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Abstract

This review considers whether the vestibular system includes separate populations of sensory
axons innervating individual organs and giving rise to distinct central pathways. There is a
variability in the discharge properties of afferents supplying each organ. Discharge regularity
provides a marker for this diversity since fibers which differ in this way also differ in many other
properties. Postspike recovery of excitability determines the discharge regularity of an afferent and
its sensitivity to depolarizing inputs. Sensitivity is small in regularly discharging afferents and
large in irregularly discharging afferents. The enhanced sensitivity of irregular fibers explains their
larger responses to sensory inputs, to efferent activation, and to externally applied galvanic
currents, but not their distinctive response dynamics. Morphophysiological studies show that
regular and irregular afferents innervate overlapping regions of the vestibular nuclei. Intracellular
recordings of EPSPs reveal that some secondary vestibular neurons receive a restricted input from
regular or irregular afferents, but that most such neurons receive a mixed input from both kinds of
afferents. Anodal currents delivered to the labyrinth can result in a selective and reversible
silencing of irregular afferents. Such a functional ablation can provide estimates of the relative
contributions of regular and irregular inputs to a central neuron's discharge. From such estimates it
is concluded that secondary neurons need not resemble their afferent inputs in discharge regularity
or response dynamics. Several suggestions are made as to the potentially distinctive contributions
made by regular and irregular afferents: (1) Reflecting their response dynamics, regular and
irregular afferents could compensate for differences in the dynamic loads of various reflexes or of
individual reflexes in different parts of their frequency range; (2) The gating of irregular inputs to
secondary VOR neurons could modify the operation of reflexes under varying behavioral
circumstances; (3) Two-dimensional sensitivity can arise from the convergence onto secondary
neurons of otolith inputs differing in their directional properties and response dynamics; (4) Calyx
afferents have relatively low gains when compared with irregular dimorphic afferents. This could
serve to expand the stimulus range over which the response of calyx afferents remains linear,
while at the same time preserving the other features peculiar to irregular afferents. Among those
features are phasic response dynamics and large responses to efferent activation; (5) Because of
the convergence of several afferents onto each secondary neuron, information transmission to the
latter depends on the gain of individual afferents, but not on their discharge regularity.
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Introduction

Both the somatosensory (Darian Smith 1984; Mountcastle 1984; Dykes et al. 1988; Johnson
and Hsiao 1992) and visual pathways (Shapley 1990; Schiller and Logothetis 1990; Merigan
and Maunsell 1993) can be viewed as being composed of several parallel channels. In both
systems, sensory axons differ in their peripheral terminations, discharge properties, central
projections, and functional contributions to discriminative behavior. Moreover, neurons at
higher levels of the system resemble one or another class of sensory axon. A somewhat
different arrangement occurs in the auditory system. In the cochlear nuclei, there are several
populations of relay cells that differ in their discharge properties and projections to higher
auditory centers (Aitkin et al. 1984; Hackney 1987; Palmer 1987). The differences in
discharge properties may reflect the intrinsic physiology of the relay cells and their
connections with the same and other parts of cochlear nuclei (Oertel 1991; Young et al.
1992; Trussell 1997, 1999) as much as or more than their connections with distinctive
populations of cochlear-nerve fibers (Liberman 1982, 1991, 1993).

In the somatosensory and visual systems, afferent diversity is reflected in the organization of
central pathways. The same is true of the vestibular system, especially when the pathways
arising from separate organs are considered. There is ample evidence that parallel reflex
pathways interconnect the three cristae and the two maculae with various motoneuron pools
(see, for example, Cohen et al. 1964; Wilson and Maeda 1974; Ito et al. 1977; Peterson et al.
1992; Graf et al. 1993; Uchino et al. 1996; Sato et al. 1996, 1997). In most instances, the
pathways match the directional properties of afferents with the pulling directions of muscles
so that reflex movements compensate for passive head movements. A second kind of
diversity is provided by the central connections of secondary neurons contributing to
vestibuloocular (VOR) pathways. Only some of these neurons receive a monosynaptic
inhibitory input from the cerebellar flocculus (Ito et al. 1977; Lisberger et al. 1994a). So-
called flocculus-target (FTN) neurons and non-FTN neurons differ in their oculomotor and
vestibular signals (Scudder and Fuchs 1992; Lisberger et al. 1994a; Cullen and McCrea
1993; Cullen et al. 1993) as well as in their functional roles in the operation and adaptive
plasticity of the VOR (Lisberger et al. 1994a, 1994b; McConville and Tomlinson 1996;
Chen-Huang and McCrea 1999a, 1999b).

This review will emphasize still another kind of diversity: that reflected in differences in the
discharge properties of afferents innervating individual vestibular organs. The peripheral
mechanisms responsible for such diversity will be reviewed because of their intrinsic
importance, because they provide clues as to the distinctive functions of the various
afferents groups, and because they form the basis for many of the methods used to delineate
the contributions of the various groups to central pathways. In an attempt to understand the
potential functions of this kind of afferent diversity, its impact on the organization of central
vestibular pathways and on the encoding of sensory information will then be considered.
Some of these topics have also been reviewed by Peterson (1998).

Peripheral mechanisms

Discharge regularity and other discharge properties

Discharge properties of vestibular-nerve fibers have been described in several mammals
(Goldberg and Fernandez 1971a, 1971b; Fernandez and Goldberg 1971, 1976a, 1976b;
Schneider and Anderson 1976; Baird et al. 1988; Goldberg et al. 1990a; Lysakowski et al.
1995) and in selected lower vertebrates, including the toadfish (Boyle and Highstein 1990a),
frog (Honrubia et al. 1989; Myers and Lewis 1990), and turtle (Brichta and Goldberg 1996,
2000a). In most of these species, it has proved useful to distinguish afferents as having a
regular or an irregular spacing of action potentials (Fig. 1). Interest in this discharge
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property stems in part from the fact that fibers first classified as regularly or irregularly
discharging differ in several other respects as well. Table 1 summarizes some of the
differences for mammalian afferents, including those innervating the cristae and the
maculae. In most respects, similar differences in axon diameter, response dynamics, and
vestibular sensitivity are seen in lower vertebrates (for review, Goldberg and Brichta 1998).
In all species studied, irregular afferents have much larger responses to electrical activation
of efferent pathways than do regular afferents; this is so even though the efferent action on
comparable groups of afferents can be excitatory in some species and inhibitory in others
(Goldberg and Fernandez 1980; Boyle and Highstein 1990b; Sugai et al. 1991; McCue and
Guinan 1994; Brichta and Goldberg 1996, 2000b).

Discharge regularity is characteristic of each afferent. This can be seen in Fig. 2A, which
plots the standard deviation (SD) of intervals versus the mean interval (7) for three afferents.
For each afferent, points obtained during the background discharge and during excitatory
and inhibitory rotations fall along a single curve. Furthermore, the points for the three units
remain separate with changes in mean interval or stimulus conditions. A quantitative
measure of discharge regularity is provided by the coefficient of variation (cv), the ratio of
SD to 7. The cv of an individual afferent varies with 7 (Fig. 2B, points). To obtain a measure
independent of such variations, empirical formulas (Figs. 2B and 3A, curves) have been
developed to determine for each unit its cv*, the cv at a standard mean interval (3*).

For mammals, where the background 7 is typically 10-20 ms, 7* was set to 15 ms (Goldberg
et al. 1984; Baird et al. 1988); in turtles, with their lower background rates, 7+ was set to 50
ms (Brichta and Goldberg 1996, 2000a). cv* varies 30-fold in mammals, from 0.02 to 0.6
(Fig. 3). The distribution of cv*'s in mammals, while it has peaks centered at 0.03 and 0.3, is
continuous so a division of the afferents into “regular” and “irregular” classes may be
viewed as a rhetorical convenience. The range of cv*'s in turtles (and probably in other non-
mammalian species) is smaller (0.10-1.0). That the cv* seldom falls below 0.1 can be partly
explained by the lower rates found in these animals combined with a tendency for the cv* to
grow as 7 increases. From the normalization curves for mammals (Figs. 2B, 3A), a cv* of
0.1 at*_50 ms is equivalent to a cv* of 0.0375 at 7*_15 ms. At the same time, it is unlikely
that the entire difference in cv*'s can be explained by a rate difference. The smallest cv*
seen in mammals is near 0.025, which would correspond to a cv* of 0.070 at 7*_5¢ ms.
Since the cv* in turtles does not reach such a low value at 7 _s ms, it would appear that
discharge is never as regular in turtles as it is in the most regular mammalian afferents.

There is a broad, continuous distribution of normalized cv's in vestibular-nerve axons (Fig.
3B). This is an unusual, possibly unique feature in a sensory system. As can be seen in Table
2, most retinal ganglion cells have a modestly irregular discharge (Troy and Robson 1992;
Troy and Lee 1994), whereas cochlear afferents have a discharge that is especially irregular
(Li and Young 1993; E. D. Young, personal communication). Isolated muscle-spindle
afferents have a discharge that is particularly regular in secondary receptors; under
fusimotor influence, discharge becomes less regular (Matthews and Stein 1969). Among
slowly adapting cutaneous touch receptors, SA-1 units are irregular, while SA-I1 receptors
are regular (Iggo and Muir 1969). Of the several sensory systems included in the table, only
the SA receptors show a range of cv's approaching that seen in the vestibular periphery.
Even the SA fibers differ from vestibular afferents in falling into two distinct classes based
on their discharge regularity and other properties.

Cellular mechanisms of discharge regularity

Which of the differences listed in Table 1 is causally related to discharge regularity? To
answer this question requires an understanding of the cellular mechanisms determining the
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spacing of action potentials. Intra-axonal recordings from vestibular-nerve axons suggest
that the timing of spikes is determined by an afterhyperpolarization (AHP) following each
spike (Highstein and Politoff 1978). AHPs play a similar role in other repetitively
discharging neurons (Barrett and Barrett 1976; Connor 1978). The mechanisms determining
discharge regularity in vestibular afferents were clarified by studying the effects on unitary
discharge of externally applied galvanic currents, which were shown to modify discharge by
acting on the spike encoder in the axon terminal (Goldberg et al. 1984). There were two key
observations: (1) postspike recovery of excitability, as measured with short shocks placed at
various times following naturally occurring action potentials, is fast in irregular fibers and
slow in regular fibers (Fig. 4A); (2) sensitivity to galvanic currents (3*) is related to
discharge regularity: the larger the cv* of a unit, the greater is its * (Fig. 4B).

To explain these results, a stochastic version of Kernell's (1968) AHP model of repetitive
discharge was developed (Smith and Goldberg 1986; Fig. 5). In the model, each spike
triggers a voltage-insensitive K* conductance (gk), which sums with the conductance left
over from previous spikes and declines exponentially with post-spike time. In both its
voltage insensitivity and its summation across spikes, the conductance resembles the
calcium-activated K* conductance responsible for AHPs in motoneurons (Barrett and
Barrett 1976; Hille 1993). The only source of postsynaptic voltage fluctuations and, hence,
of interspike variability is assumed to be synaptic noise, more specifically, the shot noise
produced by randomly timed neurotransmitter quanta (Furukawa et al. 1978; Rossi et al.
1994); membrane noise, which is typically much smaller than synaptic noise (Verveen and
De-Felice 1974), is ignored. To account for the relation between 3* and cv* required that
afferents differ in both their gk's and quantal amplitudes (A). In the model, irregular neurons
have smaller, more rapidly decaying gk's and larger A's than do regular neurons. All of the
variation in B* and most of that in cv* are attributed to differences in gg.

The model predicts that the sensitivities to synaptic and external currents parallel one
another. In particular, irregular afferents should have an enhanced sensitivity to both kinds
of inputs. Of the several differences listed in Table 1, irregular fibers would be expected to
have a greater sensitivity to sensory inputs, to efferent activation, and to externally applied
galvanic currents. Fiber size, while it is known to affect electrical excitability, had a much
smaller effect on galvanic sensitivity than did discharge regularity (Goldberg et al. 1984). Of
the various physiological differences between regular and irregular fibers, only the relation
between discharge regularity and response dynamics is not predicted by the model. To
investigate the etiology of this relation, afferent responses to sinusoidal head rotations and
sinusoidally modulated electric currents were compared. While the response dynamics
characterizing the responses to head rotations differed for regular and irregular units, that
characterizing galvanic stimulation did not (Goldberg et al. 1982; Ezure et al. 1983). Results
are consistent with the conclusion that differences in response dynamics arise at an earlier
stage of hair-cell transduction than do differences in discharge regularity (Highstein et al.
1996). In addition, the conclusion illustrates that two discharge properties — in this case
discharge regularity and response dynamics — can be highly correlated without being
causally related.

Discharge regularity, innervation patterns, and locations of terminals in the
neuroepithelium

Based on the morphology of their peripheral terminal arbors, three kinds of afferents can be
recognized in mammalian vestibular organs (Fig. 6) (Fernandez et al. 1988, 1990, 1995).
Calyx fibers provide calyx endings to 1-3 neighboring type-1 hair cells (Fig. 6A, B). Bouton
fibers give rise to several (15-100) bouton endings contacting type-I1 hair cells over
distances of 25-75 pwm (Fig. 6H). Dimorphic fibers provide a mixed innervation of 1-4
calyx endings to type-I hair cells and 1-50 bouton endings to type-I1I hair cells (Fig. 6C-G).
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The three kinds of fibers have different distributions within the crista (Fig. 6 right). Calyx
units are largely confined to a central zone and bouton units to a concentrically arranged
peripheral zone, while dimorphic units are found throughout the neuroepithelium (Fernandez
et al. 1988, 1995). Similarly, in the chinchilla utricular macula, dimorphic units are
distributed throughout the organ, including the striola, juxtastriola, and peripheral
extrastriola; calyx units are restricted to the striola and the very few bouton units are found
in the peripheral extrastriola (Fernandez et al. 1990).

In anamniotes (fish, amphibians), the crista contains only type-II hair cells innervated by
non-calyceal fibers (Wersall and Bagger-Sjoback 1974; Lysakowski 1996). In addition to
boutons, some of the endings are described as claw-shaped (Honrubia et al. 1989) or club-
shaped (Boyle et al. 1991). The results of afferent-labeling studies suggest that the
anamniote crista, rather than being concentrically organized as in mammals, consists of a
single, longitudinally organized zone (Honrubia et al. 1989; Myers and Lewis 1990; Boyle
et al. 1991). Afferents innervating the neuroepithelium near the planum have thinner axons
and simpler arbors than those supplying the isthmus region in the center of the crista. The
turtle cristae consist of one or two hemicristae (Jgrgensen 1974; Brichta and Peterson 1994).
Each hemicrista has a peripheral zone surrounding a central zone. The peripheral zone is
longitudinally organized, contains only type-I1 hair cells, and is similar in innervation to the
entire half crista of anamniotes. Type-1 and fewer type-11 hair cells are found in the central
zone and are innervated by a mixture of calyx, dimorphic, and bouton fibers (Brichta and
Peterson 1994).

Discharge regularity is largely determined by the characteristics of an AHP, which, in turn,
should reflect the afferent terminal's ionic currents, rather than its branching patterns or the
types and number of hair cells it innervates. Branching patterns, as such, might affect
discharge regularity because the electrotonic distance be tween afferent synapses and the
encoder could influence quantal size and, hence, synaptic noise. Compartmental cable
calculations (J.M. Goldberg and C. Fernandez, unpublished results), when combined with
Smith and Goldberg's (1986) stochastic model, suggest that electrotonic distance would have
only a small effect on discharge regularity.

Morphophysiological results are consistent with the conclusion that branching patterns are
not a major determinant of discharge regularity. In mammals, calyx and dimorphic units in
the central (striolar) zone are both irregularly discharging, whereas bouton and dimorphic
units in the peripheral (peripheral extrastriolar) zone are regularly discharging; in a similar
vein, dimorphic units innervating different parts of the neuroepithelium differ in cv*, even
when the units have similar branching patterns (Baird et al. 1988; Goldberg et al. 1990b).
Results from lower vertebrates reinforce the conclusion. In the cristae of anamniotes
(Honrubia et al. 1989; Boyle et al. 1991) and in the peripheral zone of the turtle crista
(Brichta and Goldberg 1996, 2000a), regular and irregular units are found near the planum
and isthmus, respectively. This would be hard to explain by branching patterns, which are
simpler near the planum. In addition, calyx and dimorphic units in the turtle central zone are
as irregularly discharging as are the bouton units found in the isthmus.

These findings imply that discharge regularity is correlated with neuroepithelial location,
more so than it is with branching patterns or kinds of endings. The simplest interpretation is
that the ionic currents determining interspike trajectories (Fig. 5) vary with place in the
neuroepithelium.

Discharge regularity and gain to natural stimulation

For reasons that are not well understood, electric currents delivered by way of the
perilymphatic space influence discharge by acting on the spike encoder in the axon terminal,
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rather than on hair cells or the parent axon (Goldberg et al. 1984). Because of this, galvanic
sensitivity (3*) can be thought of as a measure of encoder gain, and the ratio between the
gain to natural stimulation and 8* can be viewed as a measure of the synaptic input
delivered to the encoder. This idea can be illustrated with data from the chinchilla crista
(Baird et al. 1988; Goldberg et al. 1990c).

Figure 7 plots 2-Hz sinusoidal gains (g2 4z) and phases (¢2 ) re head velocity versus cv*
for both intra-axonally labeled and extracellularly recorded afferents. While there is a single,
semilogarithmic relation between ¢, 4, and cv* (Fig. 7B), two groups are evident in the
corresponding relation for g, y, (Fig. 7A). For one group, which includes all dimorphic and
the one bouton unit recovered in the study, g, y, increases almost linearly with cv*. Two
factors contribute to the regression. The smaller of the two is a dynamic effect, the high-
frequency gain enhancement associated with the phase lead seen at 2 Hz. To eliminate the
effect, we can use gains at 0.2 Hz, where inter-unit differences in phase and, by inference, in
response dynamics are minimal. When this is done (Fig. 7C), it is found that the relation
between gg o H and cv* for the first group gives a power-law with an exponent that is
statistically indistinguishable from the exponent for the 3* versus cv* relation (Fig. 4B). As
suggested in the preceding paragraph, the synaptic input to the encoder can be estimated
from the ratio, gg » H/R* (Fig. 7D). Synaptic input is nearly constant for the first group. The
second group is made up of calyx units. They are the most irregularly discharging units in
the sample, have the largest 2-Hz phase leads, and have a mean synaptic input five times
lower than that of the first group.

The synaptic inputs calculated for the two groups can be used to estimate the synaptic
weights contributed by each calyx (w¢) and bouton (wg) ending. The wc:wp ratio is 3:1
(Baird et al. 1988). This is a surprisingly low value, considering that each calyx ending is
contacted by an average of 15-20x the number of afferent (ribbon) synapses contacting each
bouton ending (Lysakowski and Goldberg 1997). A possible explanation for the relatively
small synaptic weights of calyx endings is provided by studies of the electrophysiology of
type-I hair cells. As first described by Correia and Lang (1990), type-I hair cells have a
distinctive outwardly rectifying K* current (Rennie and Correia 1994; Risch and Eatock
1996a, 1996b; Brichta and Goldberg 1998; Brichta et al. 1998), which gives them a low
input impedance and, hence, a small voltage response to transducer currents. Regardless of
its etiology, the low gains of calyx units should allow them to encode over a larger stimulus
range than can irregular dimorphic units.

Central mechanisms

Central terminations of vestibular-nerve afferents

Labeling of individual axons—Sato et al. (1989; Sato and Sasaki 1993) labeled the
central processes of individual cat horizontal-canal fibers characterized
electrophysiologically by their discharge regularity (Fig. 8). Few of the labeled afferents
terminate in the lateral vestibular nucleus (LVVN) and most of these are irregular. Individual
regular (Fig. 8A, right) and irregular fibers (Fig. 8B, right) innervate overlapping regions of
the superior (SVN), medial (MVN), and descending or inferior (IVN) vestibular nuclei.
Although they project to the same territories, the two kinds of fibers differ in their modes of
termination. Irregular, as compared with regular, fibers have fewer, thicker, and longer
preterminal collaterals, with each collateral containing fewer, but larger boutons. On
average, there are 2-3x as many boutons on regular fibers. The proximal innervation of
neurons with the largest cell bodies is derived almost exclusively from irregular fibers (cf.
Fig. 8A, left with Fig. 8B, left). Smaller neurons may receive their proximal innervation
from regular or irregular afferents. It is unclear whether there is a relation between cell size
and the afferent innervation of distal dendrites.
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A similar analysis has been done in the toadfish (Mensinger et al. 1997). The authors
classified horizontal-canal afferents by their gains and phases. As was the situation in the
cat, the central projections of the various kinds of afferents overlapped, but differed in their
branching patterns. Huwe and Peterson (1995), by labeling individual posterior-crista axons
in turtles, have found that the descending branches of thick fibers preferentially innervate
rostral parts of the vestibular nuclei.

Electrophysiological studies—Since regular and irregular afferents innervate
overlapping territories in the mammalian vestibular nuclei, it is unclear whether the two
kinds of afferents supply the same or different secondary neurons. To ascertain this in the
squirrel monkey, use was made of the fact that irregular afferents are recruited by brief
shocks at lower thresholds than are regular afferents (Goldberg et al. 1984, 1987).
Monosynaptic EPSPs were recorded intracellularly as a test shock delivered to the ipsilateral
vestibular nerve (V;) was increased in amplitude. The test shock was preceded by a fixed,
suprathreshold conditioning shock to synchronize the activity of all vestibular-nerve fibers.

Neurons whose V; EPSPs reach maximum at low shock strengths are thought to receive a
predominantly irregular input (Fig. 9A), while those whose V; EPSPs have high shock
thresholds are interpreted as receiving a mostly regular input (Fig. 9D). Most secondary
neurons appear to receive a mixed input since they have low-threshold V; EPSPs that
continue to grow as shock strength is raised to high levels (Fig. 9B, C). At the same time,
neurons identified by antidromic techniques or intrasomatic labeling as projecting into
oculomotor (VO), cervical spinal (VC), or both oculomotor and cervical spinal pathways
(VOC) tend to have different mixtures of regular and irregular afferent inputs (Highstein et
al. 1987; Boyle et al. 1992). VO neurons commonly receive a mixed input. VC neurons,
particularly those antidromically activated from the upper, but not the lower cervical cord,
receive a predominantly irregular input, while the input to VOC neurons is predominantly
regular.

Similar electrophysiological methods have now been employed in the isolated brain of the
frog (Straka and Dieringer 1996; Straka et al. 1997). However, here the afferents, because
they were disconnected from peripheral organs, were silent. Under these conditions,
recruitment order is likely to depend on axon caliber, rather than on discharge regularity.
Fortunately, in the frog vestibular nerve, axon diameter and discharge regularity are highly
correlated (Honrubia et al. 1989). In the isolated brain, two EPSP components are
specifically related to the low-threshold activation of thick, presumably irregular fibers. One
is a small (0.5-2 mV), short-latency electrical EPSP, recorded from ~30% of secondary
neurons. The second is an EPSP mediated by NMDA (N-methyl-D-aspartate) neceptons,
which is of almost comparable kinetics to the remaining, considerably larger non-NMDA
component. Electrical transmission between the vestibular nerve and secondary neurons
occurs in birds (Wilson and Wylie 1970; Peusner and Giaume 1994) and may occur in
rodents (Wylie 1973). Both NMDA and non-NMDA chemical transmission between these
structures is seen in rodents (Kinney et al. 1994; Takahashi et al. 1994). In the latter animals,
NMDA transmission is considerably slower than non-NMDA transmission, and evidence is
lacking that either electrical or NMDA transmission is specifically related to thick afferents.

The preceding results required intrasomatic recordings of EPSPs, which are technically
difficult, especially in intact animals. It would be convenient if recruitment order could be
exploited to deduce the regularity of afferent input in experiments where the extracellular
discharge of secondary vestibular neurons is recorded. Spike discharges might be expected
to have lower thresholds in secondary neurons receiving a predominantly irregular input.
Unfortunately, the situation is far from simple. In particular, a secondary neuron typically
fires to brief shocks when a small, not necessarily representative fraction of its vestibular-
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nerve input is recruited (Goldberg et al. 1987). Almost all VO neurons, for example, fire at
shock strengths that only recruit irregular afferents (Goldberg et al. 1994), yet these neurons
are known to receive a significant regular input (Highstein et al. 1987; Boyle et al. 1992).
The interpretation of the effects of single shocks on the operation of multisynaptic pathways
is even more difficult as it raises the need to specify the transformation between synaptic
input and firing at several sites (Bronté-Stewart and Lisberger 1994).

Distinguishing afferent inputs by means other than their discharge regularity
—Differences in electrical excitability are related to discharge regularity (Smith and
Goldberg 1986). Because of this, electrophysiological paradigms based on such differences
can be used to distinguish between regularly and irregularly discharging inputs to secondary
neurons, but cannot be used to discriminate between inputs with similar cv*'s, e.g., between
inputs from calyx and irregular dimorphic units or between those from bouton and regular
dimorphic fibers (Baird et al. 1988; Lysakowski et al. 1995). Calyx and irregular dimorphic
units can be distinguished by their rotational gains (Fig. 7A, C), and this could be used in
conjunction with intra-axonal labeling to determine if calyx fibers have distinctive central
projections. Another approach is provided by the calcium-binding protein, calretinin. In the
vestibular nerve, only calyx fibers are calretinin immunoreactive (Desmadryl and Dechesne
1992; Raymond et al. 1993; Dechesne et al. 1994). In a similar way, the intermediate
filament protein peripherin may be a specific marker for small, predominantly bouton fibers
(Lysakowski et al. 1999). The usefulness of such markers in tracing the central projections
of afferents depends on the afferent labeling not being masked by the presence of the same
markers in intrinsic or other extrinsic connections of the vestibular nuclei. Calretinin shows
promise in this regard (Kevetter 1996; Kevetter and Leonard 1997), as does peripherin (A.
Lysakowski, personal communication). As these markers label afferents from all five end
organs, their value would be enhanced if they are combined with focal injections of
anterograde tracers into specific organs.

Functional ablation of irregular afferents

Because of the difficulty in interpreting the effects of single shocks on multisynaptic
pathways, a second method was devised to exploit differences in electrical excitability of
regular and irregular afferents (Minor and Goldberg 1991). Constant currents delivered by
way of the perilymphatic space alter vestibular-nerve activity with cathodal currents
increasing discharge and anodal currents decreasing it. Furthermore, responses are much
larger in irregular than in regular afferents. To obtain a selective and reversible ablation of
irregular afferents, large bilateral anodal currents are chosen to be of sufficient magnitude to
silence irregular afferents, rendering them unresponsive to head rotations. The same currents
reduce the background discharge of regular afferents to a much lesser extent and the latter
fibers remain responsive.

Remarkably, the functional ablation of irregular afferents did not affect either the horizontal
or vertical angular vestibulo-ocular reflex (AVOR) (Minor and Goldberg 1991; Angelaki
and Perachio 1993). Sinusoidal head rotations of 0.5 and 2 Hz, as well as rapid head turns
were used. Such rotations exercise the midband and high-frequency AVOR, which
presumably relies on the direct, three-neuron VOR pathway. The conclusion that irregular
afferents provide only a small input to direct AVOR pathways is consistent with the
observation that small eye movements are produced by single shocks that only activate the
most irregular afferents (Bronté-Stewart and Lisberger 1994).

The functional-ablation studies imply that direct AVOR pathways do not receive irregular
ipsilateral vestibular-nerve (V;) inputs (Minor and Goldberg 1991; Angelaki and Perachio
1993), while EPSP recordings show that such afferents provide a substantial V;

Exp Brain Res. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Goldberg

Page 9

monosynaptic input to the pathways' secondary neurons (Highstein et al. 1987; Boyle et al.
1992). One explanation for the apparent discrepancy is that polysynaptic inhibitory
pathways could cancel the irregular V; monosynaptic inputs on the secondary neurons
(Minor and Goldberg 1991). Consistent with the suggestion, many secondary neurons show
disynaptic V; inhibitory inputs (Goldberg et al. 1987; Straka and Dieringer 1996) and, at
least in the frog, the inhibitory inputs come from the same semicircular canal giving rise to
monosynaptic Vj excitatory inputs (Straka et al. 1997).

The possibility of such cancellation was studied in alert monkeys by recording from
secondary neurons presumed to contribute to VOR pathways and comparing their discharge
in the presence or absence of bilateral ablating currents (Chen-Huang et al. 1997). The
currents reduced the background discharge of all neurons, but did not affect the mean gain
or phase of their response to 2-Hz sinusoidal head rotations, implying that irregular inputs
were either not present or were canceled at the level of the secondary neurons. Evidence for
the presence of irregular inputs came from a consideration of individual secondary neurons.
While cancellation was nearly perfect on a population basis, individual neurons could have
their gains increased or decreased by the currents. The former units are interpreted as
receiving a net inhibitory input from irregular afferents; the latter, a net excitatory input
from the same afferents. Although population gains were unaltered by the currents, the
decrease in background discharge resulted in inhibitory saturation becoming more common.
As eye movements were unaffected by the currents, it would appear that the brain can
compensate for such inhibitory saturation (Pulaski et al. 1981; Paige 1983). It is unknown
how this is accomplished, especially when secondary neurons are silenced.

A presumed function of the polysynaptic inputs converging on secondary neurons is that
they could be gated to modify the operation of the VOR under appropriate behavioral
circumstances, e.g., during voluntary cancellation of the VOR (Cullen and McCrea 1993;
Cullen et al. 1993) or during the viewing of near targets (Viirre et al. 1986; Chen-Huang and
McCrea 1999a, 1999b). The increase in the gain of the AVOR during near viewing is
reduced by the functional ablation (Chen-Huang and McCrea 1998), as are the eye-
movement responses produced by long-duration, constant-velocity head rotations (Angelaki
and Perachio 1993) or by off-vertical-axis rotations (OVAR) (Angelaki et al. 1992). Both of
the latter two responses involve indirect, velocity-storage circuits acting on canal (Robinson
1977; Raphan et al. 1979) or otolith inputs (Cohen et al. 1983). On the other hand, studies of
the effects of the ablating currents on the linear VOR (LVOR) have produced inconsistent
results. Chen-Huang and McCrea (1998) studied the eye movements produced during
eccentric whole-body rotations, which include both AVOR and LVOR components. They
reported that the ablating currents had only small effects and that these could be attributed to
changes in the AVOR component. On the other hand, Angelaki et al. (1998; D. E. Angelaki,
personal communication) found that anodal currents reduced the sensitivity of the LVOR
produced on a linear sled and its dependence on viewing distance, while cathodal currents
had the opposite effect. Changes were relatively small and were most pronounced at high
frequencies (5-30 Hz).

The logic behind the functional-ablation paradigm deserves some comment. Provided that
the bilateral anodal currents are set sufficiently high, they will ablate irregular afferents
without silencing regular afferents. Any response unaffected by the ablation procedure
presumably does not require irregular afferents. As is almost always the case with ablation
paradigms, such “negative” results are easier to interpret than are “positive” results. In
particular, it cannot be concluded that a response diminished by the currents necessarily
depends on irregular afferents (Chen-Huang et al. 1997; Chen-Huang and McCrea 1998).
This is because most responses involve polysynaptic pathways, which can carry regular,
irregular, or mixed signals. With the general reduction in afferent activity produced by
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anodal currents, even a pathway carrying an exclusively regular signal might be silenced by
the currents or by a combination of the currents and vestibular stimulation. To lessen this
possibility, the effects of the currents should be tested with small-amplitude vestibular
stimuli that minimize silencing. Varying the magnitude and polarity of the currents may also
be instructive. So, for example, the response to a vestibular signal that results in inhibitory
saturation might be increased by cathodal currents (Angelaki et al. 1998; D. E. Angelaki,
personal communication).

Afferent inputs and discharge properties of central vestibular neurons

Central vestibular neurons can differ in their discharge regularity (lwamoto et al. 1990; Graf
et al. 1993; Chen-Huang et al. 1997) and rotational phases (Fuchs and Kimm 1975;
Lisberger and Miles 1980; Chubb et al. 1984; Tomlinson and Robinson 1984; McFarland
and Fuchs 1992; Scudder and Fuchs 1992; Cullen and McCrea 1993). In this section, we
consider the possibility that central neurons reflect their afferent inputs in these discharge
properties.

Discharge regularity—Most secondary vestibular neurons receive a convergent input
from several vestibular-nerve afferents, with the contribution of each afferent being so small
that unitary EPSPs have been difficult to detect (Kawai et al. 1969; S. M. Highstein and J.
M. Goldberg, unpublished observations). The incoming impulse traffic reaching a secondary
neuron can be likened to the superposition of several, independent renewal processes, in
which case the timing of spikes from all sources should approach that of a Poisson process
(Cox 1962). This is so whether the discharge of individual input fibers is regular or irregular
(Fig. 11A).1 Hence, there is no reason for secondary or higher-order vestibular neurons to
resemble their afferent input in discharge regularity. The conclusion was tested in secondary
neurons where ablating currents were used to estimate the relative magnitudes of regular and
irregular vestibular-nerve inputs (Chen-Huang et al. 1997). Not surprisingly, it was found
that there was no correlation between these estimates and the discharge regularity of central
neurons.

As is the case for vestibular-nerve afferents, the discharge regularity of central vestibular
neurons is likely to be determined by their intrinsic electrophysiological properties,
especially the AHPs triggered by each spike of a repetitive train. In slice preparations, MVN
neurons have a background discharge in the apparent absence of synaptic inputs (Serafin et
al. 1991a, 1991b; du Lac and Lisberger 1995; Johnston and Dutia 1996) (Fig. 10A, C). Such
autochthonous (“pacemaker™) firing is not seen in the intact brain, where the background
firing of secondary neurons is abolished when the ipsilateral vestibular nerve is acutely
sectioned (Smith and Curthoys 1989; Newlands and Perachio 1990). The source of such
activity in slices is unclear. Timing of spikes during “pacemaker” activity is controlled by
AHPs (Fig. 10A-D), and firing rate can be modulated by intracellularly injected currents
(Fig. 10B, D). Presumably reflecting the lack of quantal synaptic input, the spacing of action
potentials in the slice preparation is much more regular than that seen in an in vitro whole-
brain preparation (Babalian et al. 1997) or in intact animals (Iwamoto et al. 1990; Graf et al.
1993; Chen-Huang et al. 1997).

Based on the characteristics of their AHPs, most MVN neurons in slice preparations of
rodents (Serafin et al. 1991a, 1991b; Johnston et al. 1994; Dutia and Johnston 1998) and in

IThe argument assumes that unitary EPSPs are unaffected by the spacing of action potentials in individual afferents, which is
equivalent to assuming that neither facilitation nor depression is an important feature of synaptic transmission between vestibular-
nerve afferents and secondary vestibular neurons. In our intracellular studies (Goldberg et al. 1987; Highstein et al. 1987; Boyle et al.
1992), we relied on a paradigm that compared the EPSPs with two identical, closely spaced, near-maximal shocks (Fig. 9). In almost
all secondary neurons, the two EPSPs were of comparable magnitude, implying that there was little facilitation or depression
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the in vitro whole brain of the same animals (Babalian et al. 1997) can be distinguished into
two categories. “A” neurons have a single-component AHP (Fig. 10B), whose approach to
the next action potential is delayed by the activation of an A-like K* current (Fig. 10A, B).
In contrast, “B” units have a double-component AHP showing no evidence of an A current
(Fig. 10C, D). In addition to these defining features, the two groups differ in spike width
(Fig. 10E), and the presence in some “B” neurons of low-threshold Ca2* spikes and related
phenomena (Fig. 10H-J). du Lac and Lisberger (1995) were unable to confirm in the chick
that MVN neurons fell into a few, discrete classes based on their electrophysiology.

Two features may bear on the discharge regularity of MVVN neurons. First, AHPs are
shallower in “B” than in “A” neurons (Fig. 10F, G) and, second, more than half of the “B”,
but none of the “A”, neurons have a persistent, subthreshold Na* current. Both features
might be expected to make the discharge of “B” neurons more irregular than that of “A”
neurons. The expectation was only partly confirmed in the in vitro whole brain (Babalian et
al. 1997). “A” neurons in this preparation had a relatively regular discharge, while “B”
neurons could be regular or irregular. As the authors point out (Vidal et al. 1996), there are
several differences between in vitro and in vivo conditions, which suggest caution in the
extension of the findings to the latter situation.

It is unlikely that the discharge regularity of secondary neurons reflect their afferent input. In
addition, no secondary neuron has a discharge anywhere near as regular as that seen in the
most regular vestibular-nerve afferents (lwamoto et al. 1990; Graf et al. 1993; Chen-Huang
et al. 1997). Despite these disclaimers, there is some indication that the discharge regularity
of secondary neurons could be of functional importance. In the alert cat, secondary
vestibulo-ocular neurons with and without collaterals descending to the obex differed in
their discharge regularity (Iwamoto et al. 1990). As is the case for vestibular-nerve afferents,
the discharge regularity of secondary neurons may be related to their natural-stimulation
gains. Consistent with this idea, the rotational gains of cat VOR neurons were positively
correlated with cv*; on the other hand, the eye-position sensitivity of the same neurons was
not (lwamoto et al. 1990). There was a positive relation between rotational gain and cv*
among vestibular units with no oculomotor signals recorded in the alert squirrel monkey
(Chen-Huang et al. 1997). A similar relation was not evident for the rotational or eye-
position responses of secondary neurons carrying both kinds of signals. Since a central
neuron can receive several different inputs, it is easy to imagine that its sensitivity to a
particular input is related to the weight of the input and that this might obscure any relation
to the neuron's intrinsic sensitivity.

Response dynamics—It has been suggested that the rotational phase of central-canal-
related neurons might be determined by the response dynamics of their afferents (Tomlinson
and Robinson 1984; lwamoto et al. 1990; Minor and Goldberg 1991). To study this
possibility, the rotational phases of secondary neurons were compared in the presence and
absence of anodal ablating currents (Chen-Huang et al. 1997). In this way, the phases (@r
and ©,) contributed by each central neuron's regular (R) and irregular (1) afferent inputs
could be estimated. For 2-Hz sinusoidal rotations, irregular afferents lead regular afferents
by ~30°. Were the rotational response of central neurons a linear summation of the two
kinds of afferent input, then, in their unperturbed (no-current) discharge, units receiving an
irregular inhibitory (I;nn) input should phase lag units receiving a comparable excitatory
(Iexc) input. Expectations were not confirmed. It was found that the phase of central
neurons was unrelated to the sign or magnitude of their irregular afferent inputs. Values of
©R for units receiving lgxc inputs and of ®, for units receiving ljny inputs were similar to
those found in the vestibular nerve. On the other hand, the regular inputs to units with I;yH
inputs as well as the irregular Igxc inputs were phase advanced by 20-30° from the
corresponding afferents.
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The findings suggest that central mechanisms can result in differences between the
rotational phases of secondary neurons and their afferent inputs. One such mechanism, a fast
adaptive process, has been observed in some central vestibular neurons (Ezure et al. 1983;
Serafin et al. 1991a) and would produce phase advances.

The vestibular system and sensorimotor integration

The vestibular system is involved in sensorimotor integration to a greater extent than are
many other sensory systems. This is evidenced by the presence of three-neuron arcs
connecting the ear with motoneurons (Wilson and Maeda 1974; Ito et al. 1977) and of
oculomotor signals on second-order relay neurons (Fuchs and Kimm 1975; Lisberger and
Miles 1980; Scudder and Fuchs 1992). That the vestibular system sits at an interface
between sensory and motor processing is made especially clear by the recent finding that the
signals of some secondary relay neurons differ for active and passive head movements
(McCrea et al. 1996). It would be surprising if some of the organizational principles of the
vestibular system did not reflect its role in sensorimotor integration.

Along these lines, it has been suggested that differences in afferent response dynamics could
compensate for the different dynamic loads controlled by vestibuloocular and
vestibulospinal reflexes (Fernandez and Goldberg 1971; Bilotto et al. 1982). As we have
seen, the functional ablation of irregular afferents does not alter the midband or high-
frequency AVOR (Minor and Goldberg 1991; Angelaki and Perachio 1993). In contrast, two
lines of evidence suggest that the vestibulocollic reflex (VCR) receives a predominantly
irregular input.

1. There is a difference in the response dynamics of the VCR evoked by horizontal
head rotations (Bilotto et al. 1982) and by sinusoidally modulated galvanic currents
(Wilson et al. 1979). Regular afferents have similar response dynamics to natural
and galvanic stimulation, but irregular afferents have different response dynamics
for the two modes of stimulation (Goldberg et al. 1982; Ezure et al. 1983). Hence,
the difference in reflex response dynamics could be explained by a contribution of
irregular afferents to the VCR. The argument depends on the assumption that the
contributions of central pathways to reflex dynamics are the same for the two
stimulation modes. But the assumption may be wrong, especially when one
considers that the patterns of afferent activation produced by natural and by
galvanic stimulation differ in many other ways besides response dynamics (see
Minor and Goldberg 1991 for a discussion).

2. Secondary neurons terminating in the upper cervical spinal cord receive a more
irregular afferent input than do those destined for other targets (Boyle et al. 1992).
This argument, like the previous one, is not entirely persuasive. In particular, the
upper cervical cord also receives collaterals from vestibulospinal neurons destined
for lower spinal levels (Rapoport et al. 1977a, 1977b), as well as from VOC
neurons projecting both to the oculo-motor nuclei and the spinal cord (Isu and
Yokota 1983; Hirai and Uchino 1984; Isu et al. 1988; Minor et al. 1990). Some of
these other secondary neurons provide mainly regular inputs (Boyle et al. 1992).

Discharge regularity and sensory coding

Much of this review has been concerned with the role played by different afferent
contingents in the organization of central vestibular pathways. Information transmission
from vestibular-nerve afferents to secondary neurons provides another perspective. In
particular, the following question arises: does an irregular afferent offer any advantage in the
encoding of sensory information or in its transmission to secondary neurons?
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In considering this question, it will be supposed that information is represented as the
discharge rate, A, averaged over some period, At Because of the larger fluctuations in its
intervals, an irregular afferent will require a longer period than a regular unit to estimate A
with a given degree of precision (Goldberg et al. 1984; Myers and Lewis 1990). An irregular
unit, although less efficient in the encoding of steady-state information, may offer
advantages in the handling of dynamic stimuli. A regular unit can preserve waveform
information when the stimulus frequency bandwidth is less than A.. An irregular unit can
preserve such information over a larger bandwidth (Geisler 1968; Stein 1970; Stein et al.
1972). While this conclusion may provide a rationale as to why, for example, auditory
afferents are irregular, it is of limited applicability in dealing with vestibular-nerve fibers,
which typically have discharge rates of 50-150 spikes/s in mammals (Goldberg and
Fernandez 1971a; Fernandez and Goldberg 1976a; Baird et al. 1988; Goldberg et al. 1990a),
much higher than the ~10-Hz bandwidth of naturally occurring head movements (Grossman
et al. 1988).

In vestibular-nerve afferents, an irregular discharge is related to the enhanced sensitivity of
the afferent terminal's spike encoder. It seems plausible that larger gains could improve
information transmission to secondary neurons. To consider the subject, we designate /m(Af)
as the number of spikes occurring in A tand suppose that there is a linear stimulus-response
relation between /(A #) and the appropriate stimulus dimension, x. Let S2 (Ar) be the signal
power, i.e., the variance in m(A ) as sociated with §2, the variance in

S2, (A1) =g*S % (Ar) *=S 2 A%, where g is the afferent gain in spikes-s™/xand $2 is the signal-
related variance in the discharge rate, A. N2 (Ar) is the noise power, i.e., the variance in
m(A 1) associated with interspike-interval variability. If both the signal and the noise are
gaussian distributed, the information rate in bits/s encoded by a single afferent during Atis
given by Shannon's (1948; Fano 1961) formula2:

I(Ar) =Wlog, | 1+52 (Ar) /N2 (A1)
= Wlog, [ 1+52 (A0 /N2 (an]

where Wis the bandwidth of the signal. A &1/2 Wis chosen based on the sampling theorem

(Shannon 1949; Fano 1961), which states that a band-limited signal can be represented by

2 Windependent, equally spaced points per second. Application of eq. 1 er be a constant,

ﬁfn (Ap). In the approximation, we set N,zn (Ar) to a value appropriate to the mean (resting)
rate, 7

To study the influence of discharge regularity on information encoding, it is assumed that
the afferent interval distributions have the probability densities

a=1 _,—pu
P =p(‘(’s)_—;! o)

of gamma distributions of integral order, a, and mean rate, p/a.. Such distributions range
from an exponential distribution, indicating a random (Poisson) process (a=1), to a Dirac

delta distribution, indicating a completely regular discharge (a.co). In general, cv=1/ Va

2The approach used in estimating the information contained in afferent spike trains is similar to that described by Stein (1967). In
calculating information capacities, he assumed that stimulus (and response) probabilities were uniformly distributed, which maximizes
the capacity for a fixed range. | have assumed that the probabilities are normally distributed, which maximizes capacity for a specified
varfance. My preference is based on the relative simplicity it provides in comparing the information contained in spike trains and
postsynaptic voltages. The treatment of postsynaptic voltages bears some resemblance to the linear decoding of Bialek et al. (1991;
Bialek and Rieke 1992)
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(Fig. 11B). It should be emphasized that eq. 2 was chosen because it provides a convenient
set of interval distributions, not because it provides the basis for a realistic model of
repetitive discharge.3

N,. (Af) increases as cv increases from 0.023 to unity (Fig. 11C). The increase (@--@, Fig.
11C), particularly for small cv's, is more gradual than that predicted by the asymptotically
linear approximation to N, (Ar) (--, Fig. 11C). (How the increase in N,, (Ar) affects (A J) for
individual afferents will depend on the relation between gain and cv or, equivalently, on the
relation between S,(A? and cv. Results are presented in Fig. 11D for A #£=50 ms, which is
the sampling interval for a bandwidth 1W/=10 Hz. The rms stimulus magnitude, Sy, was
limited to 20°/s to minimize inhibitory silencing (see Fig. 11 legend for details). When gain
or S,(Ad is constant, there is a decline in /(A J) as cv increases (@--@, Fig. 11D). Were
there an increase in gain paralleling the increase in ,, (A7), AA 2 would be unaffected by cv.
For dimorphic units, the gain increases linearly with cv (Fig. 7A). Under these
circumstances, there is an increase in (A2 with cv (O-O, Fig. 11D). Corresponding
values of /(A for individual calyx units are small, reflecting the combination of a small

Sm(Ad and a large &, (A¢) (Fig. 11D, @ and O).

Of particular interest is the situation where several afferents converge on a secondary
neuron. As was already pointed out, the impulse traffic arriving at the neuron approaches a
Poisson process whether the separate afferents are regular or irregular. Suppose that 7
afferents converge on the neuron and that the resting rate, averaged across all afferents, is 3.

The expected number of spikes in Azis 3. Then ﬁ,z,,,n (At) =nAAt and

§i,n (A) =n*SZ (A1) =n>S3AF. The first relation follows from the fact that, for a Poisson
process, the variance in the number of events and the mean number of events are equal.
When there are 77inputs, the signal S, , increases /-fold. Hence,

S2 (A1) [No, (A =nS2AL/A (3)

Note that the signal-to-noise ratio and, hence, A depend on Ei (Ar), but not on discharge
regularity.

Figure 11D (H--W) depicts the situation when several dimorphic afferents converge on a
secondary neuron. The information, /A, contained in the superimposed (pooled) discharge
is plotted against the average value of cv for the afferents. Because of the linear relation
between S,(A 9 and cv for individual dimorphic afferents, there is an increase in /(A as the
average cv increases. Also included in the figure is the corresponding /(A #) when the inputs,
which are each assumed to have identical discharge properties, are kept separate (Fig. 11D,
[1-[). From the difference between the “pooled” and “separate” curves, it can be seen that
convergence results in a loss of information. The loss is smaller, the more irregular the
discharge and disappears for a Poisson process (cv=1, not shown). The same calculations are
done for calyx units and are shown as separate points in Fig. 11D (N, []). Because of their
relatively low gains, calyx units transmit much less information than do irregular dimorphic
units.

3A gamma distribution of order a is the cumulative waiting-time distribution for a successive occurrences of a Poisson-distributed
variable (Cox 1962), which would be the appropriate interval distribution for an integrate-and-fire neuron requiring a. inputs to reach
firing threshold. Such a model is inadequate because it does not consider the decay of individual EPSPs at the synapses between hair
cells and afferent terminals (Furukawa 1978; Rossi et al. 1994)
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In the preceding paragraph, we have considered the information encoded in the pooled
discharge of the afferents converging on a secondary neuron. We now show that a similar
amount of information can be transmitted to the secondary neuron in the form of
postsynaptic voltages. The point is important in establishing that there need be little loss in
the information delivered to the secondary neuron. Because the incoming impulse traffic
approaches a Poisson process, shot-noise theory is applicable (Rice 1944). Let the EPSP
generated by an input at &=#x be described by a time function, /(#tx), which is identically
zero for Ktx. From Campbell's theorem,

Sy =nS/1f8°h (1) du=nS I,

— — ~0 —

N, =ndf h*(w)du=2I

Here, S\, is the mean value of the instantaneous voltage (V) and NW is the rms value of the
fluctuations about Sy, . As both Sy, ,and Nw are gaussian distributed (Rice 1944), the

—2
information should be proportional to log, (“szcn /Nv,n). Most simply shaped EPSPs can be
fit by a function, A(H=A(aHPexp(-a i) (see, for example, Jack et al. 1983; Rossi et al. 1994).
In addition, the function allows the two integrals in eq. 4 to be expressed in terms of
complete gamma functions, i.e., 4=AT(p+1)/a and L=A2T(2p+1)/(227"1a), where

T(p) =[, e dt
=a,pf;°tp—le—atdt ®)

Assuming that the voltage is averaged over fsA tequally-spaced samples during A¢,

S2 (A1) /N2 (A1) =227*1 fAmS2T2 (p+1) /21 £ A (2p+1)
’ ’ ) = (6)
=knS3At/A

where x=22*! T2 (p+1) /2#f.I (2p+1) and 2rfc=a.. The signal-to-noise ratio parallels that
in eg. 3. Values of the two ratios will equal one another (K=1) when fs=2f-and ,0=0.5.4

Concluding remarks

In the somatosensory and visual systems, distinct populations of sensory axons innervating a
single sensory surface project to separate sets of central neurons. One result of the parallel
projections is that the discharge properties of central neurons resemble those of their afferent
inputs. A similar situation occurs in the vestibular system, where parallel pathways
interconnect the several peripheral organs with various oculomotor and spinal motoneuron
pools. This paper reviews the possibility that distinct sets of afferents innervating individual
organs and distinguished among other ways by their discharge regularity give rise to
segregated central pathways. Intracellular recordings of EPSPs show that the direct
vestibular-nerve input to most secondary neurons consists of a mixture of regular and
irregular afferents. In addition, functional-ablation studies indicate that the rotational phases
of secondary neurons need not resemble those of their afferent inputs. This last finding
implies that some of the regular and/or irregular inputs to secondary neurons are modified
by central mechanisms, presumably involving polysynaptic inputs from the vestibular
nuclei, cerebellum, and other parts of the brain stem. In addition, the intrinsic

4t might appear that the signal-to-noise ratio and, hence, A could be increased without limit by increasing the sampling frequency,
fs That this is not the case is suggested by the following consideration. The power spectrum of the postsynaptic signal has a
bandwidth, ¢ As fsincreases beyond 27¢, the so-called Nyquist frequency, the fgA samples are no longer statistically independent
and individual samples will provide a declining amount of information (Shannon 1949; Fano 1961)
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electrophysiological properties of central neurons may help to shape their responses. In the
introduction, we compared the discharge properties of peripheral afferents and secondary
neurons in several sensory systems. In terms of possible central modifications of the afferent
inputs to secondary neurons, the vestibular pathways would seem to more closely resemble
the auditory than the visual or somatosensory systems.

The discharge properties of regular and irregular afferents are so different that it would be
surprising if they did not make distinctive contributions to vestibular function. Several
suggestions have been considered.

1

Given differences in their response dynamics, regular and irregular afferents could
compensate for differences in the dynamic loads represented by various reflexes
(Fernandez and Goldberg 1971; Bilotto et al. 1982; Boyle et al. 1992) or by
individual reflexes operating in different parts of their frequency range (Angelaki et
al. 1998; D. E. Angelaki, personal communication).

Irregular inputs to secondary VOR neurons may be gated to modify the operation
of reflexes under varying behavioral circumstances (Angelaki et al. 1998; Chen-
Huang and McCrea 1998).

In their directional properties, otolith afferents can be characterized by a one-
dimensional vector (Fernandez and Goldberg 1976a; Dickman et al. 1991). In
contrast, some central otolith neurons show a two-dimensional sensitivity that
might be explained by the neurons receiving a convergent input from two sets of
afferents differing in their response dynamics and directional properties (Angelaki
et al. 1993; Bush et al. 1993). Because they differ in their response dynamics, one
of the sets could be regular, while the other set could be irregular.

Calyx afferents have relatively low gains compared with irregular dimorphic
afferents. This may serve to expand the stimulus range over which the response of
calyx afferents remains linear, while at the same time preserving other features
peculiar to irregular afferents. Among those features are phasic response dynamics
and large responses to efferent activation.

Because of the convergence of several afferents onto each secondary neuron,
information transmission to the latter depends on the gain of individual afferents,
but not on their discharge regularity. Among dimorphic units, gain increases in
parallel with the normalized coefficient of variation, cv*, and this should improve
information transmission to secondary neurons.

Definitive evidence is lacking for each of these suggestions. Hopefully, the situation will be
clarified in the not too distant future.
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Regular

Irregular

50 msec

Fig. 1.

Discharge regularity in vestibular-nerve afferents. Spike trains from two afferents, each
innervating the superior crista in a squirrel monkey. Both fibers are firing at nearly the same
rate, slightly less than 100 spikes/s. The top unit has a regular discharge, the bottom unit an
irregular discharge. From Goldberg and Fernandez (1971a)
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Fig. 2A, B.

Discharge regularity is characteristic of each afferent. A Standard deviation of intervals
versus mean interval for three semicircular-canal afferents in the squirrel monkey. From
Goldberg and Fernandez (1971b). B Relation between coefficient of variation (cv) and mean
interval (7) for six semicircular-canal afferents in the squirrel monkey, indicated by different
symbols. The points for individual units conform to the empirical curves relating cv and 7 for
different values of cv*, the cv at ; ms (see numbers to the /eff). Based on Goldberg et al.
(1984)
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Quantifying discharge regularity. A The curves are empirical functions, based on the
relation between the coefficient of variation (cv) and the mean interval ;7 for individual
chinchilla otolith afferents, whose discharge rates were changed by static tilts. Each curve is
for a particular normalized cv*, the cv at 7_15 ms (see numbers to lef?). Each point shows cv
versus 7 at the resting discharge for an individual chinchilla semicircular-canal unit. B cv*'s
for a population of chinchilla semicircular-canal units. From Baird et al. (1988)
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Fig. 4A, B.

Responses of vestibular-nerve afferents to electrical stimulation delivered by an electrode in
the perilymphatic space of the vestibule. A Thresholds for 0.1-ms shocks presented at stated
times after the occurrence of a naturally occurring action potential at £0. Squirrel-monkey
afferents. Time is expressed as a fraction (#) of the mean interval; threshold is normalized in
each animal to a value of unity at /~1 in the most sensitive afferents. Points are means and
bars are standard deviations for populations of regular (O) and irregular (O) afferents.
Recovery in irregular units is fast; that in regular units is delayed. From Goldberg et al.
(1990c), based on Goldberg et al. (1984). B Sensitivity determined from the response to the
last 2.5 s of a 5-s, 50-pA current is plotted against the normalized coefficient of variation
(cv*) for chinchilla semicircular-canal afferents. For each animal, sensitivity is normalized
to unity for cv*=1 by an analysis of covariance that estimates sensitivity differences across
preparations; such differences are likely to reflect electrode placement or other technical
factors. Key, symbols representing labeled and unlabeled fibers; straight-line, best fitting
power-law relation. The more irregular the afferent, the more sensitive it is to galvanic
currents. From Goldberg et al. (1990c), based on Baird et al. (1988)
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Fig. 5A, B.

A stochastic version of an afterhyperpolarization (AHP) model of repetitive discharge. 0
Resting potential, V/7spike-threshold potential. Two model units are shown with their mean
interspike trajectories (dotted lines). A The unit at the top has a regular discharge because of
its deep and slow AHP and relatively small miniature EPSPs. B The bottom unit is irregular
as its AHP is shallow and fast and its miniature EPSPs somewhat larger than those in A.
Note that a regular discharge is associated with the mean trajectory crossing V1. For the
irregular discharge, the mean trajectory does not cross V. As a result, the timing of spikes
in the regular unit is largely determined by the mean trajectory, whereas that for the irregular
unit is largely determined by synaptic noise. From Smith and Goldberg (1986)
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Bouton

Fig. 6A—H.

Innervation patterns in the chinchilla crista, as revealed by extracellular horseradish-
peroxidase (HRP) labeling of individual afferents. A, B Calyx fibers innervating one or two
hair cells. C—G Dimorphic fibers include both calyx and bouton endings. H Bouton fiber.
Inset Locations of individual afferents are placed on a standard map of the cristae. Right
Three standard maps of the cristae divided into concentrically arranged central, intermediate,
and peripheral zones of equal areas. Shown are the locations of calyx, dimorphic, and
bouton fibers with each symbol (@) representing a single dye-filled fiber. Dimorphic units
make up 70% of the population, bouton units 20%, and calyx units 10%. From Fernandez et
al. (1988)
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Fig. 7A-D.

Responses of semicircular-canal afferents in the chinchilla to sinusoidal head rotations. Each
point represents an individual unit. Labeled afferents include calyx (@), dimorphic (O), and
bouton (x) fibers; smaller dots represent unlabeled fibers. A Rotational gain re head velocity
(spikes-s~1/°s™1) versus normalized coefficient of variation (cv*). Straight-line, best fitting
power-law relation between gain and cv* for dimorphic and bouton fibers. Data are for 2-Hz
sinusoidal rotations. B Rotational phase re head velocity (degrees) for the same sinusoidal
head rotations versus cv*. Straight-line, best fitting semilogarithmic relation between phase
and cv* for all fibers. When compared with irregular dimorphic units with similar cv*s,
calyx units have considerably lower gains, but similar phases. C Based on an empirical
transfer function, gains at 0.2 Hz have been calculated from the 2-Hz gains in A. The power-
law relation for dimorphic and bouton units in C is less steep than the relation in A and is
virtually identical with the power-law relation between normalized galvanic sensitivity (B*)
and cv* (Fig. 4B). D As a result of the similarity in power-law relations, synaptic input, the
ratio between the rotational gain of each unit at 0.2 Hz and normalized galvanic sensitivity,
is nearly constant for dimorphic and bouton units regardless of their discharge regularity.
Calyx units are distinctive in having a much lower synaptic input than other units. From
Goldberg et al. (1990c), based on Baird et al. (1988)
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Reguiar

Fig. 8A, B.

Innervation by HRP-labeled horizontal-canal afferents of the vestibular nuclei of the cat.
Standard horizontal sections of the four main nuclei: superior (SVA), lateral (L VA), inferior
or descending (/VN), and medial (MVN) vestibular nuclei. Afferents were characterized as
regular (A) or irregular (B). In each subpanel, the drawing to the left indicates size of cell
bodies receiving boutons (key to right), whereas the smaller drawing to the right depicts
branching patterns for several afferents. From Sato and Sasaki (1993)
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Fig. 9A-D.

An intracellular paradigm can deduce the profile of regular and irregular inputs received by
individual secondary neurons. EPSPs were recorded from four cells (A-D) located in the
superior vestibular nucleus of one squirrel monkey. Each record includes the response to a
supramaximal shock intended to synchronize the activity of the vestibular nerve. This is
followed 4 ms later by a second shock ranging in amplitude from 1.7 to 26.7xT, where T is
the threshold shock strength needed to evoke a field potential in the vestibular nuclei. A This
cell receives a predominantly irregular vestibular-nerve input because the second EPSP
reaches near-maximal size at low shock strengths. D In this case, the vestibular-nerve input
is predominantly regular, as the second EPSP is activated only at high shock strengths. B, C
These two cells receive mixed irregular and regular inputs. The second EPSP has a low
threshold, but continues to grow as shock strength increases. Calibration: 10 mV (A, B) and
5mV (C, D). From Goldberg et al. (1987)
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Properties of “A” and “B” neurons recorded from slices through the medial vestibular
nucleus in the guinea pig. A Spontaneous activity in an “A” neuron. The slowing of the
afterhyperpolarization (AHP) trajectory (see arrow) suggests the presence of an A-like
current. B The same “A” neuron is seen responding to depolarizing currents at a higher
speed to show the single AHP following each spike. C Spontaneous activity in a “B”
neuron. D Response of the “B” neuron to depolarizing currents is seen at higher speed. The
AHP shows a fast component (arrow), followed by a slow component (double arrow). No
additional slowing of the AHP is seen as the neuron depolarizes towards firing threshold. E
Spikes recorded in “A” and “B” neurons. Action potentials are wider in “A” neurons. F, G
AHPs are superimposed for an “A” neuron (G, /ower arrow) and a “B” neuron (F, ypper
arrow). These potentials are larger in “A” neurons. H—J Response to depolarizing currents
of a “B” neuron. Tonic firing in H is replaced by plateau potentials (I1-J, single arrows) and
by low-threshold Ca2* spikes (J, double arrows) as the cell is depolarized from
progressively more hyperpolarized levels. From Serafin et al. (1991a)
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Theoretical considerations in information transmission between vestibular-nerve afferents
and secondary neurons. A Simulated interval distributions obtained by the superposition of
several unsynchronized afferents (see ke)), each having an intermediate regularity (see
insel). Even two inputs result in an irregular discharge. The interval distribution approaches
an exponential distribution, appropriate to a Poisson process, when the number of inputs
reaches five. B Eq. 2 was used to calculate interval distributions with mean intervals of 10
ms and varying coefficients of variation (cv) (see key). C Simulations were used to
determine i, (AT), the standard deviation in the number of events as a function of the
coefficient of variation for a single input. Actual values of N, (AT) (solid line) are compared

with the linear approximation, N,, (AT) =(At/u)"/? (dashed line), which holds for long
sampling intervals (Cox 1962). In the particular case considered, the sampling interval,

A =50 ms, and the mean interval, A=10 ms. For each cv, the appropriate gamma distribution
was chosen and its equilibrium and waiting-time distributions used in a Monte-Carlo
simulation of the events occurring in 100 separate, 50-ms samples. The number of events in

the several samples was used to calculate N, (AT). D AA2), the information transmitted in

bits/s during A#=50 ms is calculated from eq. 1, with iy, (AT obtained from C. Curves are
for theoretical dimorphic (and bouton) units, whose cv's vary from 0.0231 to 0.316. Points to
the right are for a theoretical calyx unit with a cv=0.447. Calculations were done for single
afferents (7=1) and for 7=20 afferents kept separate or converging on a single secondary
neuron. For =1, constant gain, S;(A 1), =0.674. For all other curves, S,(Af=k-cv is
assumed to be linearly related to cv. The proportionality constant, A=8 spikes, was set so that
the highest value is S,(A )=2.5 spikes at cv=0.316, compared with a background of AD£5
spikes. This value of S,; minimizes inhibitory silencing for even the most sensitive unit.
Afferent gains, g, for dimorphic units are linearly related to cv with a proportionlity
constant, & =8 spikes-s~1/degrees s™1 (Fig. 7A). The rms stimulus amplitude corresponding
to k=8 spikes is S,=A'k;A =20 degrees/s. From human data (Grossman et al. 1988), this
value of S, matches head velocities during walking, is slightly smaller than those during
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running, and considerably smaller than those during maximal voluntary head shakes. Single

points to the right are for the calyx unit with S,(A=0.72, five times smaller than predicted
from the linear relation between S;(A# and cv for dimorphic units
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Characteristics of regularly and irregularly discharging afferents, mammalian vestibular nerve

Irregularly discharging

Regularly discharging

Thick and medium-sized axons ending as calyx and dimorphic terminals in the
central (striolar) zone

bPhasic—tonic response dynamics, including a sensitivity to the velocity of
cupular (otolith) displacement

bHigh sensitivity to angular or linear forces acting on the head (Calyx units
innervating the cristae have an irregular discharge and low sensitivities)

cLarge responses to electrical stimulation of efferent fibers
a

Low thresholds to short shocks and large responses to constant galvanic
currents, both delivered via the perilymphatic space

Medium-sized and thin axons ending as dimorphic and
bouton terminals in the peripheral (peripheral extrastriolar)
zone

Tonic response dynamics, resembling those expected of
end-organ macromechanics

Low sensitivity to angular or linear forces

Small responses to electrical stimulation of efferent fibers

High thresholds and small responses to the same galvanic
stimuli

aGoIdberg and Ferndndez 1977; Yagi et al. 1977; Baird et al. 1988; Goldberg et al. 1990a; Lysakowski et al. 1995

bGoIdberg and Fernandez 1971b; Yagi et al. 1977; Fernandez and Goldberg 1976b; Baird et al. 1988; Goldberg et al. 1990a; Lysakowski et al.

1995

cGoIdberg and Fernandez 1980; McCue and Guinan 1994

dEzure et al. 1983; Goldberg et al. 1982, 1984, 1987; Bronté-Stewart and Lisberger 1994
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Discharge regularity, different sensory axons. Rate in spikes/s. cv Coefficient of variation

Table 2

System Organ or type Rate cv
Vestibular, mammals? Semicircular canals, squirrel monkey ~ 50-100  0.025-0.6
Otolith organs, squirrel monkey 50-100 0.025-0.6
Retinal, catb X-on center 53 (35) 0.38(0.48)
X-off center 18 (35) 0.54(0.42)
Y-on center 29 (35) 0.61(0.59)
Y-off center 5 (35) 0.68 (0.51)
Cochlear, cat® Type I, all spontaneous groups 15 0.82
Muscle spindle, catd Primary receptors, de-efferented 25-33 0.063
Secondary receptors, de-efferented 25-33 0.020
Primary receptors, with efferents 25-33  0.25
Secondary receptors, with efferents 25-33 0.063
Slowly adapting cutaneous mechanoreceptorse SAI 175 0.63
SA I 16.6 0.05

aGoIdberg et al. 1984; Baird et al. 1988

Page 38

bTroy and Robson 1992; Troy and Lee 1994. Two sets of cv's are given. Those outside of parentheses refer to the typical rates, also outside of
parentheses. Those inside parentheses are for a fixed rate of 35 spikes/s

DLi and Young 1993; E. D. Young, personal communication

a . . .
Matthews and Stein 1969. To normalize the cv's, the authors chose a narrow range of discharge rates

elggo and Muir 1969
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