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ABSTRACT: The posterior parietal cortex may function as an interface between
sensory and motor cortices and thus could be involved in the formation of mo-
tor plans as well as abstract representations of space. We have recorded from
neurons in the intraparietal sulcus, namely, the ventral and medial intrapari-
etal areas (VIP and MIP, respectively), and analyzed their head-movement—
related signals in relation to passive and active movements. To generate active
head movements, we made the animals track a moving fixation spot in the hor-
izontal plane under head-free conditions. When under certain circumstances
the animals were tracking the fixation spot almost exclusively via head move-
ments, a clear correlation between neuronal firing rate and head movement
could be established. Furthermore, a newly employed paradigm, the “replay
method,” made available direct comparison of neuronal firing behavior under
active and passive movement conditions. In such case, the animals were al-
lowed to make spontaneous head movements in darkness. Subsequently, the
heads were fixed and the previously recorded active head-movement profile
was reproduced by a turntable as passive stimulation. Neuronal responses
ranged from total extinction of the vestibular signal during active movement to
presence of activity only during active movement. Furthermore, in approxi-
mately one-third of the neurons, a change of vestibular on-direction depending
on active versus passive movement mode was observed, that is, type I neurons
became type II neurons, etc. We suggest that the role of parietal vestibular neu-
rons has to be sought in sensory space representation rather than reflex behav-
ior and motor control contexts.
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INTRODUCTION

Distinction between active and passive movements is an important function in ev-
eryday life for goal directed movements without interference by reflex mechanisms,
and to allow vital reflexes to happen when necessary. In this context, seminal con-
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cepts have been developed, such as the reafference principle! about how we move
about and control and correct our own movements.

Recent studies on vestibular nuclei neurons during passive and active head move-
ments showed that vestibular signals were strongly influenced by self-generated
movements as early as the first vestibular projection neurons,>* and furthermore
neurons in the vestibular nuclei related to head and eye movements subserving the
vestibuloocular reflex are found in a similar proportion as neurons that signal only
head velocity, without any eye-movement relatedness.? The latter are thought to be
part of the vestibulocortical relay. However, some vestibuloocular neurons project to
thalamic units that, in turn, then project to the vestibular cortices.” Vestibular tha-
lamic and cortical units have been reported not to carry eye-movement signals.o8

Several “vestibular” areas have been identified in the parietotemporal cortex of
macaque monkeys, namely, the parietoinsular vestibular cortex,’ area 2v at the ante-
rior tip of the intraparietal sulcus,'9!! area 3al2 as part of somatosensory area 3, and
in the posterolateral part of area PG.13 Recent anatomical studies confirmed and ex-
tended previous findings that the ventral intraparietal area (VIP) in the fundus of the
intraparietal sulcus'# receives direct projections from vestibular areas and thus is
part of a cortical vestibular network.!>~17 This work extends our previous reports on
vestibular responses in VIP.!8-20 The principal aim of this study was to analyze
head-movement-related signals in intraparietal vestibular neurons in relation to pas-
sive and active movements, in particular, because there exist large differences between
active and passive movements as early as second-order vestibular neurons,>* and also
with respect of the involvement of the parietal cortex in self-motion perception and
representation of extrapersonal space.

METHODS

Extracellular recordings were made in the left hemispheres of two macaque mon-
keys, one male rhesus (Macaca mulatta) and one female fascicularis monkey (Maca-
ca fascicularis). Animal care (housing, nourishment, veterinary consultations,
surgical procedures, postoperative care, daily care) conformed to French government
regulations (Ministries of Agriculture and Research, CNRS: approval 75-546) and Eu-
ropean Union standards (European Communities Council Directive 86/609/EEC).

Animal Training

Head-fixed animals initially were trained to fixate a small spot of light within a
narrow target window (2 x 2°) for a certain time. The light spot could be kept sta-
tionary in darkness and in light to monitor a given neuron’s resting activity. To de-
termine a neuron’s eye position sensitivity, we moved the spot in random order into
nine different locations on the tangent screen.?! The spot could also be moved to test
smooth pursuit sensitivity (FIG. 1A). The animals’ heads were fastened in a special-
ized head-holder system that allowed free head movements about the vertical axis
(horizontal head movements) (FiG. 1B). Once the head was freed, the animals were
allowed either to make spontaneous head movements or to track the light spot via
head or combined eye—head movements. From the combined signals, head, eye, and
gaze information could be derived.
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In addition, we used a new testing paradigm to compare vestibular signals during
active and passive head movements, the “replay method” (see also Robinson &
Tomkozz). To that end, the animal was first allowed to make spontaneous head
movements in the dark. Neuronal activity and the head-movement profile were re-
corded for various periods (up to 250 s). After that, the animal’s head was fixed, and
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FIGURE 1. Stimulation parameters and location and reconstruction of recording sites.
(A) Smooth pursuit: the animal was seated stationary and head-fixed in front of a tangent
screen. It had to follow a light spot that was moved in eight cardinal linear directions. (B)
Vestibular stimulation: the animal was rotated about the vertical axis in the darkened labo-
ratory eliciting vestibular nystagmus. (C) Overall lateral view of the left hemisphere of a
macaque monkey indicating the topographical relationship of cortical landmarks, that is, in-
traparietal sulcus (ips), central sulcus (cs), and the lateral fissure (If). Vertical lines indicate
the placement of two coronal sections (S1 and S2) shown below with reconstructed typical
electrode tracks and recording sites (MIP, VIP) in the intraparietal sulcus. Area VIP is high-
lighted on the two slices in gray. Note that to reach VIP, electrode penetrations in some cases
had to cross the intraparietal sulcus (LIP, lateral intraparietal area).
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the previously recorded active head-movement trajectory was reproduced by the
turntable, again recording neuronal activity. Thus, a direct comparison during active
and passive neuron discharge became available.

Recordings

Single cells were recorded extracellularly with glass-coated tungsten microelec-
trodes (F. Haer) in areas VIP and medial intraparietal area (MIP) of the two left
hemispheres of the two monkeys. The animals were awake and performed several
oculomotor tasks. Neurons were classified as located in area VIP on the basis of the
recording sites and depth within the intraparietal sulcus, and for their response prop-
erties.!*23-26 Neurons in MIP were characterized by absent or low visual sensitivity
and strong somatosensory responses located on the fingers, hands, and forearms. In
a typical recording session, the passage of the electrode from MIP into VIP was
marked by a distinct change in background and resting activity of the recorded neu-
ronal elements.

Eye movements were recorded with the magnetic search-coil method, head
movements with a head-holder mounted potentiometer. Previous tests had shown
that the eye-movement signal remained linear within the range of the monkey’s head
movements. Neuronal signals were sampled at 1000 Hz, and eye and head position
at 250 Hz.

STIMULATION AND CHARACTERIZATION
OF NEURONAL RESPONSIVENESS

Vestibular stimulation was delivered via a vertical axis turntable (horizontal rota-
tion) that could be moved manually or via a servo controller. To exclude any visual
influence on vestibular responses during purely vestibular testing, we covered the
animals’ eyes with opaque pads and darkened the laboratory. During vestibular test-
ing, the animals, naturally, had to be left free to make compensatory eye movements
(vestibuloocular reflex [VOR]) (Fic. 1B). Fixation and smooth pursuit targets were
back-projected onto a translucent tangent screen. Directional selectivity was as-
sessed as described previously.27

Data Analysis

Vestibular responses were evaluated according to their preferred, or on-
directions®® (type I, II, and III), for the response strength and the response latencies
under the two movement conditions. Vestibular on-directions are referred according
to the recording sites in the left hemisphere, that is, a neuron that reacts with excita-
tion during leftward (ipsilateral) rotation is defined as a type I neuron, etc.

Because reflex compensatory eye movements had to be allowed in our experi-
mental tasks (VOR), eye-movement sensitivities were evaluated separately. When
judging their effect on the vestibular response by adding them in a simple multilinear
regression, the R never gained more than 10% of its original value, and usually less
than a few percent (see also Bremmer et al.2%). Moreover, the sensitivities to eye po-
sition usually were lower than the vestibular sensitivities by an order of magnitude.



KLAM & GRAF: VESTIBULAR SIGNALS DURING HEAD MOVEMENTS 5

A B +90°

+90°

P m 0 s s NSNS mE W S® S 500 8 808
[oWm BY 3 2 B BN WEmE I W 0 00
® e s memE W wm ® wmw

40 40
g B g e
§o - § 0 P ————

Heye

Hgaze

40 L L L T L L L ,
-500 0 500 1000 1500 2000 -500 0 500 1000 1500 2000
time(ms) time(ms)
h020

FIGURE 2. Response parameters of a posterior parietal vestibular neuron. (A) Polar
plot of visual directional selectivity, indicating a preferred direction into the left hemifield
(head-fixed condition). (Solid black line) Neuronal firing rate during stimulation; (dotted
circle) resting discharge with fixation spot illuminated. (B) Polar plot of directional tuning
during smooth pursuit (head-fixed condition). (Outer solid line) Firing rate during smooth
pursuit; (dotted circle) discharge with fixation spot illuminated. (C) Pursuit of a horizontally
moving target (head-free condition) to the left. Rows from top to bottom depict neuronal fir-
ing rate (shown as a raster plot and as a histogram); horizontal head movement (position:
line, velocity: gray shading); vertical eye position; horizontal eye position; horizontal gaze
(position: line, velocity: gray shading). (D) Pursuit of a horizontally moving target (head-
free condition) to the right. Presentation sequence is as in C. Note that the animal, in this
case almost exclusively, uses head movements to pursue the target (in particular in C). The
neuron’s firing rate (vestibular type III) seems to be related principally to head movement.
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Smooth pursuit sensitivities were typically negligible as well (see FiG. 2B). We thus
proceeded with our analysis without taking eye-movement effects further into ac-
count. Preferred directions of visual stimulus motion were determined using the
weighted average method (for details, see Bremmer et al 2027y All analyses were
performed using either the SAS statistical package or programs in MATLAB and in
visual C++.

Anatomical Location of Recorded Cells and Physiological Characterization

In our experiments, neurons were recorded along microelectrode tracks deter-
mined by a grid that allowed reproducible positionings across experimental sessions
with maximal precision. While descending in the intraparietal sulcus from the sur-
face, vestibular testing was performed regularly. Besides VIP, we recorded also from
MIP, a second intraparietal vestibular zone that was quite distinct from VIP for ana-
tomical location and physiological characteristics. The recording sites have been
verified in the fascicularis monkey to be located in the medial bank and in the fun-
dus of the intraparietal sulcus (F1G. 1C). The rhesus monkey is still used in ongoing
experiments.

RESULTS

A total of 106 cells were recorded in the intraparietal sulcus of two left hemi-
spheres of two macaque monkeys in response to various visual, vestibular, and ocu-
lomotor paradigms, and active-passive head-movement comparisons.

Posterior Parietal Vestibular Neurons during Pursuit Head Movements

Posterior parietal vestibular neurons could be shown to be visually direction-
selective, as reported previously (Bremmer et al ;2927 Fi. 2A). Although all vesti-
bular-responsive posterior parietal neurons had eye-position sensitivity (Bremmer
et al.?%), smooth pursuit activity was almost negligible at the velocities tested in our
experiments (up to 20°/s; FIG. 2B). Under certain circumstances, the animals were
tracking the fixation spot almost exclusively via head movements (FiG. 2C, D). In
such case, a clear correlation between neuronal firing rate and head movement could
be established. Surprisingly, many parietal vestibular neurons showed type III vesti-
bular responses during active head movements (see also FIG. 3C, D).

Comparison between Passive and Active Head Movements

Response characteristics of parietal vestibular neurons during active and passive
head movements were studied by comparing the neuronal firing rate during an active
head movement with that of the replay of the same head-movement profile under
passive and head-fixed conditions (FIG. 3). The roster of the illustrated neuron ex-
amples shows a wide variety of responses, ranging from total extinction of the ves-
tibular signal during active movement (FIG. 3A) to presence of activation only during
active movement with absence of any neuronal reaction during passive stimulation
(F1G. 3B). Neuronal signals could be diminished in the active movement condition
compared with passive stimulation (FiG. 3C), or the vestibular signal could become
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stronger in the active movement condition (FIG. 3D). Most surprisingly, quite frequent-
ly we also found a change of directional selectivity for the vestibular on-directions of
the recorded neurons (FIG. 3D). The neuron illustrated in FIGURE 3D has a type I1I re-
sponse in the active head-movement condition but shows a type I response under pas-
sive vestibular stimulation (i.e., excitation via rotation to ipsilateral and vice versa).
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FIGURE 3. Comparison of firing behavior of parietal vestibular neurons during active
and passive (replay) head movements. (A) Type II neuron active only during passive rota-
tion. (B) Type II neuron only active during active head movement. (C) Type III neurons
whose activity is larger during passive stimulation. (D) Under active movement conditions,
this neuron shows type I1I behavior; under passive stimulation it shows type I behavior. Neu-
ronal activity is greater during active head movements than during passive stimulation.
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FIGURE 4. Illustration and quantification of change of on-direction of posterior pari-
etal vestibular neurons during active and passive head movements. (A) Neuronal firing rate
in relation to head velocity. The neuron shows type II behavior (increase of firing toward
positive velocity values, i.e., rotation to the right) during active head movement and type I
behavior (increase of firing toward negative velocity values; i.€., rotation to the left) during
passive stimulation. (B) Neuronal firing rate in relation to head velocity. The neuron shows
type I behavior (increase of firing toward negative velocity values) during active head move-
ment and type III behavior (increase of firing toward negative and positive velocity values)
during passive stimulation. (C) Quantification of neuronal responses. Approximately one-
third of the tested neuron population shows a change in vestibular on-direction depending
on active versus passive movement mode.

Quantification of change of directional selectivity was provided by plotting firing
rates as a function of head velocity of selected neurons during active and passive
movement conditions (FIG. 4A, B). In the illustrated examples, one neuron's firing
behavior changed from type II in the active condition to type I under passive stimu-
lation (FIG. 4A). In the other case (FIG. 4B), neuronal firing showed type I directional
selectivity during active head movements, which then changed to type III behavior
under passive stimulation conditions. The full complement of our neuron sample is
illustrated in FIGURE 4C. Clearly, many neurons change directional selectivity de-
pending on active versus passive movement mode, involving all possible combina-
tions of the encountered vestibular response types, that is, types I, II, and III. Of a
total of 86 neurons that were tested, 33 (38%), that is, more than one-third, showed
the described change in vestibular on-direction.

Quantification of the strength of neuronal responses under active versus passive
movement conditions (FIG. 5) also demonstrated that in most cases, neuronal re-
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FIGURE 5. Quantification of response strengths of posterior parietal neurons for active
or passive movement mode. In most neurons, responses were weaker during active move-
ment than during passive stimulation. However, in a sizable minority, neuronal responses
stayed the same or became even stronger during active movement.

sponses were diminished under active movement conditions compared with passive
stimulation. In approximately equal proportions, response strengths stayed the same
or were even stronger in the active condition.

When determining response delays to vestibular stimulation, neurons clearly had
earlier reaction times under active movement condition (FIG. 6). Naturally, under
passive stimulation conditions, a given neuron only reacted after the onset of turnta-
ble movement. Under active head-movement conditions, neurons could fire as early
as 400 ms before the ensuing head movement, although such cases were rare excep-
tions. Most neurons fired up to 100 ms after movement onset. A sizable minority,
however, was observed to be activated already up to 100 ms before the actual head
movement.

DISCUSSION

The variety of vestibular responses in posterior parietal cortex neurons points to
a complex processing pattern that is not readily accessible to traditional methods of
analysis. Because our present and previous testing (Bremmer et al.2%) had shown lit-
tle influence of eye-movement signals on the neuronal firing of parietal vestibular
neurons, we assume that these neurons are fundamentally different from brainstem
vestibular neurons. Their role has to be sought in sensory space representation rather
than reflex behavior and motor control contexts. Clearly, each time we perform a
head movement, vestibular receptors become activated, and central processing be-
tween commands and reflexes takes place. Because vestibular receptors per se can-
not distinguish between active and passive movements,2? this distinction has to be
furnished by central neurons. Second-order vestibular neurons, that is, two synapses
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FIGURE 6. Response latencies of neuronal firing rates for onset of head movement.
Bin width for analysis was set to 100 ms. Most responses to active head movement and pas-
sive stimulation occurred up to 100 ms after head movement, or stimulus onset. However,
neuronal activity could precede self-initiated head movements by as much as 400 ms, al-
though 100 ms was a value observed more often.

away from the receptor cells already react differentially to active and passive head
movements.2# The question to be answered in this context now is where the actual
neuronal processing of this distinction occurs. Posterior parietal cortex neurons may
perform this function, or at least play an important role in it.30

Although some of our posterior parietal vestibular neurons receive neck input
(unpublished observation), the key to understanding active-passive movement dis-
tinction processing may be the change in vestibular on-direction of approximately
one-third of these neurons (FIG. 4C). A simple combination of neurons with partic-
ular directional selectivity depending on active or passive movement mode would al-
low specific populations of target neurons to become active and thus provide an
output signal that would be discriminating between active and passive movement.
These signals, in turn, could be used to suppress reflex movements during active
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movement by providing the neural basis for the observed extinction of, for instance,
vestibular signals during active head rotation in the vestibular nuclei.2*

A change of on-direction of the vestibular signal depending on the VOR gain was
reported in gaze-velocity Purkinje cells,?! and such activity has been discussed in
context of motor learning.3? Our own data point to a much more widespread use of
such change in directional selectivity. All in all, we conclude that parietal vestibular
neurons may play a much more important role in the processing of self-motion de-
tection signals than has been envisioned up to now, being part of a large network in-
volved the perception of extrapersonal space.
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