
Complex primary afferents: What the distribution of
electrophysiologically-relevant phenotypes within the spiral
ganglion tells us about peripheral neural coding

Robin L. Davis and Qing Liu
Department of Cell Biology and Neuroscience, Rutgers University

Abstract
Spiral ganglion neurons are the first neural element of the auditory system. They receive precise
synaptic signals which represent features of sound stimuli encoded by hair cell receptors and they
deliver a digital representation of this information to the central nervous system. It is well known
that spiral ganglion neurons are selectively responsive to specific sound frequencies, and that
numerous structural and physiological specializations in the inner ear increase the quality of this
tuning, beyond what could be accomplished by the passive properties of the basilar membrane.
Further, consistent with what we know about other sensory systems, it is becoming clear that the
parallel divergent innervation pattern of type I spiral ganglion neurons has the potential to encode
additional features of sound stimuli. To date, we understand the most about the sub-modalities of
frequency and intensity coding in the peripheral auditory system. Work reviewed herein will
address the issue of how intrinsic electrophysiological features of the neurons themselves have the
potential to contribute to the precision of coding and transmitting information about these two
parameters to higher auditory centers for further processing.
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1. Introduction
A defining feature of the peripheral auditory system is its graded specializations utilized to
separate complex sounds into their component frequencies (Raphael and Altschuler, 2003;
Rubel and Fritzsch, 2002). The systematic variation in width and stiffness of the basilar
membrane is the first step in setting up the tonotopic map that represents the primary
sensory parameter coded within the auditory neuronal pathway (von Békésy, 1970).
Subsequently, many other cellular specializations have been discovered that appear to be
necessary to achieve greater precision in frequency discrimination. Analogous to the strings
of a harp, the collagen fibers in the low frequency region of the basilar membrane are longer
and more flexible than those in the high frequency region (Slepecky, 1996). Much like the
basilar membrane, the tectorial membrane also displays a stiffness gradient along the
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tonotopic contour (Richter et al., 2007). Further, the receptor cells are specifically tailored in
much the same manner. The stereocilia of the inner and outer hair cells in the mammalian
cochlea vary systematically with cochlear location. Stereociliary length is maximal in the
apex where relatively slow vibrations occur; the stereociliary length decreases along the
extent of the cochlea such they are shortest in the base to most efficiently transduce high
frequency vibration (Corwin and Warchol, 1991). Particularly pronounced in the outer hair
cells, but also evident in the inner hair cells, is a variation in soma area, such that the largest
cells are present in the apex compared to those in the base (Ashmore and Gale, 2000).
Furthermore, electrical resonance (Art and Fettiplace, 1987) and transduction channel
conductance and adaptation rate (Ricci et al., 2003) increase with increasing frequency in
turtle hair cells. Thus, the multiple mechanical and electrical cochlear specializations that
are graded along the cochlear contour to sharpen frequency tuning illustrate the importance
of this parameter in auditory perception. Further evidence for this can be found in the large
number of frequency maps found throughout the auditory neuronal pathways, which are
refined during development (Kandler et al., 2009). Therefore, the peripheral auditory system
utilizes layers of increasingly refined mechanical and electrical specializations to enhance
frequency-specific coding.

The name “spiral ganglion” beautifully conveys the shape of this peripheral cluster of
neurons within the confines of the snail-shaped cochlea. The longitudinal organization of the
ganglion also suggests that the neurons themselves may display tonotopic features that
typify the peripheral end organ. Because this ganglion consists almost entirely (~95%) of a
single cell class, the type I neurons, this question is reasonably straightforward to address.
Type I spiral ganglion neurons constitute a highly divergent pathway from the inner hair
cells into the CNS. Each neuron receives synaptic input from only a single inner hair cell,
yet each inner hair cell forms synapses onto 10–30 type I neurons (Keithley and Schreiber,
1987; Liberman et al., 1990). This innervation pattern is quite different from that seen for
the type II neurons that compose the remaining ~5% of the ganglion. Instead of being
divergent, type II neurons receive synaptic input from multiple (15–20) outer hair cells
(Spoendlin, 1972), forming a convergent neural pathway. The type I and type II neurons
with their distinctly different innervation patterns, have been shown to synapse in separate
regions within the cochlear nucleus (Benson and Brown, 2004). Although there are many
speculations (Brown, 1994; Reid et al., 2004; Robertson et al., 1999; Spoendlin, 1975;
Weisz et al., 2009), very little is known about the functional significance of the type II
neurons. Therefore, we will focus our attention on the type I neurons that not only constitute
the majority of the nerve but are also known to comprise the primary pathway for auditory
perception.

The question considered in this review is whether type I spiral ganglion neurons show
electrophysiological specializations for conduction of auditory signals into the CNS. Once
detached from their peripheral receptor cells and central targets, are these neurons uniform
in their properties such that they faithfully convey input from their peripheral synaptic
partners, or do they augment detection of specific auditory sub-modalities by shaping the
signal that they transmit?

2. Diversity of type I spiral ganglion neurons
Electrophysiological recordings from central neurons separated from their synaptic targets
have revealed a wide array of endogenous firing patterns that undoubtedly contribute to their
signaling capabilities (Bean, 2007). In the same regard, investigators have found that
although it is clear that the fundamental parameters extracted from sensory stimuli are
determined in large part by the characteristics of sensory receptors, intrinsic properties of
primary afferent neurons also contribute (Loewenstein and Mendelson, 1965; Masland and
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Raviola, 2000; Scroggs and Fox, 1992). This evolution in our view of sensory processing
has occurred for the auditory system as well. Before we and others began the examination of
spiral ganglion neurons with intracellular recordings in order to characterize their intrinsic
electrophysiological features (Chen, 1997; Chen and Davis, 2006; Davis, 1996; Garcia-Diaz,
1999; Hisashi et al., 1995; Jagger and Housley, 2002; Jimenez et al., 1997; Lin, 1997; Lin
and Chen, 2000; Mo et al., 2002; Mo and Davis, 1997a; Moore et al., 1996; Santos-Sacchi,
1993; Sheppard et al., 1992; Szabo et al., 2002; Yamaguchi and Ohmori, 1990), the general
view of the field was that all type I neurons that composed the ganglion were identical. This
was based upon the wealth of in vivo recordings revealing that neurons fire in a similar
fashion to pure tone stimuli (Kiang et al., 1965; Kiang et al., 1984; Sachs et al., 1974). The
data shown in Figure 1 exemplifies these observations. Extracellular auditory neuron
activity in response to pure tone stimuli as characterized by post-stimulus time (PST)
histograms clearly display patterns of activity that are almost identical (Fig. 1). However,
one could interpret this finding differently and wonder why each PST histogram pattern is
similar despite the clear differences in the sensory stimulus used to evoke the neuronal
responses.

Insight into this question was obtained with whole-cell patch clamp recordings from spiral
ganglion neurons of known cochlear location. Using this technique, we discovered that
spiral ganglion neurons do not display identical firing features along the frequency contour
of the cochlea or even within each frequency region (Adamson et al., 2002b; Mo et al.,
2002; Mo and Davis, 1997a). In retrospect, these findings were foreshadowed by early
observations of the organization of basic spiral ganglion morphology. Similar to the diverse
frequency-specific specializations noted throughout the organ of Corti (Raphael and
Altschuler, 2003), numerous investigators have shown that the soma size of putative type I
neurons varied tonotopically, with the largest neurons situated toward the basal regions
(Echteler and Nofsinger, 2000; Liberman and Oliver, 1984; Nadol et al., 1990; Rosbe et al.,
1996; Ryugo, 1992). Unlike most other neurons, spiral ganglion neurons are notable in that
the soma is part of the action potential conduction pathway, meaning that, in addition to
reflecting structural specializations such as axonal diameter or extent of the axonal arbor,
differences in cell body size could regulate signaling parameters as well. In addition to
which, the cell bodies of the auditory primary afferents are surrounded by a unique type of
myelin, referred to as loose myelin. Distinct from compact myelin in both its anatomical
structure and molecular composition (Rosenbluth, 1962), loose myelin is thought to
surround electrically excitable spiral ganglion soma membrane (Robertson, 1976; Toesca,
1996) In sum, the spiral ganglion neuronal somata clearly shows distinctive variation along
the tonotopic axis of the cochlea.

To our knowledge this was the first demonstration that spiral ganglion neurons possess
tonotopic specializations. Soma size differences noted for spiral ganglion neurons varied
inversely with hair cell soma size, stereocilia length and basilar membrane width. This
relationship is not particularly surprising since the structural requirements for specialized
cellular elements within the organ of Corti is driven by their role in sound transduction,
where mechanical specializations are required; clearly this is not relevant to how spiral
ganglion neurons perform their function. Instead, it is action potential generation and
conduction that must be considered, in which the soma size and axon diameter can have a
powerful impact. In the case of soma size, one would predict that the increased surface area
and the consequent increase in membrane capacitance could delay signal transmission
through the cell body and could also filter high frequency action potential bursts (Robertson,
1976). Enlarged axonal diameter, on the other hand, would increase action potential
conduction velocity due to the decreased internal resistance. Whether the transmission rates
for each of these features compensate for one another to produce uniform transmission in
high and low frequency neurons has yet to be explored.

Davis and Liu Page 3

Hear Res. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Peripheral axon diameter of the spiral ganglion neurons display subtle tonotopic gradation,
but also show clear local variation (Liberman, 1982a; Ryugo, 1992). This feature varies
systematically around the circumference of each individual inner hair cell (Liberman,
1982a), the organization of which was largely maintained in the ganglion (Kawase and
Liberman, 1992; Leake et al., 1992). Larger diameter axons, possessing greater numbers of
mitochondria, physiologically associated with cells that fire at high spontaneous rates and
have low thresholds to sound stimuli, were located along the pillar side of the inner hair cell.
In contrast, small and medium diameter axons of less mitochondria content, which fire at
low spontaneous rates and have high thresholds to auditory stimuli, were located on the
opposite side of the inner hair cells. This precise local variation, compared to the obvious
type I-type II divergent-convergent pathways and tonotopic layout, strengthens the idea that
there is an additional organizational principle at work. Because the threshold for firing leads
to a clear shift in the rate/level function for these neurons (Kiang et al., 1965; Liberman,
1982a; Schmiedt, 1989; Winter et al., 1990), it appears that this is a separate neural pathway
for processing intensity information.

These characterizations of soma area and axon diameter are revealing because they indicate
that spiral ganglion neurons possess specializations that vary in tandem with two well-
characterized sub-modalities. Like frequency coding, spiral ganglion neuron soma area is
graded along the cochlear axis, while, similar to threshold differences in intensity coding,
spiral ganglion axon diameter varies around the inner hair cell circumference. This begs the
question: are there other specializations within the spiral ganglion that further modulate
signals that are sent to the CNS? Early work using single unit extracellular recording
revealed cells with unique characteristics that support this possibility (Kiang, 1990).
Moreover, there have been numerous observations of variations in diverse protein levels
between putative type I neurons (Anniko et al., 1995; Lopez et al., 1995; Romand et al.,
1990; Salih et al., 1999), which also hint at additional complexity. The next step is to clearly
define how these various phenotypes are distributed within the ganglion in order to examine
their functional significance.

3. Tonotopic distribution of firing features, voltage-gated ion channels, and
synaptic proteins

Complementing the tonotopic variation in morphological features of type I spiral ganglion
neurons described above, previous studies from our laboratory have shown that aspects of
spiral ganglion neuron firing features are graded as well. For example, the differences in
accommodation that were originally observed from in vitro recordings of postnatal spiral
ganglion neurons (Mo and Davis, 1997a) were found in subsequent investigations to be
distributed according to area of innervation. Neurons isolated from apical, low frequency
regions showed greater levels of slow accommodation compared to those isolated from
basal, high frequency regions (Adamson et al., 2002b). In addition to this very obvious
feature, more subtle characteristics such as action potential latency, onset time course at
threshold, and duration were also related to the area from which neurons were originally
isolated. Neurons that showed prolonged latency, slow onset time course, and relatively long
action potential duration were typically observed from neurons isolated from apical regions
of the cochlea. By comparison, neurons that showed abbreviated latency, rapid onset time
course, and brief action potential duration were characteristic of neurons isolated from basal
cochlear regions. An example of whole-cell current clamp recordings at threshold from
spiral ganglion neurons isolated from the base and apex of the cochlea are shown in Figure 2
(upper left and right panels, respectively). These observations were augmented with
immunocytochemical labeling of ion channels known via pharmacological studies to be
likely regulators of the electrophysiological features of spiral ganglion neurons: large
conductance calcium-activated potassium channels (BK), Kv1.1, Kv3.1, and Kv4.2
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(Adamson et al., 2002b). In that study, immunocytochemical analysis showed that ion
channel types which could contribute to abbreviated firing features (BK, Kv1.1 and Kv3.1)
were enriched in basal neurons, both in vitro and in vivo (Fig. 2. panels a–e).
Correspondingly, an antibody against the ion channel type that could contribute to the
slowing of neuronal responses (Kv4.2) was found to be enriched in apical spiral ganglion
neurons (Adamson et al., 2002b).

Firing characteristics and voltage-gated ion channel composition were not the only
electrophysiologically-relevant features that changed from apical to basal regions of the
spiral ganglion. In a systematic examination of the distribution of presynaptic and
postsynaptic proteins, a distinct pattern emerged. Two postsynaptic AMPA receptor
subunits, GluR2 and GluR3, showed the highest antibody labeling levels within the neurons
innervating the basal cochlear region (Flores-Otero et al., 2007). Conversely, two
presynaptic proteins, synaptophysin and SNAP-25, were analyzed and showed a significant
enhancement in apical neurons. Interestingly, within any given region of the ganglion, levels
of AMPA receptors were relatively uniform whereas levels of presynaptic proteins in the
apical region of the ganglion showed an obvious heterogeneity. The presynaptic protein
distribution in apical neurons could reflect the heterogeneous accommodation displayed by
apical spiral ganglion neurons and may furthermore be associated with the enhanced
complexity of the end bulbs of Held within the low frequency regions (Cant, 1992; Rouiller
et al., 1986; Ryugo, 1992). Increased AMPA receptor density in basal neurons could serve
to enhance neuronal responses to synaptic input, thus overcoming the low input resistance
that results from the large numbers of low-voltage activated ion channels found within these
cells (Adamson et al., 2002b).

The distribution of endogenous electrophysiological features and synaptic proteins within
the spiral ganglion was subsequently shown to be regulated in a highly predictable manner
by two neurotrophins. Brain derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3)
are produced by hair cells, satellite cells, and neurons within the organ of Corti (Ernfors et
al., 1992; Farinas et al., 2001; Pirvola et al., 1994; Pirvola et al., 1997), thus potentially
acting via their respective high affinity trkB and trkC receptors (Barbacid, 1994; Patapoutian
and Reichardt, 2001), which are present in spiral ganglion neurons (Cochran et al., 1999;
Farinas et al., 2001; Knipper et al., 1996; Mou et al., 1997; Pirvola et al., 1994; Pirvola et
al., 1992; Ylikoski et al., 1993). NT-3, expressed in the highest amounts in the low
frequency region late in development and throughout adulthood (Fritzsch et al., 1997;
Pirvola et al., 1992; Sugawara et al., 2007; Ylikoski et al., 1993), up regulates
synaptophysin, SNAP-25, and Kv4.2, which is consistent with our finding that these
molecules are elevated in apical neurons.

With regard to BDNF, there is evidence that it is present in spiral ganglion neurons from
early development throughout adulthood (Ruttiger et al., 2007; Schecterson and Bothwell,
1994; Schimmang et al., 2003; Singer et al., 2008). Moreover, the distribution is graded,
with higher levels in the base than in the apex (Ruttiger et al., 2007; Schimmang et al., 2003;
Singer et al., 2008). It is also clear that BDNF can be found in the cochlear hair cell
receptors during embryonic development, but whether it is present postnatally and during
adulthood is controversial. Research utilizing postnatal tissues show that BDNF is either
absent (Wheeler et al., 1994) or present at lower levels than detected embryonically (Pirvola
et al., 1992; Ylikoski et al., 1993). Descriptions of BDNF tonotopic distribution range from
observations of levels that are higher in the apical cochlea during early development
(Farinas et al., 2001; Pirvola et al., 1992) to studies utilizing cochlear microisolates which
demonstrate that BDNF is selectively secreted from basal postnatal cochleae (Flores-Otero
et al., 2007). Investigations of BDNF distributions in the adult cochlea report that it is either
not expressed (Wheeler et al., 1994; Ylikoski et al., 1993), or is present (Breuskin et al.,
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2010) and elevated within the basal regions (Flores-Otero and Davis, in press; Tan and
Shepherd, 2006). Moreover, BDNF up regulates Kv1.1, Kv3.1, BK, GluR2 and GluR3,
which are all elevated in basal neurons. Nevertheless, it is evident that additional work needs
to be done to clarify this important issue.

Interestingly, we observed that BDNF and NT-3 generally have `yin-yang' effects on these
electrophysiologically-relevant proteins (Fig. 3). Most of the voltage-gated ion channels and
synaptic proteins that are up regulated by NT-3 are down regulated by BDNF. The mirror
image is true: most of the voltage-gated ion channels and synaptic proteins that are up
regulated by BDNF are down regulated by NT-3. This indicates that the phenotypes
produced by the two oppositely-oriented neurotrophin distributions are amplified by this
subtractive effect such that they form a steeper overall gradient than what would ensue from
the action of either neurotrophin alone. Furthermore, the down regulation by neurotrophins
indicates that the phenotype can be regulated below baseline levels. Observations of the yin-
yang regulation of electrophysiologically-relevant proteins strongly indicate that BDNF and
NT-3 activate distinctly different elements of trk-based signaling pathways. The spiral
ganglion is one of very limited neuronal systems that can be studied to assess this important
distinction (Huang and Reichardt, 2003).

4. Timing-specific endogenous neuronal properties are graded within the
spiral ganglion

Initial experiments on spiral ganglion neurons concentrated on differences between cells
isolated separately from high and low frequency regions of the ganglion (Adamson et al.,
2002a; Adamson et al., 2002b; Davis, 1996; Flores-Otero and Davis, in press; Flores-Otero
et al., 2007; Reid et al., 2004; Zhou et al., 2005). To take the next step in relating form to
function, the properties of neurons along the entire extent of the spiral ganglion have begun
to be characterized. Immunolocalization of anti-GluR2/3 and anti-synaptophysin antibodies
along the tonotopic contour of cochlear sections show unequivocally that each of these
proteins is distributed in a systematic linear gradient but in opposite cochlear orientations
(Flores-Otero and Davis, in press). Furthermore, we directly assessed the mid-frequency
distribution of electrophysiological parameters by recording from and labeling neurons in a
novel “gangliotopic” preparation that consists of neurons obtained from the entire length of
the ganglion with their relative locations still intact (Fig. 4a).

To examine the distribution of timing-related features along the length of the spiral
ganglion, the onset time course of the membrane potential in response to sub-threshold
constant current injection was quantified (see sub-threshold traces in Fig. 2 top panel, Fig.
4a insert, Fig. 4b). It is obvious that the change in membrane potential is more rapid in basal
neurons than in apical ones, and consequently the latency to action potential firing is shorter
in the base than in the apex. When onset time course was fitted with double exponentials as
shown in Figure 4b and evaluated along with the gangliotopic location of each neuron from
which the recording was made (Fig. 4c, black diamonds) a clear gradient was observed. As a
control, additional data averaged from neurons separated into apical, middle and basal fifths
of the ganglion and plated into separate culture dishes showed a similar distribution (Fig. 4c,
gray bars). An additional result obtained from this study was the degree of local
heterogeneity observed at each cochlear location. As we discuss in the next section, this
heterogeneity may be an important feature of information coding in the spiral ganglion.

Slow onset time course could effectively introduce delays in the responses of spiral ganglion
neurons to auditory stimuli, particularly for low frequency sounds. Interestingly, when
extracellular single unit recordings were made from auditory nerve fibers in adult chinchilla
(Temchin et al., 2005), the longest latency delays to click stimuli were found in the lowest
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characteristic frequency regions, revealing a parameter with a clear tonotopic distribution
(Fig. 5a). The systematic changes in signal delay have been commonly attributed to
mechanics of the basilar membrane traveling wave as it moves from base to apex (Ruggero,
1992). However, systematic tonotopic latency responses to clicks were not significantly
altered in species having a prominent auditory fovea where spatial occupancy of the basilar
membrane over-represents the best frequencies of hearing (3–10 kHz; Fig. 5b). This
indicates strongly that basilar membrane mechanics cannot be the sole explanation for the
delay in apical neuron responses and that subsequent stage(s) of peripheral auditory
processing might contribute to this phenomenon (Koppl, 1997b). Latency differences
observed from our in vitro studies (Fig. 5c) could indicate that endogenous properties of
spiral ganglion neurons along with potential contributions from synaptic input may insert
different delays in high and low frequency regions that decrease from apex to base (Nagel,
1974; Miller et al., 1993). Furthermore, similar specializations have been noted in higher
auditory centers (Brew and Forsythe, 2005; Li et al., 2001) and may also contribute. Taken
together these data strengthen the idea that intrinsic delay by endogenous neuronal
properties is an important regulator of signal timing in addition to synaptic delays and signal
transmission along the axons. What remains to be elucidated is the relative timing
relationship contributed by each stage of signal processing.

5. Sensitivity-related endogenous neuronal properties are distributed non-
monotonically within the spiral ganglion

The in vitro gangliotopic preparation that we developed was also instrumental in revealing
electrophysiological parameters that do not shift monotonically with cochlear location, thus
identifying features that could contribute to the coding of sub-modalities other than
frequency, such as intensity. We noted from current clamp recordings that the prominent
hyperpolarizing sag that typifies the hyperpolarization-activated cationic current (Ih) found
in spiral ganglion neurons (Chen, 1997; Mo and Davis, 1997b) was one of these features.
Rather than displaying a linear tonotopic gradient, we found that the magnitude of this
inward rectification peaked in the mid-apical cochlear region and was heterogeneous
throughout (Fig. 6b). Assuming that this measurement from current clamp recordings is
indicative of the magnitude of the Ih current, one would predict that the resting membrane
potential would be more depolarized in mid-frequency neurons, thus rendering neurons in
this region more excitable. Utilizing the Ih blocker CsCl, we and others have found that the
Ih current does indeed contribute to setting the resting membrane potential of spiral ganglion
neurons (Liu and Davis, 2008; Yi et al., 2010). Moreover, direct measurement of resting
membrane potentials showed that neurons isolated from the mid-apical regions were more
depolarized than those isolated from the apical or basal ends, further supporting the idea that
this parameter is distributed non-monotonically (Liu et al., in preparation).

Experiments of this type also showed that the threshold voltage for firing an action potential
varied systematically with the magnitude of hyperpolarizing inward rectification (Fig. 6a).
Threshold voltage was heterogeneous, yet showed a clear trend such that neurons with the
lowest thresholds were located toward the mid-apical regions of the gangliotopic cultures
(Fig. 6c). Interestingly, these two findings regarding resting membrane potential and action
potential threshold are complementary, and they correlate well with in vivo observations that
neurons in the mid-ganglion region are typically the most excitable (Fay and Popper,
2000;Liberman, 1982b;Rosowski, 1991;Wever, 1974). What is remarkable about the
distribution pattern of spiral ganglion neuronal excitability is that it appears to overlap with
the best frequency region. Although the known mid-frequency sensitivity can be explained
almost exclusively by middle ear mechanics (Rosowski, 2003), it has been reported that
cochlear and/or neuronal response properties may also contribute to the augmented
sensitivity in the mid-frequency range (Ruggero and Temchin, 2002). The spiral ganglion
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neurons with their dual intrinsic specializations of low voltage threshold and elevated resting
membrane potential in the mid-apical cochlear region may fulfill this role. An investigation
into additional voltage-gated current types that contribute to these notable features is
currently underway.

Another interesting aspect of our observations is that despite rigorous controls for data
assessment we note a marked overall heterogeneity in many electrophysiological parameters
measured from spiral ganglion neurons (Adamson et al., 2002a; Liu and Davis, 2007; Mo et
al., 2002). This is especially true for threshold voltage levels and hyperpolarizing sag
magnitude. One possible interpretation is that the variation is utilized to construct a range of
threshold sensitivities among the spiral ganglion neurons innervating each inner hair cell,
much like what one observes from in vivo recordings in which tuning curves are plotted
against the test frequency (Fig. 7a). The tip of the tuning curve (Fig. 7b) can be best
compared to our measures of threshold voltage (Fig. 7c). Despite the parameters of the
stimulus being necessarily different for the in vivo and in vitro recordings, there is a
remarkable similarity between the overall distributions obtained from the two methods,
although we find that our measure of threshold voltage appears to be less heterogeneous
than that seen in the in vivo recordings (Fig. 7b vs. 7c).

Overall our findings that neurons in the mid-apical cochlear regions show the greatest
sensitivity are strengthened by observations that two separate intrinsic features of the
neurons co-vary. Neurons within the region of highest sensitivity show both reduced
absolute voltage thresholds and increased resting potential levels. Either of these features
alone would enhance the excitability of spiral ganglion neurons, yet when expressed
together predicts an even more robust neuronal phenotype. Therefore, these two parameters,
threshold and resting membrane potential, can enhance neuronal sensitivity and may also
contribute to the heterogeneity that is observed prominently in the most sensitive frequency
region. In placing these findings into a functional context, one must consider the possibility
that in addition to synaptic specializations that correlate with spontaneous rate (Merchan-
Perez and Liberman, 1996), the endogenous properties of the neurons may also contribute to
a feature which is likely to underlie intensity coding in the auditory system.

6. Concluding remarks
The tonotopic distribution of timing-related parameters and the non-monotonic distribution
of excitability within the spiral ganglion correspond well with the known functional
organization of the peripheral auditory system. Because these parameters are controlled by
numerous kinds of ion channels, sophisticated regulatory mechanisms must be in place to
orchestrate their cell-specific expression. The opposite actions of BDNF and NT-3 in this
regard have provided a great deal of information, but there is much that remains to be done,
particularly with reconciling the gradients of the two neurotrophins with the distribution of
ion channels that determine resting membrane potential and the threshold voltage for action
potential firing.

It is clear, however, that the question posed at the beginning of this review has a
functionally-relevant answer - neurons of the spiral ganglion possess electrophysiological
specializations that may contribute to encoding of auditory information in vivo. Multiple
approaches have been utilized to show convincingly that the kinetic features change
systematically along the tonotopic axis whereas neuronal excitability is distributed such that
the most sensitive neurons are located in the mid-cochlear region associated with greatest
sensitivity. The duality of endogenous timing and sensitivity of spiral ganglion neurons and
their unique distributions along the tonotopic contour are summarized in Figure 8.
Superimposed over a cluster of β-tubulin stained spiral ganglion neurons (gray profiles) is
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the heterogeneous and enhanced sensitivity in the mid-apical frequency region depicted by
the elongation of the scale bars toward a lower intensity level and the greater number of
tuning curves. Simultaneously, there is a smooth progression from `slow' to `fast' firing
features that are graded smoothly from the low frequency region (left) to the high frequency
region (right) denoted by the musical note symbols that demark the tips of the tuning curves.
The sophisticated phenotypic tuning of spiral ganglion neurons undoubtedly plays a
functional role in auditory signal encoding and should be carefully considered when
designing new clinical approaches.
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Fig. 1.
Post-stimulus time histograms from three units with low to high characteristic frequencies
(CF) showed similar response patterns to tone bursts. Recordings were made from cat
auditory nerve fibers. Each histogram averages 2 minutes of data. Y-scale: 200 spikes/per
increment. Burst levels used: −50 dB for unit 38; −70 dB for unit 34 and 41. Adapted from
Kiang et al., 1965
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Fig 2.
Endogenous electrophysiological firing patterns and voltage-dependent ion channel
composition differ between apical and basal spiral ganglion neurons. Top Panel. Series of
stacked whole-cell current clamp traces from a basal (left) and apical (right) spiral ganglion
neuron highlight differences in response speed. The onset time course and difference in
latency are evident from the series of sweeps; the differences in action potential duration can
be observed from the inset traces (box). a–e, Anti-BK antibody labeling was enriched in
basal compared to apical spiral ganglion neurons in adult cochlea (a–c) and in vitro (d, e). a,
Section taken from an adult CBA/CaJ mouse cochlea stained with anti-BK antibody
(Alomone Labs, APC-02) showing that the neurons in the base of the cochlea (blue box)
were considerably darker than those in the apex (red box). The calibration bar, lower right,
represents 200 μm. b, high-magnification view of the basal neurons. c, High-magnification
view of the apical neurons. d, postnatal spiral ganglion neurons isolated from the base and
maintained in vitro for 7 days also showed intense anti-BK antibody labeling. The arrow
indicates a darkly stained neuron. e, Sister cultures of apical neurons treated identically to
those in panel d showed only low staining levels. The arrowhead indicates a lightly stained
neuron. The scale bar in panel c = 20 μm and applies to panels b–e. Adapted from Adamson
et al., 2002a.
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Fig. 3.
The neurotrophins BDNF and NT-3 have `yin-yang' regulatory effects on voltage-gated ion
channel and synaptic protein composition in spiral ganglion neurons. In general, when one
of the electrophysiologically-relevant proteins (described in the text) was up regulated by
one neurotrophin, it was down regulated by the other. Kv1.1 and Kv4.2 were exceptions;
only up regulation by the respective neurotrophins, BDNF and NT-3, was noted. Table from
Flores-Otero et al., 2007.
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Fig. 4.
Spiral ganglion neurons plated with their relative locations intact showed graded differences
in membrane kinetics that become progressively slower from base to apex. a, A gangliotopic
culture, stained with anti-β-tubulin antibody (red), was used to correlate neuronal firing
properties with their gangliotopic position. A dotted line was drawn by eye to approximate
the apex to base tonotopic axis. Scale bar: 200 μm. Inset current clamp recordings showed
differences in onset time constant and latency at threshold with matched holding potential
(−80 mV) and voltage threshold from one apical and one basal neuron. b, double-
exponential functions (dotted line) fitted to threshold onset (thick black) from the same two
recordings in panel a (yellow traces). The long-latency apical neuron (right) showed slower
onset time constant than the basal neuron (left). c, slow onset tau (time constant measured
from slow exponential component) plotted as a function of location in gangliotopic and
neuronal cultures. For this and subsequent figures, scatter plot and bar graph represents
gangliotopic culture and neuronal culture data respectively. Number of recordings shown in
each bar applies to this and subsequent figures. Panels b and c were adapted from Liu and
Davis 2007.
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Fig. 5.
Tonotopic comparison of response latencies in vivo and in vitro. a, chinchilla auditory nerve
latency responses to intense condensation clicks with custom fit to group data. b, Barn owl
auditory nerve latencies as a function of characteristic frequency at different recording sites
with logarithmic fits. Filled circles represent responses from the primary afferents, upward
and downward triangles show responses from the nucleus laminaris (NL) and nucleus
magnocellularis (NM), respectively. c, Average action potential latency at threshold from
apex to base. White and gray bar represents data from neuronal and gangliotopic culture
respectively. Line fits to combined means. **, P < 0.01, one-way ANOVA with post hoc
Tukey-Kramer pairwise comparison. Panels a–c adapted from Temchin et al., 2005, (Koppl,
1997a; Liu and Davis, 2007; Temchin et al., 2005), respectively.
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Fig. 6.
Intrinsic threshold and inward rectification of spiral ganglion neurons showed a non-
monotonic distribution pattern, with elevated sensitivity and inward rectification positioned
in the mid-apical spiral ganglion. a, Current clamp traces illustrate an inverse relationship
between threshold voltage (red arrowheads) and hyperpolarizing sag magnitude (blue
arrowheads): the higher the threshold (left to right), the lower the sag magnitude. Dashed
lines indicate their highest (−45.8mV) and lowest (−57.6mV) threshold levels. Holding
potential: −80mV; hyperpolarization peak: −185mV. b & c: hyperpolarizing sag magnitude
(b) and threshold (c) plotted as a function of location in gangliotopic and neuronal cultures.
Adapted from Liu and Davis, 2007.
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Fig. 7.
Comparison of murine auditory thresholds and neuronal intrinsic thresholds. a, The lowest
threshold envelope of superimposed tuning curves of auditory nerve fibers in response to
tone bursts matched behavioral threshold data. Filled diamonds and circles were auditory
nerve data from CBA/J or NMRI mice. Open shapes of diamond, circle, apex-leftward and
apex-downward triangles were behavior data from the indicated species. b, Best thresholds
(tips of tuning curves) plotted as a function of nerve fiber characteristic frequency. Close/
open circles indicate the success/failure in the use of HRP to label the recording site. c,
Gangliotopic data from figure 6c re-plotted from apex to base. Panels a–c adapted from
(Müller and Smolders, 2005; Taberner and Liberman, 2005) and Liu and Davis, 2007,
respectively.
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FIG. 8.
There are two parameters of spiral ganglion neuron phenotypic specializations that vary
along the tonotopic map. The first represented by the timing of the musical notes at the tips
of the neuronal tuning curves is the kinetic features of the neurons at thresholds that vary in
a linear gradient. The second represented by the shape of the neuronal cluster shown in the
background (gray, stained with anti-β-tubulin antibody) and the U-shaped scale bar is the
non-monotonic neuronal sensitivity. The most sensitive neurons (red within the mid-apical
region) have elevated resting membrane potentials and enhanced excitability due to reduced
threshold voltages.
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