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ABSTRACT: The vestibular nerve sends signals to the brain that code the move-
ment and position of the head in space. These signals are used by the brain for
a variety of functions, including the control of reflex and voluntary movements
and the construction of a sense of self-motion. If many of these functions are to
be carried out, a distinction must be made between sensory vestibular signals
related to active head movements and those related to passive head movements.
Current evidence is that the distinction occurs at an early stage of sensory pro-
cessing in the brain, and the results are evident in the firing behavior of neurons
in the vestibular nuclei that receive direct inputs from the vestibular nerve. Sev-
eral specific examples of how sensory information related to passive and active
head movements is transformed in the vestibular nuclei are discussed. 
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INTRODUCTION

The vestibular sensory receptors are located within the bony labyrinths embedded
in the petrous temporal bone of the head. Their function is to detect the position and
motion of the head in space. The signals produced by the vestibular nerve are impor-
tant for spatial perception and for producing a variety of reflexes that help maintain
balance and equilibrium. An essential feature of the central processing required of
this head movement sensory system, like all sensory systems, is the ability to distin-
guish between sensory experiences that are due to self-stimulation and those that are
produced by passive, external forces.

The distinction between passive and active head movements is important for con-
structing an internal estimate of self-motion as well as producing coordinated re-
sponses to head perturbations. When the head is moved by passive, external forces,
the vestibular system, together with other sensory systems, such as visual and prop-
rioceptive systems, construct an internal estimate of head motion.1–3 The estimate is

Address for correspondence: Robert A. McCrea, Department of Neurobiology, Pharmacology,
and Physiology, University of Chicago, 947 East 58th Street, MC0926, Chicago, IL 60637.
Voice: 773-702-6374; fax: 773-702-3736.

ramccrea@uchicago.edu



170 ANNALS NEW YORK ACADEMY OF SCIENCES

used to produce a variety of postural reflex movements of the trunk, limbs, neck, and
eyes, movements that help stabilize gaze and the orientation of the body and limbs.
The estimate of passive head movement allows subsequent estimates of the motion
of the body and limbs, and by comparison the relative motion of objects in the ex-
ternal world.4

The process of distinguishing between vestibular signals related to self-generated
head movements and passive head movements in space could begin as early as the
vestibular sensory epithelium by way of efferent vestibular pathways.5,6 However, it
is more likely that the distinction between passive and active head movements is car-
ried out centrally by structures that receive these sensory signals. The main recipient
of vestibular afferent information, the vestibular nucleus, receives inputs from the
cerebellum, cerebral cortex, reticulospinal collaterals, and spinal cord that could
modify sensory processing during passive or self-generated head on trunk move-
ments.7 The latter inputs usually reduce the vestibular nucleus unit responses to
head-on-trunk rotation.8

The results of our recent studies suggest that the signals carried by secondary ves-
tibular neurons in the vestibular nuclei are different during passive and active head
movements9,10 and during the vestibulocollic reflex (VCR).11,12 The vestibular nu-
clei are not homogeneous. The region gives rise to several important descending and
ascending pathways.13 In this paper, we summarize how sensory signals related to
active, self-generated head movements vary in different classes of vestibular nucleus
neurons that have been examined to date. 

METHODS

Recording Techniques

Single-unit recordings were done in alert squirrel monkeys that were free to move
their head in the yaw plane while seated on a vestibular rotator. The monkeys wore
a tightly fitting jacket and were perched on a Plexiglas foot rest on a vestibular turn-
table. They were allowed to grasp a handrail that surrounded them at chest height.
The head was attached to a rod that permitted angular head movements in the plane
of the horizontal semicircular canals. The axis of head motion was placed either in
line with the interaural plane (“on-axis” rotation) or 5–8 cm forward of the interaural
plane. The latter “off-axis” head movements stimulated both otolith and semicircular
canal afferents. Head and body movements were restrained by attaching the mon-
key’s jacket to the turntable and the monkey’s head to a rod that allowed free head
movements in the yaw plane. 

Eye and head movements were recorded with the magnetic search-coil technique.
Stimulating electrodes were implanted bilaterally in the middle ear to allow ortho-
dromic identification of neurons that receive synaptic inputs from the vestibular
nerve and to allow verification of the location of recording sites in the vestibular nu-
clei using evoked field potential analysis. In some animals, stimulating electrodes
were implanted in the ventromedial funiculi of the spinal cord at C1 or the thalamus
to allow antidromic identification of neurons that project to the thalamus or the spi-
nal cord. 
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Experimental Protocols: Passive and Active Head, Neck, and Body Rotation

FIGURE 1 illustrates the methods used to compare single-unit responses to passive
and active head movements. Single-unit responses were studied during passive
whole-body rotation (WBR) at two stimulus frequencies (0.5 Hz, 40°/s; 2.3 Hz, 20°/
s) either with the head fixed with respect to the vestibular turntable or with the head
free to move in the yaw plane. The axis of head-on-trunk rotation was positioned so
that it either intersected the interaural axis (on-axis position), allowing head-on-
trunk movements that minimized stimulation of otolith receptors, or in an off-axis
position that allowed head-on-trunk movements that stimulated both the semicircu-
lar canals and otoliths. The responses of some units were also studied during passive
sinusoidal translation produced by a linear sled mounted on top of the turntable.
Forced, passive head-on-trunk rotations (FHRs) were produced by rotating the rod
attached to the animal’s head either manually or with a ceiling-mounted motor. In
some cases, a recording of active head movements was made that was then used to
produce similar passive head-on-trunk rotations (HTRs) with the ceiling motor.
Neck proprioceptive inputs to vestibular neurons were studied by holding the head
stationary in space while passively rotating the turntable. 

Three types of active, self-generated head movements were studied: (1) vestibulo-
collic reflex head movements evoked by passive WBR, (2) spontaneous gaze sac-
cades, and (3) smooth tracking head movements of sinusoidal moving visual targets. 

Data Analysis

Neural sensitivity to passive and active head movements was estimated using
multiple linear regression analysis. The factors contributing to fitting functions in-

FIGURE 1. Experimental setups used for comparing passive and active head move-
ment signals in squirrel monkeys: passive whole-body rotation or translation with head fixed
to vestibular turntable; active on-axis (self-generated saccadic, VCR, or pursuit head move-
ments allowed in the plane of the horizontal semicircular canal); axis of head rotation inter-
sects interaural axis; active off-axis (self-generated head movements allowed in the plane of
the horizontal semicircular canal). Axis of head rotation passes 5–8 cm behind the interaural
plane. FHR: Forced, passive head-on-trunk rotation by attaching head to ceiling motor.
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cluded variables related to eye movement, neck rotation, as well as movement of the
head in space. Estimates of neuronal sensitivity to neck rotation alone were based on
parametric analysis of responses evoked when the head was kept stationary in space
while the body was passively rotated by the turntable. Responses related to quick
phases of nystagmus, and periods when the monkey was not alert, were not included
in the averages. The records obtained during paradigms that used visual targets were
also excluded from averages if the behavioral performance was poor. During head-
fixed paradigms, the amount of data excluded during quick phases of nystagmus was
based on the response during ocular saccades. During head-unrestrained paradigms,
responses during quick phases of head-nystagmus were also excluded from the rota-
tional analysis. 

Unit responses during gaze saccades were evaluated by averaging the response to
groups of saccades that had similar direction and peak head velocities. Head veloc-
ities typically ranged between 50° and 150°/s. The vestibular sensitivity during ac-
tive head movements was compared to an estimate of the unit’s head velocity and
acceleration sensitivities during high-frequency WBR with the head restrained.

RESULTS

Vestibular nerve fibers generate similar responses to head movements during pas-
sive and active head movements. FIGURE 2 shows the response of a primary vestibu-
lar afferent fiber during simultaneous passive and active head movements. The
monkey generated a series of active head movements while its body was passively

FIGURE 2. Primary vestibular nerve afferent generates similar responses during pas-
sive and active head movements. Vestibular turntable was rotated sinusoidally at 2.3 Hz
while the head was free to move. Consequently, movement of the head in space was a com-
bination of passive and active head movements. Top trace is head position with respect to
the turntable. Middle traces are angular head velocity in space (solid trace) and passive an-
gular head velocity in space (dashed trace). The solid trace superimposed on the firing-rate
histogram on the bottom is a model of the unit’s firing rate based on its response to passive
rotation alone.
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rotated by the vestibular turntable. The top trace is a record of the monkey’s head
movement with respect to the turntable. The middle traces show the passive head ve-
locity in space generated by turntable rotation (dotted middle trace) and the velocity
of combined passive and active head movements (solid middle trace). The bottom
histogram is the firing rate of the vestibular nerve afferent. The trace superimposed
on the firing rate histogram is the response expected if the afferent were equally sen-
sitive to passive and active head movements.

Vestibular Nucleus Neurons Sensitive to Both Passive and Active
Head Movements

The firing behavior of over 160 vestibular nucleus neurons that were sensitive to
rotation of the head in the plane of the horizontal semicircular canal and/or to inter-

FIGURE 3. Horizontal-canal-related vestibular nucleus neuron sensitive to both pas-
sive and active head rotation. (A) Passive head-on-trunk rotation (average of eight steps in
head velocity in the cell’s excitatory on-direction). The filled trace at the top shows the av-
erage angular head velocity. The middle traces show spike rasters from individual trials. The
bottom trace shows unit firing rate. (B) Responses during active head movements generated
during gaze saccades. The traces superimposed on the firing-rate histograms are the re-
sponses expected on the basis of the cell’s response to sinusoidal WBR at 2.3 Hz. The neu-
ron’s firing rate was not related to eye movements.
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aural translation have been studied during passive and active head movements.
Some vestibular nucleus neurons also generated responses to passive and active head
movements that were similar. Many neurons in the vestibular nuclei are sensitive
to eye movements, and most cells of this type are presumed to be related to pro-
ducing or controlling the vestibulo-ocular reflex (VOR). These neurons are locat-
ed primarily in the rostral parts of the vestibular nuclei. Vestibular nucleus non-
eye-movement-related (NEM) neurons are located throughout the vestibular nu-
clei. NEM neurons project to many regions of the thalamus, brainstem, cerebel-
lum, and spinal cord, and thus are related to a wide variety of functions. FIGURE 3
shows the firing behavior of a horizontal-canal-related NEM vestibular nucleus neu-
ron that was sensitive to both passive and active head movements. The records in
FIGURE 3A are averages of eight rapid step changes in angular head velocity pro-
duced by attaching the monkey’s head to a ceiling motor. The head rotation was in
the plane of the semicircular canal, and the axis of rotation was centered on the mon-
key’s head intersecting the interaural plane. The step in head velocity produced an
increase in firing rate that was proportional to head velocity (1.0 spikes/s/°/s). The
comparable averaged response recorded during self-generated active angular head
rotations produced during gaze saccades is shown in FIGURE 3B. The step changes
in head velocity were more transient during active head movements, but the values
for peak acceleration and velocity of the movements were comparable. The solid
traces superimposed on the firing-rate histograms are the responses predicted on the
basis of the cell’s response to passive WBR (equation in FIGURE 3B). For active head
movements in this cell’s “on” direction (ipsilateral), the sensitivity to head rotation
during active head movements was similar.

The responses of central vestibular neurons to active head translation were stud-
ied by allowing the monkey to generate head movements in the horizontal plane with
the axis of head rotation moved 5–8 cm behind the center of the head. In this posture,
head rotations produced a combination of linear translation and angular rotation.
FIGURE 4 illustrates the response of a central otolith neuron to both passive and active
head translation during off-axis head rotation. The neuron was not sensitive to angu-
lar head rotation with the head centered on the axis of rotation of the turntable. Its
firing rate was modulated in phase with linear head velocity (18.7 spikes/s/cm/s)
during sinusoidal linear translation at 2.0 Hz. In FIGURE 4A, the neuron’s averaged
response during head saccades generated with the head restrained in an off-axis po-
sition (diagram on the right) is illustrated. The spike rasters for individual saccades
are illustrated. The cell was inhibited when the head was actively translated in the
ipsilateral direction (left traces) and excited during contralateral head translations
(right traces). The solid traces superimposed on the firing-rate histograms are the re-
sponses predicted from the cell’s sensitivity to whole-body linear translation. These
active head movements were stored on a computer and used to program a similar se-
quence of passive forced head movements using the ceiling motor (FIG. 4B). The
passive head movements evoked in this manner were similar, but not identical, to the
active head movements due to flexibility in the coupling of the motor to the head and
to changes in resistance to movement produced by the monkey. The profiles of inhi-
bition by ipsilateral translation, and excitation by contralateral translation, were sim-
ilar to those generated during active head movements, and roughly predictable from
the cell’s response to passive whole-body linear translation (solid traces superim-
posed on firing-rate histograms in FIG. 4B).
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FIGURE 4. Otolith-related vestibular nucleus neuron sensitive to both passive and ac-
tive head translation. (A) Active head-on-trunk off-axis rotations (average of 14 ipsilateral
and contralateral head movements). The top traces show the average change in angular head
position, linear head velocity, and linear head acceleration. The middle traces show spike
rasters from individual trials. The bottom trace shows unit firing rate. (B) Responses during
passive, forced head movements similar to active head movements. The traces superimposed
on the firing rate histograms show the responses expected on the basis of the cell’s response
to sinusoidal whole body translation at 2.0 Hz. The neuron’s firing rate was not related to
eye movements.
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Vestibular Nucleus Neurons Preferentially Sensitive to Passive Head Movements

Most vestibular nucleus neurons were unlike the cells illustrated in FIGURES 2–4,
and generated dramatically different responses during passive and active head move-
ments. The most dramatic changes were an insensitivity to active head movements.
FIGURE 5 illustrates recordings obtained from a secondary horizontal-canal-related
NEM neuron in the vestibular nuclei that was insensitive to active head movements.
Records from three different conditions are illustrated. The records on the left were
obtained during passive WBR at 0.5 Hz while the monkey’s head was restrained

FIGURE 5. Non-eye-movement-related vestibular nucleus neuron that was differen-
tially sensitive to passive head movements. Top pictures illustrate three different paradigms
used during recording. Records in the left column show the cell’s response to passive WBR.
The center column illustrates the lack of a change in the neuron’s response (dashed lines be-
tween left and center columns) when active head-on-trunk movements (HT) reduced head
velocity in space (HS). The righthand column shows the cell’s lack of a response during ac-
tive head-on-trunk movements generated while tracking a visual target that was moving in
space. A combination of saccades and smooth tracking head movements was produced. 
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from moving. In this condition, the movement of the trunk in space (TS) was the
same as the movement of the head in space (HS). Records obtained during three rep-
resentative cycles of WBR are shown as well as the average response over many cy-
cles (bottom traces).

The center column of records was also recorded during passive WBR at 0.5 Hz,
but the monkey’s head was free to move, and it was encouraged to maintain its head
stable in space by fixating on an earth-stationary target. In this condition, active
movements of the head on the trunk (filled traces) were generated that were opposite
in direction to movements of the body in space (solid sinusoidal traces). The effect
was to dramatically reduce the movement of the head in space (HS trace in bottom
averaged records). In spite of a reduction of head velocity in space in this condition,
the modulation in the neuron’s firing rate by turntable rotation was nearly the same
as when the head was fixed to the turntable (dashed lines superimposed on the spike
histograms). 

The records in the righthand column of FIGURE 5 show responses of the same neu-
ron when the monkey pursued a moving visual target with a combination of eye and
head movements. Only a fraction of the pursuit was generated by saccadic or
smooth-following head-on-trunk movements (filled traces), but the average peak
head velocity in space (HS) was similar to that generated during WBR. In this con-
dition, active head movements generated all of the head movement in space, and
movement of the head in space did not modulate the neuron’s firing rate. In sum, this
secondary vestibular neuron was differentially sensitive to passive, non-self-
generated head movements. In these contexts, its firing rate was better related to
movement of the trunk in space than to movement of the head in space. The latter
observation obtained for the majority of non-eye-movement-related neurons in the
vestibular nuclei.11

Firing Behavior of Eye-Movement-Related Neurons during
Active Head Movements

The majority of NEM neurons in the vestibular nuclei were differentially sensi-
tive to passive head movements.10 Most eye-movement-related neurons also were
differentially sensitive to passive head movements, although their responses were
more complex. FIGURE 6 illustrates the firing behavior of four different types of eye-
movement-related vestibular nucleus neurons during gaze saccades that included a
significant active head movement component. The records are averages of many
gaze saccades, with spike rasters shown for individual saccades. The traces superim-
posed on firing-rate histograms are the responses that would be expected if the neu-
ron’s generated head-movement-related signals during both passive and active head
movements. The eye-movement signals generated by eye-movement-related cells
also affected their firing behavior during gaze saccades. The firing behavior of the
position-vestibular-pause (PVP) and position-vestibular I and II (PVI and PVII) neu-
rons was related to eye position. PVP and eye-head-vestibular (EHV) vestibular neu-
rons were sensitive to eye velocity during smooth pursuit eye movements. PVP
neurons characteristically paused during gaze saccades. There is considerable evi-
dence that PVP, PVI, and EHV neurons contribute to the VOR. PVII neurons re-
sponded to contralateral head rotations, and receive direct inputs from the vestibular
nerve. Many neurons, including the neuron illustrated in FIGURE 6, receive inputs
from the otolith afferents and may contribute to otolith ocular reflexes.
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In squirrel monkeys, the head movements associated with saccadic gaze shifts
typically begin at the same time as, or slightly before the initiation of saccadic eye
movements and last 100 ms or more after the gaze shift is completed. Consequently,
head-movement-related signals generated by these VOR-related neurons could be
divided into two components: firing behavior during the combined active eye-head
gaze shift, and firing behavior during the VOR eye movements that occurred imme-
diately after the gaze shift was completed. Different types of eye-movement-related
neurons generated different responses during gaze saccades and gaze-saccade-
related VOR eye movements. PVP, EHV, and PVII neurons were insensitive to active
head movements during active gaze shifts. PVP neurons stopped firing altogether.

FIGURE 6. Firing behavior of four types of eye-movement-related vestibular neurons
during active head movements. The top traces in each of the upper panels show averaged
head-on-trunk velocity (solid traces) and average gaze velocity for several ipsiversive gaze
saccades. The middle traces show spike rasters from individual saccades. The traces super-
imposed on firing-rate histograms are the responses expected on the basis of the cell’s sen-
sitivity to passive WBR and passive neck rotation. The diagram at the bottom of the figure
summarizes oculomotor efference copy, head movement efference copy, and neck sensory
reafferent inputs to different classes of VOR interneurons in the vestibular nuclei. The thick-
ness of the lines indicates strength of inputs.
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EHV neurons either generated bursts of spikes related to ocular saccades or were in-
sensitive to the active gaze shift like the cell illustrated in FIGURE 6, but they were
not sensitive to active head movements until just before the end of the gaze shift
when the VOR began to stabilize gaze. PVII neurons were similar to the cell illus-
trated in FIGURE 5, and were insensitive to active head movements related to gaze
saccades. PVI neurons were exceptional, in that they were sensitive to active head
movements during saccadic gaze shifts and to head movements related to VOR eye
movements immediately after gaze shifts.

Contribution of Neck Proprioceptive and Efference Copy Signals to Differential
Sensitivity of Vestibular Nucleus Neurons to Active Head Movements

The complex signal processing that occurs in different constituents of central
VOR pathways during gaze saccades is summarized in the diagram at the bottom
of FIGURE 6, which summarizes the results of several recent studies.10,12,14 A va-
riety of signals contributes to shaping the responses of different classes of second-
ary VOR neurons. Saccade-related oculomotor efference copy signals modify
signal processing in PVP and, to a lesser extent, EHV neurons during active head
movements. Head movement efference copy signals modify signal processing in

FIGURE 7. Neck sensory reafferent inputs cancel vestibular signals on a non-eye-
movement-related vestibular nucleus neuron. The neuron’s responses during passive WBR
and passive neck rotation (PNR) were roughly equivalent and canceled each other during
passive and active head-on-trunk rotation (HTR). Traces superimposed on firing-rate histo-
grams are the responses expected on the basis of the cell’s sensitivity to passive WBR and
PNR.
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PVII, PVP, and EHV neurons. Finally, neck proprioceptive reafferent signals mod-
estly affect signal processing in PVI and EHV neurons. 

Neck proprioceptive inputs dramatically affect signal processing in some non-
eye-movement-related vestibular neurons, and effectively cause them to generate
signals that are better related to movement of the trunk in space than to movement
of the head in space, regardless of whether head-on-trunk movements are active or
passive. The firing behavior of one such neuron is illustrated in FIGURE 7. During
passive WBR, this cell’s firing rate was primarily related to ipsilateral angular head
velocity. Its response did not change during off-axis rotation, which suggests that it
received little input from otolith vestibular receptors. On the other hand, it received
a strong input from neck proprioceptors. During passive neck rotation (PNR exper-
iment), the cell’s firing rate was related to contralateral angular head-on-trunk veloc-
ity. When the head was passively rotated on the trunk with the ceiling motor (HTR
condition), the neck and vestibular inputs to the neuron canceled each other. Head
velocity in space was equal to head-on-trunk velocity, and the neuron’s firing rate
was essentially unmodulated. A similar lack of modulation was observed during ac-
tive, self-generated head movements in both the ipsilateral and contralateral direc-
tions. The traces superimposed on the firing-rate histograms are the responses
predicted from its responses during passive WBR and passive neck rotation (equa-
tion at the bottom of the figure).

Many vestibular neurons that were insensitive to active head movements were
also insensitive to passive neck rotation and remained sensitive to passive head-on-
trunk rotation. The insensitivity of these cells to active head movements was thus
probably due to the addition of a head movement efference copy signal. An example
of such a neuron is shown in FIGURE 8. This particular cell received direct inputs

FIGURE 8. Head movement efference copy signals canceling vestibular signals on a
vestibulo-spinal tract neuron. (A) Response to sinusoidal passive WBR at 2.3 Hz. (B) Re-
sponse during HTR oscillations that were similar in peak velocity and acceleration to active
head rotations in C. Traces superimposed on firing rate histograms are the responses expect-
ed on the basis of the cell’s sensitivity to passive WBR. (D) Schematic adapted from von
Holst and Mittelstaedt.15 See text for further discussion.
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from the vestibular nerve and was antidromically activated following electrical stim-
ulation of the spinal cord. Its firing rate was strongly modulated in phase with head
velocity during passive WBR (FIG. 8A) and during passive head-on-trunk rotation
(FIG. 8B). The cell was not excited during comparable active head movements,
which suggests that a central efference copy of head-on-trunk movements was re-
sponsible for cancellation of vestibular signals on this neuron rather than neck prop-
rioceptive inputs. The diagram in FIGURE 8D is modified from the classic paper by
von Holst and Mittelstaedt15 on the reafference principle. Their thesis was that ef-
ference copy signals often cancel sensory reafferent signals produced by active mo-
tor commands. They argued that this cancellation probably occurred at segmental
levels of central processing rather than higher centers. The scheme allowed segmen-
tal reflex motor programs to be executed without taking into account sensory reaf-
ferent consequences of ongoing intended movements. In the case of the vestibulo-
collic-reflex-related neuron illustrated in this figure, the sensory reafferent signal
produced by active head movement commands is a vestibular signal. Neurons of this
type may project directly to neck motor neurons and produce head-on-trunk stabiliz-
ing reflex head movements when the head is passively perturbed or loaded. This re-
flex would work against the motor programs that produce active head movements
were it not canceled. The evidence from our studies suggests that the addition of a
head movement efference copy signal to vestibular signals in the vestibular nuclei
may perform this function.

DISCUSSION

The vestibular nerve sends sensory signals to the brain that code the position and
movement of the head in gravitoinertial space. The sensory information is used not
only to construct an internal estimate of self-motion, but also to provide a reference
frame for calculating the relative coordinates of motor control systems. The vestib-
ular nuclei constitute the first place in the central nervous system that these sensory
signals can be modified. What we have learned over the last 30 years is that sensory
vestibular signals are profoundly modified and transformed in the vestibular nuclei.
The dynamic characteristics of vestibular signals are modified. The spatial tuning of
vestibular signals is transformed by convergence of information from different ves-
tibular end organs from both labyrinths. Visual and proprioceptive estimates of self-
motion are added to vestibular estimates. Finally, motor signals related to eye, head,
and limb movements profoundly modify the responses of vestibular neurons. The
modifications produced by these various influences produce a remarkable variety in
the signals produced by individual vestibular nucleus neurons. 

We have only begun to understand how and where these different signals are con-
structed and distributed to other sensory-motor integrative centers in the spinal cord,
brainstem, cerebellum, and cerebral cortex. The approach to understanding how the
vestibular system in general and the vestibular nuclei in particular contribute to the
maintenance of visual stability, postural control, and sensory estimates of self-
motion will have to include the use of appropriate behavioral techniques in combi-
nation with neurophysiological studies of anatomically identified central pathways
in animals demonstrating alert behavior.
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