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Signal Processing by Vestibular Nuclei Neurons
Is Dependent on the Current Behavioral Goal
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ABSTRACT: The vestibular sensory apparatus and associated vestibular nuclei
are generally thought to encode angular head velocity during our daily activi-
ties. However, in addition to direct inputs from vestibular afferents, the vesti-
bular nuclei receive substantial projections from cortical, cerebellar, and other
brainstem structures. Given this diversity of inputs, the question arises: How
are the responses of vestibular nuclei neurons to head velocity modified by
these additional inputs during naturally occurring behaviors? Here we have
focused on the signal processing done by two specific classes of neurons in the
vestibular nuclei: (1) position-vestibular-pause (PVP) neurons that mediate the
vestibulo-ocular reflex (VOR), and (2) vestibular-only (VO) neurons that are
thought to mediate, at least in part, the vestibulo-collic reflex (VCR). 

We first characterized neuronal responses to passive rotation in the head-
restrained condition, and then released the head to record the discharges of the
same neurons during self-generated head movements. VOR interneurons (i.e.,
PVP neurons) faithfully transmitted head velocity signals when the animal sta-
bilized its gaze, regardless of whether the head motion was actively or passively
generated; their responses were attenuated only when the monkey’s behavioral
goal was to redirect its axis of gaze relative to space. In contrast, VCR inter-
neurons (i.e., VO neurons) faithfully transmitted head velocity signals during
passive head motion, but their responses were greatly (and similarly) attenuat-
ed during all behaviors (i.e., gaze shifts, gaze pursuit, gaze stabilization) during
which the monkey’s behavioral goal was to move its head relative to the body.
To characterize the mechanism(s) that underlie this differential processing, we
tested neurons during passive rotation of the head relative to the body, as well
as during a task in which a monkey actively “drove” both its head and body
together in space. We conclude that neither passive activation of neck propri-
oceptors nor knowledge of self-generated head-in-space motion directly medi-
ate the observed reductions in head-velocity-related modulation. Instead, we
propose that the VOR and VCR pathways use efference copies of oculomotor
and neck movement commands, respectively, for the differential processing of
vestibular information.
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INTRODUCTION

The activity of vestibular nuclei neurons has been well characterized in the head-
restrained monkey during eye movements and passive whole-body rotation. Several
distinct classes of neurons exist within the vestibular nuclei and neighboring nucleus
prepositus hypoglossi.1–10 Of these, two classes of neurons are thought to play an
important role in generating vestibular reflexes: (1) position-vestibular-pause (PVP)
neurons mediate the vestibulo-ocular reflex (VOR2,9,11) and (2) vestibular-only
(VO) neurons mediate the vestibulo-collic reflex (VCR12,13).

The VOR is classically described as a reflex that produces a compensatory eye
movement of equal and opposite amplitude to the movement of the head. The most
direct pathway that mediates the VOR consists of only three neurons (vestibular af-
ferents, to interneurons in the vestibular nuclei, to extraocular motoneurons14). PVP
neurons constitute most of the intermediate leg of this pathway. 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 7–10 ms in the primate.15–17 The VOR
effectively stabilizes the visual axis in space, and therefore the visual world on the
retina for the wide range of head motions that are generated during our daily activi-
ties such as walking and running.18–19 However, under natural conditions where the
head is not restrained, a combination of eye and head movements (i.e., a gaze shift)
is commonly used to rapidly redirect the visual axis to a new target in space (in
humans20–25 and monkeys26–32). 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. Indeed, there
is substantial evidence which argues that the VOR is not fully functional during gaze
shifts. A series of behavioral experiments in which the head was mechanically per-
turbed have suggested that the VOR is completely suppressed during large gaze
shifts22–23,32–34 and is significantly attenuated during smaller gaze shifts.23,30,35

Furthermore, we have recently shown that a reduction in the vestibular sensitivity of
PVP neurons provides a neural correlate for the on-line suppression of the VOR dur-
ing gaze shifts.36–38

In addition to its crucial role in stabilizing the eye relative to space via the VOR,
the vestibular system also coordinates postural reflexes that are critical for maintain-
ing head and body posture during our daily activities. The vestibulo-collic reflex
(VCR) functions to stabilize the head relative to space, by generating a neck motor
command to move the head in the direction opposite to the current head-in-space ve-
locity. However, as was the case for the VOR, this reflex can be counterproductive
during certain behaviors. For example, during active head-on-body motion (gaze
shifts and gaze pursuit), the head movement command produced by the VCR would
be in the direction opposite to that of the planned head motion. The VCR pathway is
thought to be mediated, at least in part, by VO neurons, a distinct population of ves-
tibular nuclei neurons. These neurons receive direct monosynaptic projections from
vestibular nerve afferents and in turn project to the cervical spinal cord.12–13,39–40

Recent studies have shown that the head-velocity signals carried by VO neurons dur-
ing gaze shifts are dramatically attenuated compared to those evoked by passive
whole-body rotations.41–43 This finding suggests that the head-velocity signals car-
ried by the VCR pathway are attenuated during active head-on-body motion.
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The goal of the present study was to determine which mechanism(s) contribute to
reducing the head-velocity sensitivities of PVP and VO neurons during voluntary
gaze shifts. To address this question, we first investigated whether inputs from neck
proprioceptors mediate, at least in part, the observed reduction in neuronal modula-
tion. We then investigated whether the head velocity signals encoded by vestibular
nuclei neurons were systematically attenuated during all voluntary motion of the
head in space, or alternatively whether they were modulated as a result of the differ-
ences in the animal’s behavioral goal during gaze shifts and passive whole-body ro-
tation. We conclude that neither the passive activation of neck proprioceptive inputs
nor the monkey’s knowledge of its self-generated head motion directly mediates the
differential processing of vestibular information at the level of the vestibular nucle-
us. Rather, we argue that the VOR and VCR pathways utilize efference copies of oc-
ulomotor and neck movement commands, respectively, for behaviorally dependent
processing of vestibular information.

MATERIALS AND METHODS

Surgical Procedures

Three monkeys (Macaca mulatta) were prepared for chronic extracellular record-
ing. All experimental protocols were approved by the McGill University Animal
Care Committee and complied with the guidelines of the Canadian Council on Ani-
mal Care. The surgical preparation was similar to that previously described else-
where.44 Briefly, in a sterile surgical procedure, a stainless steel post, used to restrain
the animal’s head, and a stainless steel recording chamber were attached to the head
using dental acrylic and cortical screws. In the same procedure, an 18–19 mm in di-
ameter eye coil (three loops of Teflon-coated stainless steel wire) was implanted in
the right eye behind the conjunctiva to allow the measurement of eye position.45 An-
imals were given two weeks to recover from the surgery before any experiments
were performed. 

Experimental Paradigms

During experiments, the monkey was comfortably seated in a primate chair that
was fixed to the suprastructure of a vestibular turntable. Extracellular single-unit ac-
tivity was recorded using enamel-insulated tungsten microelectrodes (7–10 MΩ im-
pedance, Frederick-Haer) as has been described elsewhere.44 Gaze and head
positions were measured using the magnetic search coil technique. 

The activity of neurons was initially recorded with the monkey in the head-re-
strained condition during voluntary eye movements and passive whole-body rotation.
Neuronal responses were recorded during eye movements made to track a target that
was (1) stepped between horizontal positions over a range of ±30 deg and (2) moved
sinusoidally (0.5 Hz, 80 deg/s peak velocity) in the horizontal plane. Neuronal sensi-
tivities to head velocity were tested by passively rotating monkeys about an earth ver-
tical axis in the dark (pWBR; 0.5 Hz, 80 deg/s peak velocity), and while the monkeys
canceled their VOR by fixating a target that moved with the vestibular turntable
(pWBRc). Target velocity, turntable motion, on-line data displays, and data acquisi-
tion were controlled by a UNIX-based real-time data acquisition system (REX46). 
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After a neuron was fully characterized in the head-restrained condition, the mon-
key’s head was slowly and carefully released. Once released, the monkey was free
to rotate its head through the natural range of motion in the yaw (horizontal), pitch
(vertical), and roll (torsional) axes. Neuronal responses to voluntary head movements
were characterized during combined eye-head gaze shifts (15 to 65 deg in amplitude)
and combined eye-head gaze pursuit of a sinusoidally moving target (0.5 Hz, 80 deg/
s peak velocity). Neuronal sensitivities to passive activation of neck proprioceptive in-
puts were characterized by passively rotating the head on a stationary body, and by
passively rotating the body under an earth stationary head. In the latter paradigm, the
torque generated by the animal against the head restraint was simultaneously mea-
sured (Sensotec Inc.). In some experiments, rapid perturbations were applied to the
head during gaze shifts using a torque motor (Animatics Inc.). 

Analysis of Neuronal Discharges

A multiple regression analysis was used to characterize each unit’s discharge dy-
namics. For VO neurons, the resting discharge (bias, spikes/s), head velocity sensi-
tivity ([spikes/s]/[degree/s]), and the phase shift relative to head velocity were first
estimated during passive whole-body rotations. For PVP neurons, an additional eye
position sensitivity ([spikes/s]/[degrees]) was estimated during smooth pursuit and
fixation, and an eye velocity sensitivity ([spikes/s]/[degree/s] ) was estimated during
smooth pursuit. These coefficients were then utilized to predict the neuronal dis-
charges during other paradigms (referred to as pWBR model). Parameter estimates
were also obtained during all paradigms using similar model structures. Details of
this analysis have been described elsewhere.38,43

To confirm that isolation of the same neuron was maintained before and after the
head-restrained–unrestrained transition, resting discharge rates were compared. In
addition, the pWBRc paradigm was repeated for the majority of neurons following
head release to verify that each neuron’s sensitivity to passive whole-body rotation
remained comparable to that observed during the initial head-restrained
characterization.

RESULTS

PVP and VO neurons are known to receive direct monosynaptic projections from
vestibular nerve afferents.2,9,41 To date, both cell types have been well characterized
in head-restrained monkeys. PVP neurons (1) are modulated in response to ipsilat-
eral head-in-space motion during passive whole-body rotation, (2) are sensitive to
contralaterally directed eye position and velocity during head-restrained ocular fix-
ation and smooth pursuit, and (3) cease firing during contralaterally directed sac-
cades and vestibular quick phases. VO neurons are modulated in response to head-
in-space motion during passive whole-body rotation and are insensitive to eye move-
ments. In the present study, we first characterized neurons during standard head-re-
strained paradigms (saccades, ocular fixation at different orbital positions, smooth
pursuit, pWBR, and pWBRc) to classify them as either PVP or VO neurons. 
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FIGURE 1. Voluntary eye-head gaze shifts: (A) The activity of this typical PVP neuron
was significantly attenuated during gaze shifts. (B) The activity of the example VO neuron was
also significantly attenuated during combined eye-head gaze shifts. For each cell in A and B,
the activity predicted by the neuron’s modulation during passive whole-body rotation is super-
imposed on the firing rate (pWBR model; thick trace). (C) During gaze shifts, the average head
velocity sensitivity across PVP neurons (open columns) was significantly smaller than that es-
timated during passive whole-body rotations (black column; ∗p <0.05), and decreased with in-
creasing gaze shift amplitude. During gaze shifts, the average head velocity sensitivity across
VO neurons was similarly and significantly attenuated for all gaze shift amplitudes (gray shad-
ed columns). Error bars show SEM. Dotted vertical lines indicate the onset and offset of gaze
shifts based on a ±20 deg/s criterion. Traces directed upwards are in the ipsilateral direction.
Abbreviations: G, E, and H: gaze (= E + H), eye and head positions; , , and : gaze, eye-
in-head and head-in-space velocities; FR: firing rate.
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Active Head-on-Body Motion: Gaze Shifts

The discharge of each neuron was then characterized during combined eye-head
gaze shifts. To do this, the monkey’s head was released from its restraint, allowing
rotation through the natural range of motion in all three axes. The waveform of each
neuron’s activity was carefully monitored to ensure that the cell remained undam-
aged and well isolated. FIGURE 1 shows examples of neuronal discharges during vol-
untary eye-head gaze shifts for an example PVP neuron (FIG. 1A) and VO neuron
(FIG. 1B). These two neurons were typical in that they were poorly modulated in re-
sponse to voluntary head motion during large (55–65 deg) as well as small (25–35
deg) gaze shifts. A model prediction based on each neuron’s head motion sensitivity
during passive whole-body rotation, and also on eye motion for PVP neurons (see
METHODS), consistently overestimated the neuronal discharges during combined
eye-head gaze shifts (FIG. 1A and B: pWBR model, thick traces). In order to quantify
this observation, we determined the best estimate of each neuron’s head velocity sen-
sitivity during gaze shifts. The head-velocity signal carried by PVP neurons was re-
duced in an amplitude-dependent manner (FIG. 1C: open bars), whereas the
attenuation of VO neuron modulation was constant across all amplitudes of gaze
shifts (FIG. 1C: gray bars). These findings are consistent with the results of previous
studies of PVP38 and VO41–43 neurons.

In addition to direct projections from the vestibular nerve, the vestibular nuclei
receive inputs from neck proprioceptors,40,47–48 cortical structures (reviewed in ref.
49), cerebellar structures (reviewed in ref. 50), and other brainstem structures (re-

FIGURE 2. Possible mechanisms for the reduced head velocity sensitivities of vestibular
neurons during gaze shifts. Inputs from the neck proprioceptors (#1), cognitive representations
of the monkey’s knowledge of self-generated movement (#2), and/or efference copies from the
oculomotor (#3) and neck (#4) premotor circuitries could modulate PVP and VO neurons dis-
charges either (A) postsynaptically at the vestibular neuron level, (B) presynaptically at the
vestibular neuron level, and/or (C) at the level of the vestibular sensory apparatus.
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viewed in ref. 51). Accordingly, several possible mechanisms could be used to atten-
uate the responses of PVP and VO neurons to voluntary head-on-body motion at the
level of the vestibular nuclei (FIG. 2, sites A or B) or the vestibular afferents (FIG. 2,
site C). For example, a neuron’s response to active head-on-body motion could be
attenuated by (#1) inhibitory inputs from neck proprioceptors, (#2) the monkey’s
knowledge of its self-generated head motion, or (#3, #4) an efference copy of the
motor behavior (i.e., an eye and/or neck motor command) that is generated. In order
to distinguish between these three possibilities we carried out the series of experi-
ments described below.

Are Neck Afferent Inputs the Source of the Vestibular Suppression?

Passive rotation of the head relative to the body modulates vestibular nuclei neuron
activity in decerebrate animals via activation of neck proprioceptors (reviewed in ref.
52). It is conceivable that in alert monkeys neck afferent inputs contribute, at least in
part, to the suppression of PVP and VO neuron responses during gaze shifts (FIG. 1).
To address this possibility, we rapidly rotated the animal’s head on its body such that
the passively elicited head velocities were comparable to those generated during large
amplitude voluntary gaze shifts. During this paradigm, neuronal firing rates were well
predicted by a model based on the neuron’s response to passive whole-body rotation
(pWBR model: FIG. 3A and B, for PVP and VO neurons, respectively). For both pop-
ulations of neurons, the estimated head velocity sensitivities during passive head-on-
body rotations were similar to those measured during passive whole-body rotations
(p > 0.6). Indeed, when the response of each neuron to the passive head motion was
subtracted from its overall discharge, the residual modulation was found to be negli-
gible, indicating that the passive activation of the neck muscle spindles did not alter
the sensitivity of PVP and VO neurons to head-in-space motion. 

To further characterize the neck inputs on these neurons, we used a second para-
digm in which the monkey’s head was held stationary relative to the earth and its
body was rotated beneath it. Only periods during which the animal generated mini-
mal voluntary neck activation (see METHODS) were included in the analysis. The ex-
ample neurons shown are representative of our sample in that they were
unresponsive to passive rotation of the body under the head (FIG. 4A and B, for PVP
and VO neurons, respectively). The neurons’ activities were well described by their
spontaneous discharge rates (thick traces superimposed on firing rates) and poorly
predicted by a model which would be consistent with neck afferent inputs suppress-
ing vestibular responses during voluntary combined eye-head gaze shifts (thin traces
superimposed on firing rates). For our sample of neurons, neck rotation sensitivities
estimated during this paradigm were negligible, and thus did not significantly con-
tribute to the reduction in neuronal sensitivities to head motion that was observed
during gaze shifts. 

Are Neuronal Responses Attenuated during All Planned Movements of
the Head-in-Space?

To determine whether vestibular neurons demonstrate attenuation during all self-
generated motion of the head in space, we characterized the neuronal activity of PVP
and VO neurons during voluntary head motion that did not involve activation of the
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neck musculature. FIGURE 5 shows examples of neuronal activity during a task in
which the monkey controlled the velocity and direction of the vestibular turntable:
head-restrained monkeys “drove” their own body motion by rotating a steering
wheel connected to the motor controller of the vestibular turntable. Each monkey
was well trained in this task, and could accurately align its head/body position with
a target that moved on the screen facing the animal. Thus, the trajectory of the head
motion was the result of a goal-directed action taken by the monkey. Both PVP (FIG.
5A) and VO (FIG. 5B) neurons were strongly modulated by the resultant voluntary
head-in-space motion. Moreover, each neuron’s activity was well predicted by a
model based on its modulation during passive whole-body rotation (FIG. 5A and B;
pWBR model, thick trace). Thus, the monkey’s knowledge of its self-generated head
motion did not reduce the head velocity sensitivity of vestibular nuclei neurons.

FIGURE 3. Passive rotations of the head on a stationary body: (A) The activity of this
typical PVP neuron could be predicted based on the neuron’s response to passive whole-
body rotation. The firing rate was corrected for the eye position sensitivity of the neuron
(bo * Ep) prior to fitting. (B) During the same paradigm, the activity of this typical VO neu-
ron could also be accurately described using the passive whole-body rotation model. 
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Are Neuronal Responses Attenuated during All Active Head-on-Body
Movements?

To determine whether each neuron demonstrated similar attenuation for different
voluntary behaviors during which the monkey moved its head relative to its body,
neuronal responses were recorded during (1) active head motion made during gaze
stabilization and (2) gaze pursuit. During the 10–80 ms interval that immediately fol-
lowed a gaze shift, the monkey’s head was still moving on its neck, but its gaze was
stable (interval labeled “post gaze shift” in FIG. 1A and B). FIGURE 6A illustrates the
head velocity sensitivities for our sample of PVP (open columns) and VO (gray
shaded columns) neurons during this interval. For PVP neurons, little attenuation
was observed for either large or small amplitude gaze shifts. Thus, the head-velocity

FIGURE 4. Passive rotations of the body under a stationary head. (A) The example
PVP neuron was not modulated when the monkey’s body was passively rotated beneath its
stationary head. Accordingly, the neuronal discharge was not well predicted by a neck ve-
locity-based model (neck prediction; see text). Note that minimal torque was generated dur-
ing this paradigm. (B) Similarly, the example VO neuron was not modulated during this
paradigm, and thus its activity was not well described by the neck prediction model. 
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information carried by PVP neurons was attenuated only during the gaze shift; once
gaze was stabilized, neuronal responses to head velocity were comparable to those
seen during passive whole-body rotation (compare open columns in FIGS. 1C and
6A). In contrast, the head-velocity information carried by VO neurons was signifi-
cantly reduced in the post gaze shift interval and comparable to that seen during the
gaze shift itself (compare gray columns in FIGS. 1C and 6A).

FIGURE 6B and C show the activity of example PVP and VO neurons, respective-
ly, during combined eye-head gaze pursuit. Both classes of neurons were less mod-
ulated in response to head motion during gaze pursuit than to head motion during
passive whole-body rotation. This is illustrated for the example neurons, where a
model prediction based on the neurons’ behavior during passive whole-body rotation

FIGURE 5. Voluntary motion of the head-and-body together in space. (A) The exam-
ple PVP neuron was typical in that its response was well predicted by the passive whole-
body rotation model when head-restrained monkeys reoriented their bodies and heads in
space by manually controlling a steering wheel to rotate the vestibular turntable. (B) During
the same paradigm, the activity of this typical VO neuron could also be accurately described
using the passive whole-body rotation model. : head-on-body velocity.H

·
B
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(pWBR) is superimposed on the firing rate profiles (thick traces). The pWBR model
consistently overestimated the neuron’s modulation during gaze pursuit. The esti-
mated head-velocity-related modulation of PVP neurons showed less attenuation
during gaze pursuit (mean attenuation = ∼30%) than during gaze shifts. However,
head-velocity-related modulation of VO neurons was similarly attenuated (mean at-
tenuation = ∼65%) during all voluntary behaviors in which the monkey moved its
head relative to its body (i.e., gaze shifts, active head motion made during gaze sta-
bilization, and gaze pursuit). 

FIGURE 6. Voluntary head-on-body motion during the post gaze shift interval and vol-
untary combined eye-head gaze pursuit. (A) The head sensitivity of PVP neurons was not
significantly attenuated immediately following gaze shifts (white bars). In contrast, VO neu-
ron discharges were attenuated in this same interval, for all gaze shift amplitudes (gray filled
bars). (B) The example PVP neuron’s response to self-generated head motion during gaze
pursuit was reduced compared to that predicted by the neuron’s sensitivity to passive whole-
body rotation. (C) The head-velocity-related modulation of the example VO neuron was
greatly attenuated during combined eye-head gaze pursuit. : Target velocity. T

·
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Are Vestibular Neurons Responsive to Head Perturbations Applied
during Active Head Motion?

The implications of the above results can perhaps be best appreciated by examin-
ing the differences in the responses of the two cell types to externally applied per-
turbations during active head movements. We designed an experiment in which we
applied a rapid perturbation of the head on the body using a small torque motor while
the monkey was generating a gaze shift. As is illustrated in FIGURE 7A, the head ve-
locity sensitivity of PVP neurons was reduced in response to both the passively ap-
plied and actively generated head motion during such gaze shifts. Thus, the
sensitivity to all head motion, regardless of its source, was reduced when the monkey

FIGURE 7. Transient mechanical perturbations of the head applied during combined
eye-head gaze shifts. (A) When a transient high-frequency mechanical perturbation was ap-
plied to the head during an ongoing gaze shift (gray shaded box), the response of the exam-
ple PVP neuron was greatly attenuated from that expected based on its sensitivity to passive
head velocity during head-restrained whole-body rotation. (B) In contrast, the example VO
neuron faithfully encoded the passive component of head velocity in this paradigm.
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was shifting its gaze. In contrast, as is illustrated for the example neuron in FIGURE

7B, VO neurons remained selectively sensitive to the passive component of the head
motion during gaze shifts, and their robust response to the passively applied pertur-
bation could be predicted by the neuron’s sensitivity to passive whole-body rotation.
Thus for VO neurons, only the neuronal response to the self-generated head-on-body
motion was reduced.

DISCUSSION

Suppression of VOR Pathways Depends on the Gaze Goal

The attenuation that we observe for PVP neurons during gaze shifts can be ac-
counted for by known brainstem mechanisms (FIG. 8). We have previously shown
that burst neurons (BNs) in the paramedian pontine reticular formation carry head as
well as eye velocity signals during gaze shifts (BN panel, thick model fit53). BNs are
known to project directly to neurons in the vestibular nuclei that are activated during
contralateral head rotation (type II54). These type II neurons in turn send inhibitory
projections to type I PVP neurons, which were the topic of the present study.55 Ex-
amples of the discharge patterns of BNs and type I PVP neurons during gaze shifts
are illustrated within dotted boxes. We propose that the eye and head velocity signals
carried by BNs could account, via type II VN/PH neurons, for the attenuation of PVP
neurons head sensitivity during gaze shifts (PVP panel, thick model fit; see ref. 38).
We also propose that during combined eye-head gaze pursuit, the mechanism under-
lying the attenuation in PVP neurons modulation is likely to involve a similar inter-
action between the direct VOR pathway and the premotor circuitry that drive smooth
pursuit eye movements (not shown). 

During gaze shifts, the head velocity sensitivity of PVP neurons is greatly atten-
uated but not completely suppressed (FIG. 1C). This finding indicates that PVP neu-
rons carry a residual head-related signal to the extraocular motoneurons during gaze
shifts. However, this signal is not seen at the level of single motoneurons; we have
shown in a series of studies on extraocular motoneurons during head-restrained eye
movements and combined eye-head gaze shifts that neuronal responses remained
correlated to eye motion at all times.56–57 Thus, the residual signals carried by PVP
neurons during gaze shifts must be offset at the level of the extraocular motoneurons
(indicated by the “?” in FIG. 8). It is likely that the head movement-related signals
carried by burst neurons during gaze shifts, which are known to project directly to
the extraocular motoneurons, function to offset the residual head velocity input car-
ried by the VOR pathway.53 

Suppression of VCR Pathways Depends on the Head Goal

Earlier studies have demonstrated that VO neurons, in squirrel monkey, differen-
tially encode head motion during passive rotation versus the active head movements
that are generated during gaze shifts.13,41,58 We found that VO neuron responses
were attenuated by, on average, 63% during gaze shifts in rhesus monkey;43 a find-
ing that is consistent with these previous studies. Given that VO neurons demonstrat-
ed no sensitivity to neck activation during passive rotation of the head on body, we
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conclude that direct inputs from neck proprioceptors do not account for the attenu-
ated responses during gaze shifts. Moreover, we found that VO neurons reliably en-
coded head velocity during self-generated head motion when the head and body
moved together in space, and we were thus able to rule out the possibility that atten-
uation was mediated by a signal that reflected the monkey’s knowledge that it will
move or is moving its head relative to space. Finally, we showed that VO neurons
demonstrate comparable attenuation during active head-on-body movements made
when the premotor saccadic burst generator is not active—immediately following
gaze shifts (where gaze was stable but the head was still in motion) and during gaze
pursuit. 

Thus, attenuation of head-velocity signals encoded by VO neurons was selective
to active head-on-body movements and was comparable for all movements generat-
ed by activation of the neck musculature regardless of whether the animal was sta-

FIGURE 8. Brainstem mechanism for the attenuation of PVP neurons during gaze
shifts. Type I PVP neurons (present study) receive a strong monosynaptic connection from
the ipsilateral vestibular afferents ( ) and, in turn, project directly to extraocular moto-
neurons (MNs). During steady fixation and slow eye movements, PVP neurons also carry an
eye position signal (E) which is provided by the intrinsic properties of these vestibular neu-
rons and/or their interconnections with the nucleus prepositus hypoglossi and cerebellum.
During saccades, vestibular quick phases and gaze shifts, brainstem burst neurons (BNs) be-
come active as denoted by the “gate,” and provide an inhibitory input ( ) to type
I PVP neurons via type II vestibular and/or prepositus hypoglossi neurons. We propose that
the residual head velocity signal carried by type I PVP neurons is then offset at the level of
individual abducens motoneurons by BNs (see ?). The activity of a typical BN, a type I PVP
neuron, and an abducens motoneuron are depicted in the dotted boxes.
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FIGURE 9. Brainstem mechanism for the attenuation of VO neurons during gaze
shifts. (A) An efferent copy of the neck motor command (voluntary ) is subtracted from
the vestibular afferents signal ( ) at the level of either (A) the semicircular canals, (B) pr-
esynaptic to the VO neurons, and/or (C) at the VO neuron itself. Neither neck proprioceptive
information alone nor an internal representation of head-in-space motion mediates the dif-
ferential processing of self-generated head-on-body motion. (B) Alternatively, an efferent
copy of the neck motor command (voluntary ) could be utilized to “gate in” neck prop-
rioceptive inputs during active head-on-body movements.
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bilizing its gaze or redirecting its gaze to a new point in space. We hypothesize that
a copy of the motor command to the neck motoneurons (a neck motor efference sig-
nal) is used to attenuate the head velocity sensitivity of VO neurons during voluntary
head-on-body movements. This effect could be mediated by a direct efference copy
of the neck motor command input to VO neurons (FIG. 9A), or alternatively by a
neck efference copy signal that would influence the activity of VO neurons by selec-
tively “gating in” inhibitory neck proprioceptive signals (FIG. 9B).

Summary of Goal-dependent Modulation of Vestibular Nuclei Neurons

We have shown that the VOR and VCR pathways process vestibular signals dif-
ferently depending on the animal’s current behavioral goal. It is particularly apparent
from our analysis of neuronal responses to passive head perturbations during active
head movements (FIG. 7) that PVP neurons faithfully encode head velocity only
when the animal is stabilizing its gaze, whereas VO neurons faithfully encode head
velocity during all head motion that is not generated via voluntary activation of the
neck musculature. We propose that the VOR and VCR pathways use efference cop-
ies of oculomotor and neck movement commands, respectively, for this selective
processing of vestibular information (FIG. 2, mechanisms #3 and #4, respectively).
Given that (1) the VOR functions to stabilize gaze in space by producing compensa-
tory eye movements of opposite direction to that of the head, and (2) the VCR func-
tions to stabilize the head in space via activation of the neck musculature, we
conclude that the behaviorally dependent modulation of the VOR and VCR path-
ways that we observed is appropriate to suppress oculomotor and head movement
commands which are counterproductive to the animal’s current behavioral goal. 
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