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Cullen, Kathleen E. and Jefferson E. Roy. Signal processing in the
vestibular system during active versus passive head movements. J
Neurophysiol 91: 1919-1933, 2004; 10.1152/jn.00988.2003. In ev-
eryday life, vestibular receptors are activated by both self-generated
and externally applied head movements. Traditionally, it has been
assumed that the vestibular system reliably encodes head-in-space
motion throughout our daily activities and that subsequent processing
by upstream cerebellar and cortical pathwaysis required to transform
this information into the reference frames required for voluntary
behaviors. However, recent studies have radically changed the way
we view the vestibular system. In particular, the results of recent
single-unit studies in head-unrestrained monkeys have shown that the
vestibular system provides the CNS with more than an estimate of
head motion. Thisreview first considers how head-in-space velocity is
processed at the level of the vestibular afferents and vestibular nuclei
during active versus passive head movements. While vestibular in-
formation appears to be similarly processed by vestibular afferents
during passive and active motion, it is differentially processed at the
level of the vestibular nuclei. For example, one class of neurons in
vestibular nuclei, which receives direct inputs from semicircular canal
afferents, is substantially less responsive to active head movements
than to passively applied head rotations. The projection patterns of
these neurons strongly suggest that they are involved in generating
head-stabilization responses as well as shaping vestibular information
for the computation of spatial orientation. In contrast, a second class
of neurons in the vestibular nuclei that mediate the vestibuloocular
reflex process vestibular information in a manner that depends prin-
cipally on the subject’s current gaze strategy rather than whether the
head movement was self-generated or externally applied. The impli-
cations of these results are then discussed in relation to the status of
vestibular reflexes (i.e., the vestibuloocular, vestibulocollic, and cer-
vicoocular reflexes) and implications for higher-level processing of
vestibular information during active head movements.

INTRODUCTION

The vestibular system is classically associated with detecting
the motion of the head-in-space to generate the reflexes that are
crucial for our daily activities, such as maintaining head and
body posture (see Peterson and Richmond 1988) and stabiliz-
ing gaze during walking and running (Grossman et al. 1988,
1989). Angular head-in-space velocity is detected by vestibular
hair cells that are located within the semicircular canals of the
vestibular end organs (Goldberg and Fernandez 1971). In turn,
this information is relayed to neurons in the vestibular nuclei
via the afferent fibers of the vestibular nerve. Single-unit
experiments in head-restrained animals have shown that head-
in-space velocity is reliably encoded at each of these sequential
stages of processing during passive whole-body rotations (e.g.,

Cullen and McCrea 1993; Scudder and Fuchs 1992). However,
in rea life, the vestibular end organs not only inform the brain
about the motion of the head during passively applied move-
ments, but they are also simultaneously activated by vestibular
stimulation arising from our own actions. To maintain postural
and perceptual stability and to accurately guide behavior, the
nervous system must differentiate between sensory signals that
register changes in the external world and those signals that
result from our own actions. For example, vestibulospinal
reflex pathways play a critical role in controlling head and
body posture by stabilizing the head and body relative to space.
While these reflexes are crucial for compensating for externally
applied head perturbations, they can be counterproductive
when an animal decides to actively move its head and/or body
relative to space.

Von Holst and Mittelstaedt (1950) originally put forth the
hypothesis that the CNS differentiates between sensory signals
that arise from our own actions and those that result from
externa events by sending a parallel “efference copy” of the
motor command to sensory areas. In turn, this anticipatory
signal is subtracted from the incoming sensory signal to selec-
tively remove that portion due to the animal’s own actions. In
the vestibular system, an efferent pathway to the labyrinth has
been described that could, in theory, underlie such a mecha-
nism. Vestibular efferent somas are located in the periabducens
region, and directly project via the VIlIth nerve to the vestib-
ular hair cellsin the labyrinth (Goldberg and Fernandez 1980).
It has been proposed that the primate efferent system functions
to reduce the sensitivity of the vestibular nerve during volun-
tary head movements (Goldberg and Fernandez 1980). More-
over, in addition to direct inputs from vestibular afferents, the
vestibular nuclel receive substantial projections from cortical,
cerebellar, and other brain stem structures. These structures
could provide the vestibular nuclei with numerous extra-ves-
tibular cues that could be used to dissociate between active and
passive head rotations.

Here we review the results of recent experiments that have
addressed the question: how does the nervous system differ-
entiate between actively generated versus externally applied
head movements? We focus on recent studies that have con-
sidered how head-movement information is encoded at the
level of vestibular nerve afferents and neurons to which they
project in the vestibular nuclei. First, the results of prior stud-
ies, which have characterized neuronal responses in head-
restrained monkeys during passive whole-body rotations, are
summarized. Next recent studies that have addressed the pos-
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sible differential encoding of self-generated and passively ap-
plied rotations of the head-in-space are examined. Finaly, the
functional implications of the neurophysiological findings are
discussed. In particular, we consider the status of vestibular
reflexes during active and passive head movements as well as
implications for higher-level processing of vestibular informa-
tion.

VESTIBULAR AFFERENTS: ENCODING PASSIVE
VERSUS ACTIVE HEAD MOTION

Passive head movements

The responses of vestibular afferents have been well char-
acterized during passive head rotations. Vestibular afferents
with more regular spontaneous firing rates closely encode
angular head velocity over the frequency range of physiolog-
ical head movements 2-20 Hz (Hullar and Minor 1999) with
little change of sensitivity and a phase lead that increases with
frequency. In contrast, vestibular afferents that have more
irregular spontaneous firing rates demonstrate a gain enhance-
ment and significant phase lead for frequencies above 10 Hz
(Goldberg and Fernandez 1971). It had been proposed (Minor
and Goldberg 1991) that regular afferents might make the
primary contribution to vestibuloocular reflex (VOR) pathway,
which functions to stabilize the axis of gaze on the retina. In
contrast, irregular afferents could be more useful in overcom-
ing the load of the head and so might be involved in mediating
the vestibulocollic reflex (VCR), which functions to stabilize
gaze by generating compensatory head movements (Billito et
al. 1982). However, a subsequent electrophysiological analysis
of afferent inputs to secondary vestibulospinal and vestibu-
loocular neurons has indicated that both classes of afferents
carry information to both groups of neurons (Boyle et al.
1992).

Active head movements

Does the vestibular system differentiate between active and
passive head movements at the level of the vestibular affer-
ents? Therole of the efferent pathway to the labyrinth has been
a long-standing mystery, but a popular hypothesis had been
that it functions to increase resting discharge rate and reduce
the rotational sensitivity of afferents during active head move-
ments (Goldberg and Fernandez 1980; Purcell and Perachio
2001). Thus efferent-mediated modulation would function to
increase the dynamic range of afferent responses available for
the encoding of active head movement. Experiments in barbi-
turate-anesthetized squirrel monkeys (Goldberg and Fernandez
1980) and toadfish (Highstein 1992) had provided indirect
support for thisidea. In both studies, electrical stimulation of
the vestibular efferent system resulted in a decrease in the
sensitivity of the afferents to passively applied rotations. How-
ever, amore recent study, in which the responses of vestibular
afferents during passive and active head movements were
explicitly compared, is incompatible with this hypothesis
(Cullen and Minor 2002). In aert head-unrestrained rhesus
monkeys, the head-vel ocity sensitivities of canal afferentswere
comparable during passive and active head-on-body rotations.
Importantly, this observation held for all classes of afferents:
regularly, intermediate, and irregularly discharging afferents.
Thusin the aert primate, the vestibular system does not appear
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to differentiate between active and passive head movements at
the level of the vestibular afferents.

VESTIBULAR NUCLEI: ENCODING PASSIVE
VERSUS ACTIVE HEAD MOTION

Overview

Does the vestibular system differentiate between active and
passive head movements at the level of the vestibular nuclei?
Although the processing of head movements by the vestibular
nuclei has been well characterized during passive whole-body
rotations, researchers have only recently begun to systemati-
cally explore vestibular processing during self-generated head
movements. The processing of angular horizontal head veloc-
ity by the vestibular nuclei has been the most extensively
characterized and hence is the primary focus of this review.
The afferent fibers of the horizontal semicircular canals, which
encode horizontal head velocity, project primarily to neurons
within the rostral media vestibular nuclei (rMVN) and the
ventrolateral vestibular nuclei (VLVN) (Gacek and Lyon
1974). Single-unit recording experiments in aert head-re-
strained monkeys have shown neurons in these nuclei can be
grouped into distinct classes based on idiosyncratic constella-
tions of discharge properties during head-restrained eye move-
ment paradigms and passive whole-body rotations (Chubb et
al. 1984; Fuchs and Kimm 1975; Keller and Daniels 1975;
Lisberger and Miles 1980; Miles 1974; Tomlinson and Rob-
inson 1984). Of these, three principal classes receive direct
inputs from the afferents: position-vestibular-pause (PVP) neu-
rons, vestibular-only (VO) neurons, and eye/head (EH) neu-
rons.

In addition to inputs from the vestibular afferents, the ves-
tibular nuclei receive substantial projections from cortical,
cerebellar, aswell as numerous brain stem nuclei. These inputs
could have important implications regarding the question
posed in the preceding text because there are two key differ-
ences between active and passive head movements. During an
active movement 1) the CNS is aware that the head will move
and thus should be able to predict the sensory consequences
and 2) the CNS has access to the motor command that is
responsible for the movement of the head in space. Indeed,
there are many routes by which either type of information
could reach the vestibular nuclei.

First, the vestibular nuclel receive direct projections from
cortical areasthat have been implicated in the cognitive aspects
of vestibular function including the perception of spatial ori-
entation and the ability to navigate (for review, see Fukushima
1997). For example, the parieto-insular vestibular cortex
(PIVC) sends a substantial projection to each of the vestibular
nuclei (Akbarian et a. 1994). Inhibitory reciprocal interactions
between visual cortical areas and the PIVC appear to be in-
volved in the perception of verticality and self-motion (Brandt
and Dieterich 1999; Deutschlander et al. 2002). Inputs from
this area might encode signals representing the expected con-
seguences of voluntary movements. However, the functional
implications of the direct projections between cortical areas
and the vestibular nuclei are not yet well understood.

Second, an internal copy of the motor command to drive the
muscles (often termed motor efference copy signal) is aso
theoretically available to selectively modify the responses of
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neurons in the vestibular nuclel during active movements. In
particular, the vestibular nuclei receive direct inputs from
structures, which could carry an efference copy signal includ-
ing premotor neurons within oculomotor/gaze control path-
ways (Sasaki and Shimazu 1981), the vestibular cerebellum
(Voogd et a. 1996), and the head/neck region of premotor
cortical areas 6pa, 6¢, and 23cv (for review, see Fukushima
1997). Projections from these structures could provide the
vestibular nuclei with numerous extra-vestibular cues that
could be used to dissociate between active and passive head
rotations.

Additionally, it isimportant to note that signal processing in
the vestibular nuclei has been traditionally tested by passively
rotating the animals en bloc, such that the body, limbs, and
head moved together in space. However, during active move-
ments, thisis not the case; the active motion of limbs, trunk, or
neck muscles will activate proprioceptive inputs, which could
in turn alter vestibular processing at the level of the vestibular
nuclei. Thus there is a third critical difference between the
information that is available to the vestibular nuclei during
active head movements and head movements that have been
passively applied in most prior characterizations of the vestib-
ular nuclei. Indeed, there is substantial evidence from experi-
ments in decerebrate animals to support the idea that activation
of neck muscle spindle afferents influences the activity of
vestibular nuclei neurons (Anastasopoulos and Mergner 1982;
Boyle and Pompeiano 1980; Wilson et al. 1990). These inputs
from neck muscle proprioceptors encode head-on-body motion
signalsthat reach the vestibular nuclei viaadisynaptic pathway
mediated by the central cervical nucleus (Sato et al. 1997).

In summary, projections from cortical, cerebellar, and brain
stem structures and neck proprioceptors converge within ves-
tibular nuclei. However, until recently few studies had ad-
dressed how these multiple inputs were integrated during ac-
tive head movements. Findings from recent studies have spe-
cifically addressed the question: do these inputs allow the
vestibular system to differentiate between active and passive
head movements at the level of the vestibular nuclei? This
review will focus on recent work related to the three principal
classes of second-order vestibular neurons, each of which
mediates a specific functiona role: PVP neurons are essential
for the stabilization of gaze since they are an essential com-
ponent of the pathways that mediate the VOR; VO neurons are
thought to mediate the VCR and most likely also send projec-
tions to higher-order structures within the cerebellum and
cortex; and EH neurons are the primary premotor input to the
extraocular motoneurons during smooth pursuit and appear to
make small contributions to the VOR and VCR pathways.
These neurons send important direct projections to extraocular
motoneurons as well as to areas of the brain stem and spinal
cord involved in motor control. Hence, an unusual feature of
the second-order neurons of the vestibular system is that they
serve as both sensory and premotor neurons. In this way the
vestibular system differs from most other sensory systems.

PVP neurons and the VOR

PASSIVE HEAD MOVEMENTS. The VOR is classicaly consid-
ered to be a stereotyped reflex, which effectively stabilizes
gaze by moving the eye in the opposite direction to the applied
head motion. The three-neuron arc responsible for mediating
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the VOR was first described by Lorente de No' in 1933. This
pathway consists of projections from vestibular afferents to
interneurons in the vestibular nuclei, which in turn project to
extraocular motoneurons (Fig. 1A). The simplicity of this
three-neuron arc is reflected in the fast response time of the
VOR; compensatory eye movements lag head movements by
only 5-6 msin the primate (Fig. 1B) (Huterer and Cullen 2002;
Minor et al. 1999). PV P neurons are thought to constitute most
of theintermediate leg of the direct VOR pathway; they receive
a strong monosynaptic connection from the ipsilateral semicir-
cular canal afferents and project directly to the extraocular
motoneurons (Cullen and McCrea 1993; Cullen et al. 1991,
McCrea et a. 1987; Scudder and Fuchs 1992).

PV P neurons derive their name from the signals they carry
during head-restrained head and eye-movement paradigms;
their firing rate increases with contralateraly directed eye
position; they are sensitive to ipsilaterally directed head veloc-
ity during passive whole-body rotations (Fig. 1C); and they
stop firing or pause during ipsilaterally directed saccades and
vestibular quick phases (denoted by arrows in Fig. 1C). The
projections of PV P neurons to the extraocular motoneurons are
consistent with their role in generating the VOR. The majority
of PVP neurons send an excitatory projection to the motoneu-
rons of the contralateral abducens nucleus (ABN; Fig. 1A) or
medial rectus subdivision of the oculomotor nucleus (OMN;
Fig. 1A). Only a minority sends inhibitory projections to the
motoneurons of the ipsilateral ABN. Thus the signals sent by
PVP neurons to the extraocular motoneurons result in the
production of an eye movement in the opposite direction to
head movement.

ACTIVE HEAD MOVEMENTS. Do PVP neurons (e.g., VOR inter-
neurons) differentially process vestibular information during
active versus passive head movements? Recent work has
shown that PVP neurons process vestibular information in a
manner that depends principally on the subject’s current gaze
strategy rather than whether the head movement was actively
generated or passively applied. As summarized in the follow-
ing text, the head-velocity signals carried by VOR pathways
are reduced when the behavioral goal is to redirect the visual
axis of gaze. In contrast, head-velocity signals encoded by PVP
neurons are remarkably consistent when the behavioral goal is
to stabilize the visual axis of gaze relative to space.

Gaze redirection. There is much accumulated evidence from
studies in head-restrained monkeys to indicate that PVP neu-
rons differentially encode head-velocity during gaze redirec-
tion versus gaze stabilization. First, although PVP neurons
encode head velocity during the compensatory slow phase
component of the VOR evoked by passive whole-body rota-
tion, they pause or significantly decrease their firing during
vestibular quick phases where gaze is redirected (Cullen and
McCrea 1993; Fuchs and Kimm 1975; Keller and Daniels
1975; Keller and Kamath 1975; Lisberger et a. 1994a,b; Mc-
Conville et al. 1996; McCrea et al. 1987; Miles 1974; Roy and
Cullen 1998, 2002; Scudder and Fuchs 1992; Tomlinson and
Robinson 1984). Second, these same studies have shown that
PVP neurons pause when head-restrained monkeys redirect
gaze by generating ocular saccades. Third, PVP neuron re-
sponses are attenuated by ~30% as compared with passive
rotation in the dark when monkeys suppress their VOR (and
therefore redirect their gaze to move with the head relative to
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space) during passive whole-body rotation by tracking a target
that moves with the head (Cullen and McCrea 1993; McCrea et
al. 1996; Roy and Cullen 1998, 2002; Scudder and Fuchs
1992).
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In more natural conditions, where the head is not restrained,
a combination of rapid eye and head movements (a gaze shift;
Fig. 1D, top, filled arrow) is commonly used to redirect the
visual axisto anew target in space (reviewed in Guitton 1992).
During gaze shifts, the eye movements produced by the VOR
would be counterproductive; the VOR would produce an eye-
movement command in the direction opposite to that of the
intended shift of gaze. It was initialy proposed that the VOR
remained functional during gaze shifts, such that it eliminates
the head’ s contribution to the change in gaze (Bizzi et al. 1971;
Morasso et al. 1973). However, there is now substantial evi-
dence that the VOR is not fully intact during gaze shifts (e.g.,
Fuller et a. 1983; Guitton and Volle 1987; Laurutis and
Robinson 1986; Pélisson et al. 1988; Tabak et al. 1996; Tom-
linson 1990; Tomlinson and Bahra 1986).

A neura correlate for this on-line suppression of the VOR
response gain has been recently identified in monkey in aseries
of experiments (McCrea and Gdowski 2003; Roy and Cullen
1998, 2002) in which the responses of single PVP neurons
were recorded. In these studies, neurons were first recorded in
head-restrained behaving monkeys using “field standard” par-
adigms (i.e., saccades, smooth pursuit, and passive whole-body
rotation). Once a neuron was fully characterized, the monkey’s
head was released, and the responses of the same neuron were
recorded during large voluntary gaze shifts. For ipsilaterally
directed gaze shifts, the head-velocity-related responses of
PVP neurons were consistently attenuated relative to their
response during the VOR €licited by whole-body rotation in
the dark (Fig. 1C). Thisis shown in Fig. 1D in which a model
based on the neuron’s response during passive rotation in the
dark (heavy line) systematically overpredicted each PV P neu-
ron’s response during gaze shifts. During large contralaterally
directed gaze shifts (i.e, the off direction with respect to the
neuron’s head velocity sensitivity), PVP neurons were gener-
ally driven into cutoff.

A similar result was obtained in the analysis of PVP neuron
discharges during gaze pursuit (Roy and Cullen 2002). As
during gaze shifts, an intact VOR would also be counterpro-
ductive during gaze pursuit; it would generate an eye-move-
ment signal in the direction opposite to that of the ongoing
tracking. Indeed, when monkeys redirect their gaze by gener-
ating combined eye-head gaze pursuit, the head-velocity sen-
sitivity of PV P neurons is significantly attenuated as compared

Fic. 1. Position-vestibular-pause neuron activity during passive and active
head movements. A: schematic diagram of the direct vestibuloocular reflex
(VOR) pathway. Rotation of the head to the left excites neurons in the left
vestibular nuclei. Position-vestibular-pause (PVP) neurons send excitatory
projections to motoneurons in the right abducens (ABN) and oculomotor
nucleus (OMN) to generate right eye movements of both eyes. B: the latency
of the eye movements evoked by the VOR is ~5 ms. C: discharge activity of
a PV P neuron during passive whole-body rotation in the dark (VORd). Arrows,
pauses during vestibular quick-phases. A model based on the head-movement
sensitivity estimated during vestibular slow-phases is superimposed on the
firing rate trace (VORd model; thick trace) D: a typical combined eye-head
gaze shift in which the monkey voluntarily moved its head relative to its body
(solid arrow). PVP neurons in rhesus and squirrel monkeys pause in activity at
gaze shift onset and resume activity toward the end of the gaze shift. In rhesus
monkey, PV P neuron activity in the post gaze shift period (open arrow) iswell
predicted by the VORd model. Similar results were found in squirrel monkey
when a visua target was present; however, when the target was removed,
neurons were less responsive than predicted by the VORd model (thick trace;
see text for details). E: eye-in-head velocity; H: head velocity; G: gaze velocity
(=E + H); Bs: body-in-space velocity; FR: firing rate.
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with passive whole-body rotations (~50%). However, the at-
tenuation was significantly less than that observed during large
gaze shifts (e.g., 75% attenuation for 65° gaze shifts) (Roy and
Cullen 2002).

Gaze stabilization. As was stated in the above text, an intact
VOR may not be beneficial during active head movements
when the behavioral goal is to redirect gaze to a new target. In
contrast, a fully functional VOR is essential during active head
movements when the behavioral goa is to maintain stable
gaze. Interestingly, there have been reports that VOR gainsin
humans can be enhanced during active head-on-body rotations
as compared with passive whole-body rotations (Demer et al.
1993; Jell et al. 1988). One possible explanation is that the
CNS's knowledge of the active head movement is used to
increase the modulation of VOR pathways in such conditions.

Roy and Cullen (2002) addressed the possibility that the
head-velocity sensitivities of PVP neurons might be enhanced
in conditions where a subject has knowledge of an intended
head movement. Neurona responses were compared during
passive whole-body rotations and during self-generated move-
ments of the head in space in a task where the monkey
controlled its movement through space by manually operating
a steering wheel. The head-velocity sensitivities of PVP neu-
ronswere identical in both cases, indicating that the knowledge
of a self-generated head movement does not in itself modulate
the responses of VOR pathways.

Experiments from two laboratories have addressed two ad-
ditional possibilities, namely that information derived from
either neck proprioceptive and/or neck motor efference copy
signalsis used to selectively modify the sensitivity of the VOR
pathways during active head movements. Neuronal responses
were compared during passive whole-body rotations and active
head movements during periods of stable gaze. In particular,
the analysis of active movements focused on the latter portion
of the gaze shift, where the head continues to move, but the
axis of gaze is stable relative to space (Fig. 1D, top, open
arrow). In rhesus monkeys, PVP neurons similarly encoded
head movement during these active head rotations and passive
whole-body rotations (Fig. 1D) (Roy and Cullen 1998, 2002).
Similarly, McCrea and Gdowski (2003) reported that in squir-
rel monkey responses were predicted by the neuron’s sensitiv-
ity to passive-whole-body rotation when a visual target was
present. However, they found that if avisual target was absent,
neuronal discharges were less well related to head motion in
theipsilateral direction (e.g., Fig. 1D) but remained sensitive to
head motion in the contralateral direction.

Results in rhesus monkey are consistent with accumulating
evidence in human that VOR gains are generally comparable
during passive and active rotations of the head-on-body (Foster
et a. 1997; Hanson and Goebel 1998; Pulaski et al. 1981,
Santina et al. 1999, 2000, 2002; Thurtell et al. 1999) as well as
the finding that neither neck proprioceptors nor motor effer-
ence copy inputs alter VOR response dynamics in this primate
species (Huterer and Cullen 2002). Results in squirrel monkey
suggest that in this species VOR gain should be sensitive to
reafferent sensory and motor inputs during active movements.

SUMMARY. Recent studies have shown that the head-vel ocity-
related response of the direct VOR pathwaysis modulated in a
manner that is consistent with the behavioral goal of the
animal. The responses of activity of the primary VOR inter-
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neuron (PVP neurons) have been recorded during a diverse
range of vestibular stimuli protocols including: passive whole-
body rotation, passive head-on-body rotation, active eye-head
gaze shifts, active eye-head gaze pursuit, self-generated whole-
body motion (i.e., driving). Regardless of the stimulation con-
dition, head-velocity-related modulation of PVP neurons is
generally comparable whenever monkeys stabilized their gaze
relative to space. In contrast, when the behavioral goal was to
redirect gaze relative to space, PVP neuron responses to head
motion are significantly reduced.

VO Neurons: VCR and higher-level vestibular processing

PASSIVE HEAD MOVEMENTS. In addition to its crucial role in
stabilizing the eye relative to space viathe VOR, the vestibular
system also coordinates postural reflexes. Vestibular reflexes
such as the VCR are critical for maintaining head and body
posture during our daily activities. The VCR functions to
stabilize the head relative to inertial space by generating a
command to move the head in the opposite direction to that of
the current head-in-space velocity (Baker et al. 1985; Ezure et
al. 1978; Goldberg and Peterson 1986; Peterson et al. 1981;
Wilson et al. 1990).

VO neurons project to the cervical spinal cord and are
thought to mediate the VCR pathway (Fig. 2A) (Boyle 1993;
Boyle et a. 1996; Gdowski and McCrea 1999; Wilson et a.
1990). Like PVP neurons, VO neurons receive direct mono-
synaptic projections from vestibular nerve afferents and are
sensitive to ipsilaterally directed head rotations during passive
whole-body rotations. However, unlike PVP neurons they are
insensitive to eye movements (Cullen and McCrea 1993; Scud-
der and Fuchs 1992) and do not play a role in mediating the
VOR. Figure 2, B and C, shows the firing behavior of atypical
VO neuron during passive whole-body rotation (B) and sac-
cadic eye movements (C).

It is likely that VO neurons play a role in generating ves-
tibulospinal reflexes, which control the excitability of forelimb
and hindlimb, in addition to mediating the VCR; Single ves-
tibulospinal neurons that project to the cervical spinal cord can
have multiple axon collaterals that also project widely to other
segments in the spinal cord (i.e., thoracic and lumbar) (Abzug
et a. 1974; Shinoda et a. 1988). Moreover, VO neurons are
thought to be interconnected with cerebellar structures that are
involved in vestibular processing (e.g., hodulus-uvula, floccu-
lus, and fastigia nucleus) as well as vestibular-related areas of
the thalamus and cortex (see What are the implications for
vestibular- and neck-related reflexes?). Thus VO neurons may
also play a role in the higher-level processing of vestibular
information. For example, the nodulus/uvula is involved in
transforming head-referenced movement information into an
inertial (gravity-referenced) coordinate frame (Angelaki and
Hess 1995; Wearne et al. 1998), and it is likely that VO
neurons are involved in this computation.

ACTIVE HEAD MOVEMENTS. AS was the case for the VOR,
vestibulospinal reflexes can be counterproductive during
certain behaviors. For example during active head-on-body
motion (gaze shifts and pursuit) the stabilization responses
produced by the VCR would produce head-movement com-
mands in the direction opposite to those of the intended
self-generated motion. However, until quite recently, we
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FIG. 2. Vestibular-only neuron activity during passive and active head move-
ments. A: the vestibulocollic reflex (VCR) pathway is mediated at least in part by
vestibular-only (VO) neurons in the vestibular nuclei. VO neurons receive direct
projections from the semicircular canals and in turn project bilaterally to spina
motoneuronsto activate the neck musculature. In addition, VO neurons most likely
send projections to the cerebellum and may also directly project to the thalamus
and cortex. B: discharge activity of a VO neuron during passive whole-body
rotation in the dark (VORd). C: VO neurons are not responsive to changesin eye
position or during saccades ( |, ). D: VO neuron responses to head motion in both
species are atenuated during gaze shift (1) and during the period immediately
after where gaze is stable (xxx). A model based on estimated head-movement

sengitivities during VORd (VORd model; —) overpredicts neurona responses
during both time intervals. E, eye position; H, head position.

had little knowledge of how head-velocity signals were
processed by vestibulospinal pathways during active head
movements. Indeed, most of our knowledge of vestibul ospi-
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nal reflexes was derived from work in anesthetized animals
using passive head rotations.

Thefirst study of VO neuronsin aert animals, during active
head-on-body movements, suggested that neurons similarly
encoded head-velocity signals during passive whole-body ro-
tation and active head movements (Khalsa et al. 1987). How-
ever, considerable evidence from both rhesus (Cullen et al.
2001; Roy and Cullen 2001) and squirrel monkey (Boyle et al.
1996; McCrea et al. 1996, 1999) suggests that this is not the
case. These more recent studies have shown that VO neurons
are attenuated, on average, by about ~70% during the active
head movements made during gaze shifts. In Fig. 2D, data are
shown for a typical VO neuron. Note the response to head
velocity is dramatically attenuated during gaze shifts as com-
pared with passively applied head rotations (Fig. 2B). In con-
trast to PVP neurons, the head-movement sensitivity of VO
neurons not only is attenuated during combined eye-head gaze
shifts (Fig. 2D; filled arrow), but also immediately after gaze
shifts when gaze is stable in space but the head is still moving
(Fig. 2D; open arrow) (McCrea et al. 1999; Roy and Cullen
2001). Moreover, VO neurons show comparable attenuation
for head movements made during different behaviors. For
example, VO neuron responses are similarly attenuated for
active head movements made during gaze shifts and gaze
pursuit (Roy and Cullen 2001).

Interestingly, VO neurons continue to faithfully encode in-
formation about passive head rotations, which occur during the
execution of voluntary movements. (McCrea et al. 1999; Roy
and Cullen 2001). To date, considerable progress has been
made in understanding the mechanism that enables VO neu-
rons to selectively encode passive head rotation. First, it has
been shown that knowledge of the self-generated head motion
is not sufficient to modulate VO neuron responses. Neuronal
activity was recorded while monkeys “drove” their own head
and body motion together in space by rotating a steering wheel
connected to the motor controller of avestibular turntable (Roy
and Cullen 2001). VO neurons responded robustly to head
motion during this task; no significant attenuation was ob-
served when compared with passive whole-body rotations.
Second, studies have addressed whether the passive activation
of neck proprioceptors might contribute to the suppression of
vestibular-related responses in these neurons. In squirrel mon-
key, there is evidence in support of this proposal; VO neurons
can be less sensitive to passive rotations of the head relative to
the body than to passive rotations of the head and body
together in space (Gdowski and McCrea 2000). However,
comparable experiments in rhesus monkey generally found no
difference in the modulation of VO neurons during these two
types of passive stimulation (Roy and Cullen 2001). Similarly,
passive activation of neck proprioceptors via rotation of the
body beneath an earth stationary head does not affect neuronal
responses in rhesus monkey (Roy and Cullen 2001) but can
modul ate neuronal responsesin squirrel monkey (Gdowski and
McCrea 2000; Gdowski et al. 2001).

Preliminary datain cynomolgus (Macaca fascicularis) mon-
key suggest that most VO neurons in this species of macague
monkey behave similarly to those of the rhesus monkey (M.
mulatta) and are not sensitive to neck inputs (S. G. Sadeghi and
K. E. Cullen, unpublished observation). Thusin macagque mon-
keys, an efference copy of the motor command to move the
head is required for the differential processing of vestibular
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information during active head movements (Roy and Cullen
2001). However, it isinteresting that in cynomolgus monkeys
a small percentage (~20%) of VO neurons is responsive to
passive rotations of the body beneath an earth stationary head.
This suggests that neck inputs may be slightly more important
in this species of macaque. As compared with rhesus monkeys,
cynomolgus monkeys are far more arboreal; they can spend as
much as 97% of their time in trees (Wheatley 1980) and from
abehavioral viewpoint are similar to squirrel monkeyswho are
also largely arboreal. Thus one possible explanation for the
difference observed across speciesisthat neck-related inputs to
vestibular pathways are particularly critical for postural stabi-
lization for those primates that make their home in a challeng-
ing three-dimensional environment.

SUMMARY. Recent studies have shown that the head-velocity
related responses of VO neurons are selectively attenuated
during active movements of the head relative to the body. To
understand the mechanism that underlies this differential pro-
cessing of vestibular information, VO neurons have been tested
during a diverse range of vestibular stimuli protocols includ-
ing: passive whole-body rotation, passive head-on-body rota-
tion, active eye-head gaze shifts, active eye-head gaze pursuit,
self-generated whole-body motion (i.e., driving). Overal, find-
ings are consistent with the proposal that an efference copy of
the neck motor command is required for the differential pro-
cessing of active versus passive head-movement information at
the level of the vestibular nuclei.

Eye-head neurons. pursuit pathways and vestibular reflexes

PASSIVE HEAD MOVEMENTS. Smooth pursuit is mediated, at
least in part, by a cortico-ponto-cerebellar pathway arising
from the medial superior temporal sulcus (MST) of extrastriate
cortex. This pathway accesses the brain stem circuitry via
inhibitory projections from the ipsilateral cerebellar flocculus
and ventral paraflocculus, herein referred to as the floccular
lobe (Balaban et al. 1981; Dow 1937; Gerrits and VVoogd 1989;
Langer et a. 1985). The brain stem neurons in the rostral-
medial and ventral-lateral vestibular nuclei, which receive di-
rect projections from the floccular lobe, have been termed
flocculus target neurons (Broussard and Lisberger 1992; Lis-
berger and Pavelko 1988; Lisberger et al. 1994a,b). The re-
sponses of these brain stem neurons largely correspond with
those of a distinct physiological subclass of cells, termed
eye-head (EH) neurons, which have been well characterized
during eye and head movementsin the head-restrained monkey
(Chen-Huang and McCrea 1999; Cullen et al. 1993; Gdowski
and McCrea 1999, 2000; Gdowski et al. 2001; McCrea et al.
1996; McFarland and Fuchs 1992; Roy and Cullen 2003;
Scudder and Fuchs 1992; Tomlinson and Robinson 1984). In
turn, EH neurons are thought to be the most significant pre-
motor input to the extraocular motoneurons of the abducens
nucleus during smooth pursuit eye movements (Cullen et al.
1993; Lisberger et al. 1994a,b; McFarland and Fuchs 1992;
Scudder and Fuchs 1992). A schematic of this premotor path-
way isillustrated in Fig. 3A.

EH neurons in the vestibular nucleus and nucleus prepositus
increase their discharges in relation to eye and head move-
ments in the same direction during smooth pursuit and cancel-
lation of the VOR, respectively. Figure 3B shows an example
type | EH neuron during smooth pursuit. This neuron’s firing
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rate increased for ipsilaterally directed eye movements. Figure
3Cillustratesthe neural response of the same neuron during the
VOR cancellation paradigm in which a head-restrained mon-
key voluntarily suppressed its VOR during passive whole-body
rotation by fixating a target that moved with the head. During
this paradigm, the neuron responded vigorously to ipsilaterally
directed head velocity. Thus these neurons have responses
similar to the gaze velocity Purkinje cells of the floccular lobe
(Fukushima et al. 1999; Kahlon and Lisberger 2000; Lisberger
and Fuchs 1978; Miles et al. 1980; Stone and Lisberger 1990)
in that they respond similarly to changesin the direction of axis
of gaze relative to space during head-restrained smooth pursuit
and voluntary cancellation of the VOR.

It is important to note that in addition to playing a key role
in the premotor control of smooth-pursuit eye movements, EH
neurons most likely also contribute to the VOR and VCR
pathways (Fig. 3A). First, it has been demonstrated that many
EH neurons receive monosynaptic projections from the ipsi-
lateral vestibular nerve (Broussard and Lisberger 1992; Scud-
der and Fuchs 1992) as well as the cerebellar flocculus. Con-
sequently, because EH neurons send projections to extraocular
motoneurons, it appears that some EH neurons together with
PV P neurons constitute the intermediate leg of the direct VOR
pathways. Moreover, vestibulospinal neurons that can be anti-
dromically activated by stimulation in the cervical cord tend to
fal into two categories: the non-eye-movement-related VO
neurons described in the preceding text and neurons with
discharge properties similar to EH neurons (Boyle 1993; Mc-
Creaet al. 1999). Thus EH neurons are likely to play arolein
mediating VCR as well as other vestibulospinal reflexes.

ACTIVE HEAD MOVEMENTS.  When the head is not restrained, a
combination of head and eye motion (gaze pursuit) is com-
monly used to follow a moving visual target of interest. As
during gaze shifts, an intact VOR would be counterproductive
during gaze pursuit; it would generate an eye-movement signal
in the direction opposite to that of the ongoing tracking. Bizzi
and colleagues (Lanman et al. 1978) proposed that the eye
movements generated during gaze pursuit reflect the linear
summation of two opposing signals: aVVOR, which cancels out
the contribution of head motion to gaze, and an oculocentric
pursuit signal of cerebellar origin. In support of linear summa-
tion, severa subsequent studies demonstrated no difference in
the frequency response of head-restrained smooth pursuit and
head-unrestrained gaze pursuit (Barnes 1981; Collewijn et a.
1982; Lanman et a. 1978). However, more recent studies have
shown that pursuit of faster unpredictable moving targets is
improved when primates are free to move their heads (Cullen
and McCrea 1990; Smith et al. 1995; Waterson and Barnes
1992).

As reviewed in the preceding text, EH neurons are thought
to be the primary input to the extraocular motoneurons during
ocular pursuit: they receive direct projections from the cere-
bellar flocculus/ventral paraflocculus, and in turn, project to the
abducens motor nucleus. To date, only Roy and Cullen (2003)
have specifically investigated the activity of EH neurons during
gaze pursuit. In rhesus monkey, EH neuron responses during
gaze pursuit were well predicted by the sum of their gaze
movement sensitivity during smooth pursuit and their head-
movement sensitivity during VOR. This result suggests that
their responses reflect the integration of head-movement-re-
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lated inputs from the vestibular afferents and gaze-movement-
related information from the floccular lobe (Roy and Cullen
2003). Consistent with this proposal is the finding that the
activation of neck proprioceptors via passive rotation of a
monkey’s body under a stationary head does not alter the EH
neuron activity (Roy and Cullen 2003). It is important to note,
however, that analogous experiments in squirrel monkey have
suggested that EH neurons can be sensitive to neck proprio-
ceptive inputs in this species (Gdowski and McCrea 2000;
Gdowski et a. 2001).

SUMMARY. Recent studies have shown that EH neurons carry
signals important for generating both head-restrained and -un-
restrained gaze pursuit. Overall, the responses of EH neurons,
in rhesus monkey, could be described by the sum of their
gaze-velocity-related activity during smooth pursuit and their
head-vel ocity-related activity during passive whole-body rota-
tion in the dark. In addition, it is likely that EH neurons
contribute, in part, to the VOR, VCR, and/or other vestibu-
lospinal reflexes, however further studies are required before
the role of EH neurons in mediating these reflexes will be fully
understood.

FUNCTIONAL IMPLICATIONS OF DIFFERENTIAL
PROCESSING OF VESTIBULAR SIGNALS

What are the implications for vestibular- and neck-related
reflexes?

VOR PATHWAYS. As detailed in the preceding text, recent
studies have shown that PVP neurons reliably transmit head-
velocity signalswhen the goal isto stabilize gaze, regardless of
whether the head motion is actively or passively generated. In
contrast, PVP neuronal responses are attenuated whenever the
behavioral goal isto redirect the visual axis of gaze relative to
space. Given that PVP neurons congtitute the primary inter-
neuron of the direct VOR pathway, these results have impor-
tant implications regarding the behaviorally dependent modu-
lation of this reflex.

Over the past two decades, considerable evidence had accu-
mulated to support the idea that the behavioral VOR is atten-
uated during voluntary gaze shifts. A series of experiments, in
which the head was mechanically perturbed, have shown that
the VOR is completely turned off during large gaze shifts
(Fuller et a. 1983; Guitton and Volle 1987; Laurutis and
Robinson 1986; Pélisson et a. 1988; Tomlinson and Bahra
1986) and is significantly suppressed during smaller gaze shifts
(Pélisson et al. 1988; Tabak et al. 1996; Tomlinson 1990).
Moreover, for gaze shifts <50°, VOR gain (defined as: change

FIG. 3. Eye-head neuron activity during passive and active head move-
ments. A: the primary input to the abducens motor nuclei during smooth pursuit
is thought to be from the eye-head (EH) neurons of the vestibular and
prepositus hypoglossi nuclei. In addition, some EH neurons have been shown
to project to the neck motoneurons and could therefore potentially play arole
in mediating the VCR. B: EH neurons respond vigorously to eye velocity
during smooth pursuit. C: EH neurons are activated by head velocity during
voluntary cancellation of the VOR during passive whole-body rotation
(VORC). The neurons prefer head motion in the same direction as eye motion
during smooth pursuit. D: during gaze shifts, the head-velocity sensitivity of
EH neurons is enhanced for both species. A model based on the neuron’s
head-movement sensitivity during VORd (VORd model; —) under-predicts
neuronal responses. Some rhesus monkey EH neurons burst of activity during
gaze shifts and most squirrel monkey EH neurons burst at the end of gaze
shifts.
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in eye velocity/change in head velocity caused by a perturba
tion) decreases as a function of increasing gaze shift amplitude
(Pélisson et al. 1988; Tabak et al. 1996; Tomlinson 1990).
Indeed, the responses of PVP neurons appear to provide a
neural correlate for this effect; the percent attenuation of PVP
head-movement-related responses during active gaze shifts
increased as afunction of gaze shift amplitude (Roy and Cullen
1998, 2002).

The amplitude-dependent attenuation of PV P responses dur-
ing gaze shifts is consistent with known inputs from the brain
stem saccadic burst generator. Burst neurons in the paramedian
pontine reticular formation (PPRF) project to type Il neuronsin
the vestibular nucleus (Sasaki and Shimazu 1981), and in turn,
type Il neurons send an inhibitory projection to type | (i.e.,
PVP) neurons (Nakao et al. 1982). Because the type Il-type |
vestibular projection is inhibitory, this pathway would effec-
tively invert the “burst” behavior of burst neurons to create the
“pause” in the PVP neuron responses observed during rapid
redirection of gaze. The discharges of saccadic burst neurons
(Cullen and Guitton 1997) and type Il neurons (Roy and Cullen
2002) during gaze shifts support such a mechanism (see bis-
cussion) (Roy and Cullen 2002). Importantly, the head-vel ocity
signals carried by saccadic burst neurons increase with gaze
shift amplitude, thereby providing a greater inhibitory drive to
PVP neurons during larger gaze shifts (Cullen and Guitton
1997). Moreover, in rhesus monkeys, this mechanism is con-
sistent with the finding that the head-velocity sensitivity of
PV P neurons recoversimmediately after the end of a gaze shift
once gaze is stable because the brain stem saccadic burst
generator is inactive during this interval (Fig. 1D, open ar-
rows).

It is important to note that in al investigations, to date, an
average head-velocity sensitivity was estimated over an inter-
val that spanned the entire gaze shift for each neuron. How-
ever, it ismore likely that the gain of PVP neurons (and in turn
VOR pathways) varies dynamically throughout this interval.
The precise time course of VOR pathways attenuation during
gaze shifts still remains to be determined. Most recently Tabak
et al. (1996) suggested that VOR gain decreases exponentially
(Tc = ~50 ms) from the onset of the gaze shift, while Huterer
and Cullen (2001) concluded that the level of VOR attenuation
generally decreases throughout the course of a gaze shift but
that the level shows considerable variability across subjects.
Thus a prediction is that the response of PVP neurons to an
externally applied perturbation should become increasingly
less attenuated as the gaze shift progresses.

The responses of PVP neurons are also significantly atten-
uated when the goal is to redirect gaze more slowly to pursue
a moving target using combined eye-head gaze pursuit (Roy
and Cullen 2002). A number of behavioral studies have argued
for the existence of a short-latency mechanism (i.e., not medi-
ated by smooth pursuit) that would function to modulate the
gain of the VOR pathways during slow gaze redirection (Barr
et a. 1976; Cullen et al. 1991; Lisberger 1990; Robinson
1982), and it is likely that the reduction in PVP modulation
during gaze pursuit is a neurophysiological correlate of the
observed behavioral modulation. While the attenuation of neu-
ronal responses is less striking during gaze pursuit than during
gaze shifts, it is comparable to that seen for VOR cancellation
during passive whole-body rotation. These results are consis-
tent with the proposal that differing levels of suppression
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during slow versus rapid gaze redirection result from the dif-
ferent gaze premotor circuitries that generate rapid versus slow
gaze redirection. However, because less is known about the
connectivity of the brain stem premotor circuits that mediate
smooth pursuit and VOR cancellation than those that mediate
saccades, elucidating the mechanism responsible for the atten-
uation in PVP neuron responses during slow gaze redirection
has been less straightforward (see discussion of Roy and
Cullen 2002, 2003).

In addition to PVP neurons, type |1 EH neurons most likely
also contribute to the direct VOR pathways, even if the
strength of the contribution is less than that of PVP neurons
(Broussard and Lisberger 1992; Scudder and Fuchs 1992).
Thus to understand the processing of vestibular signals that
result from the active head movements made during gaze shifts
or gaze pursuit it is important to also consider their responses.
In rhesus monkey, the head-velocity sensitivities of ~50% of
EH neurons during gaze shifts are enhanced relative to passive
whole-body rotation in the dark (Fig. 3D) (Roy and Cullen
2003). A similar result has been found in squirrel monkey with
the notable difference that the enhancement of head-velocity
sensitivity occurred later during the postgaze shift interval
(Fig. 3D) (McCrea and Gdowski 2003). Thus taken together
these findings suggest that EH neurons may to some extent
offset the reduction of PVP neuron sensitivity during and
immediately after gaze shifts, in rhesus and squirrel monkeys,
respectively. However, if EH neurons mediate only ~20% of
direct VOR pathways in rhesus—as has been suggested by
Scudder and Fuchs (1992)—then this effect would be quite
modest; the summed influence of PVP and EH neurons would
predict ~60% attenuation of the VOR in rhesus during large
gaze shifts as compared with the 75% attenuation predicted by
PV P neuron responses alone.

CERVICOOCULAR REFLEX PATHWAYS. During active head-on-
body rotations, proprioceptors within the neck musculature
will be strongly activated. This is not the case during passive
whole-body rotations. Accordingly during active head-on-body
rotations, the cervicoocular reflex (COR) could theoretically
function to compliment the VOR to improve ocular stability as
compared with passive whole-body rotations. Indeed, numer-
ous studies, which have found evidence for neck propriocep-
tive inputs to the vestibular nuclei in decerebrate animals, are
consistent with this idea (Anastasopoulos and Mergner 1982;
Boyle and Pompeiano 1981; Fuller 1988; Wilson et al. 1990).
However, as discussed in VESTIBULAR NUCLEI; ENCODING PASSIVE
VERSUS ACTIVE HEAD MOTION, the results of more recent experi-
ments in alert animals have provided a somewhat different
view. In squirrel monkeys the mgjority of neurons in the
vestibular nuclei that project to the extraocular motoneurons
(i.e, PVP and EH neurons) are sensitive to neck motion
(Gdowski and McCrea 2000). In contrast, neither static nor
dynamic activation of neck proprioceptors influenced the ac-
tivity of PVP or EH neuronsin rhesus monkey (Roy and Cullen
2002, 2003). Similarly in cynomolgus (M. fascicularis) mon-
keys, PVP and EH neurons do not appear to be sensitive to
neck inputs (Roy and Cullen 2002, 2003). The difference
between the results of these studiesis surprising given the same
paradigms were used. However, it seems to highlight differ-
ences in the evolution of reflex strategies, in particular a
difference in the importance of the COR across different spe-
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cies of primates (see also discussion in McCrea and Gdowski
2003).

Prior studies have shown that COR gains are negligible to
nonexistent in most species including: rhesus monkey (Bohmer
and Henn 1983; Dichgans et a. 1973; Roy and Cullen 2002),
human (Barlow and Freedman 1980; Bronstein 1992; Bron-
stein and Hood 1986; Huygen et al. 1991; Jurgens and Mergner
1989), rabbit (Barmack et a. 1981, 1989, 1992; Fuller 1980;
Gresty 1976), and cat (Fuller 1980). However, squirrel mon-
keys appear to be an exception to this genera rule; COR gains
in the range of 0.4 have been reported (Godwski and McCrea
2000). It is noteworthy, that the marked difference between the
COR gain of rhesus and squirrel monkeysis consistent with the
apparent difference that neck proprioceptive inputs have on
premotor vestibular nuclei neurons for these two species.

Thus the question remains: does the COR have any func-
tional significance in rhesus monkeys and humans? The eye-
movement response produced by the COR during head-on-
body motion could, in theory, function to supplement the VOR
to stabilize gaze relative to space after vestibular damage.
Indeed, there is evidence for thisideain humans that the COR
gain becomes more significant after bilateral loss of vestibular
function and electrical stimulation of cervical afferents in pa-
tients with bilateral vestibular loss results in slow phase eye
movements and catch-up saccades (Bronstein et al. 1991; He-
imbrand et al. 1996; Kasai and Zee 1978; Schweigart et al.
1993). In these patients, the gain of the COR can be enhanced
through training by asking subjects to change their mental set,
suggesting the reflex pathway is under cognitive control (see
for example, Schweigart et al. 1993). Similarly, in rhesus
monkey thereis evidence that after vestibular damage recovery
of gaze accuracy is mediated in part by an enhancement of
neck proprioceptive inputs (Dichgans et al. 1973; Newlands et
al. 1999). Taken together, these results suggest that VOR
pathways in rhesus monkey (i.e., PVP and/or EH neurons)
might encode more significant neck related information after
vestibular damage to compensate for the deficient VOR.

VCR PATHWAYS.  On the one hand, the reduction of the mod-
ulation of VO neurons during self-generated head movements
is consistent with their proposed rolein generating the VCR. In
theory, the function of the VCR isto stabilize the head in space
viaactivation of the neck musculature, and so during voluntary
head-on-body movements, the VCR would be counterproduc-
tive. Hence it might be advantageous to suppress the modula-
tion of VO neurons during these active head movements.
Moreover, prior studies in which monkeys generated active
head-on-body movements while undergoing passive whole-
body rotation have shown that VO neurons do not encode the
active component yet continue to encode the passive compo-
nent (Boyle et al. 1996; McCrea et al. 1999; Roy and Cullen
2001). This suggests that these neurons continue to generate a
VCR inresponse to externally applied head motion aswe move
about in our environment. In addition to VO neurons, at least
some EH neurons (Boyle et a. 1996) project directly to the
cervical segments of the spinal cord. Accordingly, it seems
likely that EH neurons could also contribute to the production
of the VCR. However, to date, it remains to be determined
whether both neuron classes project to the same muscle groups
in the neck or have the same impact on muscle activation.
On the other hand, the contribution of the VCR to head
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stabilization is minimal in normal human subjects (Guitton et
al. 1986; Peng et al. 1996). For most naturally occurring head
rotations, the inertia of the head coupled with the passive
viscoelastic properties of the neck plays the principal role in
stabilizing the head. During yaw stabilization, its contribution
is negligible when subjects are distracted by mental arithmetic
(Guitton et a. 1986; Keshner and Peterson 1995). The most
substantial part of active yaw axis stabilization is generated by
longer-latency mechanisms, which are under voluntary control
(Guitton et al. 1986). In humans, the VCR appears to be most
active during pitch movements for which the head is mechan-
ically most prone to oscillations, in the range of 1-2 Hz
(Keshner and Peterson 1995; Keshner et a. 1995). Similarly,
preliminary experiments suggest that the contribution of the
VCR during yaw rotations is also minimal in macagque mon-
keys (S. G. Sadeghi and K. E. Cullen, unpublished observa-
tion). Thus it is unlikely that in macaque monkeys, or presum-
ably humans, the principal function of the selective encoding
of passive versus active head movements by VO neurons is to
modul ate the gain of the VCR.

The minimal reflex coupling between the vestibular system
and neck is likely to allow more behaviora flexibility in the
control of head movements in humans and rhesus monkeys. In
contrast, Gdowski and McCrea (1999) have reported that VCR
gainsin squirrel monkey are on average ~0.3 at 2.3 Hz. Thus
squirrel monkeys, like cats (Goldberg and Peterson 1986),
presumably rely more on reflex pathways to maintain head
stability. Interestingly, species differences in the behavioral
relevance of the VCR are accompanied by species differences
in the response properties of vestibulospinal neurons. In rhesus
monkey, neck-movement responses are not typically encoun-
tered on VO or EH neurons (Roy and Cullen 2001, 2003).
However, in squirrel monkey, VO and EH neurons are sensi-
tive to horizontal neck rotation and response strength increases
as afunction of frequency (Gdowski and McCrea 2000). These
investigators have proposed that neck proprioceptive inputs to
neurons in the vestibular nuclei could be used to modify the
VCR to compensate for the mechanical properties of the head
and neck at higher frequencies (2.3 vs. 0.5 Hz).

If VCR gains are negligible in normal rhesus monkeys and
humans, what then is the role of VO neurons in these species?
There are severa lines of evidence to suggest that VO neurons
may be an important substrate for the perception of spatial
orientation. First, prior studies have shown that VO neurons
respond to low-frequency optokinetic stimulation (Boyle et a.
1985; Waespe and Henn 1977). Second, as noted in the pre-
ceding text, VO neurons are also thought to be reciprocally
interconnected with cerebellar structures that are involved in
vestibular processing (e.g., hodulus-uvula, flocculus, and fas-
tigial nucleus). For example, the nodulus/uvula regions of the
cerebellum are important for the coordination of gaze, head,
and body posture because they are involved in transforming
vestibular signals from head-fixed sensory coordinates to grav-
ity-centered coordinates (Angelaki and Hess 1995; Wearne et
al. 1998). Third, neurons in the cortex and thalamus, which
receive vestibular inputs (such as areas PIVC and ventral
posterior lateral thalamic nucleus, respectively), are not sensi-
tive to eye movements (Buttner and Lang 1979; Grusser et al.
1990; Magnin and Fuchs 1977). It is most likely that these
higher-order structures receive vestibular information via VO
neurons because they comprise the only class of neuronsin the
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vestibular nucleus that are not sensitive to eye movements.
Thus it islikely that selective processing of vestibular input at
the level of VO neurons is most likely used by these higher-
order structures to provide perceptual stability during natural
behaviors.

Do the vestibular nuclei lose track of head-in-space during
active gaze shifts and gaze pursuit?

As detailed in the preceding text, the VO neurons of the
vestibular nuclei, receive direct inputs from vestibular afferents
but do not reliably encode head velocity resulting from self-
generated movements of the head on the body. Thus the
primate vestibular system distinguishes between sensory inputs
that arise from active self-motion of the head on the body early
in processing at the level of the vestibular nuclei. This finding
supports the original proposal of von Holst and Mittelstaedt
(1950), who suggested that sensory inputs arising from an
animal’s own behavior could be distinguished from sensory
inputs generated by external sources. They proposed that a
copy of the motor command (i.e., a motor efference) is com-
bined with the afferent signal to selectively remove the com-
ponent caused by the motor behavior. Consistent with this
proposal, an efference copy of the motor command to move the
head appears to be used for the differential processing of
vestibular information in monkeys, however, only in condi-
tions where the activation of neck proprioceptors matched that
expected based on the neck motor command (Roy and Cullen
2004). An analogous mechanism also has been described in the
electric fish; an efference copy of the command to activate the
electric organ converges centrally with electroreceptor afferent
information, thereby reducing the response to self-generated
electric fields (Bell 1981; Zipser and Bennett 1976).

Not only have recent experiments shown that neuronsin the
vestibular nuclel differentially encode passive versus active
head motion (i.e., VO neurons), but they have also shown that
other classes of neurons (i.e., PVP and EH neurons) differen-
tially process head velocity during gaze redirection (e.g., gaze
shifts, gaze pursuit, and VOR cancellation) versus gaze stabi-
lization (e.g., VOR and postgaze shifts period). When taken
together, these findings lead to the important question: do the
vestibular nuclei completely lose track of head-in-space veloc-
ity when gaze is redirected during shifts and gaze pursuit?
During gaze shifts, VO neurons continue to encode signals
about passive rotations; however, they fail to reliably signal
information about head velocity resulting from the voluntary
head-on-body movement (Fig. 4A) (Boyle et al. 1996; McCrea
et al. 1999; Roy and Cullen 2001). Moreover during gaze
shifts, the responses of PVP neurons during both active and
passive head-in-space velocity is significantly reduced (Fig.
4B) (McCreaand Gdowski 2003; Roy and Cullen 1998, 2002).
Thus during combined eye-head gaze shifts neither neuron
group reliably encodes head-in-space velocity. A similar argu-
ment can be made for the signals encoded by these neurons
during gaze pursuit (not shown) (Roy and Cullen 2001, 2002).
This scenario would only be further complicated by the differ-
ential sensitivity of EH neurons to head motion during gaze
shifts, gaze pursuit, and immediately after gaze shifts. Thus it
appears that no neuron type continues to consistently encode
head-in-space vel ocity in the same manner under al conditions
(Fig. 5, pathway A).
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FIG. 4. Summary of vestibular nuclei neuron activity during combined
passive whole-body rotation and active head-on-body mation. A: VO neurons
in both rhesus and squirrel monkey reliably encode the passive component of
head-in-space motion, but responses to active head motion are significantly
attenuated. Note that the observed attenuation was not dependent on the gaze
monkey’s gaze goal. B: in contrast, PVP neurons reliably encoded head-in-
space velocity whenever the monkey’s goal was to stabilize its gaze and not
when the goal was to redirect gaze (gaze shifts). It did not matter whether the
head motion was passively applied or actively generated.

What are the implications for upstream processing?

On the one hand, the arguments presented in the preceding
text could lead to the conclusion that we are effectively oper-
ating as if we have a significant bilateral loss of vestibular
information when we generate voluntary head movements dur-
ing behaviors, such as gaze shifts and gaze pursuit. On the
other hand, this seems rather unlikely because the brain has
access to vestibular afferent signals via routes independent of
the vestibular nuclei as well as access to inputs from other
sensory modalities (e.g., proprioceptive, and optic field flow)
and motor command information during natural behaviors.

Vestibular afferents project directly to cerebellar regions
involved in vestibular and eye movement control, namely the
nodulus/uvula, the flocculus, and the fastigial nucleus (re-
viewed in Voogd et a. 1996) as well as diffusely to other
regions of the vestibulocerebellar vermis (Kotchabkakdi and
Walberg 1978). Reliable vestibular information could thus be
relayed to the cortex via cerebellar-thalamic pathways (Fig. 5,
pathway B). Moreover, head-velocity information to these
structures could originate from integration of signals from the
vestibular nuclei and motor command (efference copy) and/or
proprioceptive information. Either way, it is clear that vestib-
ular information is encoded at these higher levels. Vestibular-
related responses have been recorded in numerous cortical
regions (e.g., area 7, area 3aV, parieto-insular vestibular cortex
(PIVC), premotor cortex, the hippocampal formation, and fron-
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FIc. 5. Proposed mechanism for the higher-level processing of vestibular information during gaze shifts. Head-in-space vel ocity
information, which is the sum of actively and passively generated head movements, is relayed directly to both the vestibular nuclei
(pathway A) and the cerebellum (pathway B) by primary vestibular afferents. During gaze shifts, the head-velocity sensitivity of
PVP neurons is markedly reduced and VO neurons only accurately encode the passive components of head-in-space. Moreover,
some EH neurons have enhanced head-velocity sensitivity during or at the end of gaze shifts, in rhesus and squirrel monkey,
respectively. A likely route by which intact vestibular information could reach higher centersisviathe cerebellum. The cerebellum
projects to the thalamus as well as to many regions of the cortex. These regions in turn project back to the cerebellum and vestibular

nuclei (pathway C). Hg, head-in-space velocity.

tal eye fields) that are involved in spatial representation, nav-
igation and gaze control. In turn, many of these areas project
directly back to the vestibular nuclei (reviewed in Fukushima
1997). The CNS could compute an interna estimate of self-
motion via the interconnections between the vestibular nuclei,
the cerebellum and cortical structures (Fig. 5, pathway C).

The vestibular projections to the hippocampus are of partic-
ular interest because this structure produces an estimate of
current orientation for navigation (O’'Keefe and Nadel 1979).
Researchers have long speculated that the projections from
vestibular nuclei (viathe thalamus) contribute to the processing
of spatial information in the hippocampal formation (see Smith
1997). In particular, most current models of hippocampal head
direction cells compute head direction by performing an on-
line integration of the animal’ s angular head velocity (reviewed
in Sharp et a. 2001). The source of head-velocity input to these
neurons during voluntary movements remains atopic of debate
but is generally assumed to be the vestibular nuclei (see Brown
et a. 2002). The result that vestibular information is encoded
at the level of the vestibular nuclei in a behaviorally dependent
manner remains to be incorporated into models of how heading
direction is computed in this higher order structure. Neverthe-
less, it seems likely that the construction of an accurate internal
representation of head direction would require the integration
of multimodal (vestibular, proprioceptive, and optic field flow)
sensory and motor inputs during natural behaviors.

CONCLUSIONS

Recent experimentsin alert head-unrestrained monkeys have
changed the way we view sensory processing in the vestibular
system. While vestibular afferents similarly encode active ver-
sus passive head movements, processing at the level of the
vestibular nuclei is behaviorally dependent. Single-unit record-
ing experiments from two particular two classes of neuronsin
the vestibular nuclei have been particularly informative: PVP
neurons, which mediate the VOR, and VO neurons, which are
thought to mediate the VCR and shape vestibular information
for the computation of spatial orientation by upstream struc-
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tures. Neither the VOR nor VCR is a hardwired reflex, but
rather both are modulated in a behaviorally dependent manner
that islogically consistent with their function. The VOR func-
tions to stabilize the visual axis in space by producing a
compensatory eye movement of equal and opposite amplitude
to the movement of the head. Accordingly, the head-velocity
signals carried by VOR interneurons (PVP neurons) are re-
duced when the goa is to redirect gaze in space. The VCR
functions to stabilize the head in space, via activation of the
neck musculature, during head motion. Accordingly, the ves-
tibular signals carried by VCR interneurons (VO neurons) are
reduced in response to active head-on-body movements. The
mechanisms that underlie this differential processing of ves-
tibular information by PVP and VO neurons use efference
copies of gaze- and neck-movement commands, respectively.
It remains a challenge to understand how the differential pro-
cessing of head velocity at the level of the vestibular nucleus
contributes to higher-order vestibular functions such as the
computation of spatial orientation and the perception of self-
motion.
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Volume 91, April 2004

Pages 1883-1898: Hurtado JM, Rubchinsky LL, and Sigvardt KA. “Statistical Method for
Detection of Phase-Locking Episodes in Neural Oscillations” (doi:10.1152/jn.00853.2003; http://
jn.physiology.org/cgi/content/full/91/4/1883). There is an error in Equation 7 (p. 1887). The
correct equation is shown here:

max {P(w,1)}

W =w=op

avg {P(w.n)}

W)= O=Omax

SNR(z) =

where

max {P(w,)}

0 =0=w),

is the maximum value of P(w,?) in the oscillatory band [w,,w,] and

avg {P(w,t)}

W= 0= Omax

is the average value in the broader band [w,, ®

max]'

The correct expression gives the ratio of peak to average power, and it can take any value >0. This
is the signal-to-noise ratio (SNR) that the authors implemented in the computational routines. The
original (incorrect) expression is the ratio of (total) power in the oscillatory band over total power,
and it cannot take values above 1. This (previous) definition does not make sense, given that the
authors are using the criterion SNR > 3.7. In a preliminary analysis, the first formula was used, but
latter it was decided that the second one was more appropriate; however, the wrong formula was
retained in the final version of the accepted manuscript.

Volume 91, May 2004

Pages 1919-1933: Cullen KE and Roy JE. “Signal Processing in the Vestibular System During
Active Versus Passive Head Movements” (doi:10.1152/jn.00988.2003; http://jn.physiology.org/
cgi/content/full/91/5/1919). Previous to the summary of the section titled “VESTIBULAR NU-
CLEI: ENCODING PASSIVE VERSUS ACTIVE HEAD MOTION,” a paragraph (on page 1923
of the printed article) misrepresented the name of Dr. C. C. Della Santina, who should be cited as
“Della Santina” rather than simply “Santina.” This error is also present in the bibliography, which
cited 3 articles by Dr. Della Santina and colleagues. The corrected text is below, followed by the
proper citations.

“Results in rhesus monkey are consistent with accumulating evidence in human that VOR gains are
generally comparable during passive and active rotations of the head-on-body (Della Santina et al.
1999, 2000, 2002; Foster et al. 1997; Hanson and Goebel 1998; Pulaski et al. 1981; Thurtell et al.
1999) as well as the finding that neither neck proprioceptors nor motor efference copy inputs alter
VOR response dynamics in this primate species (Huterer and Cullen 2002). Results in squirrel
monkey suggest that in this species VOR gain should be sensitive to reafferent sensory and motor
inputs during active movements.”

Della Santina CC, Carey JP, Cremer PD, and Minor LB. Comparison of passive head impulses
and sinusoidal vestibular autorotation as measures of human vestibuloocular reflex function. Soc
Neurosci Abstr 25: 264, 1999.

Della Santina CC, Cremer PD, Carey JP, and Minor LB. Shortened latency and improved
alignment imply preprogrammed mechanisms contribute to VOR during active head rotation
after unilateral labyrinthectomy. ARO Conference Abstr 5233, 2000.

Della Santina CC, Cremer PD, Carey JP, and Minor LB. Comparison of head thrust test with
head autorotation test reveals that the vestibuloocular reflex is enhanced during voluntary head
movements. Arch Otolaryngol Head Neck Surg 128: 1044-1054, 2002.
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Volume 92, September 2004

Pages 1928—-1936: Richter TA, Dvoryanchikov GA, Chaudhari N, and Roper SD. “Acid-Sensitive
Two-Pore Domain Potassium (K,P) Channels in Mouse Taste Buds” (doi:10.1152/jn.00273.2004;
http://jn.physiology.org/cgi/content/full/92/3/1928). Although Table 1 appears in complete form in
the first-published version of this article (Article in PresS, http://jn.physiology.org/cgi/reprint/
00273.2004v1), during production of final version of this article, two lines of text were lost from
Table 1, which should have listed information (primer sequences, GenBank accession numbers, and
other items) for K channels TREK-2 and TRESK. The complete, corrected Table 1 is listed here
(with the original legend).

Corrigenda
1821

TABLE 1. RT-PCR primer sequences and GenBank accession numbers for each of the eight K,P channels examined in the present study.
Other Accession Product
K Channels names Gene Number Forward Primer Reverse Primer size (bp)
TWIK-1, K, 1.1 hOHO KCNKI NM_008430 5'-ccgagagctgtacaagatcg-'3 5'-tgcccagggattaaaacc-'3 442
TREK-1, K,;2.1 TPKClI KCNK2 U73488 5'-tggaaacatctccccacg-'3 5'-ccaatcatcatgctcagaacage-'3 442
TASK-1, K,P3.1 TBAK-1, OAT-1 KCNK3 AF065162 5'-cgcctcaagccgcacaag-'3 5'-acacgaaaccgatgagcacca-'3 295
TASK-2, K,P5.1 KCNKS5 BC058164 5'-atggtgacagaagaatgga-'3 5'-tgagatacctcttccaage-'3 539
TWIK-2, K,P6.1 TOSS KCNK6  AF110521 5'-tgttcactgccagcatcc-'3 5'-gctctgagaaggtectetactge-'3 486
TASK-3, K,P9.1 KCNK9 AF391084*  5'-agctggagctggtaatcctg-'3 5'-cggtcaccatgttctceccata-'3 303
TREK-2 K,,10.1 KCNKI10 NM_023096%* 5'-accctgttcctcgactctcc-'3  5'-agattttgectccttcagtge-'3 435
TRESK XM_285304 5'-ttcttctgctgecacagtgtte-3' 5'-aatctctcaaacagetccacat-3’ 375

*Unless otherwise specified, accession numbers are for mouse sequence.

Volume 92, October 2004

Pages 2555-2573: Lee AK and Wilson MA. “A Combinatorial Method for Analyzing Sequential
Firing Patterns Involving an Arbitrary Number of Neurons Based on Relative Time Order”
(doi:10.1152/jn.01030.2003; http://jn.physiology.org/cgi/content/full/92/4/2555). This article cited
an earlier publication by Lee and Wilson (Lee AK and Wilson MA. Memory of sequential
experience in the hippocampus during slow wave sleep. Neuron 36: 1183-1194, 2002). This
citation was incorrectly listed in the bibliography with a publication year of 2000. This error also
occurs throughout the text of the article, wherever this citation is mentioned. The correct year
should be 2002.

Volume 92, November 2004

Pages 3142-3147: Sasaki S, Isa T, Pettersson LG, Alstermark B, Naito K, Yoshimura K, Seki K,
and Ohki Y. “Dexterous Finger Movements in Primate Without Monosynaptic Corticomotoneu-
ronal Excitation” (doi:10.1152/jn.00342.2004; http://jn.physiology.org/cgi/content/full/92/5/3142).
In the final-published version of this article, the acceptance date for this article was listed with the
wrong year (just below the affiliation line on the first page). This article was accepted on May 25,
2004, after submission on April 2, 2004.
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