estimates of electrical
resonance were obtained by calculating cutoff frequencies of the low-pass and high-pass
filtering properties of the membrane from kinetics of subthreshold membrane responses. The
time constant of a high-pass filter representing the activation of the A-type current (τk) was
estimated by fitting a double-exponential function to the decaying portion of the near-
threshold response about 5 ms after the pulse onset. Only the faster and most prominent time
constant (30 fold the magnitude and 10 times faster than the second one), which likely
represents the activation of the A-type current, is represented here and its value used for the
estimates of electrical resonance. The time constant of a low-pass filter, representing passive
membrane properties (τm), was accurately estimated by fitting a single exponential function
to the decay that followed the cessation of current pulses of different polarities and
amplitudes (only one of these pulses is illustrated in this example and indicated as τm). This
estimate is influenced by both the passive membrane properties and the spread of the
injected current along the axon, and represents the effective time constant of the afferent
fiber. C, Bode plot (magnitude versus frequency) constructed using a linear model that
combines both high- and low-pass filter properties of the membrane. The combination of
membrane mechanisms with high-pass and low-pass filtering properties determines a band-
pass filter with a bandwidth of 742 Hz and a maximum at 220 Hz. For comparison, the
tuning curves of two representative saccular afferents are also illustrated in the same graph
(gray traces; curves originally illustrated in Fay, 1995). Threshold in dB (right side
ordinates) is plotted against sound frequency. Note that the characteristic frequencies and
Q10dB responses (horizontal lines) of both tuning curves (corresponding to the responses of
the two types of afferents found in goldfish) matched the estimated bandwidth of the
electrical resonance. D, Computer simulations with NEURON revealed the relative
contributions of A-type (IA) and persistent Na+ (INa+P) currents to membrane resonance.
Based on available anatomical data, an ideal Club ending afferent fiber was modeled as a
section consisting of a cylindrical process with passive properties (see Curti et al., 2008).
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Plot illustrates the computed input impedance (ordinates, normalized to the magnitude of the
steady-state membrane response in the absence of any active mechanism) versus frequency
(abscissa). When a delayed rectifier and an A-type current with the kinetics estimated
experimentally for the ventral cochlear nucleus (Rothman and Manis, 2003) were added to
the model, a clear resonant behavior appeared centered at 220 Hz (K + IA, gray trace). Note
that the addition of a persistent Na+ current produces a significant amplification of the
membrane resonance (K + IA + INa+P, black trace), without modifying the resonant
frequency. Modified from Curti et al. (2008), with permission.
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FIGURE 5. Matching of membrane and synaptic properties
A, Time course of the frequency-dependent facilitation of the chemical component with a
two stimuli protocol (paired pulse facilitation). Stimuli were delivered at different intervals
(2 ms, 5 ms and 10 ms are illustrated; the electrical components of the synaptic responses
appear truncated). B, Facilitation of the chemical component, estimated as ((second EPSP
amplitude − first EPSP amplitude)/first EPSP amplitude)*100, is plotted as a function of the
paired pulse interval in a representative experiment. The data were fitted to a single
exponential function (solid line) with a time constant in this case of 6.9 ms. Vertical dashed
line and the gray rectangular area approximately indicate the peak value and bandwidth of
the estimated electrical resonance, respectively. C, Time constants of paired pulse
facilitation of chemical EPSP at Club endings, the neuromuscular junction (NMJ; Magleby
1987) and cerebellar granule to Purkinje cell synapse (granule cell; Atluri and Regehr 1996).
Modified from Curti et al. (2008), with permission.
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Figure 6. Effect of Dopamine on Club ending repetitive firing and near-threshold membrane
responses
A, Firing responses evoked by a depolarizing current pulse (3 nA, 50 ms duration) before
(left) and after (right) extracellular application of 100 μM Dopamine. B, Near-threshold
voltage response (2 nA, 50 ms duration) obtained before and after Dopamine application.
The characteristic initial non-linear membrane response in the form of an apparent increase
in the slope resistance, attributed to the activation of INa+P (Curti and Pereda, 2004; Curti et
al, 2008) was substantially reduced by application of Dopamine, suggesting the down-
regulation of INa+P by this modulator. C, This effect was quantified by comparing the ratio
between early and late responses during control conditions and after Dopamine application.
This ratio, estimated as (ΔV early − ΔV late)/ΔV early, averaged 0.33 ± 0.12 in control, and
was significantly affected by dopamine application averaging 0.15 ± 0.05 (mean ± S.D.; p=
0.0002; n=8).
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Figure 7. A mechanism of lateral excitation contributes to afferent synchronization
A, Dendritic synaptic potentials (Mauthner cell) evoked by suprathreshold electrical or
natural stimulation of VIIIth nerve afferents (darker afferents; VIIIth Nerve stim. and Sound
click; upper traces in B and C) can be recorded as coupling potentials, in neighbouring
subthreshold terminals (light terminals; lower traces in B and C, respectively). INa+P
(persistent, subthreshold, Na+ current. B, Mixed synaptic response (electrical and chemical)
produced by extracellular electrical stimulation of the posterior branch of the VIIIth nerve
(Upper, VIIIth Nerve stim.) evokes a retrograde coupling potential in a subthreshold terminal
(lower, VIIIth Nerve coup.). Inset: amplitude of the VIIIth nerve coupling (asterisk) was
adjusted to be at the threshold of the presynaptic afferent (truncated spike: 100 mV).
Superimposed traces in the lower panel represent the amplitude of these retrograde
responses obtained right after (control) and 5 minutes after the penetration of the terminal
with an electrode containing QX-314. C, Sound-evoked synaptic potential (Sound click; 500
μs pulse) can also be recorded as a coupling potential in neighbouring inactive terminals
(bottom trace; Sound coupling). Superimposed traces represent the retrograde responses
obtained right after (Control) and 5 min. after the penetration of the synaptic terminal with
an electrode containing QX-314. Note the reduction in amplitude of both retrograde
coupling potentials observed after injection of QX-314 (grey traces). Modified from Curti
and Pereda (2004), with permission.
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Figure 8. Membrane and synaptic specializations of Club ending afferents
Anatomically simple Club ending afferents (dendritic arborization is not represented in this
cartoon) are endowed with electrophysiological properties that allow these neurons to
translate behaviorally relevant acoustic signals into patterns of activity that match the
requirements of their fast and highly modifiable synapses. The properties of both electrical
and chemical synapses contribute to generate adequate synaptic activation of the M-cell.
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