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Dissociating Self-Generated from Passively Applied Head
Motion: Neural Mechanisms in the Vestibular Nuclei

Jefferson E. Roy and Kathleen E. Cullen
Aerospace Medical Research Unit, Department of Physiology, McGill University, Montreal, Quebec, Canada H3G 1Y6

The ability to distinguish sensory inputs that are a consequence of our own actions from those that result from changes in the external
world is essential for perceptual stability and accurate motor control. To accomplish this, it has been proposed that an internal prediction
of the consequences of our actions is compared with the actual sensory input to cancel the resultant self-generated activation. Here, we
provide evidence for this hypothesis at an early stage of processing in the vestibular system. Previous studies have shown that neurons in
the vestibular nucleus, which receive direct inputs from vestibular afferent fibers, are responsive to passively applied head movements.
However, these same neurons do not reliably encode head velocity resulting from self-generated movements of the head on the body. In this
study, we examined the mechanism that underlies the selective elimination of vestibular sensitivity to active head-on-body rotations. Individual
neurons were recorded in monkeys making active head movements. The correspondence between intended and actual head movement was
experimentally controlled. We found that a cancellation signal was gated into the vestibular nuclei only in conditions in which the activation of
neck proprioceptors matched that expected on the basis of the neck motor command. This finding suggests that vestibular signals that arise from
self-generated head movements are inhibited by a mechanism that compares the internal prediction of the sensory consequences by the brain to
the actual resultant sensory feedback. Because self-generated vestibular inputs are selectively cancelled early in processing, we propose that this

gating is important for the computation of spatial orientation and control of posture by higher-order structures.
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Introduction

To maintain perceptual stability, the nervous system must differ-
entiate between sensory signals that register changes in the exter-
nal world (exafference) and those that result from our own ac-
tions (reafference). Such a differentiation is also necessary for the
construction of neural representations of the environment to ac-
curately guide behavior. von Holst and Mittelstaedt (1950) orig-
inally proposed that the differentiation between exafference and
reafference is ensured because the CNS sends a parallel “efference
copy” of the motor command to sensory areas. In turn, this an-
ticipatory signal is subtracted from the incoming sensory signal
to selectively remove that portion caused by the animal’s own
actions. More recent studies have furthered this proposal by sug-
gesting that an internal model of the sensory consequence of our
actions, derived from motor efference copy, is compared with
actual sensory inputs (Jeannerod 1988; Wolpert et al., 1995; De-
cety, 1996). Neurophysiological experiments in the electrosen-
sory system of electric fish have provided support for this idea.
During active electroreception, a negative image of the predicted
reafference is generated and added to neurons at the first stage of
central processing, resulting in the selective suppression of sen-
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sory information arising from self-generated currents (Bell et al.,
1999; Bell, 2001).

The sensors of the vestibular system, like those of the elec-
trosensory system, can be activated by self-generated as well as
externally produced signals. Vestibular receptors and afferent fi-
bers register information about the subject’s own movement as
well as movements that arise from changes in the external world
(Cullen and Minor, 2002). However, a specific class of neurons in
the vestibular nuclei, termed vestibular-only (VO) neurons, re-
ceive direct inputs from vestibular afferents but do not provide
reliable information about head velocity during active rotations
of the head on the body (Boyle et al., 1996; McCrea et al., 1999;
Roy and Cullen, 2001). Remarkably, the same neurons continue
to faithfully encode information about passive head rotations,
which occur during the execution of voluntary movements.

Numerous extravestibular cues could function to attenuate
the vestibular sensitivity of VO neurons during active head-on-
body movements. For example, activation of neck propriocep-
tors influences the activity of vestibular nucleus neurons in de-
cerebrate animals (Boyle and Pompeiano, 1981; Anastasopoulos
and Mergner, 1982; Wilson et al., 1990; Wilson, 1991). However,
passive activation of neck proprioceptors does not significantly
affect processing in the vestibular nucleus in alert rhesus mon-
keys (Roy and Cullen, 2001). In addition, at least six cortical areas
(for review, see Fukushima, 1997) send direct projections to the
vestibular nuclei. In theory, these inputs could carry an inhibitory
signal related to the monkey’s knowledge of its head motion.
However, in an experiment in which a rhesus monkey manually
operated a steering wheel to control the movement of its body
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and head together in space, VO neurons continued to reliably
encode head-in-space motion (Roy and Cullen, 2001).

Thus, the key question remains of how neuronal activity is
selectively attenuated during active head-on-body movements.
Here, we recorded from single neurons during passively applied
movements and self-generated movements in which the correla-
tion between intended and actual head movement was experi-
mentally controlled. A cancellation signal was present only in
conditions in which neck proprioceptive activation matched that
expected from the neck motor command. Thus, our results pro-
vide support for the hypothesis that an internal model of the
sensory consequences of active head motion is used to selectively
suppress reafference at the level of the vestibular nuclei.

Materials and Methods

Four monkeys (3 Macaca mulatta and 1 Macaca fascicularis) were pre-
pared for chronic extracellular recording using aseptic surgical tech-
niques. All experimental protocols were approved by the McGill Univer-
sity Animal Care Committee and were in compliance with the guidelines
of the Canadian Council on Animal Care.

Surgical procedures

The surgical techniques were similar to those previously described (Roy
and Cullen, 2001). Briefly, a dental acrylic implant was attached to each
animal’s skull using stainless steel screws. Within the implant was em-
bedded a stainless steel post that was used to restrain the animal’s head
during the experiment and two stainless steel recording chambers, which
were positioned to provide bilateral access to the rostral-medial and
ventral-lateral vestibular nuclei (posterior and lateral angles of 30°). In
the same procedure, an 18- to 19-mm-diameter eye coil (three loops of
Teflon-coated stainless steel wire) was implanted beneath the conjunc-
tiva of the right eye. After the surgery, the animals were administered
buprenorphine (0.01 mg/kg, i.m.) for postoperative analgesia and the
antibiotic cefazolin (25 mg/kg, i.m., for 5 d). Animals were given at least
2 weeks to recover from the surgery before experiments began.

Data acquisition

During the experiments, the monkey was comfortably seated in a primate
chair that was fixed to the suprastructure of a vestibular turntable. The
chair was placed in the experimental apparatus so that the animal’s head
was centered within a 1 m? magnetic field coil system (CNC Engineer-
ing). Gaze and head positions were recorded using the magnetic search
coil technique (Fuchs and Robinson, 1966). A specially designed head
holder (Roy and Cullen, 2001) enabled us either to completely immobi-
lize the animal’s head (head-restrained) or to allow the animal full free-
dom of head motion (head-unrestrained). Monkeys were trained to track
a small (0.3° in diameter) visual target for a juice reward. The target was
generated by a HeNe laser and projected onto a white cylindrical screen
located 60 cm from the monkey’s eyes. The target was positioned on the
screen by a pair of mirrors mounted on two computer-controlled galva-
nometers (General Scanning). Throughout the experiments, target con-
trast was 3 log units above human perception, as measured by the
method of Lisberger and Westbrook (1985).

REX, a QNX-based real-time data acquisition system (Hayes et al.,
1982), was used to control target position, to monitor performance, and
to collect data. Gaze, head, and target position signals were filtered
(eight-pole Bessel, DC, 250 Hz) and then digitized at 1000 Hz. Turntable
velocity was measured using an angular velocity sensor (Watson Inc.).
Extracellular single-unit activity was recorded using enamel-insulated
tungsten microelectrodes (7-10 M{) impedance; Frederick-Haer). Hor-
izontal and vertical gaze and head positions, target position, table veloc-
ity, and unit activity were recorded on digital audio tape for later play-
back. The isolation of each unit was carefully reevaluated off-line. During
playback, action potentials were discriminated using a windowing circuit
(BAK) that was manually set to generate a pulse coincident with the rising
phase of each action potential.
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Experimental Design

Recordings made in head-restrained monkeys. We confirmed that each
neuron discharged in a manner consistent with previous characteriza-
tions of a subclass of neurons termed VO neurons (Scudder and Fuchs,
1992; Cullen and McCrea, 1993). Neurons were recorded while monkeys
were passively rotated (0.5 Hz, 40 and 80°/sec peak velocity) about an
earth vertical axis. Specifically, the head and body were rotated together
en bloc, and data were collected during two specific paradigms. First,
neurons were tested in response to rotations applied in the dark, during
which monkeys generated compensatory eye movements in response to
head rotation [i.e., the vestibulo-ocular reflex (VOR)]. Second, neurons
were tested while monkeys fixated a target that moved with the vestibular
turntable [i.e., the VOR cancellation paradigm (VORc)]. Moreover, each
neuron was recorded while the monkey maintained ocular fixation at
different horizontal and vertical eccentricities over a range of £20° and
during horizontal smooth pursuit (0.5 Hz, 40 and 80°/sec peak velocity).

With the animal’s head still restrained, we then determined whether
the presence of motor commands to the neck musculature altered the
discharges of VO neurons in three conditions. First, neuronal responses
during large saccadic eye movements were characterized by having the
head-restrained monkey visually track a laser target that was stepped
between horizontal positions over a range of =30° or a food target, which
appeared unexpectedly on any side of an opaque screen facing the mon-
key (Cullen and Guitton, 1997). The concurrent neck torque produced
against the head restraint (reaction torque transducer; Sensotec) was
recorded in three monkeys for a subset of neurons. Second, neural dis-
charges were recorded while the monkey’s head was held stationary rel-
ative to the earth, and its body was passively rotated at 0.5 Hz with a peak
velocity of 80°/sec [body-under-head (BUH) rotation]. During BUH
rotation, monkeys were again rewarded for making eye movements to
laser and food targets, and the neck torque produced against the head
restraint was measured. Third, neural discharges were recorded while the
monkey’s head and body were passively rotated together at 0.5 Hz with a
peak velocity of 80°/sec as the monkey simultaneously generated neck
torque (VOR + torque condition). As during BUH rotation, laser and
food targets were presented to entice the monkeys to produce neck
torque against the head restraint.

For the experiments in which monkeys were encouraged to generate
neck torque, data were separately analyzed during (1) intervals in which
torque was minimal (<0.3 N-m) and (2) intervals in which torque
reached high levels (>1 N-m). To verify that these higher torque values
were comparable with those generated by the monkey during natural
head movements, we engaged the torque transducer by randomly brak-
ing the head movements just before large gaze shifts in head-unrestrained
monkeys for a small subset of trials (<5%). Torque was then measured
while the monkey, unaware of the imposed restraint, attempted to move
its head to generate a gaze shift.

Recordings made in head-unrestrained monkeys. After a neuron had
been fully characterized in the head-restrained condition, the monkey’s
head was slowly and carefully released. With the head restraint freed, the
monkey was able to rotate its head through the natural range of motion in
the yaw (horizontal), pitch (vertical), and roll (torsional) axes. Neuronal
activity was then recorded during two paradigms in which monkeys
made voluntary combined eye—head movements. In the first paradigm,
monkeys made natural voluntary combined eye—head movements of
15-65° in amplitude (amplitude = displacement of the eye-in-head +
head-in-space motion) to orient to laser and food targets. These naturally
generated gaze shifts served as controls and had velocities comparable
with those used to determine the sensitivity to head motion during pas-
sive whole-body rotation (e.g., <100°/sec; Roy and Cullen, 2001). In the
second paradigm, monkeys generated combined eye—head gaze shifts,
and the velocity of their head-on-body motion was fed back into the
vestibular turntable controller to simultaneously rotate the monkey in
the opposite direction. Because the turntable rotated the monkey in the
direction opposite to its ongoing head-on-body motion, head-in-space
motion was reduced, whereas motion of the head relative to the body was
not affected. The goal of this paradigm was to minimize the motion of the
head relative to space; therefore, these gaze shifts were termed “reduced
vestibular input” gaze shifts. A monkey’s head movements were fed back
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Activity of an example VO neuron (unit b84_3) during the head-restrained condition. A, B, Passive whole-body rotation was used to characterize the response of the neuron to head

movements during VOR in the dark (A) and head movements while the monkey canceled its VOR by fixating a target that moved with the turntable (B). A model based on head-restrained head
movement sensitivities during VOR in the dark (pWBR prediction, thick trace) is superimposed on the firing rate traces. , The neuron was unresponsive to changes in eye position during ocular
fixation (vertical arrows). Inset, Regression of mean eye position and mean firing rate. Traces directed upward are in the ipsilateral direction. E, Eye position; H, head position; E, eye-in-head velocity;

H, head velocity; G, gaze velocity (=F + H).

to drive the turntable servo controller on only a very small percentage of
trials (10%) to ensure that monkeys did not alter their natural gaze shift
strategy. Moreover, the presentation of reduced vestibular input gaze
shifts was randomized so that monkeys were unable to predict when their
head movements would drive the turntable. To compensate for the delay
(~15 msec) between active head movement and the resulting turntable
motion, the controller gain was set to 1.5 for the initial acceleration phase
of the active head movement (~100 msec).

During reduced vestibular input gaze shifts, we successfully main-
tained isolation of, in three monkeys, a total of eight cells in the medial
vestibular nucleus that we classified as VO neurons. To get sufficient data
for the analysis of neuronal responses during reduced vestibular input
gaze shifts, it was necessary to first identify a neuron on the basis of the
criteria that conformed to previous descriptions of VO neurons in a
head-restrained monkey (see Fig. 1 A-C), to preserve isolation after the
transition from head-restrained to head-unrestrained recording, to col-
lect control data during normal gaze shifts, and to finally maintain isola-
tion during the reduced vestibular input condition. Maintaining isola-
tion of neurons during voluntary gaze shifts in the reduced vestibular
input experiment was particularly challenging because monkeys were
unsettled by this paradigm; they frequently generated high-frequency
shaking head movements after each trial, which in turn produced small
displacements of the brainstem relative to the microelectrode tip. Thus, it
was considerably more difficult to maintain neuronal isolation during
this paradigm than during control gaze shifts.

Analysis of neuron discharges

Data were imported into the Matlab (The MathWorks, Natick, MA)
programming environment for analysis. Recorded gaze and head posi-
tion signals were digitally filtered with zero phase at 125 Hz using a
51st-order finite impulse response filter with a Hamming window. Eye
position was calculated from the difference between gaze and head posi-
tion signals. Gaze, eye, and head position signals were digitally differen-
tiated to produce velocity signals. The neural discharge was represented
using a spike density function in which a Gaussian was convolved with
the spike train (SD of 5 msec for saccades and gaze shifts and 10 msec for
the remaining paradigms; Cullen et al., 1996). Saccade and gaze shift
onsets and offsets were defined using a +20°/sec gaze velocity criterion.
Statistical significance was determined using paired Student’s ¢ tests. A
least squared regression analysis was used to determine the resting dis-
charge (bias, spikes per second), head velocity sensitivity [g, (spikes per
second)/(degrees per second)]), and the phase shift of each neuron rela-
tive to head velocity during passive whole-body rotation, passive head-
on-body rotations, and control gaze shifts.

Results
All neurons included in the present report (n = 52) were classi-
fied as VO neurons on the basis of their response patterns in the

head-restrained condition. Depending on whether their activity
increased during ipsilaterally (n = 33) or contralaterally (n = 19)
directed passive whole-body rotation, neurons were further clas-
sified as type I or I, respectively. When the monkey was passively
rotated about an earth vertical axis in the dark, each neuron was
modulated in response to head velocity (Fig. 1 A). Because passive
rotation in the dark elicits a compensatory eye motion response
(i.e., the VOR), neurons were also characterized during passive
whole-body rotation while the monkey cancelled its VOR
(VORGc) by fixating a visual target that moved with its head (Fig.
1B). Neuronal head velocity sensitivities during VOR and VORc
were comparable [sample mean head velocity sensitivity == SEM,
0.54 * 0.04 and 0.53 = 0.04 (spikes/sec)/(°/sec), respectively; p >
0.5]. Moreover, all neurons were unresponsive to eye position
during ocular fixation and relatively small (<20°) saccades (Fig.
1C) and during smooth pursuit (data not shown). Thus, during
head-restrained eye movements and passive whole-body rota-
tions, each neuron responded in a manner consistent with previ-
ous characterizations of VO neurons (Fuchs and Kimm, 1975;
Keller and Kamath, 1975; Tomlinson and Robinson, 1984; Scud-
der and Fuchs, 1992; Cullen and McCrea, 1993; McCrea et al.,
1999; Roy and Cullen, 2001). For the purpose of this paper, type
I and II neurons were considered collectively because they en-
coded similar signals during each behavioral task.

A series of experiments were then done to distinguish between
four possible mechanisms for the reduction of vestibular sensi-
tivity during active head rotations (Fig. 2). First, it is possible that
an internal model of the motor command to the neck muscula-
ture (e.g., neck efference copy signal) provides direct inhibitory
inputs to VO neurons (mechanism A). Alternatively, during self-
generated head-on-body motion, an internal model of the com-
mand to move the head could be used to gate in inhibitory neck
proprioceptive signals (mechanism B) or to selectively gate out
vestibular-related modulation on VO neurons (mechanism C).
Finally, it is possible that an inhibitory neck proprioceptive signal
is gated in only when the actual activation of neck proprioceptors
matches an internal model of the consequence of head motion
(mechanism D).

Test of hypothesis A: do neck motor commands attenuate

VO responses?

We first tested whether neck efference copy signals provide direct
inhibitory inputs to VO neurons (mechanism A; Fig. 2) by spe-
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Figure2.  Four possible mechanisms that could be responsible for the observed attenuation
of VO neurons during self-generated head-on-body motion. See Results for details.

cifically characterizing their response during large-amplitude
(>25°) saccades. Large saccades in monkeys (Bizzi et al., 1971;
Vidal et al., 1982; Lestienne et al., 1984) and humans (André-
Deshays et al., 1991) are normally accompanied by the produc-
tion of significant neck torque even if the subject is head-
restrained. However, previous studies have not described the
responses of VO neurons during large head-restrained saccades.
To confirm that large saccades were accompanied by the genera-
tion of neck torque and, in turn, to test whether the underlying
neck motor command provided direct inhibitory inputs to VO
neurons, we measured the neck torque produced by the monkey
during large-amplitude saccades for a subset of neurons (n = 12)
in three monkeys.

In Figure 3, eye and torque trajectories and unit responses of
example neuron cr37_3 were aligned on saccade onset for ipsilat-
erally (left plots) and contralaterally (right plots) directed sac-
cades (re: the directional preference of its head velocity sensitivity
during VOR), respectively. Figure 3, A and B, illustrates the neu-
ral responses during saccades accompanied by the generation of
relatively low (<0.3 N-m) versus high (>1 N-m) neck torques,
respectively. During saccades accompanied by higher torques,
the firing rate of the neuron remained constant and unchanged
from its responses during either ocular fixation or lower-torque
saccades. In Figure 3C, eye and torque trajectories and unit re-
sponse were aligned on torque onset for the set of saccades that
were accompanied by higher torque. Again, during higher-
torque saccades, the activity of the neuron remained constant and
unchanged from its responses during either fixation or lower-
torque saccades. Similar results were obtained for each neuron in
our sample; there was no significant difference between neuronal
firing rate during individual large saccades accompanied by
torque and firing rate during intervals of ocular fixation ( p range,
0.25-0.75, unpaired t test). Accordingly, the mean discharge cal-
culated across neurons was 69 * 16 spikes/sec during fixation,
which was not significantly different ( p > 0.05) from that mea-
sured during either ipsilaterally or contralaterally directed sac-
cades (64 = 14 and 67 = 15 spikes/sec, respectively; Fig. 4A,
inset).

The plot in Figure 4 A compares, for each neuron, mean firing
rates during large saccades that were accompanied by large
torques and mean firing rates during ocular fixation. If the com-
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mand to move the head produced an inhibitory drive to VO
neurons that reduced their response to vestibular stimulation
during gaze shifts (mechanism A; Fig. 2), then the background
discharge rate of VO neurons should have been reduced for large
saccades when the head movement command was issued because
the vestibular stimulation was prevented by the head restraint.
However, this was not the case. The regression equation relating
these data was saccades firing rate (FR,ccoqes) = 2 + 0.93 *
FRiation> and the slope of the regression line did not differ from
unity ( p > 0.05), confirming that neuronal responses remained
constant and unchanged from ocular fixation. Moreover, we ver-
ified that the torques generated during large head-restrained sac-
cades were comparable with those generated during natural gaze
shifts by momentarily engaging the torque transducer just before
gaze shift onset (Fig. 4 A, bottom right inset). Using this method,
torques in the range of 0.2—-1.5 N-m were typically recorded.
Thus, taken together, these results are not consistent with the
hypothesis that a neck efference copy signal provides direct in-
hibitory inputs to VO neurons to suppress vestibular reafference
(mechanism A; Fig. 2).

For the remaining neurons (n = 40), we recorded neither
torque nor neck EMG during head-restrained saccades. For these
neurons, we inferred that the monkey generated active head motor
commands in addition to the observed saccadic eye movements. We
thought this assumption was safe because of our observation in the
subset of neurons (Figs. 3,4 A) that most large saccades were accom-
panied by the production of neck torque and also because this prop-
erty has previously been well established in monkeys and humans
(see above references). The findings were comparable with those
shown in Figures 3 and 4 A. Specifically, during large ipsilateral and
contralateral saccades, the firing rate of each neuron remained con-
stant and unchanged from that observed during ocular fixation ( p
range, 0.40—0.73, unpaired ¢ test). Accordingly for the sample of
neurons (Fig. 4 B, top left inset), mean firing rates did not differ for
either ipsilaterally or contralaterally directed saccades (58 * 5 and
61 * 6 spikes/sec, respectively) and ocular fixation (58 * 5 spikes/
sec; paired ¢ test, p > 0.05 and 0.05, respectively). A comparison of
the mean firing rate of each neuron during large saccades and ocular
fixation is plotted in Figure 4 B. The regression equation relating
these data was FR,.ages = 1 + 1.00 * FRg . i0n Where again as in
Figure 4 A, the regression slope did not differ significantly from unity
(p>0.05).

Test of hypothesis B: do head motor commands gate
inhibitory neck proprioceptive inputs?

We next investigated whether an internal model of the command
to move the head might gate in existing neck proprioceptive sig-
nals (mechanism B; Fig. 2) to inhibit VO neurons during active
head-on-body movements. During passive rotation of the body
under a stationary head, the vestibular system is not activated,
but, instead, neck proprioceptors are activated by the stretching
of the neck musculature (e.g., Richmond and Abrahams, 1979;
Kasper et al., 1989). Accordingly, VO neurons were recorded
while the monkey’s body was passively rotated beneath its earth-
stationary head and the monkey simultaneously generated neck
torque to orient to targets (see Materials and Methods). The re-
sponses of two example neurons, cr37_3 (same as in Fig. 3) and
crd2_2, are illustrated in Figure 5, A and B, respectively. The
example traces are typical in that the activity of each neuron
remained unchanged from that observed during ocular fixation
regardless of whether the monkey tried to move its head in the
ipsilateral or contralateral direction during passively applied
body rotation (compare the time intervals denoted between the
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Activity of example VO neuron cr37_3 during head-restrained saccades. A, B, The example neuron was unresponsive during ipsilaterally (left plots) and contralaterally (right plots)

directed saccades when the monkey produced little torque (4, <<0.3 N-m). Similarly, the response of the neuron was not changed when the monkey generated relatively higher levels of torque (B,
>1N-m). Traces are aligned on the start of the saccades. C, Saccades from B with the traces now aligned on torque onset. Individual action potentials, represented by tick marks, are shown below

the eye traces (UA). The mean firing rate == SD is plotted on the firing rate (bottom trace).
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sured during ocular fixation (Fig. 5C, open
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Test of hypothesis C: do head motor commands selectively
gate out vestibular inputs?

We next examined the possibility that an internal model of the
command to move the head might selectively gate out vestibular-
related modulation on VO neurons to reduce their sensitivity to
vestibular input during active head-on-body movements (mech-
anism C; Fig. 2). Head-restrained monkeys underwent passive
whole-body rotations during which they were encouraged to pro-
duce neck torque by orienting to food targets. Because the head
was restrained in this paradigm, the pattern of neck propriocep-
tor activation differed from the pattern that would have occurred
had the same neck motor command been generated with the head
unrestrained. The responses of the same example neurons shown
in Figure 5, A and B, are illustrated in Figure 6, A and B, respec-
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Summary of VO neuron responses during large saccades. A, The mean firing rate of individual VO neurons was
comparable during ocular fixation and large ipsilaterally (Ipsi, solid diamond) and contralaterally (Contra, gray squares) directed
saccades that were verified to be accompanied by neck torque. Top right inset, Sample mean firing rates were not significantly
different during ocular fixation (open column) and during large ipsilaterally (filled column) and contralaterally (gray column)
directed saccades. Bottom left inset, Torque generated when monkey’s head was unexpectedly held stationary just before the
onset of a gaze shift. B, A similar result was found for neurons during large saccades in which torque was not measured. Inset,
Sample mean firing rates were not significantly different during fixation (open column) and during large ipsilaterally (filled
column) and contralaterally (gray column) directed saccades. Dashed lines indicate unity (slope = 1).

tively. Neuronal sensitivities to head velocity and bias discharge
rates were comparable during head rotations, which were accom-
panied by little or no neck torque (<0.3 N-m) and higher levels of
torque (>1.0N-m). This is illustrated in Figure 6 A (compare left,
right sides of traces), where the vestibularly driven modulation is
constant regardless of the amount of torque that is concurrently
produced by the monkey. Analogous results were obtained for all
VO neurons (n = 8) tested; as shown in Figure 6C, the slope of the
regression did not differ significantly from unity (p > 0.05).
Overall, head velocity responses were comparable during con-
tralateral and ipsilateral torque conditions [Fig. 6C, inset; mean
head velocity sensitivity, 0.58 = 0.17 and 0.58 * 0.17 (spikes/
sec)/(°/sec); gray, filled columns, respectively; p > 0.05] and were
not significantly different from those measured during VOR [Fig.
6C, open column; mean head velocity sensitivity, 0.59 = 0.17
(spikes/sec)/(°/sec); p > 0.05]. Moreover, as during head-
restrained saccades and passive rotation of the body under the
head, individual neurons showed no significant difference in dis-
charge rates during ipsilaterally or contralaterally directed torque
and their discharge rates during intervals of VOR ( p range, 0.35—
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Figure 5.  Activity of two example VO neurons during passive body-under-head rotation. A, B, Example neurons cr37_3 (A) and cr42_2 (B) were typical in that they were not modulated when
the monkey’s body was passively rotated beneath its earth-stationary head even when the monkey generated neck torque. C, The mean firing rate of each neuron was comparable during ocular
fixation and passive neck rotation accompanied by the generation of neck torque in either the ipsilateral (Ipsi, solid diamonds) or contralateral (Contra, gray squares) direction. Inset, Average mean
firing rates were not significantly different during ocular fixation (open column) and when ipsilaterally (filled column) or contralaterally (gray column) directed torque was generated. Dashed line
indicates unity (slope = 1).
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Figure 6.  Activity of two example VO neurons during intervals of passive whole-body rotation in which monkeys generated neck torque. A, B, Example neurons cr37_3 (A) and cr42_2 ( B) were
typical in that their responses to head velocity were comparable regardless of whether the monkey generated neck torque during passive whole-body rotation. A model based on neuronal responses
to head velocity during VOR during periods when no torque was produced continued to describe the neuronal modulations during intervals in which torque was produced (prediction, thick trace).
(, The mean head velocity sensitivity of each neuron was comparable during the VOR when no torque was produced and when torque was generated. Inset, Average head velocity sensitivities were
not significantly different during VOR without torque (open column) and when either ipsilaterally (Ipsi, filled column) or contralaterally (Contra, gray column) directed torque was generated during
passive whole-body rotation. Dashed line indicates unity (slope = 1).

0.77 and 0.32-0.69, head velocity sensitivity and bias, the head movement sensitivity our sample of VO neurons (n =
respectively). 45) was greatly attenuated relative to its sensitivity to head mo-
tion during passive whole-body rotation (65.8 = 4% attenuation;
Test of hypothesis D: VO inhibition determined by matching p < 0.05).
expected and actual neck proprioceptive input At first glance, the results shown above in Figures 3—6 appear
Previous studies have shown that the head movement sensitivity ~ to suggest that signals related to neck motor commands do not
of VO neurons is greatly attenuated during active eye—head gaze ~ play an important role in mediating this inhibition. However, it is
shifts (McCrea et al., 1999; Roy and Cullen, 2001). We verified = important to note that a common feature of each of these tasks
this property in the present sample. Figure 7A shows an example ~ was that the monkey generated neck motor commands, but the
neuron during gaze shifts; the attenuation in head velocity sensi- ~ movement of the head relative to the neck was determined exper-
tivity of the neuron is evident when the neuronal discharge (gray =~ imentally. Accordingly, we next tested whether an inhibitory
trace) is compared with superimposed prediction based on its  neck proprioceptive signal might be gated in only when the actual
response during passive whole-body rotations (VOR prediction,  activation of neck proprioceptors matches an internal model of
filled thick trace). During active combined eye—head gaze shifts,  the sensory consequence of head motion (mechanism D; Fig. 2).
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Figure 7.  Activity of an example neuron during active head-on-body movements. A, Re-
sponses of neuron cr122_3 during coordinated eye and head gaze shifts (active head move-
ment is dashed line arrow in schema). The mean discharge rate during ocular fixation is super-
imposed on the firing rate (dashed line, second row from bottom). In addition, a prediction of
the response of the neuron based on it response to passive whole-body rotation is superim-
posed (VOR prediction, thick trace). The blackfilled trace (bottom row) represents the difference
between the mean firing rate during ocular fixation and gaze shifts. Note that the scale has
changed. B, Response of the same neuron during the reduced vestibular input gaze shift para-
digm. In this paradigm, the head motion actively generated by the monkey (dashed line arrow
in schema) was fed to the vestibular turntable controller so that the whole monkey was simul-
taneously rotated in the opposite direction (solid arrow in schema). The resultant head-in-space
motion (H; = H + turntable; thick trace) was significantly reduced from what it would had
been during a control gaze shift, but the movement of the head relative to the body (H) was
not affected. The mean discharge of the neuron during ocular fixation is superimposed on the
firing rate (dashed line, second row from bottom). The black filled trace (bottom row) repre-
sents the difference between the mean firing rate during ocular fixation and reduced vestibular
input gaze shifts. Note that the scale has changed.

To do this, we recorded from VO neurons during voluntary eye—
head gaze shifts during which the head-in-space motion gener-
ated by the monkey (Fig. 7B, dashed line arrow in schema) was
minimized by rotating the table in the opposite direction. Specif-
ically, head-in-space motion was minimized by feeding an in-
verted replica of the monkey’s current head velocity into the
turntable controller (Fig. 7B, black arrow in schema). As a con-
sequence, head-in-space (Fg) motion was significantly reduced
from what it would have been during control gaze shifts (Fig. 7B,
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H, thick trace), but the movement of the head relative to the
body (Hj, thin trace) was minimally affected. Thus, motor effer-
ence copy and resultant neck proprioceptive activation were
matched as during control gaze shifts; however, the activation of
the vestibular sensors was significantly reduced.

During these reduced vestibular input gaze shifts, all neurons
(n = 8) showed a clear inhibition relative to control gaze shifts
and, importantly, relative to the mean discharge during ocular
fixation. This is shown for the example neuron (compare unit
activity in Fig. 7A,B). The inhibition spanned the duration of the
active head-on-body motion such that it included not only the
duration of the gaze shift but also the period that immediately
followed in which the gaze was stable in space but the head was
still moving. This result suggests that the inhibition recorded
during gaze shifts with reduced vestibular input could account
for the attenuation of VO neuronal responses that is observed
during gaze shifts. To pursue this argument further, we used the
following analysis.

We hypothesized that the modulation of neurons during all
paradigms should be described by the summation of their vestib-
ular inputs and an inhibitory signal arising from active rotations
of the head relative to the body:

FR = bias + gVOR X Hs - gactive X HB(active) > (1)

where gy o is the vestibular sensitivity to head velocity, and Hy, -
tive) is the self-generated motion of the head relative to the body.
The vestibular-only gain, gyor, can be calculated from the re-
sponse of each neuron during VOR because there are no active
head movements in this condition.

Accordingly, during VOR generated by whole-body rotation,
because Hy,ciive) = 0, Equation 1 simplifies to:

FRyop = bias + gyor X H.. (2)

During control gaze shifts, because Hy ,c(ive) = Hs, Equation 1
becomes:

FRgs = bias + 8gvor X Hs ~ &active X Hs‘

Accordingly, if the sensitivity of a neuron to Hg during active
gaze shifts is g,, such that:

FR,, = bias + g, X H;, (3)
it follows that:

Sactive — &VOR — &gs (4)

Thus, the neuronal responses during reduced vestibular input
gaze shifts should be predicted on the basis of the difference
between responses to Hg during passive whole-body rotation
(VOR) and control gaze shifts. We verified whether this was the
case. Figure 8 A (top plot) illustrates our approach for the exam-
ple neuron shown in Figure 7. First, we optimized the parameters
in Equations 2 and 3 in different experiments to fit the responses
of the neuron during VOR [gyor = 1.1 (spikes/sec)/(°/sec)] and
gaze shifts [g,, = 0.24 (spikes/sec)/(°/sec)], respectively. Then the
coefficient of the inhibition term ( g,.;,.) was calculated using
Equation 4 [g,.ive = 1.1 — 0.24 = 0.86 (spikes/sec)/(°/sec)]. Next,
the coefficient of inhibition was obtained from Equation 1 by
optimization using data from the reduced vestibular input gaze
shift condition. The coefficient obtained directly from Equation 1
(estimated) was identical to that predicted by Equation 4 [e.g.,
0.86 vs 0.86 (spikes/sec)/(deg/sec)]. This result is illustrated
graphically in the bottom plot of Figure 8 A. The FR prediction



Roy and Cullen * Neural Mechanisms for Gating in the Vestibular Nuclei

A

oo

>

J. Neurosci., March 3, 2004 « 24(9):2102-2111 + 2109

The vestibular nuclei and the principle
of reafference
, It had been postulated that an efference
0 copy of the motor command to move the
’ head could cancel vestibularly driven re-
sponses in the vestibular nuclei during ac-
tive head-on-body motion (Boyle et al.,
1996; McCrea et al., 1999; Roy and Cullen,
2001), consistent with the original theory
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Figure 8.

neck proprioceptors matched that expected on the basis of the neck motor command.

trace was obtained by substituting into Equation 1 the value of
Zactive Calculated from Equation 4 and predicting the FR during
the reduced vestibular input gaze shift using the monkey’s actual
Hy and Hg as inputs. The FR estimate solid line was obtained by
optimization using Equation 1.

The example neuron was typical in that this approach could be
used to predict neuronal responses recorded during reduced vestib-
ular input gaze shifts. Overall, for our sample of neurons, the esti-
mated and predicted coefficients of inhibition were comparable for
reduced vestibular input gaze shifts (Fig. 8 B; mean inhibition,
slope = 1.0; p > 0.05). We therefore conclude that Equation 1 pro-
vides a valid description of neurons during active head-on-body
movements under the conditions in the present experiments, and
the inhibition recorded during reduced vestibular input gaze shifts is
consistent with the attenuation of VO neuronal responses during
gaze shifts.

Discussion

Neurons in the vestibular nucleus, which receive direct inputs
from the vestibular afferents, are responsive to head velocity dur-
ing passive whole-body rotations or passive head-on-body move-
ments (Boyle et al., 1996; McCrea et al., 1999; Roy and Cullen,
2001). However, these same neurons do not provide reliable in-
formation during active movements of the head on the body.
Here the mechanism that underlies this selective elimination of
vestibular sensitivity to active head-on-body movements was in-
vestigated. We found that a cancellation signal is sent to the ves-
tibular nuclei in conditions in which neck proprioceptive inputs
match those expected on the basis of the neck motor command
but not when these inputs are vastly different.

The reduction in modulation during the reduced vestibular input gaze shifts could be predicted on the basis of the
difference between responses to HS during passive whole-body rotation (VOR) and control gaze shifts. A, This neuron was typical
in that the inhibition that occurred during reduced vestibular input gaze shifts (FR estimate) was identical to that predicted (FR
prediction) on the basis of the same neurons response in two different experiments: VOR (Equation 2) and control gaze shifts
(Equation 3). B, For each neuron in the sample tested, the estimated coefficient of inhibition during reduced vestibular input gaze
shifts was comparable with the inhibition predicted by neural responses during VOR and control gaze shifts. C, Schematic to
explain the present findings. A cancellation signal is gated into the vestibular nuclei only in conditions in which the activation of

template is strongly coupled with eye movements
E [human (André-Deshays et al., 1991) and
monkey (Bizzi et al., 1971; Lestienne et al.,

Neck proprioceptive

input 1984)]. In addition, we verified that the
intensity of the head movement command
was comparable with that issued during
head-unrestrained gaze shifts. Neverthe-
less, we never detected an inhibitory drive
to vestibular nuclei neurons. The largest
torques that we measured in the head-
restrained condition were on the order of
3.5—-4 N-m, which compare well with the
maximal rotational torques that can be
generated by healthy male human subjects
in the horizontal plane (4.5 N-m; Tang-
orra et al., 2003). Thus, overall, monkeys appeared to remain
optimistic about their ability to potentially make head
movements.

There is an essential difference between head-restrained sac-
cades and head-unrestrained gaze shifts. In the head-
unrestrained condition, the neck musculature is physically
stretched and, in turn, the muscle spindles and Golgi tendon
organs that innervate the neck musculature are activated (Rich-
mond et al,, 1988). In contrast, during head-restrained saccades,
although neck proprioceptors are also activated (because the
drive to muscles will activate vy reflex pathways), the overall level
of activation is reduced, and the dynamics of the activation differs
significantly from what would have occurred if the head had been
free to move (Vallbo, 1981). Thus, when a head movement com-
mand is issued during head-restrained saccades, the resultant
neck proprioceptor activation does not match the activation that
would be expected by the same motor command had the head
been allowed to move.

Vestibular nuclei neurons are responsive to passive neck pro-
prioceptor activation in decerebrate animals (Boyle and Pom-
peiano, 1981; Anastasopoulos and Mergner, 1982; Wilson, 1991).
In contrast, in the alert rhesus monkey, passive activation of neck
proprioceptors does not influence VO neuron activity (Roy and
Cullen, 2001). One possible explanation for this apparent dis-
crepancy is that the neck proprioceptive inputs to the vestibular
nuclei are “gated out” in alert animals. Indeed, we found that an
inhibitory input was only evident when the activation of neck
proprioceptors corresponded to that expected as a result of the
head movement command (mechanism D; Fig. 2). Because of the
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difficulty of the experimental design, our sample size was small;
nevertheless, our results were uniformly consistent across the
neurons tested.

Sensory-motor matching and the gating of reafference

The selective gating of proprioceptive inputs could be derived
from the actual motor command to the neck musculature. Alter-
natively, an internal model of the head plant could be used. The
distinction is an important one because in the head-restrained
condition, a monkey presumably has knowledge of the head re-
straint, which could be used in the computation of the internal
plant model. Thus, a schema that incorporates an internal model
of the head plant would also be consistent with our results that an
inhibitory signal is not observed when the head is restrained even
though a command to move the head is generated (as measured
by neck torque). Accordingly, in Figure 8C, we use the term “ex-
pected consequence of head command” to refer to the predicted
sensory response and to not exclude either possibility.

Two important criteria for a putative site of matching are that
the structure receive inputs related to both (1) neck propriocep-
tive information and (2) neck motor efference copy or, alterna-
tively, an estimate of the expected sensory feedback. A likely can-
didate would be one or more of the structures in the cerebellum
involved in vestibular processing (e.g., nodulus—uvula, flocculas,
and fastigial nucleus). For example, the nodulus—avula region
receives neck proprioceptive input via the central cervical nucleus
(CCN) (Voogd et al., 1996) and direct inputs from the nucleus
reticularis gigantocellularis. This latter structure receives direct
projections from cortical structures involved in producing head
and neck movement (Alstermark et al., 1992a,b). In turn, vestib-
ulospinal neurons, which are thought to be the VO neurons of the
present study (Wilson et al., 1990; Boyle et al., 1996; Gdowski and
McCrea, 1999), receive direct inputs from the nodulus—uvula
(Xiong and Matsushita, 2000). Taken together, these results
make the cerebellar nodulus—uvula a strong candidate site. A
precedent for this idea comes from work in electric fish, in which
it has been proposed that a similar sensory-motor matching oc-
curs in the cerebellum-like electrosensory lobes (Bell et al., 1999;
Bell, 2001). Moreover, functional magnetic resonance imaging
studies have suggested that the cerebellum serves a similar role in
the suppression of tactile stimulation during self-produced tickle
(Blakemore et al., 1998, 1999).

The CCN is a second possible candidate site. The CCN is
located in the medial part of lamina VII of the spinal cord, ex-
tending from C1 to C4 (Rexed, 1954), and receives significant
projections from neck muscle spindle afferents (Hirai et al.,
1984a; Thompson et al., 1996). In decerebrate and anesthetized
animals, CCN neurons respond to passive activation of neck pro-
prioceptors (Hirai et al., 1984a; Hongo et al., 1988; Thompson et
al., 1996). Moreover, the CCN sends projections to the vestibular
nuclei (Carleton and Carpenter, 1983; Hirai et al., 1984b;
McKelvey-Briggs et al., 1989; Sato et al., 1997). However, it re-
mains to be determined in the alert animal whether an efference
copy of the neck motor command or an estimate of the expected
afference signal is available to these neurons.

The vestibular nuclei also receive direct projections from at
least six cortical regions (Akbarian etal., 1993, 1994; Guldin et al.,
1993), some of which are involved in the control of head move-
ments, encode neck proprioceptive signals, or both (for review,
see Fukushima, 1997). However, response latencies to electrical
stimulation are most often longer than would be expected for a
monosynaptic projection (Fukushima et al., 1984; Troiani et al.,
1993; Wilson et al., 1999). Thus, direct inputs from these areas are
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most likely to play a relatively minor role in modulating vestibu-
lar neuron responses.

Functional implications

VO neurons activate the neck musculature via direct projections
to the ventromedial funiculus of segments C1 and C2 of the spi-
nal cord (Boyle and Pompeiano, 1981; Wilson et al., 1990;
Gdowski and McCrea 1999). Thus, it has been proposed that they
function to mediate the vestibulocollic reflex (VCR). Indeed,
their reduced sensitivity during active head movements is consis-
tent with this role because the VCR functions to stabilize the head
in space via activation of the neck musculature; during voluntary
head-on-body movements, the VCR would be counterproduc-
tive. Moreover, VO neurons continue to faithfully encode infor-
mation about passive head rotations that occur during the exe-
cution of voluntary movements (Boyle et al., 1996; McCrea et al.,
1999; Roy and Cullen, 2001). Accordingly, as we explore our
environment, these neurons would selectively only generate a
VCR in response to externally applied head movements.

An even more intriguing implication of the selective gating
observed in vestibular nuclei is that it must be incorporated into
our understanding of higher-level processing of vestibular infor-
mation. For example, VO neurons are most likely reciprocally
interconnected with the nodulus—uvula of the cerebellum, which
in turn transforms head-referenced movement information into
an gravity-referenced coordinate frame (Wylie et al., 1994; An-
gelaki and Hess, 1995; Wearne et al., 1998). Moreover, vestibular
projections to the hippocampus are of considerable interest be-
cause this structure produces an estimate of current orientation
for navigation (O’Keefe and Nadel, 1979). It is commonly
thought that on-line integration of the head velocity signal gen-
erated by the vestibular nuclei is required for the estimation of
head direction by the hippocampal system (for review, see Sharp
etal.,2001; Wiener et al., 2002). In addition, regions of the cortex
and thalamus that receive inputs from the vestibular nuclei are
not sensitive to eye movements (Magnin and Fuchs, 1977; Buttner
and Lang, 1979; Griisser et al., 1990), suggesting that the vestibular
information could arrive via VO neurons. Future studies are re-
quired to understand how the gated information that is encoded in
the vestibular nuclei is used by these higher-order structures to pro-
vide perceptual stability during natural behaviors.
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