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Multimodal Integration in Rostral Fastigial Nucleus Provides
an Estimate of Body Movement

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

The ability to accurately control posture and perceive self-motion and spatial orientation requires knowledge of the motion of both the
head and body. However, whereas the vestibular sensors and nuclei directly encode head motion, no sensors directly encode body motion.
Instead, the convergence of vestibular and neck proprioceptive inputs during self-motion is generally believed to underlie the ability to
compute body motion. Here, we provide evidence that the brain explicitly computes an internal estimate of body motion at the level of
single cerebellar neurons. Neuronal responses were recorded from the rostral fastigial nucleus, the most medial of the deep cerebellar
nuclei, during whole-body, body-under-head, and head-on-body rotations. We found that approximately half of the neurons encoded the
motion of the body in space, whereas the other half encoded the motion of the head in space in a manner similar to neurons in the
vestibular nuclei. Notably, neurons encoding body motion responded to both vestibular and proprioceptive stimulation (accordingly
termed bimodal neurons). In contrast, neurons encoding head motion were sensitive only to vestibular inputs (accordingly termed
unimodal neurons). Comparison of the proprioceptive and vestibular responses of bimodal neurons further revealed similar tuning in
response to changes in head-on-body position. We propose that the similarity in nonlinear processing of vestibular and proprioceptive
signals underlies the accurate computation of body motion. Furthermore, the same neurons that encode body motion (i.e., bimodal
neurons) most likely encode vestibular signals in a body-referenced coordinate frame, since the integration of proprioceptive and

vestibular information is required for both computations.

Introduction
The vestibular system has an essential role in everyday life; it
contributes not only to the generation of reflexes but also to
spatial perception and motor control. Because the vestibular re-
ceptor organs are located in the inner ear, they sense the motion
of the head in space. However, the earliest stages of vestibular
processing are characterized by the convergence of vestibular sig-
nals with information from multiple modalities. Notably, the
integration of vestibular and proprioceptive information is vital
for the accurate control of posture and balance as well as higher-
order functions such as self-motion perception and spatial orien-
tation. Neck proprioceptive inputs shape vestibulospinal reflexes
so that the resultant corrective movements account for changes in
the position of the head relative to the body (Tokita et al., 1989,
1991; Kennedy and Inglis, 2002). Additionally, the convergence
of vestibular and neck proprioceptive inputs underlies the ability
of human subjects to perceive body motion independently of
head motion (Mergner et al., 1991).

Where are vestibular and neck proprioceptive cues integrated
and how does the brain compute an estimate of body movement?
Despite early vestibular—neck convergence in the vestibular sys-
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tem (Boyle and Pompeiano, 1981; Anastasopoulos and Mergner,
1982; Wilson et al., 1990), neurons in the vestibular nerve and
nuclei of the rhesus monkey encode motion of the head, not
body, during passive movements (Cullen et al., 2001; Cullen and
Minor, 2002). At the next level of processing, the rostral fastigial
nucleus (FN) of the cerebellum receives input from the vestibular
nuclei and contributes to the generation of vestibulospinal re-
flexes. Whereas a subset of neurons in this nucleus encodes ves-
tibular signals in a reference frame appropriate for estimating
body motion (Kleine et al., 2004; Shaikh et al., 2004), whether
these neurons encode motion of the body in space remains
unknown.

A key question that remains is as follows: How does the brain
compute an estimate of body motion relative to space? Here we
addressed this question by comparing the responses of single
rostral FN neurons to head versus body motion. We found that
neurons could be divided into two classes: unimodal neurons,
which responded exclusively to vestibular stimulation, and bi-
modal neurons, which responded to both vestibular and neck
proprioceptor stimulation. Notably, unimodal neurons encoded
motion of the head in space (i.e., similar to neurons in the vestib-
ular nuclei), whereas bimodal neurons explicitly encoded motion
of the body in space. Interestingly, bimodal neurons showed
comparable tuning for the encoding of both sensory stimuli as
a function of head position. This similarity is likely to underlie
the ability of these neurons to robustly encode the motion of
the body in space. Furthermore, we suggest that the neurons
that encode body motion (i.e., bimodal neurons) are likely to
be the same neurons that have been shown to encode vestibu-
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lar information in a body-referenced coordinate frame (Kleine
etal., 2004; Shaikh et al., 2004 ), since the accurate encoding of
body motion likely requires vestibular signals to be trans-
formed from a head- to a body-centered reference frame.

Materials and Methods

Three rhesus monkeys (Macaca mulatta) were prepared for chronic ex-
tracellular recording using aseptic surgical techniques. All experimental
protocols were approved by the McGill University Animal Care Com-
mittee and were in compliance with the guidelines of the Canadian
Council on Animal Care.

Surgical procedures. The surgical techniques and anesthesia protocols
were similar to those previously described by Roy and Cullen (2001).
Briefly, under surgical levels of isoflurane (2—3% initially, and 0.8—1.5%
for maintenance) an 18-mm-diameter eye coil (three loops of Teflon-
coated stainless steel wire) was implanted in the eye behind the conjunc-
tiva. In addition, a dental acrylic implant was fastened to the animal’s
skull using stainless steel screws. The implant held in place a stainless steel
post used to restrain the animal’s head, and a stainless steel recording
chamber that was positioned to access the rostral FN (posterior and
lateral angles of 28 and 30°, respectively). After the surgery, buprenor-
phine (0.01 mg/kg i.m.) was used for postoperative analgesia. Animals
were given 2 weeks to recover from the surgery before any experiments
were performed.

Data acquisition. During the experiments, the monkey sat comfortably
in a primate chair, which was placed on 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 Engineering).
With the monkey head restrained, extracellular single-unit activity was
recorded using enamel-insulated tungsten microelectrodes (7-10 M)
impedance; Frederick-Haer) as has been described previously (Roy and
Cullen, 2001). The location of the rostral FN was determined relative to
the abducens nucleus, which was identified based on its stereotypical
discharge patterns during eye movements (Cullen and McCrea, 1993;
Sylvestre and Cullen, 1999). Turntable velocity was measured using an
angular velocity sensor (Watson Industries). Gaze, head, and body posi-
tion were measured using the magnetic search coil technique as follows
(Fuchs and Robinson, 1966; Judge et al., 1980): (1) gaze position was
measured with the scleral coil that had been surgically implanted beneath
the conjunctiva as described above; (2) head position was recorded using
a second search coil that was securely fastened to the monkey’s head
implant; and (3) body position was measured using a third search coil,
fixed to a primate jacket worn by the monkey (Lomir Biomedical) at the
level of thoracic vertebra 7 (T7). Level T7 was chosen because it is well
below the lowest level of neck muscle insertion (T3) and thus recordings
would not be confounded by neck movements (McCluskey and Cullen,
2007). The location of T7 was verified by x ray and/or spinal palpa-
tion. During experiments, unit activity, horizontal gaze, head, body
and target positions, and table velocity were recorded on digital audio
tape for later playback. Action potentials were discriminated during
playback using a windowing circuit (BAK) that was manually set to
generate a pulse coincident with the rising phase of each action po-
tential. Gaze, head, body, target position, and table velocity signals
were low-pass filtered at 250 Hz (eight-pole Bessel filter) and sampled
at 1000 Hz.

Behavioral paradigms. Using juice as a reward, monkeys were trained
to follow a target light (HeNe laser) that was projected, via a system of
two galvanometer-controlled mirrors, onto a cylindrical screen located
60 cm away from the monkey’s head. Target, turntable motion, torque
motor, and data displays were controlled on-line by a UNIX-based real-
time data acquisition system (REX) (Hayes et al., 1982). Eye motion
sensitivities to saccades and ocular fixation were characterized by having
the head-restrained monkey attend to a target that stepped between hor-
izontal positions over a range of =30°. Neuronal responses were also
recorded during smooth pursuit eye movements made to track sinusoi-
dal target motion (0.5 Hz, 40°/s peak velocity). Neuronal sensitivities to
passive head velocity were tested by rotating monkeys about an earth
vertical axis (1 Hz, =40°/s) in the dark (whole-body rotation) and while
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they suppressed their vestibulo-ocular reflex (VOR) by fixating a laser
target that moved with the vestibular turntable (i.e., VOR cancellation
condition).

After a neuron’s response to eye and head motion had been character-
ized, we next investigated its sensitivity to neck proprioceptive inputs
using four different approaches. First, the monkey’s head was held sta-
tionary relative to the earth while its body was sinusoidally (1 Hz, =40°/s)
rotated below. This paradigm, termed “body-under-head rotation,” was
used to characterize neuronal responses to dynamic stimulation of neck
proprioceptors. Second, the animal’s head was rotated in 5° increments
relative to its earth stationary body over a range of =20°. The head was
then held stationary for 1 s, and neuronal responses were measured to
assess sensitivities to static changes in head-on-body position. Third, a
torque motor (Kollmorgen) attached to the monkey’s head was used to
induce sinusoidal rotation of the head relative to a stationary body. This
paradigm, termed “head-on-body rotation” resulted in stimulation of
both proprioceptive and vestibular sensors. Last, during the whole-body
rotation and body-under-head rotation paradigms described above, si-
nusoidal rotations were first applied with the head centered on the body
(i.e., whole-body rotation) or the body rotated symmetrically about the
zero head-on-body position (i.e., body-under-head rotation). Then, in a
subset of neurons, testing was also done with the head initially ori-
ented at different positions relative to the body to address whether
there was an influence of static neck inputs on vestibular- and
proprioceptor-induced modulation during whole-body and body-
under-head rotations, respectively.

Analysis of neuronal discharges. Data were imported into the Matlab
(The MathWorks) programming environment for analysis. Recorded
gaze, head, and body position signals were digitally filtered with zero
phase at 60 Hz using a 51st order finite-impulse-response filter with a
Hamming window. Eye position was calculated from the difference be-
tween gaze and head position signals. Head-on-body position was calcu-
lated as the difference between head and body position. Gaze, eye, head,
head-on-body, and body position signals were digitally differentiated to
produce velocity signals. For each neurons’ resting discharge, we com-
puted the coefficient of variation (CV) (defined as the SD of the inter-
spike interval/mean interspike interval) to obtain a measure of discharge
regularity. Neural firing rate was represented using a spike density func-
tion in which a Gaussian was convolved with the spike train (SD of 10 ms)
(Cullen et al., 1996). Statistical significance was determined using paired
Student’s ¢ tests.

In this study, we present data only from neurons that were sensitive to
passive whole-body rotations but were not sensitive to eye motion. To
verify that a neuron was unresponsive to eye position and/or velocity, we
analyzed periods of steady fixation and saccade-free smooth pursuit us-
ing a multiple regression analysis (Roy and Cullen, 1998, 2001). In addi-
tion, spike trains were assessed to confirm that neurons neither paused
nor burst during saccades.

A least-squares regression analysis was then used to describe each
unit’s response to vestibular stimulation during whole-body rotations as
follows:

Jr(t) = b + SyreH() + Sy H1), (1)

where fr(t) is the estimated firing rate, S, ., and S, .., are coefficients
representing sensitivities to head velocity and acceleration, b is a bias
term, and H(¢) and H(t) are head velocity and head acceleration, respec-
tively. The estimated coefficients S, ., and S, ., were then used
(Sadeghi et al., 2009) to calculate each unit’s sensitivity [(sp/s)/(°/s)] and
phase shift (°) relative to head velocity. Notably, a similar approach was
used in the analysis of responses recorded during both whole-body rota-
tion in the dark and VOR cancellation, thereby providing two estimates
of a neuron’s head velocity sensitivity.

A comparable approach was next used to describe each unit’s response
to proprioceptive stimulation during passive rotation of the body under
a stationary head using the following equation:

fT(f) = b + Sv—necké(t) + Sa—neck B‘(t)> (2)
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model,” since it was based on the sum of vestibu-
lar and neck sensitivities measured when each
stimulus was delivered separately. We compared
the ability of the summation model and a model
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Figure 1.  Characterization of rostral FN neuron types. Activity of example unimodal (left) and bimodal (right) neurons during R, = —F—— (4)
basic paradigms. A1, B, Neurons were identified by their response to horizontal head rotation during whole-body rotations. A2, (1 =)0 =)
B2, Static eye position sensitivity was studied by having the animal fixate laser targets moved in 5° steps. Only segmentsinwhich - 4
neither the head nor the eye moved were used for this analysis. A3, B3, Neck proprioceptor stimulation was applied by rotating the
body under the head. Note that unimodal neurons are not modulated during this paradigm, whereas bimodal neurons show robust (r, — ryry)
responses. Thick lines overlaying the firing rate represent a model based on estimated resting discharge and head (A7, B) or body Rs= -0 -r2 (5)

(A3, B3) velocity sensitivities. Vertical arrows show times that saccades occurred to highlight that there was no change in activity

during vestibular quick phases.

where fr(t) is the estimated firing rate, S, ., and S, ., are coefficients
representing sensitivities to body velocity and acceleration, and B(t)
and B(f) are body velocity and acceleration, respectively. Note that be-
cause neuronal responses typically led rather than lagged body veloc-
ity, our formalization of the model included velocity and acceleration
terms. However, responses could have been equivalently well fit by a
model formulation characterized by velocity and position terms,
since position and acceleration terms are effectively redundant in the
analysis of sinusoidal responses.

Finally, we described each unit’s response during combined vestibular
and proprioceptive stimulation evoked by head-on-body rotations (i.e.,
the combined condition) using the following equation:

Sa-neck) H.B(t)>

fr(t) = b + (Sv-vest + Sv-neck) H.B(t) + (Sa-vest +

(3)

where HB(t) and HB(t are head- on- body Veloc1ty and acceleration,
respectively, and HB(#) is defined as H(¢) — B(#). Note that in this con-
dition, neck proprioceptive and vestibular sensitivities could not be
dissociated and thus were estimated as a single coefficient. Estimated
sensitivities were then compared with those predicted based on the ves-
tibular and proprioceptive sensitivities estimated for the same neuron
during whole-body rotations (Eq. 1) and body-under-head rotations
(Eq. 2), respectively. This prediction was termed the “summation

where r, and r, are the simple correlation coef-
ficients (equivalent to the square root of VAF
from equation 1 and 3) between the data ob-
tained and each of the model predictions and r, describes the corre-
lation between the two models. Partial correlation coefficients were
then converted to z scores using Fisher’s r-to-z transform to facilitate
the comparison between the two models (Angelaki et al., 2004; Smith
et al.,, 2005). The advantage of this comparison is that when z scores
for one model are plotted versus the respective z scores for the other
model, the plot can be easily separated into regions better fit by either
model or equally well fit by both models.
Finally, tuning curves for different head-on-body positions were fit
with Gaussian curves with the following equation:

—(position—p)?
Sensitivity = Ae” 200, (6)

where w represents the mean, o (SD of the curve) is a measure of the

width, and A is the amplitude from the peak to base of the Gaussian
curve.

Results

Each of the neurons in our sample (n = 83) were modulated in
response to vestibular stimulation and were insensitive to eye
movements consistent with vestibular-only neurons previously
described in the rostral FN and vestibular nucleus [rostral FN:
Gardner and Fuchs (1975), Shaikh et al. (2005); vestibular nu-
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cleus: Scudder and Fuchs (1992), Cullen and McCrea (1993),
McCrea et al. (1999), Roy and Cullen (2004)]. First, as is illus-
trated in Figure 1, top, neurons robustly encoded vestibular in-
formation during sinusoidal yaw rotations about an earth vertical
axis (Fig. 1A1,BI) [S,_yest 0.55 and 0.41(sp/s)/(°/s), respectively,
for the two example neurons]. Because passive rotation elicited a
compensatory eye motion response (i.e., the VOR), neuronal re-
sponses were also characterized during whole-body rotation
while the monkey suppressed its VOR by fixating a visual target
that moved with its head. The head velocity sensitivities of the
two representative neurons in Figure 1 were comparable during
rotation in darkness and in the VOR cancellation condition ( p =
0.53 for our population). Depending on whether a neuron’s fir-
ing rate increased during ipsilaterally (Fig. 1AI,BI) (n = 32) or
contralaterally (n = 31) directed whole-body rotation, neurons
were classified as type I or type II, respectively. In addition, all
neurons were unresponsive to eye position during ocular fixation
and saccades (Fig. 1 A2,B2), pursuit (data not shown), and the
quick phases of vestibular nystagmus (Fig. 1 A1,BI, arrows).

Fastigial neurons are modulated by proprioceptive as well as
vestibular stimulation

We next addressed whether the same rostral FN neurons that
respond to vestibular stimulation also respond to the activation
of neck proprioceptors. Several recent studies in alert rhesus
monkeys have shown that changes in static neck position can
influence the peak response modulation of these same neurons
for a given vestibular stimulus (Kleine et al., 2004; Shaikh et al.,
2004). Although these results have led to the proposal that the
integration of neck proprioceptive and vestibular inputs under-
lies the observed neck-position dependent gain changes, the hy-
pothesis had not been explored. To explicitly test this proposal,
we recorded neuronal activities during a paradigm in which neck
proprioceptor stimulation was delivered in isolation. The bottom
rows of Figure 1 illustrate the responses recorded from the two
example neurons while we sinusoidally rotated the monkey’s
body beneath its earth-stationary head. The majority of neurons
(n = 63) remained sufficiently well isolated during this condi-
tion, allowing us to quantify their responses. Of these, ~50%
(n = 32) were insensitive to neck proprioceptor stimulation (Fig.
1A3), whereas the remaining half (n = 31) showed significant
modulation (Fig. 1 B3) [S,_pecc = 0.40 (sp/s)/(°/s)]. Accordingly,
based on their responses during vestibular stimulation (i.e.,
whole-body rotations) and neck proprioceptive stimulation
(i.e., body-under-head rotations), neurons were categorized as
either unimodal (responding only to vestibular stimulation) (Fig.
1, left) or bimodal (responding to both vestibular and neck pro-
prioceptive stimulation) (Fig. 1, right).

Figure 2 summarizes the population data for both groups of
neurons. Figure 2, A and B, shows the distributions of neuronal
neck and vestibular sensitivities, respectively. During body-
under-head rotation, the response modulation of bimodal neu-
rons slightly led neck velocity (mean phase = 15.0 * 37°) with a
mean S, 0of 0.34 = 0.19 (sp/s)/(°/s). As expected, the average
modulation of unimodal neurons was not significantly different
from zero (Fig. 2A) ( p = 0.22). In contrast, the vestibular sensi-
tivities of both groups of neurons were comparable (Fig. 2B)
[Syvest 0.39 = 0.11 vs 0.36 £ 0.13 (sp/s)/(°/s) for bimodal and
unimodal cells, respectively; p = 0.63], as were average response
phases relative to rotational velocity (5 = 19° vs 15 * 21°% p =
0.29, respectively). Each neuron’s CV of the interspike interval
(Fig. 2C) (see Materials and Methods) and resting discharge (Fig.
2D) were also determined in the absence of vestibular or neck
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Figure2. Distribution of neck proprioceptive and vestibular sensitivities and basic discharge
parameters of rostral FN neurons. 4, Distribution of neck proprioceptive sensitivities. Classifica-
tion of neurons was done according to the sensitivity of their discharge to body-under-head
rotation. Cells with no neck proprioception sensitivity [i.e., <<0.1 (sp/s)/(°/s)] were classified as
unimodal neurons (n = 32), whereas cells with a proprioception sensitivity >0.1 (sp/s)/(°/s)
were classified as bimodal neurons (n = 31). B, Distribution of vestibular sensitivities deter-
mined during whole-body rotation. Gray and white arrows indicate the mean values for unimo-
dal and bimodal neurons, respectively. C, Relationship between the coefficient of variation and
the resting rate of unimodal neurons (filled diamonds) and bimodal neurons (empty dia-
monds). D, Distribution of resting discharge rate for the entire population. Gray and white
arrows indicate the mean values for unimodal and bimodal neurons, respectively. All curves are
fits for the whole neuronal population.
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overlapped completely; there was no evi-
dence of separate neuron clusters, and it
was not uncommon to record both neu-
ron types on the same track. Comparison
of the responses of type I and type II neu-
rons revealed that resting discharge rates,
discharge regularities, and neck and ves-
tibular sensitivities were comparable for
both unimodal and bimodal neurons. Ac-
cordingly, for the purpose of this paper,
we consider types I and II of each group
collectively, since they encoded similar
signals during each condition; the only
difference was the direction of their
modulation.

Fastigial neuron responses to
simultaneous proprioceptive and
vestibular stimulation

Whenever we turn our head on our body,
vestibular sensors and neck propriocep-
tors are simultaneously activated. Accord-
ingly, we next addressed the question of
how vestibular and neck proprioceptive
information would be integrated at the
level of individual neurons in everyday life
where inputs are not delivered in isola-
tion. Prior studies in decerebrate animals
had suggested that during combined
stimulation, central neurons encode the
sum of vestibular and proprioceptive re-
sponses measured when each stimulus is
delivered separately [e.g., cat vestibular
nucleus: Boyle and Pompeiano (1981),
Anastasopoulos and Mergner (1982); and
cat rostral FN: Stanojevi¢ (1981)]. To di-
rectly test whether these inputs sum lin-
early in alert monkeys, we first computed
the vestibular and proprioceptive re-
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Figure 3.

summation (black) and vestibular (blue) models are shown. Error bars represent = SE.

stimulation with the animal’s head centered on its body. On av-
erage, the resting discharges of unimodal and bimodal neurons
were comparable (unimodal: 54 = 19 sp/s; bimodal: 57 £ 16 sp/s;
p = 0.51). Moreover, there was no difference in the resting dis-
charge regularity (CV) of unimodal versus bimodal neurons
(p = 0.52) (Fig. 2C), and the responses of unimodal neurons
remained unchanged from resting values during neck proprio-
ceptor stimulation ( p = 0.13). Reconstruction of the recording
sites showed that the locations of unimodal and bimodal neurons

Combined vestibular—neck proprioceptive stimulation. Top, Polar plots of the vestibular (blue) and neck propriocep-
tive (red) sensitivities of unimodal (A7; n = 15) and bimodal (BT; n = 13) neurons, respectively. The length of the arrows indicates
the sensitivity, and the angle represents the phase of the response. Superimposed black arrows are mean population vectors for
vestibular and neck proprioceptive stimulation. Middle, Activity of example neurons (Fig. 1) during head-on-body rotations. Note
that the unimodal neuron’s activity (A2) could be predicted based on a summation of their neck proprioceptor and vestibular
sensitivity (black line) or by its vestibular sensitivity alone (dashed blue line). In contrast, the modulation of the bimodal neuron
(B2) was not well predicted based solely on its vestibular sensitivity (dashed blue line) but rather was better modeled by a
prediction based on both its vestibular and neck proprioceptive sensitivities [black line; summation model (see Materials and
Methods)]. Insets show polar plots of the vestibular and neck sensitivities as in A7 and BT for the example neurons. Bottom,
Histogram comparing sensitivities to vestibular and combined stimulation of type | (gray filled bars) and type Il (gray empty bars)
unimodal (A3) and bimodal (B3) neurons normalized to whole-body rotation sensitivity. For comparison, the predictions of the

was computed based on the gain (length)
and phase (angle) of the neural responses
to each stimulus. The polar plots in Figure
3, Al and BI, show response gains and
phases for each group of neurons. The
blue arrows represent neuronal re-
sponses measured when vestibular stim-
uli were applied in isolation (Fig.
1AI1,BI), whereas the red arrows repre-
sent neuronal responses measured when
proprioceptive stimuli were applied in
isolation (Fig. 1A3,B3). Note that neck
movement sensitivity vectors were not as-
sociated with unimodal neurons, since these neurons were insen-
sitive to neck rotations [S,_,.q <0.1(sp/s)/(°/s)]. Superimposed
on each polar plot are the average vestibular and proprioceptive
response vectors (corresponding superimposed black arrows),
computed from the sum of the individual vestibular and propri-
oceptive response vectors. The lengths and directions of average
vestibular response vectors were comparable for both groups of
neurons (Fig. 3A1,B1, compare thick arrows; length p = 0.21,
direction p = 0.12). Moreover, the lengths of average vestibular
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28). The superimposed dashed lines show three regions: the upper left area corresponds to
responses that were significantly better fit by the summation model, the lower right area
includes neurons that were significantly better fit by the vestibular model, and an in-between
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and proprioceptive response vectors were comparable for our
sample of bimodal cells (Fig. 3BI, compare thick arrows; p =
0.66). Notably, bimodal neurons consistently had vestibular and
neck proprioceptive responses that were antagonistic (Fig. 3B1,
compare phase of arrows). As a result, during head-on-body mo-
tion the vestibular and neck proprioceptive sensitivities effec-
tively cancelled each other and the resulting modulation was
minimal. Accordingly, our convention was to define S, _, . neg-
ative relative to S,_,eq-

If our initial hypothesis was correct, the oppositely modulated
inputs from neck proprioceptors should effectively suppress the
vestibularly driven responses of bimodal neurons when head
movements are made by turning the neck. To test this proposal,
we next recorded the response of the same neurons while the head
was rotated so that it moved relative to an earth-stationary body
(i.e., head-on-body rotations). The responses of the two example
neurons (the same neurons in Fig. 1) are shown in Figure 3, A2
and B2. The insets show the vestibular and proprioceptor re-
sponse vectors for each example neuron when the two stimuli
were applied in isolation. The example neurons are typical in that
their modulation could be predicted by the linear summation of
the response vectors. Specifically, the example unimodal neuron
(Fig. 3A2) responded robustly with a gain and phase that was not
different from that measured during pure vestibular stimulation.
In contrast, for the same head-in-space rotation, the modulation
of the example bimodal neuron (Fig. 3B2) was greatly attenuated
when the head was rotated on the body compared with when the
head and body were rotated together in space (vestibular model;
blue dashed line). Notably, this absence of robust modulation
could be predicted based on the sum of the neuron’s vestibular
and proprioception sensitivity measured when each stimulus was
delivered separately (summation model; solid black line).

Figure 3, A3 and B3, shows average response gains (gray filled
and empty bars; normalized relative to those measured during
the vestibular-only stimulation condition) for both populations
of cells. Response gains (Fig. 3A3) and phases were comparable
for unimodal neurons during passive head-on-body rotations
and vestibular-only stimulation (gain: p = 0.58; phase: p = 0.41).
In response to the same head-in-space motion stimuli, however,
the modulation of the bimodal neuron population was signifi-
cantly (62%; p < 0.05) reduced compared with that observed for
the same neurons during vestibular-only stimulation (Fig. 3B3),
and response phases also differed significantly in the two condi-
tions (5 versus —12°% p < 0.05). For all cells, the summation of
neuronal sensitivities to head and neck rotation when applied
alone predicted responses to head-on-body rotations; estimated
and predicted sensitivities were not significantly different (Eq. 3;
p = 0.57). Accordingly, unlike unimodal cells, a vestibular-based
model could not predict the responses of bimodal neurons dur-
ing combined stimulation; estimated and predicted sensitivities
were significantly different (Eq. 1; p < 0.05).

The results shown in Figure 3 were further quantified by com-
puting an r-to-z transform of the partial correlation coefficients
of these two models. Figure 4A plots the z-transformed partial

<«

area includes cells that were not significantly better fit by either model. B, Comparison of
estimated and predicted sensitivities of unimodal (filled diamonds) and bimodal (empty dia-
monds) neurons to head-on-body rotations. The linear addition of vestibular and neck propriocep-
tor sensitivities provided a good prediction of each neuron’s modulation during this paradigm.
€, Comparison of the estimated and predicted phase of the response of unimodal and himodal neu-
rons during head-on-body rotations. Dotted lines are the unity line and the solid lines are the regres-
sion lines (B and €) fit through all data points.
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Vestibular sensitivity tuning in response to static head-on-body position changes. Top, Tuning curves for two bimodal neurons (4, B) and one unimodal neuron (€). Vestibular sensitivity

was measured during whole-body rotation with the head oriented at different positions relative to the body (shown in insets). Note that bimodal neurons, but not unimodal neurons, show changes
inresponse at different head-on-body positions. Bottom, Distributions of the widths (D), amplitudes (), and means (F) of turning curves (respectively) for unimodal (filled bars; n = 12) and bimodal
(empty bars; n = 10) neurons. The average widths and amplitudes of the tuning curves were significantly different for unimodal and bimodal neurons; however, the average means of the tuning

curves were not different and were centered on 0°.

correlation coefficients of the vestibular and summation models
against each other. Note that the dashed lines correspond to a
0.01 level of significance. Thus, neurons in the top part of the
graph represent neurons better fit by the summation model and
those in the lower part neurons better fit by the vestibular model.
Neurons that fall between the dashed lines represent neurons
were equally well fit by both models. Bimodal neuron responses
(empty diamonds) were better predicted by the summation
model. In contrast the majority of unimodal neurons (13/15)
fall between the two diagonal dashed lines, indicating that both
models fit neuronal responses equally well. This is what we expected
for the two different cell types because bimodal neurons carry both
vestibular and proprioceptive sensitivities and therefore their re-
sponses should not reflect only vestibular information. In con-
trast, since unimodal neurons do not respond to proprioceptive
stimulation during body-under-head rotation, both models
should fit their responses equally well. Next, we compared on a
neuron-by-neuron basis and estimated and predicted head-on-
body rotation gains (Fig. 4B) and phases (Fig. 4C) for all the
neurons in our sample. Estimated and predicted velocity sensi-
tivities and phases were comparable (Fig. 4B,C) (R* = 0.96 and
0.51 for sensitivity and phase, respectively). The similarity be-
tween values is shown by the slope of the line fits to the data which
were not different from 1 [p = 0.45 and 0.14 for gain (Fig. 4B)
and phase (Fig. 4C), respectively], further confirming that the
summation model provided a very good estimate of the gain of
the responses during combined stimulation.

Influence of head position on single-neuron

vestibular responses

Previous studies in the rostral FN have shown that some neurons
encode vestibular signals in a body reference frame (Kleine et al.,
2004; Shaikh et al. 2004), demonstrating that a reference frame
transformation of vestibular signals from head to body centered
has occurred. The mechanisms that underlie reference frame
transformations are thought to require nonlinear interactions
between sensory (e.g., vestibular) and postural (e.g., neck posi-
tion) signals (for review, see Pouget et al., 2002). Thus, we next
addressed the following question: Is the integration of vestibular
and proprioceptive information at the level of the rostral FN
linear? To address this, we determined whether the responses of
unimodal and bimodal neurons were differentially affected by
static changes in head-on-body position. Specifically, we mea-
sured neuronal responses to whole-body rotation applied with
the head positioned at orientations ranging from —20 (left) to
+20° (right) relative to the body. Figure 5 illustrates the approach
that was used for these measurements. Bimodal neurons showed
marked changes in vestibular sensitivity (Fig. 54, B; insets show
example responses at —20, 0, and 20° head-on-body positions) to
changes in head-on-body position. In contrast, unimodal neu-
rons showed little change in sensitivity at different head-on-body
positions (Fig. 5C). The example bimodal neurons in Figure 5, A
and B, were typical in that their tuning was well described by a
Gaussian function (VAF = 0.81 = 0.15 for our sample of neu-
rons). The two example neurons showed bandpass tuning for
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Figure6.

Neck proprioceptive sensitivity tuningin response to static head-on-body position changes. Top, Tuning curves fora bimodal neuron (4) and a unimodal neuron (B). Neck sensitivity was

measured during body-under-head rotations with the head initially at various positions relative to the body (shown in insets). Curves were fit from one neuron’s responses to rotations at different
head-on-body positions. C, Average tuning curves for bimodal and unimodal neurons for different neck positions to vestibular and neck proprioceptive stimulation. Bottom, Scatter plots of
amplitudes (D), means (E), and widths (F) of vestibular and neck stimulation tuning curves for bimodal neurons (n = 8).

head orientations of 16 and —1°, respectively. Whereas the re-
sponses of unimodal neurons could also be fit using a Gaussian
function (VAF = 0.41 = 0.11), the example neuron in Figure 5C
was tuned for head-centered rotations, and the depth of tuning
was considerably less than that observed for bimodal neurons.

We analyzed the distributions of tuning width (Fig. 5D), am-
plitude (Fig. 5E), and mean (Fig. 5F) provided by the best Gauss-
ian fit for our population of neurons. The empty bars denote
bimodal neurons, whereas the filled bars show the unimodal neu-
rons. First, bimodal neurons were more narrowly tuned than
were unimodal neurons. The mean tuning widths for bimodal
and unimodal neurons were 16 and 53°, respectively (Fig. 5D)
(p < 0.05). Second, bimodal neurons showed more substantial
modulation of their rotational responses as a result of changes in
head orientation. The average amplitude of the tuning curves for
bimodal versus unimodal neurons (Fig. 5E) was 0.63 versus 0.22
(sp/s)/(°/s) ( p < 0.05), indicating significantly stronger tuning in
bimodal than in unimodal neurons. Finally, there was no differ-
ence in the mean of the tuning curve between unimodal neurons
and bimodal neurons (Fig. 5F) ( p = 0.40). The tuning curves for
the entire sample of tested neurons are shown in supplemental
Figure 1, A and B, available at www.jneurosci.org as supplemental
material.

Influence of head position on neuronal sensitivities to

neck stimulation

In everyday life, for example, during active head-on-body move-
ments, the activation of vestibular receptors is accompanied by

simultaneous dynamic stimulation of neck proprioceptors. To
determine whether the processing of dynamic neck-related in-
puts is similarly affected by head-on-body position, the head was
initially positioned at a range of orientations ranging from —20°
(left) to +20° (right). We then measured neuronal responses
during passive body rotation (beneath an earth-fixed head). As
can be seen in Figure 6, bimodal neurons showed marked changes
in neck sensitivity (Fig. 6 A), whereas unimodal neurons showed
little change in sensitivity at different head-on-body positions
(Fig. 6 B).

A comparison of the tuning of neck and vestibular responses
over the population of bimodal neurons revealed that neuronal
sensitivities to both inputs were similarly affected by head orien-
tation (Fig. 6C). For this analysis, we calculated the population
tuning curve by aligning the peak of each individual neuron’s
tuning curve with zero and averaging the resultant curves. Nota-
bly, for both groups of neurons, the average tunings of vestibular-
and neck-related responses were comparable (mean tuning
widths were 16 and 13°, respectively, for bimodal neurons and 53
and 42° for unimodal neurons). In addition, tuning amplitudes
of neck- and vestibular-related responses of bimodal neurons
were significantly greater than those of unimodal neurons (for
both, p < 0.05).

Next, we considered the correlation between properties of
the vestibular and neck tuning curves of the bimodal neurons
at the level of individual cells. The summary of this analysis is
shown in Figure 6 D—F. We compared the amplitudes, means,
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sensory inputs were also weakly corre-
lated, although this correlation did not
reach statistical significance (R* = 0.40;
p = 0.1). The significance of these
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tion, neck-related responses generated
during static changes in head orientation
did not simply sum linearly with the ap-
plied vestibular stimulation. This can be
appreciated by the results shown in Figure
7. Neuronal responses were recorded in
the absence of vestibular stimulation dur-
ing intervals in which the head was sys-
tematically rotated relative to the body
over a range of =20° in 5° steps. The ex-
ample neuron shown in Figure 7A1 was
representative of the bimodal neurons in
our sample. Whereas this neuron re-
sponded vigorously to sinusoidal rotation
of the body under a fixed head (Fig. 3B), it
was unresponsive to different static posi-
tions of the head relative to the body (Fig.
¢  7A2) (p = 0.52). Notably, its firing rate

remained constant and identical to its
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Figure8.

shows the regression line fit through bimodal neuron data.

and widths of the vestibular and neck proprioceptive tuning
curves of bimodal neurons. First, there was a positive relation-
ship between the tuning strength (amplitude) of the vestibular
and neck proprioceptive responses of bimodal neurons (Fig.
6D) (R* = 0.55; p < 0.05). In addition, we found a strong
correlation between the mean values (i.e., position of maxi-
mum sensitivity) of the vestibular and neck proprioceptive
tuning curves (mean) (Fig. 6 E) (R* = 0.79; p < 0.05). Last, as
shown in Figure 6 F, the widths of the tuning curves for two

sensitivity to body-under-head rotation

Rostral FN neurons encode motion of the head or of the body. A, Comparison of sensitivities to head-on-body rotation
and whole-body rotation for both unimodal (filled diamonds) and bimodal neurons (empty diamonds). In both these paradigms
the head is moving relative to space. Note that all filled symbols (unimodal neurons) fall on the unity line (dotted line), suggesting
that these neurons encode motion of the head. The black line shows the regression line fit through unimodal neuron data.
B, Comparison of sensitivities to body-under-head rotation and whole-body rotation for both unimodal (filled diamonds) and
bimodal (empty diamonds) neurons. In both these paradigms the body is moving relative to space. Note that all empty symbols
(bimodal neurons) fall on the unity line (dotted line), suggesting that these neurons encode motion of the body. The black line

spontaneous discharge rate measured
with the head centered on the body (Fig.
7A1 prediction, thick trace). Similar re-
sults were obtained for our sample of
unimodal neurons (Fig. 7B1,B2) (p =
0.71). Thus, the interaction between
vestibular responses and head-on-body
position information that underlies the
tuning shown in Figure 5 is inherently
nonlinear. The implications of these
findings are further considered in the
Discussion.

1 1.5 2

(sp/s)/(°Is)

What signal do neurons encode during self-motion?

Previous studies have suggested that vestibular—somatosensory
interactions in the rostral FN implement a coordinate transfor-
mation to estimate motion of the body through space (Kleine et
al., 2004; Shaikh et al., 2004). These results led to the proposal
that neurons in the rostral FN encode the motion of the body
rather than the head. However, because the head and body were
not moved independently of each other, the question of what



10508 - J. Neurosci., August 26, 2009 - 29(34):10499-10511

Brooks and Cullen  Encoding Body versus Head Motion in the Cerebellum

signal is er}cpded during self-motion was A 4 A2 Head velocty (stmulus)
never explicitly addressed. 1.2
In the present study, we compared 2 T eckonn e
neuronal responses during motion of the %= /\/\/ tibular respon
head versus body to directly address this & 08
question. First, consider the case in which & 06
a given neuron encoded head motion— 3 04 ’\ N )
one would expect that it should have the ~ ~ 02 \ / W/ \ Neckproprioceptor response
same sensitivity to head motion regardless 0 summation prediction (no tuning)
of whether the head and body move to- 40 -ZOHMMY%ositioﬁo(ﬂ 40 R predieton it mng)
gether in space (i.e., whole-body rotation)
or the head was rotated on a stationary B1 B2 /\/\/ Head velocity (stimulus)
body (i.e., head-on-body rotation). In-  _ 12
deed, as can be seen in Figure 84, the 3 1 : /\/\/ .
responses of unimodal neurons were con- £ 0.8 . A
sistent with this prediction; their sensitiv- g 0.6 .
ities in these two conditions were similar 8 0.4 '
(slope = 1.0; R? = 0.98). In contrast,data g5 1 \ / \ / N e proprioceptor response
from bimodal neurons fall above the unity 0 1 o o summation prediction (no tuning)
line, indicating that they do not respond -40 20 0 20 40 /\/\/ summation prediction (with tuning)
similarly in these two conditions and thus Honsos poSition (*) - ‘
do not encode head motion (Fig. 8A). C1 C2 o
Second, consider the case in which a given 1 /\/\/ Head velocity (stimulus)
neuron encoded motion of the body— z ' 1
one would expect that it should have the % 08 /\/\/ estibular response
same sensitivity to body motion regard- § ' 40°/s
less of whether the head and body move & O'i ' 40 sp/s
together in space (i.e., whole-body rota- g 0. ! \ / \ / N\ Neok proprioceptor response
tion) or the body was rotated beneath a 0.2 ! . .
stationary head (i.e., body-under-head 0 10 20 (; 20 40 NN Summation prediction (no tuning) |
rotation). Notably, the responses of our H, ..., position (°) 500 msec
population of bimodal neurons were con-
sistent with this prediction. Asis shownin  Figure9. Bimodal neurons have tuning curves for vestibular and neck proprioceptive inputs that are similar. Left, Tuning curves

Figure 8B, the sensitivities of individual
neurons were similar in these two condi-
tions (slope = 0.97; R* = 0.96), whereas
those of the unimodal neurons were not.
Together, our results suggest that the pri-
mate cerebellum encodes self-motion
using two different populations of neu-
rons; unimodal neurons that encode
motion of the head in space, and bimodal neurons that encode
body motion.

Discussion

These results show that body motion is encoded by a distinct
population of neurons in the rostral FN, an area of the cerebellum
that receives projections from the vestibular nuclei (Furuya et al.,
1975) as well as proprioceptive inputs from the central cervical
and external cuneate nuclei (Somana and Walberg, 1980; Xiong
and Matsushita, 2001). We found that approximately half of our
neurons encoded motion of the body, whereas the other half
encoded motion of the head like neurons in the vestibular nuclei.
Notably, neurons encoding body motion were characterized by
the convergence of vestibular and proprioceptive signals and
were consequently classified as bimodal neurons. In contrast,
those encoding head motion were sensitive only to vestibular
inputs. Interestingly, the vestibular and proprioceptive responses
of bimodal neurons showed comparable tuning (e.g., strength
and location of maximal response) that varied as a function of
head-on-body position. As shown below, this similarity in tuning
underlies the ability of rostral FN neurons to robustly encode
body motion. We suggest that the neurons that encode body

for hypothetical bimodal neurons with neck-position-dependant responses to vestibular (blue curve) and neck (black curve) inputs
thatare similar (A7), have different amplitudes (B7), or have different mean values (€7). Right, Simulation of vestibular (blue line)
and neck (black dashed line) responses as well as predicted combined response (summation prediction) to head-on-body stimu-
lation with (red dotted line) and without (gray line) tuning related to head-on-body position of vestibular and neck inputs for the
hypothetical neurons. Notice that modulation is similar when there is no tuning (red dashed line) and when there is tuning (gray
line) when the tuning curves are similar (42) but not when the tuning is dissimilar (B2, €2). (Summation prediction without tuning
is calculated based on sensitivities at the 0° head-on-body position, denoted by the gray dashed line on the left of the figure).

motion (i.e., bimodal neurons) are likely to be the same neurons
that have been shown to encode motion in a body-referenced
coordinate frame (Kleine et al., 2004; Shaikh et al., 2004), since
the accurate encoding of body motion likely requires vestibular
signals to be transformed from a head- to a body-centered refer-
ence frame.

Fastigial neurons and the encoding of motion
Human subjects perceive rotation of the body with a velocity
threshold of ~1°/s (Mergner et al., 1981, 1983, 1991). The inte-
gration of vestibular (i.e., head-in-space) information with neck
proprioceptive inputs (i.e., head-on-body information) is re-
quired for the computation of body motion (Mergner etal., 1981,
1983; Blouin et al., 1995). In turn, this integration of vestibular
and neck proprioceptive information is vital for accurate control
of posture (Nashner and Wolfson, 1974; Tokita et al.,, 1989;
Kennedy and Inglis, 2002; Hlavacka and Njiokiktjien, 1985;
Fransson et al., 2000) and voluntary behaviors such as pointing
during self-motion (Mergner et al., 1992; Maurer et al., 1997).
Although there is consensus that the brain computes its esti-
mate of body motion based on the convergence of vestibular and
proprioceptive signals, before this study the neural correlate of
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body motion had not been identified. Neurons in the vestibular
nerve and nuclei of the rhesus monkey encode motion of the head
during passive motion (Roy and Cullen, 2001; Cullen and Minor,
2002), despite early vestibular—neck convergence in sensory pro-
cessing (Boyle and Pompeiano, 1981; Anastasopoulos and
Mergner, 1982; Wilson et al., 1990, 1991). The significant con-
vergence of vestibular and proprioceptive inputs within the next
stage of processing in the rostral FN nucleus of the cerebellum
(Furuya et al., 1975; Wilson et al., 1978; Matsushita and Tanami,
1987; Matsushita and Xiong, 2001) make this area a likely candi-
date for encoding body motion. Indeed, given that the rostral FN
constitutes a major output of the anterior vermis (Verburgh et al.,
1989) and nodulus/uvula (Voogd et al., 1996), both of which have
been implicated in vestibular—proprioceptive interactions for
limb and postural control, our findings suggest that the body
motion signals encoded by rostral FN play an important role in
the production of accurate motor behaviors. Consistent with this
proposal, a recent preliminary report has shown that patients
with damage to these structures do not exhibit the systematic
changes in body sway that are characteristic of normal subjects
when head-on-body position is altered during galvanic stimula-
tion (Kammermeier et al., 2007). Additionally, the rostral FN
sends ascending projections to the posterolateral ventral nucleus
of the thalamus (Sugimoto et al., 1981; Asanuma et al., 1983),
which could potentially provide an estimate of body motion to
higher-order structures for the perception of self-motion and
computation of spatial orientation.

The fastigial nucleus and reference frame transformations

To produce accurate motor control and sensory perception, it
is often necessary to combine vestibular signals with other
sensory information to transform the original sensory input
from its native reference frame into another that is relevant to
ongoing behavior. Vestibular information is first encoded in a
head reference frame because the sensors are located in the head.
However, when head and body coordinate systems are systemat-
ically dissociated, some rostral FN neurons encode motion in a
reference frame fixed relative to body rather than head (Kleine et
al., 2004; Shaikh et al., 2004). This raises the question of how the
sensory convergence observed in the present study corresponds
to the transformation of motion from a head- to body-centered
reference frame in the rostral FN?

A common feature of theoretical models of reference frame
transformations is that responses to sensory inputs (e.g., propri-
oceptive and/or vestibular information) are modulated by a pos-
tural signal (e.g., head-on-body position) (Pouget and Snyder,
2000). These nonlinear interactions can generally take two forms.
On one hand, studies have shown that nonlinear interactions
between sensory responses and postural cues can result in the
amplitude of the directional tuning curve of a neuron being
scaled based on the posture (Zipser and Andersen, 1988); this is
commonly referred to as a gain field (Andersen and Mountcastle,
1983). On the other hand, the interaction can take the form of a
shift in tuning curve without changing the amplitude. The latter
has been previously observed in the rostral FN, in which some
neurons have tuning curves where the peak modulation remains
aligned with the body, despite changing vestibular inputs (Kleine
et al., 2004; Shaikh et al., 2004). Alternatively, both types of in-
teractions might be present, as is seen in ventral intraparietal area
(Avillac et al., 2005). Although our experimental paradigms do
not allow us to distinguish between these possibilities, the non-
linear interactions we observe between neck position and vestib-
ular signals suggest that bimodal but not unimodal neurons are
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involved in transforming vestibular signals from a head- to a
body-centered reference frame.

To date, few studies have explicitly compared the nonlinear
processing of two different sensory inputs as a function of a pos-
tural cue for the same neuronal population (Avillac et al., 2005;
Fetsch et al., 2007). When we compared vestibular and proprio-
ceptive processing as a function of head orientation in individual
bimodal neurons, we found that the widths, means, and ampli-
tudes of tuning curves were well correlated. This finding is signif-
icant—if this correlation did not exist it would be difficult to
reconcile our finding that vestibular and neck inputs sum linearly
during combined stimulation (Fig. 4 B) with the observed non-
linear processing in which head-on-body position modulates the
gain of vestibular and dynamic neck proprioceptive responses.
To appreciate this point, consider a hypothetical neuron for
which the tuning curves of both sensory inputs are comparable
(Fig. 9A1) versus two others for which there are marked differ-
ences in relative strength (Fig. 9BI) or direction of tuning (Fig.
9C1I). During everyday life, vestibular and proprioceptive inputs
would be antagonistic, since the motion of the head relative to
space (i.e., vestibular stimulation) results in an equal and oppo-
site motion of the body relative to the head (i.e., proprioceptive
stimulation). Thus, in the case of the hypothetical neuron with
overlapping tuning curves, the effect of head position is effec-
tively cancelled (Fig. 9A2, compare vestibular neck propriocep-
tive inputs). In contrast, when the tuning curves of both sensory
inputs are dissimilar, this is not the case (Fig. 9B2,C2); the vestib-
ular and neck sensitivities change as a function of head-on-body
position but do not cancel out when they are combined. Thus, the
responses of bimodal neurons sum linearly during combined
stimulation because they are similarly tuned to both sensory in-
puts. In this way, rostral FN neurons robustly encode motion of
the body, although their sensory processing is characterized by
nonlinear operations. The relationship between the nonlinear
interactions observed in our study and those which are thought to
underlie the transformation of vestibular inputs from a head- to a
body-centered reference frame are still not understood and re-
quire further investigation.

Rostral fastigial nucleus during voluntary movements

Thus far, all the experiments we have considered have used pas-
sively applied movements exclusively. However, we know that
the vestibular nucleus, which is reciprocally connected to the
rostral FN (Shimazu and Smith, 1971; Furuya et al., 1975), dif-
ferentially processes vestibular signals arising from passively ap-
plied and actively generated movements (Roy and Cullen, 2001,
2004; Cullen and Minor, 2002; Jamali et al., 2009). Specifically,
during active movements, vestibular-only neurons show reduced
sensitivity to vestibular stimuli. If body motion is indeed com-
puted from a convergence of vestibular and neck inputs and ves-
tibular information is reduced during active movements, how is
body motion computed during voluntary motion? One possibil-
ity is that vestibular-driven responses are not attenuated in the
rostral FN during active movements. Alternatively, additional
signals available during voluntary movements, such as efference
copy or higher-order cortical signals related to the intention to
move, could be used to keep track of our body motion in space.
Further experiments are needed to determine the role of the ros-
tral FN during voluntary movements.
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