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Abstract

Spatial orientation depends critically on the brain’s ability to segregate linear acceleration signals
arising from otolith afferents into estimates of self-motion and orientation relative to gravity. In the
absence of visual information, this ability is known to deteriorate at low frequencies. The cerebellar
nodulus/uvula (NU) has been shown to participate in this computation, although its exact role remains
unclear. Here we show that NU simple spike (SS) responses also exhibit a frequency dependent
selectivity to self-motion (translation) and spatial orientation (tit). At 0.5 Hz, Purkinje cells encode
three-dimensional (3D) translation and only weakly modulate during pitch and roll tilt (0.4 £ 0.05
spikes/s/°/s). But this ability to selectively signal translation over tilt is compromised at lower
frequencies, such that at 0.05 Hz tilt response gains average 2.0 £ 0.3 spikes/s/°/s. We show that such
frequency-dependent properties are due to an incomplete cancellation of otolith-driven SS responses
during tilt by a canal-driven signal coding angular position with a sensitivity of 3.9 = 0.3 spikes/s/°.
This incomplete cancellation is brought about because otolith-driven SS responses are also partially
integrated, thus encoding combinations of linear velocity and acceleration. These results are
consistent with the notion that NU SS modulation represents an internal neural representation of
similar frequency dependencies seen in behavior.
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Introduction

The nodulus and uvula (8NU), the two most posterior lobules of the cerebellar vermis,

constitute an important component of the vestibulo-cerebellum. They receive more than 70%

of vestibular primary afferents (including otolith organs and semicircular canals), which

terminate ipsilaterally as mossy fibers (Kevetter and Perachio, 1986; Barmack et al., 1993;
Gerrits et al., 1989; Carpenter et al., 1972; Korte and Mugnaini, 1979; Kevetter et al., 2004;
Newlands et al., 2002, 2003; Maklad and Fritzsch, 2003). Additional vestibular information

arrives as mossy fibers from the vestibular nuclei and as climbing fibers from the contralateral

inferior olive (B-nucleus and dorsomedial cell column; Kaufman et al., 1996; Barmack,

1996; Ruigrok, 2003; Bernard, 1987; Brodal 1976; Hoddevik and Brodal, 1977; Groenewegen

and Voogd, 1977; Groenewegen et al., 1979, Bigare and VVoogd, 1977; Brodal and Brodal,
1985; Epema et al., 1990; Sato et al., 1989; Ono et al., 2000; Akaogi et al., 1994).
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The functional role of the NU has remained elusive. Because NU lesions result in balance
problems and eliminate the ability of the velocity storage network to align with gravity
(Angelaki and Hess 1995; Wearne et al. 1998), its function has been globally linked to spatial
orientation. Previous studies in anesthetized animals showed that NU Purkinje cells respond
during earth-horizontal axis rotations (e.g., pitch and roll), likely reflecting vertical canal and
otolith system activation (Precht etal., 1976; Marini etal., 1975, 1976; Barmack and Yakhnitsa,
2002, 2003; Fushiki and Barmack, 1997; Yakhnitsa and Barmack, 2006). But these studies
only examined neuronal responses during rotation and static tilt. Using combinations of
rotation and translation stimuli in alert macaque monkeys, Yakusheva et al. (2007) have
recently verified that NU Purkinje cells indeed receive convergent inputs from the otolith
organs and the semicircular canals, but that this information is used to compute pure translation.

Results in alert macaque monkeys appear at odds with those in anesthetized animals (Barmack
and Shojaku, 1995; Fushiki and Barmack, 1997; Barmack and Yakhnitsa, 2002, 2003;
Yakhnitsa and Barmack, 2006). To solve this puzzle and further address the functional
properties of the NU, here we have characterized SS responses during three-dimensional (3D)
stimuli that span a range of frequencies. We show that the NU output selectively encodes 3D
translation, although in a frequency-dependent fashion. At frequencies of 0.16 Hz and below,
canal-driven angular position signals appear insufficient to cancel out the partially integrated
otolith drive during tilt movements relative to gravity. Thus, SS firing rates during tilt increase
at low frequencies, such that they become gradually unselective for translation and likely
respond to net linear acceleration.

Recordings and Setup

Single unit recordings were obtained from the nodulus and uvula (vermal lobules 9 and 10) of
one juvenile fascicularis monkeys (Maccaca fascicularis) and two rhesus monkey (Maccaca
mulatta). In a sterile surgical procedure, a circular delrin ring was chronically implanted to
restrain and stabilize the head during experiments. Stainless steel inverted T-bolts and dental
acrylic were used to hold and attach the implant to the skull. Each animal was also chronically
implanted with scleral search coils to measure eye movements during fixation and pursuit tasks.
In addition, for single unit recordings, a delrin platform was stereotaxically secured inside the
head ring such that staggered arrays of holes (spaced 0.8 mm apart) covered the lobules 9 and
10 of the cerebellum bilaterally. To provide better coverage of the NU close to the midline, in
two of the animals the platform was slanted in the horizontal plane by 10° from anterior to
posterior and 10° from left to right. The experiments and surgical operations were conducted
according to the US National Institutes of Health Guidelines and were approved by the Animal
Care and Use Committee at Washington University.

We used two recording setups, called here “sled” and “motion platform”. Most experiments
were performed in the sled system where animals were seated upright in a primate chair that
was secured rigidly inside a vestibular turntable consisting of a three-axis rotator mounted on
top of a 2 m linear sled (Acutronics Inc., Pittsburgh, PA). The monkey was placed such that
the horizontal stereotaxic plane was aligned with the gravitational horizontal and all three
rotational axes (yaw, pitch and roll) were lined up with the center of the head. This system
could provide pitch and roll rotations about an earth-horizontal axis, yaw rotations about an
earth-vertical axis and translational motion along any direction in the horizontal plane. The
motion platform system was used to test a subpopulation of NU Purkinje cells during 3D
translation using a motion platform (Moog 6DOF2000E; Moog, East Aurora, NY). Linear
accelerations were monitored using a 3D linear accelerometer (NeuwGhent Technology, La
Grangeville, NY) mounted close to the animal’s head. The eye-coil output, as well as linear
acceleration and rotation signals were filtered (200Hz; 6-pole Bessel) and digitized at a rate of

J Neurosci. Author manuscript; available in PMC 2009 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yakusheva et al.

Page 3

833.33 Hz (model 1401, CED, 16-bit resolution; Cambridge Electronics Design, Cambridge,
UK).

Extracellular single-unit activity was recorded from Purkinje cells using epoxycoated tungsten
microeletrodes (4-6 MQ impedance; FHC, Bowdoinham, ME). A 26-gauge guide tube was
used to advance a microelectrode into the brain through the predrilled hole, while the depth of
the electrode was controlled by a hydraulic microdrive. Action potentials were amplified,
filtered (300-6kHz) and discriminated using an oscilloscope window-slope trigger (BAK
window discriminator). Times of occurrence of action potentials and behavioral events were
recorded with 1 ms resolution using the event channel of the 1401 and analyzed offline by
Spike 2 software (Cambridge Electronics Design). Raw signals from the electrodes were also
digitized at 25 kHz and stored to disk for off-line spike sorting.

The location of cerebellar lobules 9 and 10 was determined based on knowledge of stereotaxic
coordinates as well as the location of the abducens, vestibular, and fastigial nuclei in each
animal. In one of the animals, recording location has been verified histologically (see
Yakusheva et al. 2007). To ensure that recordings were made from the Purkinje cell layer, we
searched for complex spikes (CS), identified based on their characteristic waveforms: positive,
long-duration, 2-5ms, multi-peaked action potentials, as opposed to the short-duration, 0.75—
1.25 ms, typically, single-peaked simple spikes. We only recorded from the Purkinje cell layer
where clear CSs could be identified either simultaneously as the SSs or just before the particular
SS was isolated. For more than half of our recordings a CS was simultaneously recorded and
off-line analysis verified a characteristic ~15ms silencing of CS-triggered SS histograms.

For the experiments in the sled, our search stimulus consisted of combinations of 0.5 Hz
translations and rotations about the cardinal axes (lateral and fore-aft for translation; yaw, pitch
and roll for rotation). We only recorded from a cell when there was an audible modulation
during either lateral/fore-aft translation or yaw/pitch/roll tilt. Thus, we cannot describe the
percentage of responsive cells, although two observations were striking: First, all responsive
cells modulated during horizontal plane translation. Second, there were no cells that lacked a
modulation during translation but responded during yaw/pitch/roll rotation. In short, we never
encountered any Purkinje cell that was only responsive during rotation. For the experiments
in the motion platform we recorded from all SSs isolated in the Purkinje cell layer (i.e., we did
not pre-screen our neurons prior to recording). This allowed us to calculate a percentage of
cells responding to each cardinal direction during translation (vertical, lateral, fore-aft). Nearly
all Purkinje cells (74/77) modulated significantly during at least one translation direction (see
Results).

Experimental Protocol

We recorded SS responses in complete darkness during the following experimental protocols.

1. Translational motion (activating exclusively otolith afferents). All cells were first
tested during 0.5 Hz sinusoidal motion (£20 cm, corresponding to 0.2 G peak
acceleration). Motion directions were typically lateral and fore-aft, but several cells
were also tested during in-between directions (Fig. 1A). A few cells were also tested
during lateral and fore-aft translation at different frequencies: 0.16 Hz (x95.6 cm, 0.1
G),0.3Hz (#27.5¢cm, 0.1 G), 1 Hz (x5¢cm, 0.2 G), 2 Hz (¥1.9cm, 0.3 G) and 5 Hz
(x0.2 cm, 0.3 G). For each frequency, we used the maximum stimulus amplitude that
could be physically delivered.

2. Earth-horizontal axis rotations (e.g., pitch/roll, activating both otolith and vertical
semicircular canals simultaneously). Here we also refer to these stimuli as “tilt’. The
majority of cells were tested at 0.5 Hz (+11.3°). For a subpopulation of cells, tilt
responses were also recorded at different frequencies: 1 Hz (£5°), 0.25 Hz (£22.6°),
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0.1 Hz (x30°), 0.05 Hz (x30°) and 0.02 Hz (£30°). Here the goal was to keep angular
position constant (£30°), although this was impossible at higher frequencies due to
the acceleration limits of the turntable. Cells were typically tested during pitch and
roll tilt, although a few neurons were also tested at 45° and 135° orientations (Fig.
1B).

3. Combinations of translation and tilt (‘tilt-translation’, activating exclusively vertical
semicircular canal afferents). During combined tilt-translation stimuli, net linear
acceleration in the horizontal plane was zero, thus resulting in no sinusoidal
modulation of otolith afferents (Angelaki et al. 2004). This latter stimulus was used
to isolate and characterize the properties of the vertical semicircular canal contribution
to Purkinje cell firing (Angelaki et al. 2004; Yakusheva et al. 2007). Data were first
recorded at 0.5 Hz (11.3° and 20 cm). Subsequently cell responses were also tested
at two additional frequencies: 0.16 Hz (5.7° and 95.6 cm), 1 Hz (5° and 2.16 cm).
Note that this was the largest frequency and amplitude range that the equipment would
allow (at high frequencies, constraints were due to the acceleration limits of the tilt
axis; at low frequencies, constraints were posed by the length of the sled). As a result,
canal-driven responses could not be characterized below 0.16 Hz. SS responses during
tilt-translation were obtained along several directions in the horizontal plane,
including 0° (corresponding to fore-aft motion and pitch tilt), 90° (corresponding to
lateral motion and roll tilt), as well as 45° and 135° orientations that are closely aligned
with the left anterior/right posterior or right anterior/left posterior canal axes (Fig.
1C).

4. Yaw rotations (activating exclusively horizontal semicircular canal afferents),
delivered first at 0.5 Hz (31.4°/s, £10°) and, if cell isolation was maintained, at 0.1
Hz (31.4°/s, £50°), 0.25 Hz (31.4°/s, +20°) and 1 Hz (31.4°/s, £5°). Here the goal was
to maintain angular velocity constant across frequency. Because lesions of the NU
result in changes in velocity storage (Angelaki and Hess 1995; Wearne et al. 1998),
Purkinje cells were also tested during constant velocity yaw rotation (30°/s,
acceleration 100°/s2).

5. Finally, to complete the 0.5 Hz characterization of cells during translation in 3D (the
Acutronics sled system can only translate animals in the horizontal plane), a
subpopulation of cells was also tested with 0.5 Hz translation (+10 cm, 0.1 G) along
the three cardinal directions: lateral, fore-aft and vertical.

Data analysis

All data were analyzed offline using Matlab (Mathworks Inc., Natick, MA). Instantaneous
firing rate (IFR) was calculated as the inverse of interspike interval. Then data from multiple
cycles were folded into a single IFR cycle. To compute the neural gain and phase during
translation/rotation, a sine function (15t and 2" harmonics and DC offset) was fitted to both
response and stimulus using a nonlinear least-squares algorithm (Levenberg-Marquardt
method). Neuronal gain for translation was first expressed relative to linear acceleration (in
units of spikes/s per G where G=9.81 m/s2), while for rotations and for combined stimuli (tilt-
translation) gain was first expressed relative to head velocity (in units of spikes/s per °/s). Phase
for translation was computed as the differences (in degrees) between peak neural activity and
peak head acceleration or velocity.

The neural gain and phase during translation, tilt and their combination (tilt-translation)
measured for at least two different directions (0° and 90°) were fitted by a two-dimensional
spatiotemporal model (Angelaki, 1991; 1992; Schor and Angelaki 1992). This model
represents a generalization to cosine-tuning, where neurons are allowed to have not just one,
but two response axes. As a result, gain does not exhibit a rectified cosine-tuning and phase
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depends on stimulus direction. The larger the second axis, the strongest the departure from
cosine-tuning and the greatest the dependence of response phase on stimulus direction. This
model has been shown to characterize best the tuning of neurons in the fastigial and vestibular
nuclei (Angelaki and Dickman 2000; Shaikh et al. 2005a). Based on this analysis, four
parameters for each cell were computed: maximum response gain and phase, the preferred
(maximum response) direction, and tuning ratio (ratio of minimum over maximum neural
response gain). To characterize the response dynamics of SS responses, we plotted neuronal
gain (i.e., ratio of response amplitude over rotational position, velocity or linear acceleration)
and phase as a function of frequency. For translation response dynamics, we used gain and
phase along the preferred (maximum response) direction, as computed from the spatiotemporal
model fits. For tilt and tilt-translation response dynamics (where fewer cells were tested during
at least two motion directions, e.g., pitch and roll), we used gain and phase along either one
axis (pitch or roll), whichever produced the largest modulation.

To assign a statistical significance to the response modulation for each neuron, we also
computed average binned histograms (40 bins per cycle) and a ‘Fourier Ratio (FR)’, defined
as the ratio of the fundamental over the maximum of the first 20 harmonics. The statistical
significance of FR was then based on a permutation analysis. Briefly, the 40 response bins
were shuffled randomly, thus destroying the systematic modulation in the data but maintaining
the inherent variability of the responses. The FR was then computed from those randomly
permuted histograms, and the randomization process was repeated 1,000 times. If the FR for
the original data exceeded that for 99% of the permuted data sets, we considered the temporal
modulation to be statistically significant (p<0.01). For constant-velocity yaw rotation, the firing
rate was partitioned into bins of fixed (200ms) size. We then computed an average firing rate
over 5s time intervals during the beginning and end of the per-rotatory/post-rotatory response.

We recorded simple spike (SS) responses from 249 Purkinje cells. Based on anatomical
reconstruction (Yakusheva et al. 2007), most cells were located in the cerebellar nodulus
(folium 10) and ventral uvula (folium 9c, d), with only a few Purkinje cells recorded from the
dorsal uvula. Because there were no notable differences between the SS responses of Purkinje
cells in the nodulus, ventral uvula and dorsal uvula, we collectively refer to them as NU cells.

SS responses were characterized during rotations and translations in 3D and for a range of
frequencies. Stimuli included translation, yaw (i.e., rotations about an earth-vertical axis, such
that animals’ orientation relative to gravity does not change) and pitch/roll (i.e., rotations about
an earth-horizontal axis that change head orientation relative to gravity). For the majority of
cells (n=172), translation stimuli were limited to the horizontal plane, although for a third of
the neurons (n=77) responses were also tested during vertical motion. In addition, we also used
combinations of earth-horizontal axis rotation (referred to here as ‘tilt”) and horizontal plane
translation (Angelaki et al. 1999; 2004). For the latter stimuli (referred to here as ‘tilt-
translation’), the linear acceleration during translation cancels the horizontal plane
gravitational acceleration component that is generated because of the rotation relative to gravity
(see Methods and Angelaki et al., 1999; 2004; Yakusheva et al., 2007). As a result, tilt (e.g.,
pitch and roll) activates both semicircular canal and otolith afferents, but tilt-translation stimuli
activate semicircular canal afferents exclusively. Note that this sample also includes a few cells
whose 0.5 Hz responses to translation, tilt and tilt-translation have been described previously
(YYakusheva et al., 2007). These data have been included in a few summary figures here for
completeness.

Representative examples of SS modulation from a typical NU Purkinje cell during 0.5 Hz
translation, tilt, and tilt-translation along different directions (see cartoon drawing) are shown
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in Fig. 1. The most conspicuous observation is how little the cell modulated during tilt, as
compared to translation (compare Fig. 1A and B). Because the relative amplitudes of translation
and tilt were such as to elicit an identical linear acceleration in the horizontal plane (see
Methods), the two stimuli activated otolith afferents similarly (Angelaki et al., 2004;Dickman
et al. 1991;Fernandez and Goldberg, 1976;Si et al. 1997). Yet, the tilt (i.e., earth-horizontal
axis rotation) stimulus also activates vertical semicircular canal afferents. Thus, as previously
shown by Yakusheva et al., (2007), the difference in firing rates between translation and tilt
demonstrates that: (1) SS responses are driven by both otolith and semicircular canal signals
and (2) the otolith and canal contributions to this cell’s response are temporally and spatially
matched, such that they cancel out and little SS modulation is seen during tilt (Fig. 1B).
Importantly, the canal contribution to SS responses can be revealed during tilt-translation, a
stimulus that combines the two movements (Fig. 1C).

The matching between translation and tilt-translation responses is further illustrated for this
neuron in Fig. 2A, which plots peak response amplitude and phase as a function of stimulus
direction. Response tuning was quantified using a spatiotemporal model (Angelaki,
1991;Angelaki and Dickman, 2000) that allows estimation of four parameters: preferred (i.e.,
maximum response) direction, amplitude and phase, as well as tuning ratio (defined as the ratio
of the minimum over the maximum response amplitude). Rather than focusing on the spatio-
temporal matching between otolith-driven and canal-driven responses (see Yakusheva et al.
2007), here we focus on the spatial and temporal properties of each response component
separately. In particular, our goal is to first explore the precise nature and properties of SS
modulation during each one of the three stimuli: translation, tilt and tilt-translation. Only then
do we return to the issue of their interaction, which, unlike Yakusheva et al. (2007), has been
now explored at different frequencies. First we describe the population properties in response
to each of the translation, tilt and tilt-translation stimuli.

SSresponses during translation

Half of Purkinje cells whose responses were studied during translation along different
directions in the horizontal plane (e.g., Fig. 1A) were cosine-tuned, with 137/243 (56%) of the
neurons having tuning ratios smaller than 0.2. In addition, approximately a quarter had clear
spatio-temporal response characteristics, with 58/243 (24%) having tuning ratios larger than
0.3, as illustrated in Fig. 2B. The phase of SS responses during 0.5 Hz translation was broadly
distributed between —90° and +90°, with some neurons modulating in phase with head velocity
and some in phase with acceleration (Fig. 2C). Both of these properties are similar to those of
translation-sensitive neurons in the FN (Shaikh et. al., 2005a) and VN (Angelaki and Dickman,
2000;Dickman and Angelaki 2002), but different from primary otolith afferents (Fernandez
and Goldberg, 1976,Angelaki and Dickman, 2000).

Unlike VN (Angelaki and Dickman, 2000; Dickman and Angelaki, 2002) and FN (Shaikh et
al., 2005a) neurons, however, the distribution of preferred directions in the horizontal plane
was not uniform (Fig. 3A). Instead, SS preferred directions appear to cluster around the oblique
axes. To further illustrate this point, Fig. 3B shows the corresponding distribution histogram
in the range of [0°, 180°] (i.e., data have been folded about the 0°~180° axis in Fig. 3A). The
distribution of preferred directions was significantly bimodal (p<0.001, uniformity test;
puni=0.001 and pp; =0.98, modality test), clustering around 45° or 135° (Fig. 3B). In general,
SS translation gains were large (Table 1), often approaching 1000 sp/s/G (Fig. 3A, radial axis,
meanz SE: 30513 sp/s/G, range: 31-1104 sp/s/G).

For a subpopulation of NU Purkinje cells we used a motion platform (see Methods) to translate
animals not only along the lateral and fore-aft axis, but also along the vertical axis (up-down).
We found that preferred directions extended into vertical planes. For cells with significant
modulation along at least one direction (74/77, p<0.01, see Methods), we computed the 3D
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preferred direction (using the same spatiotemporal model; Angelaki et al. 1992). The
corresponding azimuth and elevation of the preferred direction for each cell have been plotted
both as a scatter plot and as marginal distributions in Fig. 3C. Notably, the majority of cells
responded during more than a single cardinal axis; for example, only a few (3/74) SS responses
showed significant modulation during vertical but not during horizontal plane (i.e., lateral and
fore-aft) translation. For elevation, the distribution of preferred directions was not significantly
different from uniform (p=0.132, uniformity test).

This strong modulation of all Purkinje cells during 0.5 Hz translation persisted at lower
frequencies, but sharply declined at higher frequencies. Representative responses from atypical
Purkinje cell during lateral motion are shown in Fig. 4A. Modulation depth decreased with
frequency, such that at 2 Hz there was hardly any visible response (Fig. 4A). To summarize
this finding, we computed response dynamics along the preferred direction (using the
spatiotemporal model) and expressed neuronal gain and phase (of the preferred direction)
relative to linear acceleration (Fig. 4B and C). The decrease in gain was statistically significant
(ANCOVA, F(5,101)=9.7, p<0.001), having a slope of —0.67 (with 95% confidence interval
ClI=[-0.82,-0.54]; r=—0.73, p<0.001). Response phase varied among neurons (see also Fig.
2C), but remained relatively independent of frequency (ANCOVA, F(5,101)=0.35, p=0.87;
note that variability is large at high frequencies due to the lower response gains, Fig. 4B, C).

The fact that acceleration gains were not independent of frequency indicates that SSs do not
encode linear acceleration. To further appreciate these dynamics, Fig. 4D plots mean (£SE)
gain and phase, computed in two different ways, i.e., relative to linear acceleration (filled
circles, black solid line) and relative to linear velocity (open squares, gray dashed line). Unlike
the sharp decrease of acceleration gains with frequency, the opposite trend was observed for
velocity gains: they increased with frequency (ANCOVA, F(5,101)=5.2, p<0.001), with a slope
of 0.36 (C1=[0.22, 0.59]; r=0.49, p<0.001). This occurred because the decrease of acceleration
gain with frequency had a slope less than unity (thus indicating that SSs do not encode a full
integral of linear acceleration). Instead, they carry combinations of linear acceleration and
linear velocity. These response dynamics are different from those in the VN (Angelaki and
Dickman, 2000;Dickman and Angelaki, 2002;Zhou et al. 2006) and FN (Shaikh et al.,
2005a), where a larger mixture of response dynamics was reported.

SSresponses during tilt and tilt-translation stimuli

In contrast to robust responses during translation (Table 1), 0.5 Hz tilt response gains were
typically low (pitch: mean+SE: 0.3+0.025 sp/s/°/s; roll: 0.3+0.028 sp/s/°/s). Similarly low was
the percentage of cells with significant modulation at 0.5 Hz: 38% (43/114) during pitch and
39% (33/84) during roll (Fig. 5A, black bars, p<0.01; hatched bars, p>0.01). In contrast, SS
modulation was strong in response to tilt-translation stimuli (Table 1). Such movements, which
are combinations of tilt and translation, selectively activate only semicircular canal, but not
otolith, afferents (Angelaki et al. 2004;Shaikh et al., 2005b, Yakusheva et al., 2007). For mation
in the pitch plane (i.e., pitch rotation and fore-aft translation), the mean (+SE) gain was 1.1
+0.1 sp/s/°ls (range: 0.2-3.9 sp/s/°/s), with 94% (73/78) of the cells having significant
modulation (Fig. 5B, top). For roll stimuli (i.e., roll rotation and lateral translation), the mean
(xSE) gain was 1.0+0.12 sp/s/°/s (range: 0.15-3.9 sp/s/°/s), with 92% (57/62) of the cells having
significant modulation (Fig. 5B, bottom; black bars, p<0.01; hatched bars, p>0.01). Across the
population, gains were significantly larger in response to the tilt-translation than tilt stimuli
(Wilcoxon rank test, z117=8.6, p<<0.001).

For cells with significant modulation for at least one direction, we used again the spatiotemporal
model (Angelaki, 1991; 1992; Schor and Angelaki, 1992) to calculate the preferred (i.e.,
maximum response) direction and gain for tilt and tilt-translation responses (e.g., using data
like those shown in Fig. 1 and 2A). The distributions of maximum response directions during
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tilt and tilt-translation in the horizontal plane are illustrated with filled black circles in Fig. 6A
and B, respectively. In these polar plots, the radius illustrates response gain (in units of spikes/
s per °/s) and the polar angle the preferred direction. For responsive cells, the maximum

response gain at 0.5 Hz averaged 0.4+0.05sp/s°/s for tilt and 1.8+0.15sp/s/°/s for tilt-translation.

Like translation (Fig. 3), preferred directions for tilt-translation responses also cluster around
the oblique axes (Fig. 6B). The distribution of preferred directions during tilt-translation
(plotted in the range of [0 180°]) were significantly different from uniform (p<<0.001,
uniformity test). Modality test detected two peaks in the distribution (py,i=0.007 and py; 0.96,
modality test), with response preferences clustering close to 45° or 135° (Fig. 6D). Thus, not
only otolith-driven, but also canal-driven components in SS activity are encoded in
semicircular canal coordinates. This does not appear to be true for 0.5 Hz tilt responses
(uniformity test; pyni=0.77, Fig. 6C, filled dark histograms), although this lack of clustering
might be due to increased uncertainty in estimating phase of small responses. Absence of clear
clustering of tilt response vectors with canal axes has also been reported in the mouse
(YYakhnitsa and Barmack 2006).

Like translation, SS modulation during tilt-translation decreased with frequency (Fig. 7). This
is shown first with a representative example (Fig. 7A) and next with all cell responses (n=33,
Fig. 7B, C). With gains expressed relative to angular velocity, there was a steep decrease with
frequency (ANCOVA, F(2,80)=21.4, p<0.001), with a slope of -1 (CI=[-1.2, -0.8.]; r=—0.75,
p<0.0001, Fig. 7B and 7D, filled symbols/solid lines). But when expressed relative to angular
position, gain became independent of frequency (ANCOVA (2,80)=1.5, p=0.22; Fig. 7D, open
symbols/dashed gray line). Thus, the canal-driven component of SS responses encodes angular
position, with a mean sensitivity of 3.9 £ 0.3 spikes/s/® (averaged across all frequencies). This
temporal integration of canal-driven signals on Purkinje cell responses is computationally
necessary for canceling an otolith-driven linear acceleration signal because for small tilt angles,
angular position and linear acceleration are directly proportional to each other (Green and
Angelaki, 2003;2004). Note that the response phase of the canal-driven response varied greatly
among neurons (Fig. 7C), as necessary to match a similar variability of the otolith-driven
response phase (Fig. 2C and 4C) and to cancel on a cell-by-cell basis the otolith-driven response
due to head re-orientation relative to gravity (see Yakusheva et al., 2007).

Canal-otolith response cancellation during tilt would indeed work in a frequency-independent
manner if the otolith-driven component of Purkinje cell responses encoded linear acceleration.
But, as already shown in Fig. 4, otolith-driven responses are partially integrated, such that they
encode combinations of linear acceleration and linear velocity. These findings raise the obvious
question: Is the ‘matching’ between canal-driven and otolith-driven contributions to NU
Purkinje cell firing rates dependent on frequency? In order to cancel each other out during tilt,
perfect otolith/canal convergence requires both amplitude and temporal matching across
frequencies: Amplitude matching means that the ratio of canal-driven (tilt-translation
responses) relative to otolith-driven (translation responses) amplitude should be 1. Temporal
matching means that their phase difference (when expressed relative to the same variable, e.g.,
tilt velocity) should be 0°.

Fig. 8A and 8B shows that, as expected, this is not the case across all frequencies. Because the
dynamics of the otolith-driven and canal-driven response components are not temporally
matched, the two would not cancel each other during tilt at all frequencies. In fact, there was
a significant dependence of both of these measures (ratio of tilt-translation versus translation
gain and corresponding phase difference) on frequency (ANCOVA, ratio: F(2, 68)=14,
p<0.001; phase: F(2, 68)=26, p<<0.001). At 0.16 Hz, canal signals were smaller than otolith-
driven responses (ratio less than 1, t-test, to4=11, p<<0.001; Fig. 8A). Similarly, the canal-driven
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SS responses at 0.16 Hz lead the otolith-driven component by 54°+2.4° (t-test, tp4=23,
p<«0.001; Fig. 8B).

If indeed, as Fig. 8 shows, the ability of canal-driven signals to cancel gravity-related otolith
information during tilt deteriorates at low frequencies, one would then expect that tilt responses
would be stronger at frequencies lower than 0.5 Hz. To address this hypothesis, we tested SS
responses during low frequency roll/pitch rotations (see Methods). Representative responses
are shown in Fig. 9A and population summary in Fig. 9B-D. Tilt responses, which were small
at 0.5 Hz (Fig. 1B and 5A), progressively increased at low frequencies. With gains expressed
relative to angular velocity, there was a steep decrease with frequency (ANCOVA, F(4, 104)
=16, p<0.001), with a slope of —1.2 (CI=[-0.8, —1.4]; r=—0.98, p<0.0001, Fig. 9B and 9D,
filled symbols/solid lines). But, like for tilt-translation, when tilt responses were expressed
relative to angular position, gains became independent of frequency (ANCOVA F(4, 104)
=0.85, p=0.45; Fig. 9D, open symbols/dashed gray line). Tilt position gains averaged 0.85+0.10
spikes/s/° across frequencies. These values are comparable to what was previously reported in
the anesthetized mouse (Yakhnista and Barmack 2006) and rabbit (Barmack and Yakhnista
2003). Like the rabbit and mouse, macaque Purkinje cells were also sensitive to static tilt,
although these responses were not quantified here.

At this point, it is important to directly compare the mean responses to tilt and those to
translation throughout the tested frequency range. In Fig. 10 we have expressed both gains
relative to linear acceleration (Fig. 10, red/magenta and blue/cyan lines, respectively), such
that we can directly compare with mean gains from regular and irregular otolith afferents (solid
and dashed gray lines, respectively; data replotted from Fernandez and Goldberg 1976). Several
observations are worth noting. First, Purkinje cell responses to translation were large,
particularly at lower frequencies, larger than both regular and irregular otolith afferents.
Second, tilt gains, which were consistently smaller compared to translation gains across the
common range of tested frequencies (0.16-1 Hz), were more comparable in magnitude to those
of otolith afferents. Third, when we computed ‘predicted’ tilt gains by vectorially subtracting
tilt-translation from translation responses, predictions superimposed on actual tilt data (Fig.
10, black solid line versus red/magenta lines, respectively). Fourth, although translation
responses were not tested below 0.16 Hz, there was no tendency for gains to decrease as
frequency was decreased. Thus, how the two responses are related at lower frequencies is
unclear. Notably, tilt gains remained relatively constant (or were even decreased) down to 0.02
Hz. Thus, for the two responses to become equal at low frequencies, translation gains should
decline with decreasing frequency below 0.16 Hz. Unfortunately, we were not able to test this
hypothesis.

SSresponses during earth-vertical axis (yaw) rotations

To complete the characterization of NU SSs during motion in 3D, we also tested their responses
during yaw rotation. Although Yakusheva et al. (2007) showed no yaw modulation during 0.5
Hz, here we tested whether this result is extended to lower and higher frequencies. An example
of such a typical unresponsive behavior is illustrated in Fig. 11A, B for 0.5 Hz sinusoidal and
constant velocity yaw rotation, respectively. Out of 99 cells tested during 0.5 Hz yaw
oscillations only 3 passed our criterion for significant modulation (see Methods). Fig. 11C
shows the distribution of 0.5 Hz gains (mean£SE: 0.25+0.027 sp/s/°/s), separated for significant
(black bar) and non-significant (stripped bar) modulations. Yaw response gains for all cells
remained below 1 sp/s/°/s and modulation continued to be non-significant when tested at
different frequencies between 0.1 and 1 Hz (Fig. 11D). This lack of modulation during yaw
rotations also holds when quantifying per- and post-rotatory responses by computing mean
firing rate during the first and last 5s of each period (Fig. 11E). Mean firing rate was identical
during the beginning and end of each period (Wilconxon rank test, z49=1.8, p=0.08), with the
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two values being linearly correlated (slope of 1.2 and 95% confidence interval: [0.8, 1.4]], r
=0.77, p«K0.0001). We conclude that, similar to rabbits, monkey NU SS responses were
completely unresponsive not only during yaw sinusoidal oscillations but also during constant
velocity yaw rotation, a stimulus that activates velocity storage (see Discussion).

Discussion

We have shown that: (1) SS responses in the macaque NU respond during 0.5 Hz translation
in 3D, but show no modulation during yaw and only weak modulation during 0.5 Hz tilt. (2)
The small responses during tilt result from a semicircular canal-driven signal that was reported
to be spatially- and temporally-matched to the otolith-driven response, such that they cancel
each other during rotations that change head orientation relative to gravity (Yakusheva et al.,
2007). The present results further demonstrate the following: (3) Such otolith-canal
convergence takes place in semicircular canal coordinates, as both the canal (tilt-translation)
and otolith (translation) preferred directions cluster around the vertical canal axes (Fig. 3A and
6B). (4) Both otolith and canal responses are temporally integrated, as compared to primary
afferents. The canal signal integration is necessary to cancel an otolith-driven linear
acceleration response during tilt. Indeed, canal-driven responses encode angular position (Fig.
7). Perhaps unexpectedly though, otolith-driven responses are also partially integrated; they
do not encode linear acceleration, but mostly linear velocity (Fig. 4). As a result, the spatio-
temporal matching of canal/otolith convergence in the NU reported by Yakusheva et al.
(2007) appears bandwidth-limited. Indeed, (5) we found deviations from ideally-matched
convergence at 0.16 Hz: Integrated canal signals were smaller and more phase-advanced than
otolith-driven responses (Fig. 8). As a result, otolith-driven signals due to head reorientation
relative to gravity might not cancel out during low frequency tilt. Indeed, tilt velocity gains
increased as frequency was decreased (Fig. 9).

These results provide for the first time a clear picture of the output properties of the macaque
NU and bridge the gap between the Yakusheva et al. (2007) results and those in anesthetized
non-primate species (Barmack and Shojaku, 1995; Fushiki and Barmack, 1997; Barmack and
Yakhnitsa, 2002, 2003; Yakhnitsa and Barmack, 2006).

Failure of the otolith/canal convergence mechanism to discriminate translation from tilt: SS
responses during low frequency tilt

Multiple studies have proposed that convergence from both semicircular canals and otolith
signals is essential to compute inertial motion and orientation relative to gravity (Glasauer and
Merfeld, 1997; Angelaki et al., 1999; Green and Angelaki, 2003; 2004; Green et al., 2005;
Merfeld and Zupan, 2002; Angelaki et al., 2004; Glasauer, 1995; Lewis et al. 2008; Merfeld
et al., 2005a,b; Stockwell and Guedry, 1970; Shaikh et al., 2005b; Zhou et al. 2006). The
mathematical solution requires that canal-driven sensory information must be both spatially
and temporally transformed (Green and Angelaki, 2004): Spatially, because canal-driven
signal should only encode rotational components about an earth-horizontal axis. Temporally,
because to cancel gravitational acceleration this signal must be temporally integrated such that
it encodes tilt position. Yakusheva et al. (2007) found that Purkinje cells carry canal-driven
signals that have exactly these properties, and consequently, SS responses reliably encode
translation at 0.5 Hz.

However, during low frequency movements, linear accelerations in the absence of extra-
vestibular cues are typically, and often erroneously (i.e., even when generated by translational
motion), interpreted as tilt (Glasauer, 1995; Kaptein and Van Gisbergen, 2006; Merfeld et al.,
2005a,b; Paige and Seidman, 1999; Seidman et al., 1998). In fact, these low frequency motions
often result in perceptual illusions (“somatogravic/oculogravic™ illusion, Graybiel, 1952; Clark
and Graybiel, 1963, 1966). It is commonly thought that tilt-translation ambiguities are not
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properly resolved at low frequencies because the semicircular canals cease to provide a
veridical estimate of angular velocity. The present results provide a glimpse at potential neural
correlates of these behaviors.

The present findings significantly expand those of Yakusheva et al. (2007) by showing that
the NU is not only important for appropriately estimating translation at 0.5 Hz, but also that
the same neurons might also represent the neural substrate for the failure to correctly separate
translation from tilt at low frequencies. The present experiments also explain previous
differences in macaques (Yakusheva et al., 2007) and rabbits/mice. Whereas at 0.5 Hz only
39% of SSs modulated significantly during pitch/roll, the percentage increased to 94% at 0.05
Hz. Decreasing SS tilt gains with frequency have also been mentioned in the mouse (Yakhnitsa
and Barmack 2006) and rabbit (Barmack and Yakhnitsa, 2002, 2003). It is possible that the
NU uses additional information to compute pure translation at low frequencies. Visual
information is one likely candidate for complementing the unreliable canal signal at low
frequencies. Future experiments will test this hypothesis.

Absence of SS modulation during yaw (i.e., earth-vertical axis) rotations

Abizarre result in previous studies was the complete lack of SS modulation during yaw rotation
in the mouse and rabbit (Fushiki and Barmack, 1997; Barmack and Yakhnitsa, 2002, 2003;
Yakhnitsa and Barmack, 2006). We have verified that macaques also show no yaw modulation
(Fig. 11). This has been considered puzzling because there is clear evidence of horizontal canal
afferent inputs to the NU (Kevetter et al. 2004; Maklad and Fritzsch 2003; Purcell and Perachio
2001). In fact, about 27% of mossy fibers in the rabbit were modulated by vestibular stimulation
in the plane of the horizontal semicircular canal (Barmack and Shojaku 1995). These
observations took a new meaning, however, with the results of Yakusheva et al. (2007) showing
that the lack of SS modulation applies to all earth-vertical axis rotations: i.e., yaw when upright,
pitch when in ear-down orientation and roll when in supine position.

This finding is consistent with the hypothesized functional role of canal signals in the NU: i.e.,
to provide a functional complement to, and cancel, the otolith-driven activation due to changes
in the orientation of the head relative to gravity. With this framework in mind, of course, there
should be no SS modulation during yaw rotation from an upright posture, because these
movements do not change head orientation relative to gravity. Yet, why would the NU then
receive a horizontal canal signal at all? The answer is simple: Such signal would be extremely
valuable in non-upright orientations because yaw rotation would then result in head re-
orientation relative to gravity (Green and Angelaki, 2004). Similarly, pitch/roll rotations should
modulate NU SS responses in upright but not ear-down/supine orientations. The latter has been
indeed shown to be true in the macaque NU (Yakusheva et al. 2007).

Functional implications for velocity storage

The complete absence of SS modulation during yaw rotations might appear at odds with the
deficits of NU inactivation on velocity storage (Angelaki and Hess, 1995; Wearne et al.,
1998). For example, NU lesions result in dramatic changes in the horizontal VOR time constant
(velocity storage) during constant velocity rotations. Yet, the NU output is completely
unresponsive under these conditions (Fig. 11B, E). Furthermore, NU lesions destroy the
capacity of velocity storage to align with gravity when subjects are suddenly tilted post-rotation
(Angelaki and Hess, 1994; 1995). Yet, the output of the NU only carries earth-horizontal, rather
than earth (gravity)-vertical signals (Yakusheva et al., 2007). Both of these effects can actually
be consistent with the proposed function of the NU if we consider the fact that the NU output
inhibits VOR pathways, possibly through projections to NU-target neurons in the VN (Fig.
12).
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In particular, whenever an earth-horizontal rotation signal (wgy, created in the NU) is
subtracted from the net canal activation, what remains is an earth-vertical component of angular
velocity (ogy = ® — ogy, presumably the signal driving velocity storage). Importantly, because
SSs only modulate during low frequency tilt, high frequency responses of NU-target neurons
would remain head-centered; Only low frequency responses are expected to reflect an ogy.
Indeed, only the low frequency components of the vestibulo-ocular reflex (VOR) have ogy-
like properties (Angelaki et al. 1995). Taken together, in agreement with experimental findings,
this framework predicts that NU lesions would destroy the computation of both mgy and
wogy. Moreover, as this computation involves a temporal integration, NU lesions should also
alter the low frequency dynamics of the VOR.

In summary, we believe that this temporal integration of gravity-referenced angular velocity
necessary for the discrimination of translation and tilt is most likely one and the same with the
elusive velocity storage integrator (Green and Angelaki, 2003; 2004). This conjecture could
be directly testable should we have been able to measure the time constant of this integration.
Since our experimental setup does not allow tilt-translation testing at frequencies below 0.16
Hz, this analysis has not been possible. Yet, the fact that we saw no evidence of integration
failure between 0.16 and 1 Hz (i.e., gain and phase remains flat throughout this frequency
range; Fig. 7) suggests a corner frequency of less than 0.05 Hz and an integrator time constant
of longer than 4s. The fact that the NU computes earth-horizontal and earth-vertical
components of rotation might also be ultimately linked to head direction cell activity in the
limbic system (see review by Angelaki and Cullen 2008). The functional significance of earth-
vertical rotation signals, computed by combining the output of the NU with net canal activation
(Fig. 12), in creating velocity storage-like properties and possibly head direction cell activity
remains to be investigated in the future.
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Fig. 1.

SS responses of a typical NU Purkinje cell during (A) translation (otolith afferent activation
alone), (B) tilt (activation of both otolith and semicircular canal afferents) and (C) tilt-
translation (semicircular canal activation alone), for different motion directions (see cartoon
insets). Notice how small the cell modulation is during 0.5 Hz tilt (earth-horizontal axis
rotation), as compared to 0.5 Hz translation and tilt-translation. Also, the otolith-driven (Fig.
1A) and canal-driven (Fig. 1C) responses are of similar spatial tuning, both peaking at the 45°
stimulus direction and having minimal modulation at the 135° stimulus direction. Vertical
dashed lines illustrate the stimulus timing relative to which response phase was calculated:
peak acceleration (translation) or peak angular velocity (tilt and tilt-translation).
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Fig. 2.

SS response properties during translation in the horizontal plane. (A) Peak response amplitude
(top) and phase (bottom) of the cell of Fig. 1 during translation (otolith activation alone, gray
circles/solid lines), tilt (activation of both otolith and semicircular canals, open circles/dashed
lines) and tilt-translation (semicircular canal activation alone, black triangles/solid lines),
plotted versus motion direction. Phase is expressed relative to linear acceleration (translation)
or angular velocity (tilt and tilt-translation). Notice that translation and tilt-translation
responses are aligned not only spatially but also temporally: translation phase lags linear
acceleration by ~90°, illustrating responses in phase with velocity (tilt-translation phase
slightly leads velocity). (B) Distribution of tuning ratio (0.5 Hz, n=243). (C) Distribution of
response phase along the preferred direction in the horizontal plane (0.5 Hz, n=243).
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Fig. 3.

Spatial organization of SS responses during translation (0.5 Hz). (A) Polar plot, where the
radius corresponds to response gain (in units of spikes/s per G) and the polar angle illustrates
the preferred (i.e., maximum response) direction in the horizontal plane (azimuth). Each circle
corresponds to one NU cell with significant response modulation along at least one direction
(n=243). (B) Same data, now plotted as the distribution of preferred directions in the range [0°,
180°]. (C) Distributions of translation preferred directions for n=74/77 NU Purkinje cells that
had significant modulation (p<0.01, see Methods) along at least one of the vertical, lateral and
fore-aft motion directions when tested in 3D. Each data point in the scatter plot corresponds
to the preferred azimuth (abscissa) and elevation (ordinate) of a single neuron. The data are
plotted on Cartesian axes that represent the Lambert cylindrical equal-area projection of the
spherical stimulus space. Histograms along the top and right sides of each scatter plot show
the marginal distributions.
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Fig. 4.

SS dynamics during translation. (A) Sinusoidal responses of a typical Purkinje cell during
lateral motion at 0.16, 0.5 and 2 Hz. (B) and (C) show the frequency dependence of response
gain and phase (expressed relative to linear acceleration) for n=22 cells. (D) Average neural
response gain plotted versus frequency, where gain is computed either relative to linear
acceleration (filled symbols, black solid line) or relative to linear velocity (open symbols, gray
dashed line).
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Distribution of (A) tilt and (B) tilt-translation SS gains (0.5 Hz). Data are shown separately for
pitch (top) and roll (bottom) planes. Filled bars: significant sinusoidal modulation (p<0.05).

Hatched bars: p>0.05.

——0
4 50 1 4

Gain (sp/s/°l/s)

J Neurosci. Author manuscript; available in PMC 2009 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Yakusheva et al.

Page 21
A Tilt 13° B Tilt-Translation

90° 180

22 135
"7)‘ [
Z ... ®
9 Oy °
o °
Qo 90
c o\g b
£ o
o L

315 45

0

® 0.5Hz
© 0.05Hz
0 0.02Hz

Max response direction (°)

Fig. 6.

Spatial organization of SS responses during (A, C) tilt (0.5, 0.05 and 0.02Hz) and (B, D) tilt-
translation (0.5 Hz). (A, B) Polar plots, where the radius corresponds to response gain (in units
of spikes/s per °/s) and the polar angle illustrates the preferred direction. Each circle
corresponds to one NU cell with significant response modulation along at least one direction
in the horizontal plane. For all three frequencies, distributions of tilt preferred directions were
not different from uniform (uniformity test; pyni>>0.05), unlike the preferred directions during
tilt-translation and translation (Fig. 3B), which are clearly bimodal and clustered around the
semicircular canal axes. (C, D) Same data, now plotted as distributions of preferred directions
in the range [0°, 180°]. Tilt: n=55 for 0.5Hz (filled black symbols, black bars), n=25 for 0.05Hz
(filled gray symbols, hatched bars) and n=12 for 0.02Hz (open symbols, open bars); Tilt-
Translation: n=50.
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Fig. 7.

SS dynamics during tilt-translation. (A) Sinusoidal responses of a typical Purkinje cell tested
during combinations of pitch tilt and fore-aft translation at 0.16, 0.5 and 1 Hz. (B, C) show the
frequency dependence of response gain and phase (expressed relative to angular velocity),
plotted separately for individual neurons (n=33). (D) Average neural response gain plotted
versus frequency, where gain is computed either relative to angular velocity (filled symbols,
black solid line) or relative to position (open symbols, gray dashed line).
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Fig. 8.

Dependence of the relationship between otolith and canal-driven signals on frequency. (A)
Ratio of peak response modulation during tilt-translation (canal-driven response) relative to
that during translation (otolith-driven response) plotted as a function of frequency. (B) Phase
difference between the response modulation during tilt-translation and translation plotted as a
function of frequency. Thin lines and symbols illustrate data from single neurons (n=23). Thick
lines indicate population average.
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SS dynamics during tilt. (A) Sinusoidal responses of a Purkinje cell during pitch tilt at 0.05,
0.1 and 0.5Hz. (B, C) show the frequency dependence of response gain and phase (expressed
relative to angular velocity), plotted separately for each cell (n=27). (D) Average neural
response gain plotted versus frequency, where gain is computed either relative to angular
velocity (filled symbols, black solid line) or relative to position (open symbols, gray dashed
line).
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Comparison between response gain during tilt and translation as a function of frequency. Gain
has been expressed relative to linear acceleration. Data are shown from two different
experiments: those matching translation and tilt (0.16-1 Hz, cyan and magenta dashed lines,
respectively) and those testing translation or tilt separately (solid blue and red lines,
respectively). Black solid line illustrates the vectorial difference between translation (otolith-
driven response) and tilt-translation (canal-driven response) gains (computed from the 0.16-1
Hz data only). Solid and dashed gray lines illustrate the mean gains from regular and irregular
otolith afferents (replotted from Fernandez and Goldberg 1976).
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Fig. 11.

Absence of SS modulation during yaw rotation. (A, B) Example firing rate during 0.5 Hz
sinusoidal and constant velocity (30°/s) yaw rotations. (C) Distribution of yaw gains at 0.5 Hz,
shown separately for significant (black bar, n=3) and non-significant (stripped bar, n=96)
modulation. (D) Yaw response gains at different frequencies of rotation (open circles indicate
non-significant modulation). (E) Summary of per-rotatory and post-rotatory responses. Data
shown represent mean firing rates computed for each cell during the first and last 5s of per-
rotatory (filled circles) and post-rotatory (open circles) responses (n=20 cells).

J Neurosci. Author manuscript; available in PMC 2009 April 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yakusheva et al.

Page 27

Canal signal transformation
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Fig. 12.

Schematic illustrating our working hypothesis regarding the relationship between the
processing of semicircular canal signals between the afferents, the NU and the vestibular nuclei
(VN). Semicircular canal afferents carry head-referenced angular velocity (), but the NU
encodes only the earth-horizontal component (wgp). Thus, because of Purkinje cell inhibition,
NU-target neurons in the VN should carry the earth-vertical component (ogy = ® — ®gp).
Importantly, because the NU canal-driven responses are temporally integrated, VN responses
are predicted to encode earth-vertical canal signals with a longer time constant than canal
afferents. This is because, assuming for simplicity an ideal integration, ogpy = ® — /s = o (S
—1)/s, where s is the complex frequency. Indeed, many VN neurons exhibit longer time
constants, attributed to velocity storage influence (Reisine and Raphan 1992). We have
proposed that this framework underlies the rationale and functional relevance of what has been
previously known as velocity storage (Green and Angelaki 2003).
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Table 1
Mean (£SE) gain of NU Purkinje cells during vestibular stimulation.
Stimulus 1A/Roll NO/Pitch Up-Down)|
Translation0.5Hz (sp/s/G) 274+15 284+14 210415
N=243 N=243 N=77
Tilt 0.5Hz (sp/s/°/s) 0.3+0.028 0.3+0.025
N=84 N=114
Tilt 0.05Hz (sp/s/°/s) 1.5+0.2 1.4+0.2
N=26 N=27
Tilt-Translation 0.5Hz (sp/s/°/s) 1.0+0.12 1.1+0.1
N=62 N=78
Yaw 0.5Hz (sp/s/°/s) 0.21+0.02
N=99
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