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Integration of Canal and Otolith Inputs by Central Vestibular
Neurons Is Subadditive for Both Active and Passive
Self-Motion: Implication for Perception

Jerome Carriot,* Mohsen Jamali,* Jessica X. Brooks, and ““Kathleen E. Cullen
Department of Physiology McGill University, Montreal, Quebec, Canada H3G 1Y6

Traditionally, the neural encoding of vestibular information is studied by applying either passive rotations or translations in isolation.
However, natural vestibular stimuli are typically more complex. During everyday life, our self-motion is generally not restricted to one
dimension, but rather comprises both rotational and translational motion that will simultaneously stimulate receptors in the semicir-
cular canals and otoliths. In addition, natural self-motion is the result of self-generated and externally generated movements. However,
to date, it remains unknown how information about rotational and translational components of self-motion is integrated by vestibular
pathways during active and/or passive motion. Accordingly, here, we compared the responses of neurons at the first central stage of
vestibular processing to rotation, translation, and combined motion. Recordings were made in alert macaques from neurons in the
vestibular nuclei involved in postural control and self-motion perception. In response to passive stimulation, neurons did not combine
canal and otolith afferent information linearly. Instead, inputs were subadditively integrated with a weighting that was frequency
dependent. Although canal inputs were more heavily weighted at low frequencies, the weighting of otolith input increased with frequency.
Inresponse to active stimulation, neuronal modulation was significantly attenuated (~70%) relative to passive stimulation for rotations
and translations and even more profoundly attenuated for combined motion due to subadditive input integration. Together, these
findings provide insights into neural computations underlying the integration of semicircular canal and otolith inputs required for

accurate posture and motor control, as well as perceptual stability, during everyday life.
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Introduction

As we navigate through our environment, our head moves in a
complex 6D trajectory (3 rotational, 3 translational; Carriot etal.,
2014). Importantly, the spatiotemporal complexity of natural
head movements considerably exceeds that of conventional stim-
uli used in the laboratory. The angular and linear components of
this motion are sensed by separate sensors (i.e., semicircular ca-
nals and otoliths, respectively) and then coded by distinct afferent
fibers in the peripheral vestibular system. However, at the next
stage of processing, semicircular canals and otolith afferents con-
verge onto single neurons in the vestibular nuclei. This conver-
gence is critical for the accurate encoding of head motion by these
central neurons to ensure gaze and postural stability through the
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vestibulo-ocular and vestibulo-spinal reflexes, as well as accurate
perception and motor coordination (for review, see Cullen,
2012).

The encoding of angular and linear motion by vestibular neu-
rons is traditionally studied by applying each stimulus separately.
A major limitation of this approach is that one cannot determine
how inputs from the semicircular canals and otoliths are com-
bined when both are simultaneously stimulated, despite this be-
ing the most common occurrence in everyday life. Dickman and
Angelaki (2002) reported that the responses of vestibular nuclei
neurons to passively applied combined motion cannot be pre-
dicted from the linear addition of their responses to each compo-
nent. However, it is not yet understood how neurons combine
these inputs. There is evidence that the brain does not have inde-
pendent access to separate estimates of angular and linear move-
ments. For example, subjects more accurately perceive angular
rather than linear motion during combined passive stimulation
(Ivanenko et al., 1997; MacNeilage et al., 2010). Moreover, the
responses of vestibular nuclei neurons are markedly suppressed
for active compared with passive motion when restricted to stimu-
late a single modality (e.g., canals: Roy and Cullen, 2001a, 2004;
otolith: Carriot et al., 2013). However, to date, neuronal responses
have not been studied during more complex active motion.

To investigate how vestibular nuclei neurons integrate inputs
from semicircular canal and otolith afferents, we recorded from
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single neurons in the vestibular nuclei during rotational motion,
translational motion, and combined motion applied across the
physiologically relevant frequency range. We found that neuro-
nal responses to combined motion were consistently subadditive:
they were less than predicted by the sum of a given neuron’s
sensitivities to rotation and translation. In response to passively
applied motion, responses were described by a frequency-
dependent weighted sum of canal and otolith inputs in which
rotational weights decreased and translational weights increased
with increasing frequency. During active motion, neuronal re-
sponses to rotation and translation alone were markedly sup-
pressed relative to the passive condition (consistent with Roy and
Cullen, 2001a, Carriot et al., 2013) and, importantly, were corre-
spondingly subadditive in the combined case. Therefore, our
findings describe for the first time how semicircular canal and
otolith inputs are integrated by vestibular pathways. We specu-
late that the frequency dependency of this early computation
constrains our perception of rotations versus translations during
combined motion.

Materials and Methods

Three male rhesus monkeys (Macaca mulatta) were prepared for chronic
extracellular recording using aseptic surgical techniques. All experimen-
tal 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

Anesthesia protocols and surgical procedures have been described previ-
ously by Roy and Cullen (2001a). Briefly, under surgical levels of isoflu-
rane (2-3% initially and 0.8—1.5% for maintenance), an eye coil was
implanted behind the conjunctiva and a dental acrylic implant was fas-
tened 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 to access the medial vestibular nucleus.
Animals were given 2 weeks to recover from the surgery before any ex-
periments were performed.

Data acquisition

During experiments, monkeys sat comfortably in a primate chair fixed to
alinear sled mounted on a rotational servomotor, thereby providing the
ability to apply translation along the naso-occipital or interaural axes in
the horizontal plane and rotation about the earth-vertical axis. Extracel-
lular single-unit activity was recorded using tungsten microelectrodes
(Frederick-Haer) and gaze and head angular positions were measured
using a magnetic search coil technique described previously (Brooks and
Cullen, 2009). Head and body yaw rotational velocities were measured
using gyroscopes (Watson). Linear head and body acceleration were
measured in 3D using linear accelerometers (ADXL330Z; Analog De-
vices). Gyroscopes and 3D linear accelerometers were firmly attached to
the animal’s head post and chair frame. The unit activity, gaze, head, and
body signals from each experimental session were recorded on digital
audiotape for later playback. During playback, each unit’s isolation was
carefully evaluated and action potentials were discriminated using a win-
dowing circuit (BAK Electronics). Gaze, head, and body signals were
low-pass filtered at 250 Hz (8-pole Bessel filter) and sampled at 1 kHz. All
apparatus and data displays were controlled online with a UNIX-based
real-time data-acquisition system (REX; Hayes et al., 1982).

Behavioral paradigms

Vestibular-only neuron characterization. Monkeys were trained to follow
visually a target (HeNe laser) projected, via a system of two galvanometer
controlled mirrors, onto a cylindrical screen located 60 cm away. The
location of the vestibular nucleus was confirmed relative to that of the
abducens nucleus—a structure easily identified based on its stereotypical
discharge patterns during eye movements (Cullen and McCrea, 1993;
Sylvestre and Cullen, 1999). Once localized, recordings were made from
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single vestibular nuclei neurons during an initial battery of paradigms
designed to identify neurons that responded in a manner consistent with
previous characterizations of a subclass of neurons termed vestibular-
only (VO) neurons, which are sensitive to passive vestibular stimulation
(rotation: Scudder and Fuchs, 1992; translation: Dickman and Angelaki,
2002; Carriot et al., 2013) but are insensitive to eye movements. First,
each neuron’s sensitivity to passively applied linear acceleration was
confirmed by translating the monkey (head and body together in
space) on the sled along the naso-occipital or interaural axes (1 Hz,
+0.2g (g =9.81 m/s?) in complete darkness. If a neuron responded to
translation along at least one axis, we next tested its sensitivity to angular
velocity by rotating the monkey in yaw using the vestibular servo-motor
(1 Hz, peaked at 40°/s). Finally, we confirmed that neurons were insen-
sitive to eye movements by recording their activity during ocular fixa-
tion, saccades (£30°), and pursuit motion (0.5 Hz, 40°/s peak velocity).
Only cells that did not exhibit any eye velocity or eye position sensitivity
were further studied with the stimuli outlined in the following text.

Externally generated motion. Neural sensitivities were next more exten-
sively characterized in three different paradigms. First, the monkey was
periodically rotated (£40°/s) around the yaw axis (diagram in Fig. 1A,
top row) at 6 frequencies: 0.5, 1, 2, 3, 4, and 5 Hz. Second, passive
translations (0.2 g) were applied along the naso-occipital and interaural
axes of the linear sled (diagrams in Fig. 1B,C, top row) at the same 6
frequencies. Finally, at these frequencies, the monkey was periodically
moved during combined translational and rotational movements such
that the movement path followed a curved trajectory (black arrow in Fig.
3B, inset). Specifically, while the monkey’s head was periodically trans-
lated along the naso-occipital axis (blue arrows in Fig. 3B, inset), the axis
of translation was concurrently rotated (green arrow in Fig. 3B, inset).
The resultant combined movements had a typical peak angular velocity
of 40 °/s, a peak naso-occipital acceleration of 0.25 g, and a peak interau-
ral acceleration of 0.1 g.

Self-generated motion. After a neuron had been characterized during
the three passive paradigms described above, we slowly and carefully
released the rotational brake to let the monkey generate head rotations.
Monkeys were trained to generate voluntary rotational head movements
to track a presented food target. Once a given neuron’s response had been
fully characterized during voluntary rotations, we reengaged the rota-
tional brake and released the brake of the linear sled, thereby allowing the
monkey to make voluntary head translations along the naso-occipital or
interaural axes. Finally, both translational and rotational brakes were
released at the same time, allowing the monkey to produce combined
movement comprising both translation and rotation. Monkeys were
trained to generate movements with similar trajectories to passive stim-
uli. Specifically, these self-generated head movements had predominant
frequencies between 3 and 4.5 Hz (average 3.5 *= 0.8 Hz) and were
characterized by an average peak angular velocity of 35 °/s * 6, an
average peak naso-occipital acceleration of 0.24 * 0.08 g, and an
average peak interaural acceleration of 0.07 = 0.02 g, which were
comparable to those of passively generated stimuli (p > 0.05 for both
peak velocity and accelerations).

Analysis of neuronal discharges
Data were imported into the MATLAB (The MathWorks) programming
environment for analysis. Rotational head velocity and translational
head acceleration signals were digitally low-pass filtered at 15 Hz. Esti-
mates of the time-dependent firing rate were obtained by low-pass filter-
ing the spike train using a Kaiser window with cutoff frequency greater
than that of the stimulus by 1 Hz (Cherif et al., 2008). The resting dis-
charge of each unit was determined from ~10 s of unit activity collected
while the animal was stationary with its head restrained. To verify that a
neuron was unresponsive to eye position and/or velocity, periods of
steady fixation and saccade-free smooth pursuit were analyzed using a
multiple regression analysis (Roy and Cullen, 1998, 2001b).

A least-squared regression analysis was then used to estimate each
unit’s response characteristics during rotation or translation as follows:

fr=b+S,H(t) + S,H(t) (1)
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where fr is the estimated firing rate, S, and S, are coefficients representing
sensitivities to head velocity and acceleration respectively, b is a bias term
representing the resting discharge, and H (t) and H (t) are head velocity
and head acceleration, respectively. Then to evaluate the model’s ability
to estimate neuronal firing rate, the variance-accounted-for (VAF) was
computed as follows: VAF = 1 — [var (fr — fr)/var (fr)], where fr rep-
resents the actual firing rate and a VAF of 1 indicates a perfect fit to the
data (Cullen et al., 1996). Note that the VAF in such a linear model is
equivalent to the square of the correlation coefficient (R?). Only data for
which the firing rate was >10 sp/s were included in the optimization to
prevent fitting a given neuron’s response during epochs where the neu-
ron was driven into cutoff. The coefficients in Equation 1 were then used
to determine each cell’s head velocity sensitivity [S, (sp/s)/(°/s)] and
phase with respect to head velocity [¢, (deg)] using the following equa-
tions (Sadeghi et al., 2007b; Sadeghi et al., 2009):

Se= IS+ 2 mf8.)°] 2
2mfS, 180
¢, = atan<T> X— (3)

To quantify each unit’s response to translation, the same equation (Equa-
tion 1) was used. Neurons’ head acceleration sensitivity [S, (sp/s)/G] and
phase with respect to head acceleration [¢, (deg)] were then computed
using the following equations:

So=\[sa+ (S,/27f)] (4)
27fS, T 180
Q= [atan( 3 ) - Z} X (5)

A neuron was judged to be unresponsive to the stimuli (rotation or
translation) if it was not significantly modulated by stimulation as quan-
tified using an exclusion criterion VAF of <0.1.

We next characterized responses of central vestibular neurons during
combined movements. Our rationale was that: (1) canal and otolith af-
ferent responses to rotational and linear motion are well described by
linear transfer functions (for review, see Goldberg, 2000), which predict
increasing gain as a function of frequency, and (2) afferent-target neu-
rons in the vestibular nuclei display dynamic responses to rotations or
translations when applied alone, similar to those of semicircular canals
and otoliths afferents, respectively (Massot et al., 2012 and Carriot et al.,
2013). Accordingly, we first assessed whether simple linear addition
could explain responses to combined stimulation by predicting the mod-
ulation based on a simple “linear summation model” (Alvarado et al.,
2007) that sums the two estimates of firing rates due to the rotational and
translational components of the self-motion. This model effectively adds
the canal- and otolith-driven components of the neuronal response. To
characterize each unit’s response to the combined stimuli, Bode plots of
the sensitivities (S, and S,) and phases (¢,, ¢,) were used to estimate the
best transfer functions for rotation as well as translation (naso-occipital
and interaural), respectively (Fig. 3A). Using these transfer functions we
first estimated the rotational (R,,,), naso-occipital (Ry), and interaural
(R;,) components of the neuronal response. The naso-occipital and in-
teraural components were then combined to obtain the translational
(Rirans) component of the response.

As detailed in the Results, the linear summation model typically
overestimated neuronal responses (termed the “linear prediction” in
Fig. 1). Accordingly, we next characterized neuronal responses using
a “weighted summation model” in which we estimated the weights for
rotation (w,) and translation (w,), which gave rise to the best fit to the
firing rate (freom) Of the cell during the combined stimuli (Fig. 3B) as
follows:

frcomb = biﬂS + WrRrar + Wthmns (6)

Note that this model contrasts with the simple linear summation model
because the latter assumes that w, = 1 and w, = 0 for canal-only neurons,
whereas w, = 0 and w, = 1 for otolith-only neurons. Similarly, for con-
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vergent cells, the linear summation model assumes equal weights of 1 for
both w, and w,.

Results are reported (and plotted) as means = SEM and the level of
statistical significance was set at p < 0.05 using Student’s ¢ tests.

Results

Single unit recordings were made from a distinct population of
vestibular nuclei neurons, termed VO neurons, which are re-
sponsive to passive vestibular stimulation but exhibit no sensitiv-
ity to eye movement (Scudder and Fuchs, 1992; Cullen and
McCrea, 1993; McCrea et al., 1999). Notably, these neurons re-
ceive vestibular afferent input and their outputs mediate postural
reflexes as well as perception of self-motion and spatial orienta-
tion (for review, see Cullen, 2012). Recordings were made from
VO neurons (n = 52) while head-restrained monkeys were pas-
sively moved— head and body together—relative to space. Based
on their responses to rotational or translational stimuli, neurons
were classified into three distinct groups: (1) canal-only neurons
responded only to rotation (n = 12), (2) otolith-only neurons re-
sponded only to translation (n = 13), and (3) convergent (i.e., canal
+ otolith) neurons responded to both translation and yaw rotation
(n=27).

Figure 1, A-C, shows the responses of three example neurons,
specifically canal-only, otolith-only, and convergent neuron to
yaw rotation (Fig. 1A), naso-occipital (Fig. 1B), and interaural
translation (Fig. 1C). By definition, the canal-only cell was
strongly modulated by rotational stimulation [sensitivity: 0.88
(sp/s)/(°/s)] but not translation. In contrast, the otolith-only cell
did not respond to rotational stimuli, but responded to translations
along both naso-occipital and interaural axes (naso-occipital: 130
(sp/s)/G; interaural: 250 (sp/s)/G). Finally, the convergent cell re-
sponded to both rotation and translation, with stronger responses
for naso-occipital than interaural translations (rotation: 0.97 (sp/s)/
(°/s); naso-occipital: 209 (sp/s)/G; interaural: 42 (sp/s)/G). Note
that, overall, the average neuronal sensitivities during naso-
occipital and interaural translations were comparable (p > 0.05)
for the population of otolith-only (176 = 5 vs 188 = 4 (sp/s)/G)
and convergent cells (205 * 4 vs 231 = 3 (sp/s)/G). Moreover,
rotational and translational sensitivities of convergence neurons
[rotation: 0.78 £ 0.06 (sp/s)/(°/s); naso-occipital translation:
205 = 4 (sp/s)/G; inter-aural translation: 231 % 3 (sp/s)/G) were
not significantly different from neuronal sensitivities of canal-
only (0.79 * 0.09 (sp/s)/(°/s)] and otolith-only [naso-occipital:
176 £ 5 (sp/s)/G; inter-aural: 188 = 4 (sp/s)/G] neurons, respec-
tively (p > 0.1).

Responses during externally applied simultaneous rotation
and translation

During natural everyday activities, our semicircular canal and
otolith sensors are generally activated simultaneously. Before this
study, it was unclear how central vestibular neurons combine
these incoming sensory inputs from the periphery. Theoretically,
this integration could be additive, subadditive, or supperadditive
given that each of these scenarios has been observed for other
sensory systems (for review, see Stein and Stanford, 2008). Inter-
estingly, based on perceptual and eye motion responses, Zupan et
al. (2002) proposed a “sensory weighting model” in which semi-
circular canal and otolith inputs are subadditively integrated with
visual input. Consistent with this proposal, it has been reported
that cortical neurons in area MSTd subadditively integrate oto-
lith and visual inputs during linear self-motion (for review, see
Angelaki et al., 2009). Here, to investigate the integration of semicir-
cular canal and otolith inputs at the first stage of central vestibular
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Figure1.

Response characteristics of example VO neurons. A-D, Activity of three example neurons (unit Jal_16: canal-only cell, unit Jal_98: otolith-only cell and Tlj_67: convergent cell) during:

passive yaw rotation (A), passive naso-occipital translation (B), passive interaural translation (), and combined movements comprising rotation and translation such that the head trajectory
followed a curved path (D). The three top rows show the stimulus time courses. The three bottom rows show the cells’ responses to these stimuli. An estimate of the firing rate based on response
sensitivity and phase measured from Equations 2 and 3 and Equations 4 and 5 (solid black trace) is superimposed on the actual firing rate traces (shaded gray obtained by Kaiser filtering the spike
trains; see Materials and Methods) in response to rotational and translational stimuli, respectively. Note that because canal-only and otolith-only neurons did not respond during translation and
rotation, respectively, the average firing rate was used as an estimate of the firing rate in these conditions. The dashed line in D represents, for each neuron, a prediction of the firing rate based on
alinear summation model that sums the two estimates of firing rates corresponding to the rotational and translational components of the curved path stimuli. Note that for the illustrations here and
in Figures 4 and 5, traces representing stimuli were filtered with the same Kaiser filter used to obtain the firing rate.

processing directly, we quantified the responses of vestibular nuclei
neurons during combined rotational/linear self-motion. Figure
1D illustrates the example neurons’ responses during such com-
bined movements for which the applied head motion followed a
periodic and curved path trajectory, as shown in Figure 3B, inset.
The linear addition model of each neuron’s response based on its
sensitivity to pure rotation and pure translation is superimposed
(dashed lines). Note that, during the combined stimulus, the
firing rates of both the example canal-only and otolith-only neu-
rons were well predicted by their responses to rotation and trans-
lation alone, respectively (VAF = 0.77 and 0.75, respectively).
However, the firing rate of the convergent neuron was not well
predicted by the sum of its responses to rotation and translation
applied alone; instead, the linear addition model overestimated
the firing rate of the convergent neuron (dashed line in Fig. 1D,
bottom).

Across our population of convergent neurons, the depth of
modulation (i.e., peak to peak modulation) of the actual firing
rate was 49% lower (p < 0.001) than that predicted by the linear
addition model (Fig. 2A, black bars; 87 sp/s = 9.9 vs 172 sp/s =
19.9 for actual vs estimated firing rate). In contrast, the actual
depth of modulation for canal-only and otolith-only neurons was
not significantly different from that predicted based on the re-
sponses to rotation and translation delivered alone, respectively
(Fig. 2A, green and blue bars). Figure 2B further illustrates our
finding that convergent neuron responses are subadditive during
combined stimulation for the neuronal population. Comparison
on a cell-by-cell basis revealed that all but one convergent neu-
ron’s modulation were lower than that predicted by the linear
sum of its responses to rotation and translation applied alone.

As noted above, our primarily goal was to understand how
vestibular nuclei neurons integrate inputs from semicircular ca-
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Performances of the linear addition model in predicting VO neurons’ modulations in response to passive stimuli. A, Average modulation depth measured from the actual firing rate and

from the prediction of the firing rate based on a linear summation model for the three distinct groups of VO neurons. B, Comparison of the depth of modulation between actual firing rate and a
prediction of the firing rate based on a linear summation model for populations of convergent neurons during combined passive movements.

nal and otolith afferents during self-motion. Accordingly, we
next investigated whether the integration of canal and otolith
inputs varied as a function of stimulation frequency. To this end,
we recorded neuronal responses during either rotation or trans-
lation alone across the physiologically relevant frequency range of
0.5-5 Hz (Fig. 3A). We computed neuronal response sensitivities
and phases for each frequency of stimulation and then fit transfer
functions to characterize the rotational and translational re-
sponse dynamics of each given neuron (Fig. 3B). In addition, the
neuronal responses were recorded during combined rotation and
translation across this same frequency range and the correspond-
ing neuronal weights for rotation and translation transfer func-
tions (w, and w,, respectively) that gave rise to the best estimate of
firing rate were computed.

The neuronal weights are shown for our populations of canal-
only, otolith-only, and convergent cells in Figure 4. To estimate
the response of canal-only neurons, w, was set to zero while w,
was varied such that the optimal fit to the neuronal response was
obtained. A complementary procedure was performed to esti-
mate the response of the otolith-only cells by setting w, to zero
and varying w,. For these two groups of neurons, we found that
the optimized weight for the single free parameter was constant
and was not significantly different from 1 (p > 0.5) across the
entire frequency range (canal-only cells, 1.01 = 0.06; otolith-only
cells 0.96 = 0.06). We next estimated the response of convergent
neurons by allowing both neuronal weights (w, and w,) to vary
freely. If these neurons linearly add canal and otolith inputs, then
both estimated weights should be 1. However, in striking contrast
to the weights estimated for the canal-only and otolith-only neu-
rons, w, and w, were both lower than 1 over the entire frequency
range (Fig. 4, right). Therefore, unlike canal-only and otolith-
only neurons, convergent neurons subadditively integrate canal
and otolith inputs. On average, w, was significantly lower than w,
(0.24 = 0.02 vs 0.56 = 0.1, respectively; p = 0.001, Fig. 4A, right,
inset) for the frequency range tested. We found that w, was sig-
nificantly lower than w, for lower frequencies (up to 3 Hz; p =
0.01); however, they were comparable for frequencies >3 Hz
(p > 0.05, Fig. 4A, right) because w, decreased and w, increased
with stimulus frequency. Figure 4B shows the linear (dashed
lines) and best fits (orange lines) for the 3 example neurons dur-
ing 5 Hz stimulation. The example canal-only and otolith-only
neurons were well fit by models based on weights of 1 (i.e., w, and
w,, respectively) (Fig. 4B, left and center, dashed line), whereas, in

contrast, the convergent cell’s response was overestimated by a
model with both weights set to 1 (Fig. 4B, right, dashed line). This
discrepancy is consistent with the subadditive integration of ca-
nal and otolith inputs that we observed for convergent neurons.

Together, the findings of our experiments in which combined
motion was passively applied show that VO neurons do not lin-
early combine rotational and translational inputs, but rather that
this integration is subadditive.

Responses during self-generated simultaneous rotation

and translation

In everyday life, vestibular stimulation is often the result of self-
generated motion comprising angular and linear components (Car-
riot et al., 2014). Accordingly, we next investigated how convergent
vestibular nuclei neurons integrate inputs from semicircular canal
and otolith afferents during self-generated self-motion. Once a
given neuron’s passive vestibular sensitivities in response to yaw
rotation, translation, and combined stimuli had been fully char-
acterized in the head-restrained condition described above (i.e.,
Fig. 1), we released the head restraint to allow the monkey to
voluntarily rotate its head around the vertical axis, translate its
head along both axes (naso-occipital and interaural), and produce
rotation and translation at the same time such that the head followed
a curved trajectory similar to the passive stimulation (i.e., combined
motion). During the transition between head-restrained and head-
unrestrained conditions, the waveform of the action potential of
each neuron was carefully monitored to ensure that the cell re-
mained undamaged and well isolated (see Materials and Methods).
The majority of convergent VO neurons remained sufficiently well
isolated (n = 22/27) during voluntary movements (i.e., rotation,
translation, and combined movements).

Compared with their modulation in response to either passive
rotation or translation alone, neuronal responses to comparable
self-generated movements were suppressed. Overall, the reduc-
tion in vestibular sensitivity observed in the active condition was
consistent with prior characterizations showing an ~70% de-
crease in the neuronal modulation during both types of active
movements (rotation: Roy and Cullen, 2001a; translation: Car-
riot et al., 2013). Figure 5, A—C, shows examples of the reduced
modulation during active movements for the same example conver-
gent neuron shown in Figure 1. Although this neuron responded
robustly to passive rotations, naso-occipital translations, and inter-
aural translations, it was relatively unresponsive to comparable ac-
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Figure 3.

Description of the weighted summation model. 4, Stimuli were applied at different frequencies (left) and corresponding responses were recorded from VO neurons (yaw rotation

responses are shown in the middle). For each frequency of the stimuli, the neuronal sensitivity and phase (right, circles) were determined to construct the Bode plot. Subsequently, a transfer function

best describing these values was estimated (right, black lines). B, These transfer functions (gray boxes)

were used to estimate the R, Ryo, and R, components of the neuronal response. The

naso-occipital and interaural components were then combined together to obtain the R,,, ., component of the response. w, and w, were systematically varied to optimize the fit to the firing rate of
the cell during the combined stimuli. w, and w, were determined as the weights that gave rise to the best fit to the firing rate. Inset, Top-down view of head displacement during the combined

motion.

tively generated movement in each of these three dimensions
(compare gray-shaded firing rates and red dashed lines).

We next quantified responses during combined active motion
to determine how convergent neurons integrate simultaneous
semicircular canal and otolith afferent input. Figure 5D shows the
response of our example convergent neuron to self-generated
combined motion. Again, this neuron was typical in that its re-
sponse was significantly suppressed compared with similar pas-
sive motion (cf. shaded firing rate in Figs. 5D, 1D, bottom row).
We quantified this attenuation by first obtaining the best esti-
mates of the neuronal responses (Fig. 5D, solid black line) during
active movements; then, we computed a prediction of firing rate
using a weighted summation model based on the transfer func-
tions and weights obtained during passive stimulation (Fig. 5D,
red dashed line). If the response characteristics remained un-
changed during active combined motion (relative to the passive
condition), one would expect this prediction to match the actual
firing rate. However, the responses during voluntarily movement

were strongly attenuated (cf. red dashed and solid black lines
superimposed on the firing rates in Fig. 5D).

Across our population of neurons, responses during active
head motion were significantly attenuated (78.5 = 4.1%, 81.9 =
3.9%, 69.9 * 3.2%, and 85.2 * 2.1% for rotations, naso-occipital
translations, interaural translations, and combined motion, re-
spectively) relative to those predicted by sensitivities to passive
motion. This can be seen in the histograms shown in Figure 6
(insets), which compare responses for each motion condition.
Comparison on a cell-by-cell basis revealed that individual con-
vergent neurons displayed consistently lower modulation than
that predicted by their sensitivities to comparable passive mo-
tion. Accordingly, the response of a given individual convergent
neuron was significantly reduced during active motion regardless
of whether the motion was only rotational, only linear, or a com-
bination of both.

Upon comparing the four plots shown in Figure 6, we hypoth-
esized that neuronal responses are most dramatically suppressed
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Figure4.

Performances of the weighted summation model during combined stimulus. 4, Population-averaged weights for rotation (green) and translation (blue) across frequencies. The weights

of the canal-only and otolith-only cells did not vary with frequency. In contrast, the weights for the convergent cells changed with frequency: w, decreased and w, increased with frequency. On
average, convergent neurons had significantly lower w, than w, (right, inset: 0.24 = 0.02 vs 0.56 = 0.1, respectively; p = 0.001). B, Linear predictions (dashed line) and weight optimization
estimation (orange line) for the response of the three types of cells presented in Figure 1 during combined stimuli. For the example canal-only and otolith-only neurons, the linear
prediction and the weight optimization did not differ. However, for the convergent neuron, although the weighted summation model fit the firing rate well, the linear prediction

overestimated the response of the cell.

in the combined motion condition during which canal and oto-
lith afferents are simultaneously activated. To address this possi-
bility, we computed a prediction of each neuron’s response to
active combined motion based on its sensitivity to active rotation
and active translations alone. Consistent with this proposal, as
can be seen for the example neuron in Figure 5D, the linear-based
prediction overestimates its response during active combined
motion (cf. black dashed lines, shaded firing rate). Overall, for the
population of convergent neurons, the depth of modulation of
the actual recorded firing rate was lower than that predicted
based on a linear addition model (13 sp/s = 1.6 vs 33 sp/s = 3.9
for actual vs estimated firing rate; Fig. 7A). Furthermore, com-
parison on a cell-by-cell basis (Fig. 7B) revealed that the majority
of convergent neurons were subadditive in the active condition.
Therefore, together, our results establish that vestibular nuclei
neurons subadditively integrate inputs from semicircular canal
and otolith afferents during self-motion. Specifically, we showed
that integration of self-motion signals is subadditive regardless of
whether the head movements are self- or externally generated
and that the selective encoding of externally applied versus ac-
tively generated motion is a general principle that governs the
responses of all types of VO neurons (i.e., canal-only, otolith-
only, and convergent) during individual rotation/translation and
combined movements.

Discussion

In this study, we addressed the question of how the brain inte-
grates semicircular canal and otolith information during com-

plex self-motion that simultaneously stimulates both sensory
organs. We found that neurons at the first central stage of the
vestibular processing subadditively integrate these inputs for
both active and passive motion. Notably, a given neuron’s re-
sponse was described by the weighted sum of its responses to
passive rotation and translation. In addition, this weighting was
frequency dependent; whereas canal inputs were more heavily
weighted at low frequencies, the weighting of otolith inputs in-
creased with frequency of the stimuli. We suggest that our find-
ings provide important new insight into neural computations
underlying the integration of semicircular canal and otolith in-
puts required for the control of posture and accurate motor re-
sponses, as well as the brain’s strategy for calculating an estimate
of self-motion.

Canal-otolith sensory integration is subadditive

During everyday activities, our vestibular sensors are typically
activated by complex multidimensional motion that simultane-
ously stimulates both the canals and otoliths. Despite similarities
in the anatomical and physiological properties of their hair cells,
the canals and otoliths are distinctive sensory organs, which de-
tect different sensory modalities (i.e., linear versus angular mo-
tion). Notably, when referenced to the center of mass, linear
momentum is mechanically independent of angular motion.
Nevertheless, cross-modal sensory integration of angular and lin-
ear self-motion is the rule rather than the exception at the first
central stage of vestibular processing. Therefore, knowledge of
how single neurons integrate the incoming information about
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VO neurons’ responses during voluntary movements. A—C, Activity of the same example convergent neuron presented in Figure 1 (unit Tlj_67) during self-generated rotation (4),

naso-occipital head translation (B), and interaural head translation (C). Superimposed on the firing rate traces are response predictions based on the neuron’s sensitivity to passive stimuli (red
dashed lines) and the best fits (solid black trace) provided by the linear model (Eq. 2, 3 for rotation; Eq. 4, 5 for translation). D, Activity of the same example convergent neuron during combined
stimuli (i.e., curved path trajectory). The estimation (solid black trace) is the best fit to the neuronal response; the red dashed trace represents the prediction computed based on the Bode plot and
weights obtained during passive stimulation (i.e., passive prediction). The black dashed line represents a prediction of the firing rate based on a linear summation model that sums the two estimates
of firing rates corresponding to the rotational and translational components of the curved path stimuli during voluntary motion (i.e., linear prediction).
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Population summary of the convergent neurons’ responses during active versus passive motion. A-D, Comparison of neuronal sensitivity during active versus passive rotation,

translation, and combined stimulation conditions. Note that all data points fall below the unity line, demonstrating a marked reduction in the sensitivity of convergent neurons during active motion.
Inset, Mean neuronal sensitivities attenuation during rotation (green), translations (blue), and combined (gray).

head motion from these two modalities is fundamental to further
our understanding of how the vestibular system encodes self-
motion in everyday life.

Previous behavioral studies generally considered the conver-
gence of canal and otolith signals in the context of how the brain
resolves the tilt/translation ambiguity (Glasauer and Merfeld,
1997; Angelaki et al., 1999; Merfeld et al., 1999; Bos and Bles,
2002; Zupan et al., 2002; Green and Angelaki, 2003, 2004; Lau-

rens and Angelaki, 2011). However, our knowledge about the
actual neuronal computations that underlie the processing of
complex self-motion had been limited. The majority of neurons
in the vestibular nuclei, as well as interconnected regions of the
cerebellum such as the rostral fastigial nuclei, receive convergent
canal and otolith inputs (Kasper et al., 1988; Tomlinson et al.,
1996; Angelaki et al., 2004; see Uchino et al., 2005 for review,
Siebold et al., 1999, 2001; Yakushin et al., 2006). Neuronal re-
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sponses are typically characterized during pure rotations or
translations (Scudder and Fuchs, 1992; Cullen and McCrea,
1993; McCrea et al., 1999; Roy and Cullen, 2001a; Carriot et al.,
2013). Although the few studies addressing how neurons inte-
grate canal and otolith input (i.e., vestibular nuclei; Dickman and
Angelaki, 2002; McArthur etal., 2011) found that these inputs are
not linearly summed, they did not develop models of integration
based on independent responses to each modality. Here, our find-
ings establish that the integration of canal and otolith inputs is sub-
additive and that the underlying mechanism is characterized by
frequency-dependent (nonlinear) weighting of both modalities. We
speculate that one benefit of the observed subadditive integration
is that it expands the dynamic linear range of vestibular neurons
to prevent firing rate saturation or rectification in response to
high amplitude natural head movements (Carriot et al., 2014,
Schneider et al., 2013). This result builds on other recent work
demonstrating a static boosting nonlinearity in the input—output
relationship of these neurons for low-frequency rotation when
presented concurrently with high-frequency rotation (Massot et
al,, 2012).

Subadditive integration that approximates the weighted linear
sum of multiple inputs has been reported in other sensory areas,
including the ventral intraparietal cortex (Avillac et al., 2007;
visual and tactile), superior colliculus (Frens and Van Opstal,
1998; Perrault et al., 2005; visual and auditory), dorsal division of
the medial superior temporal area (MSTd; Gu et al., 2008; Mor-
gan et al., 2008; visual and vestibular), and temporal association
cortex (Dahl et al., 2009; visual and auditory). Most notably,
during passive motion, cortical neurons in area MSTd subaddi-
tively integrate otolith and visual information (for review, see
Angelaki et al., 2009). The investigators speculated that the observed
subadditive integration reflects a neural network characterized
by divisive normalization in which the weights corresponding to
each input change with cue reliability. In the present study, input
weights changed with frequency of the passive stimulation: rota-
tional weights decreased, whereas the translational weights increased
with increasing frequency. Interestingly, consistent with our find-
ings, prior psychophysical experiments using low-frequency (<1
Hz) self-motion (Ivanenko et al., 1997; MacNeilage et al., 2010) re-
ported that subjects more accurately perceived angular than linear
displacement. We predict that subjects may actually perceive linear

tageous to suppress the responses
generated by vestibulo-spinal reflex path-
ways because this reflex would produce
stabilizing motor commands that would
effectively oppose the voluntary move-
ment. Indeed, VO neurons are markedly less responsive to active
than passive motion when head motion is restricted to stimulate
a single vestibular modality (i.e., canals: Roy and Cullen, 2001a,
2004 or otolith: Carriot et al., 2013). Moreover, the suppression
of active motion occurs at the level of the vestibular nuclei, be-
cause both canal (Cullen and Minor, 2002; Sadeghi et al., 2007a)
and otolith (Jamali et al., 2009) afferents similarly encode active
and passive rotations and translations, respectively. Evidence to
date suggests that the suppression of actively generated vestibular
responses is mediated by a mechanism that compares the actual
activation of proprioceptors with a motor-generated expectation
(for review, see Cullen, 2011, 2012) that involves the cerebellum
(Brooks and Cullen, 2009). Our present results extend these find-
ings: comparable response suppression for active angular or linear
head motion indicates that the underlying mechanism of neuronal
response attenuation is not modality specific.

In response to active combined motion, we further found that
convergent neuronal responses are even more attenuated than
during active rotations or translations alone. We note that, be-
cause our motion platform only applied horizontal rotations/
translations, some neurons classified as canal-only or otolith-
only may have proven to be convergent had vertical motion been
applied. Therefore, because during daily life, our head motion
comprises both rotation and translation in 6D (Carriot et al.,
2014), we speculate that, as a population, these neurons respond
very minimally to our own active self-motion (i.e., vestibular
reafference) but are robustly modulated by unexpected multidi-
mensional motion, consistent with their role in mediating re-
flexes that ensure the maintenance of posture and balance.

The marked attenuation in the neuronal response to vestibular
reafference has important implications for self-motion perception
(e.g., heading perception, tilt/translation discrimination). During
everyday life, most of our movements are self-generated and, as
noted above, the neurons characterized in this study are the likely
source via thalamus to cortical areas responsible for self-motion
perception (for review, see Angelaki and Cullen, 2008). Accord-
ingly, one might expect that a profound reduction in the modu-
lation of central vestibular neurons would impair our perception
of self-motion or the ability to distinguish between tilt/transla-
tion during self-generated movements. However, during active
motion in the absence of vision, subjects not only can perceive
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head movements but can also distinguish between tilt and trans-
lation (Mittelstaedt and Glasauer, 1991). Because our ability to
distinguish between tilt and translation requires the integration
of canal and otolith information, it had been speculated that the
vestibular response attenuation during voluntary movements
might be specific to nonconvergent cells (Dickman and Angelaki,
2002). However, our results show that the cancellation of vestib-
ular reafference is a general process that affects all VO neurons
regardless of whether they receive inputs from canals and/or
otoliths.

If the modulation of convergent neurons is suppressed during
active motion, how does the brain distinguish between active tilt
and translation and compute an internal estimate of self-motion?
One possibility is the brain relies solely on the residual vestibular
information available from the small subset of neurons that show
less attenuation to active motion (n = 3/22, <30% attenuation).
A more likely possibility is that, during active self-motion, the
brain integrates head motion information derived from other
modalities (i.e., proprioceptive and/or motor efference copy sig-
nals; Blouin et al., 1998a, 1998b, 1999). Indeed, there is accumu-
lating evidence that these extravestibular inputs play a critical role
in our ability to estimate head orientation in the absence of visual
input, for example, when moving in the dark or without salient
visual landmarks (Jiirgens and Becker, 2006; Frissen et al., 2011).
Further experiments will be required to establish how vestibular sen-
sitive neurons at subsequent stages of processing (i.e., thalamo-
cortical pathways) encode information about the rotational and
translational components of natural self-motion and to determine
whether these areas also distinguish actively generated from passive
head movements.
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