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Spatiotemporal Properties of Optic Flow and Vestibular
Tuning in the Cerebellar Nodulus and Uvula
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Convergence of visual motion and vestibular information is essential for accurate spatial navigation. Such multisensory integra-
tion has been shown in cortex, e.g., the dorsal medial superior temporal (MSTd) and ventral intraparietal (VIP) areas, but not in the
parieto-insular vestibular cortex (PIVC). Whether similar convergence occurs subcortically remains unknown. Many Purkinje
cells in vermal lobules 10 (nodulus) and 9 (uvula) of the macaque cerebellum are tuned to vestibular translation stimuli, yet little
is known about their visual motion responsiveness. Here we show the existence of translational optic flow-tuned Purkinje cells,
found exclusively in the anterior part of the nodulus and ventral uvula, near the midline. Vestibular responses of Purkinje cells
showed a remarkable similarity to those in MSTd (but not PIVC or VIP) neurons, in terms of both response latency and relative
contributions of velocity, acceleration, and position components. In contrast, the spatiotemporal properties of optic flow re-
sponses differed from those in MSTd, and matched the vestibular properties of these neurons. Compared with MSTd, optic flow
responses of Purkinje cells showed smaller velocity contributions and larger visual motion acceleration responses. The remarkable
similarity between the nodulus/uvula and MSTd vestibular translation responsiveness suggests a functional coupling between the
two areas for vestibular processing of self-motion information.

Introduction

Accurate processing of self-motion information is critical for
spatial navigation and often requires integration of visual (op-
tic flow) and vestibular signals. Visual-vestibular convergence
has been demonstrated in the macaque parietal cortex, such as
the dorsal medial superior temporal area (MSTd; Duffy, 1998;
Gu et al., 2006), the ventral intraparietal area (VIP; Schlack et
al., 2002; Chen et al., 2011b), and the visual posterior sylvian
area (Chen et al., 2011c¢). In contrast, visual/vestibular conver-
gence appears weak or absent in the thalamus (Meng and
Angelaki, 2010) and vestibular nuclei (Bryan and Angelaki,
2009). Another subcortical area with potential optic flow/ves-
tibular convergence is the cerebellar nodulus and uvula (NU).
Anatomically, the NU receives both visual and vestibular in-
formation via mossy and climbing fibers (Brodal, 1976; Hod-
devik and Brodal, 1977; Korte and Mugnaini, 1979; Takeda
and Maekawa, 1984, 1989; Brodal and Brodal, 1985; Kevetter
and Perachio, 1986; Bernard, 1987; Gerrits et al., 1989; Sato et
al., 1989; Epema et al., 1990; Barmack et al., 1993; Voogd et al.,
1996; Ono et al., 2000; Maklad and Fritzsch, 2003; Newlands et
al., 2003; Ruigrok, 2003; Kevetter et al., 2004).
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Recent studies have reported simple and complex spike
modulation of NU Purkinje cells in the macaque during ves-
tibular sinusoidal translation in darkness (Yakusheva et al.,
2007, 2008, 2010). However, whether vestibular responses in
the macaque NU are encountered together with optic flow
signals is unknown, although large field visual motion re-
sponses have been previously described in anesthetized pi-
geons (Wylie et al.,, 1991, 1993, 1999) and rabbits (Kano et al.,
1990, 1991a,b; Shojaku et al., 1991; Barmack and Shojaku,
1995). In addition, the human NU is also activated during
visually induced illusion of self-motion (Dieterich et al., 2000;
Kleinschmidt et al., 2002).

Here we quantify simple spike modulation of macaque NU
Purkinje cells in response to 3D transient vestibular and optic
flow stimulation. In addition, we compare the spatiotemporal
properties of NU Purkinje cells to those previously reported
for cortical parieto-insular vestibular cortex (PIVC), MSTd,
and VIP neurons. We show that a small percentage of NU
Purkinje cells modulate significantly during optic flow, al-
though response properties differ from those encountered in
cortical neurons. In contrast, the spatiotemporal properties of
vestibular translation responses in the NU are identical to
corresponding properties of MSTd neurons, despite the lack
of evidence of any direct anatomical interconnectivity be-
tween the two areas.

Materials and Methods

Animal preparation and experimental setup

Three male rhesus monkeys (Macaca mulatta) weighing between 6
and 9 kg were used in this study. Surgical procedures were similar to
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Two single-peaked examples of NU Purkinje cell responses during 3D vestibular and visual (optic flow) translation. 4, Top, Congruent example cell. Color-contour maps, showing 3D

direction tuning profiles (Lambert cylindrical projection) at peak time for vestibular (1.12's) and visual (0.9 5) responses with preferred directions: [azimuth, elevation] = [—86°, —18°]and [—94°,
—12°], respectively. Tuning curves along the margins illustrate mean firing rates plotted versus elevation or azimuth (averaged across azimuth or elevation, respectively). Bottom, Response PSTHs.
Red stars indicate significant responses. B, Opposite example cell. Vestibular: [azimuth, elevation] = [131°,22°] and peak time, 1.18 s; Visual: [azimuth, elevation] = [—48°,25°] and

peak time, 0.98 s.

those used in our previous studies (Yakusheva et al., 2007, 2010).
Specifically, each animal was chronically implanted with a circular
Delrin ring for head restraint and a scleral search coil to measure eye
movements. After animals fully recovered from surgeries, they were
trained to fixate and follow a visual target for liquid rewards. To
record from NU Purkinje cells, a Delrin platform with arrays of holes
spaced 0.8 mm apart was stereotaxically implanted inside the ring. To
provide access to the midline, the recording platform was tilted 10° in
the mediolateral plane in two animals and, additionally, 10° in the
anterior—posterior plane in the third animal. All surgical and experi-
mental procedures were approved by the Animal Care and Use Com-

mittee at Washington University and were in agreement with
National Institutes of Health regulations.

Vestibular stimulation was delivered using a motion platform with
six degrees of freedom (MOOG 6 DOF200E) controlled through an
Ethernet interface (Gu et al., 2006). During experiments, animals
were seated in a primate chair secured inside the motion platform
such that the horizontal stereotaxic plane aligned with the earth-
horizontal plane and the axis of rotation passed through the center of
the head. Visual stimuli (optic flow) were generated by an OpenGL
accelerator board (Quadro FX 3000G; PNY Technologies) and dis-
played through a digital projector (Christie Digital Mirage 2000) onto
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[azimuth = —55°, elevation = —10°].

a 60 X 60 cm tangent screen placed 30 cm in front of animal. Visual
stimuli simulated self-motion through a 3D cloud of dots, viewed
binocularly through red/green glasses (Kodak Wratten filters, red no.
29 and green no. 61). The projector, screen, and magnetic field coil
frame were mounted on the platform and moved together with the
animal. Because the sides of the coil frame were covered with a black
enclosure, only the tangent screen was visible to the animal (thus,
there was no visual motion stimulation during platform motion).
Further details regarding motion platform and visual stimuli param-
eters can be found in Gu et al. (2006).

Anatomical localization and electrophysiological recordings
Extracellular recordings were made from 106 Purkinje cells. Tungsten
microelectrodes (FHC; impedance 5-7 M()) were inserted into the NU
through 26 gauge guide tubes and controlled by a hydraulic microdrive
(FHC). Raw signals were amplified, filtered (0—10 kHz), digitized at 25
kHz (model 1401; Cambridge Electronic Design), and saved on a com-
puter for off-line analysis. Linear acceleration, angular velocity, and eye
coil output were filtered (200 Hz; 6 pole Bessel filter) and digitized at a
rate of 833.33 Hz (model 1401, 16 bit resolution; Cambridge Electronics
Design).

The NU was identified based on stereotaxic coordinates and ana-
tomical location with respect to the abducens, vestibular, and fastigial
nuclei (Angelaki et al., 2004; Shaikh et al., 2004, 2005). Recordings
from Purkinje cells were verified using the same criteria described
previously (Yakusheva et al., 2007, 2008, 2010). Only cells in the
Purkinje cell layer (identified by the presence of complex spikes, CSs)
were included in the present analyses. The raw neuronal data (simple
spikes, SSs, and CSs) were sorted based on principal component anal-
ysis and analyzed off-line using Spike 2 (Cambridge Electronic De-
sign). Most (77/106, referred to as “identified”) Purkinje cells were
further identified off-line by the existence of a pause in SS firing
following each CS (Yakusheva et al., 2010, their Fig. 1). The rest were
classified as “putative” Purkinje cells. We found no difference in re-
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Double-peaked example of NU Purkinje cell responses during 3D vestibular translation. A, Response PSTHs. Red (t =
0.9s) and blue (t = 1.425) stars indicate significant responses at the two peak times. B, Color-contour maps, showing 3D direction
tuning profiles (Lambert cylindrical projection) at the two peak times: first peak [azimuth = 130°, elevation = 15°], second peak
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sponse properties between identified and
putative Purkinje cells, thus the two groups
have been considered together in all analyses.

Experimental protocol

We characterized simple spike activity during
3D transient vestibular and visual (optic flow)
stimuli identical to those previously used to
quantify responses of cerebral cortical areas
(Gu et al., 2006; Takahashi et al., 2007; Chen et
al., 2010, 2011a,b,c). Neural activity was first
obtained using a “3D translation” experimen-
tal protocol, i.e., transient motion along 26 di-
rections 45° apart in 3D space (Gu et al., 2006).
These 26 directions included eight azimuth an-
gles (0, 45, 90, 135, 180, 225, 270, and 315°,
where 0° and 90° correspond to rightward and
forward translations, respectively) and five el-
evation angles (0, =45, =90°). Note that eleva-
tion angles = 90° include only one direction
each (see Fig. 1, peristimulus time histograms,
PSTHs). The motion stimuli followed a 2 s
Gaussian velocity with a corresponding bipha-
sic acceleration profile (see Fig. 6A). For trans-
lation stimuli the maximum displacement was
13 cm, peak velocity was 27 cm/s, and peak
acceleration was 0.1 g (~0.981 m/s?). Because
the location of the NU is near the midline and
fourth ventricle, some recordings of NU Pur-
kinje cells were contaminated by very large pul-
sations. We recorded from 106 Purkinje cells.
However, only 70 could be reliably isolated,
as verified by null PSTHs without significant
temporal modulation (based on a discrete
Fourier transform method; Fetsch et al.,
2010). Of 70 cells, 42 Purkinje cells were re-
corded during both visual and vestibular stimuli, 14 cells were re-
corded during only vestibular stimuli, and 14 cells were recorded
during only visual stimuli.

For most (38/42, 90%) cells recorded during both visual and ves-
tibular translation, stimuli were delivered in separate blocks. Within a
single block (i.e., visual or vestibular) the stimulus direction was
randomized. During visual translation monkeys were required to fixate
a centrally located visual target (fixation window spanned 2 X 2° of visual
angle). During vestibular translation neural responses were recorded in
total darkness (no fixation with the projector turned off). The animal
fixated a central target only when vestibular and visual stimuli were de-
livered within the same block (n = 4). No difference was found in ves-
tibular responses between cells recorded with and without fixation of a
central target; therefore all vestibular data were presented together.

Spontaneous activity was also obtained during null trials (no visual
or vestibular stimuli) randomly interleaved with stimulus trials. Due
to high response variability of NU Purkinje cells, only neurons with at
least 10 (but typically 15-20) repetitions of each stimulus direction
were included for SSs off-line analysis. However, this number of rep-
etitions (15-20) was not sufficient to provide reliable analysis for CSs.
Therefore, complex spikes were not further considered in this paper.

Ifisolation was maintained Purkinje cells were also tested with a 3D
rotation protocol (visual and vestibular conditions, n = 13; only
visual condition, n = 12; only vestibular condition, n = 1). The
rotational stimuli followed a Gaussian velocity profile with amplitude
of 9° (peak angular velocity, ~20°/s). In the rotation protocol, the
same 26 stimulus directions represent the corresponding axes of ro-
tation according to the right-hand rule, where the azimuth of 0 and
90° (elevation, 0°) corresponds to pitch (up) and roll (right ear down)
rotations, respectively. Elevations of —90° or 90° correspond to left-
ward and rightward yaw rotation, respectively (Takahashi et al., 2007;
Chen et al., 2011b).
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Data analysis A
Data analysis was performed off-line using
MATLAB (MathWorks). To quantify the
temporal and spatial properties of NU Pur-
kinje cells, we applied the same 3D tuning
analysis that was previously used in cortical
areas (Chen et al., 2010, 2011a,b,c). To eval-
uate temporal modulation, we constructed
PSTHs by averaging responses from identical
trials (same stimulus type and direction) us-
ing 25 ms time bins smoothed with a 400 ms
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times” were then defined as the times of local Figure 3. Summary of vestibular and visual response types and location along anterior—posterior and mediolateral coordi-

maxima (for excitatory cells)/minima (for inhib-
itory cells) at which distinct epochs of directional
tuning were observed. To compensate for the de-
lay between the motion command and the actual
movement of the platform, 115 ms was sub-
tracted from the calculated peak time (Fetsch et
al., 2010).

Based on the maximum/minimum responses
and the number of distinct response peaks,
we divided Purkinje cells into four groups: (1) “excitatory single-
peaked,” cells with positive modulation that had one single temporal
peak of directional tuning; (2) “excitatory double-peaked,” cells with
positive modulation which had two temporal peaks of directional
tuning; (3) “inhibitory single-peaked,” cells with negative (no posi-
tive) modulation and single temporal peak of directional tuning; and
(4) “not tuned,” cells with no temporal and/or spatial modulation
(note that no “inhibitory double-peaked cells were encountered).
Only cells with significant temporal and spatial modulation (i.e.,
groups 1, 2, and 3) were considered for further analysis (n = 50,
vestibular; n = 15, visual).

Color contour maps were used to illustrate the 3D directional tuning
of each cell (Fig. 1 A, B). In this representation, response amplitude was
transformed using the Lambert cylindrical equal-area projection and the
result plotted as a function of azimuth and elevation on Cartesian axes
(Gu et al., 2006). The color scale in the contour map reflected the re-
sponse amplitude of the neuron rounded to its nearest 10 spikes/s (sp/s).
The preferred direction of each significantly modulated neuron was

modulation, respectively.

nates. A, B, Percentage of different categories of neurons in response to vestibular () and visual (B) translation. C—F, Recon-
structed locations of Purkinje cells recorded during vestibular (n = 56, blue) and visual (n = 56, orange) stimulation. DDI plotted
as a function of anterior—posterior (€ and D; 0 corresponds to the location of the abducens nuclei) and mediolateral (E and F; 0
corresponds to the midline) coordinates. Data are shown separately for each animal and each symbol corresponds to a single
neuron: squares (animal V: vestibular, n = 31; visual, n = 30); circles (animal P: vestibular, n = 14; visual, n = 10); and triangles
(animal F: vestibular, n = 11; visual, n = 16). Filled and open symbols represent cells with significant and not significant

computed as a vector sum of its response, described by azimuth and
elevation angles.

A direction discrimination index (DDI) was used to quantify the
strength of directional tuning at each peak time (Takahashi et al., 2007),
computed as follows:

Rmax - Rmin
DDI = , 1)
Rm;\x - Rmin + 2 AY SSE/(N - M)

where R, and R, ; are the maximum and minimum responses from
the 3D tuning analysis, respectively. SSE is the sum squared error around
the mean response, N is the total number of observation (trials), and M
is the number of stimulus directions (M = 26). DDI varies from 0 to 1
and indicates the difference in firing rate between the null and preferred
directions against response variability. DDI values close to 1 indicate
neurons with large response modulations relative to the noise level,
whereas DDI values close to 0 correspond to neurons with weak response
modulation.
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Visual DDI

Comparison between vestibular and visual responses. A, Distribution of preferred directions in 3D. Each data point
represents a preferred azimuth and elevation of a single cell for vestibular (blue symbols, n = 50) and visual (orange symbols, n =
15) conditions (only significantly tuned cells are included): squares (animal V: vestibular, n = 28; visual, n = 9); circles (animal P:

w, X ([F(cos(6 — 6y),n)] — DC)
+(1 — w,) X ([F(cos(6 — 6,

“

dG(t)
~ 80,),m) - DC) " [7] ) R

vestibular, n = 12; visual, n = 1); and triangles (animal F: vestibular, n = 10; visual, n = 5). Data are plotted on Cartesian axes

that represent the Lambert cylindrical equal-area projections of the spherical stimulus space. Histograms along the top and right
sides show the corresponding marginal distributions (blue filled bars for vestibular and orange bars for visual). B, Distribution of the
absolute difference between vestibular and visual preferred directions (| A preferred direction|) (n = 11). €, D, Scatter plots of the
maximum response amplitude and DDI for Purkinje cells tested with both vestibular and visual stimuli (n = 42). Purple symbols
indicate cells with significant tuning to both visual and vestibular stimuli (n = 11, ANOVA, p < 0.01). Black symbols show cells that
were spatially and temporally tuned during only vestibular, but not during visual stimuli (n = 25). Open symbols correspond to

cells with no significant tuning for both vestibular and visual stimuli (n = 6).

Spatiotemporal model fit. To better understand the spatiotemporal in-
formation carried by NU Purkinje cells and for direct comparison with
responses in other areas, average PSTHs (100 ms bins) were fit by the
same models used previously in cortical areas (MSTd, PIVC, VIP; Chen
et al., 2011a,b,c). These models inform us of the type of signals NU
Purkinje cells carry: acceleration, velocity, and/or position. The fitting
was performed in one or all of the three cardinal planes (horizontal,
frontal, and median), as long as each plane exhibited significant spatio-
temporal tuning and significant space-time structure (p < 0.001, two-
way ANOVA, significant main effect of space and time and significant
interaction; Chen et al., 2011a,b,c). The space—time structure was visual-
ized by plotting the data as a color-contour map of response amplitude,
in which stimulus direction is plotted along the abscissa and time (during
the 0-2 s stimulus profile) is plotted along the ordinate (see Figs. 7-10).
For each cell we show results of model fitting from the cardinal plane with
the strongest response.

There were four models fitted. (1) The first, “velocity” (Vel) model
consisted of the product of a modified cosine function of stimulus direc-
tion (space) and a Gaussian velocity profile in time, computed as follows:

R(6,t) = A X ([F(cos(68 — 6y),n)] — DC) X G(t) + R,.

(2) The second, “acceleration” (Acc) model represented the product of
the cosine spatial tuning function and an acceleration profile in time
[derivative of G(t)], given by the following:

The AccVel model has two additional parame-
ters, the weight, w,, and the difference between
direction preferences for the velocity and ac-
celeration components, Af,. If the neuron
encodes pure velocity, then w, = 1; if it en-
codes pure acceleration, then w, = 0; if it
encodes equal combinations of velocity and
acceleration, then w, = 0.5. A ratio of the
acceleration to velocity weights was com-
puted as w,/w, = (1 w,)/w,.

(4) The fourth, “acceleration + velocity + position” (AccVelPos)
model incorporated an additional spatiotemporal component to allow
for a position contribution. The position component was represented as
the product of an offset spatial tuning curve and a position profile in time
(integral of G(¢)), as follows:

RO, 1) = A

w, X ([F(cos(6 — 6y),n)] — DC)
dG(t)

+ (1 —w,) X([F(cos(6 — 6,),n)] — DC) X [7]

+w, X ([F(cos(6 — 6, — A6,,),n)] — DC) X [fG(t)dt]

+ Ry

The additional parameters in this model are as follows: (1) the difference
in direction preference between the velocity and position components,
A0,, and (2) the relative weight of the position component, w,, ranging
from 0 to 1 (Chen et al., 2011 a,b).

The relative quality of the different model fits was evaluated using a se-
quential F test (p < 0.01). We first compared the fits of the two 7 parameter
models (Acc and Vel) with the fit of the 9 parameter AccVel model to distin-
guish acceleration-only, velocity-only, and acceleration + velocity cells. For
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cells for which p < 0.01, in support of the AccVel A
model, an additional sequential F test between
the AccVelPos and AccVel models determined
the significance of the position component.

Results

We analyzed the simple spike activity of 70
Purkinje cells in the cerebellar nodulus and
uvula (animal V: n = 38; animal P: n = 15;
animal F: n = 17) during 3D translation
(“vestibular condition”) and simulated
translation (optic flow, “visual condition”).
Of these, 42 Purkinje cells were tested dur-
ing both stimuli, whereas a smaller number
was tested during only the vestibular (n =
14) or only the visual (n = 14) conditions. A
small subgroup of these NU Purkinje cells
were also tested during 3D rotation: vestib-
ular and visual (n = 13), only vestibular
(n = 1), and only visual (n = 12). Because
only one Purkinje cell showed significant
modulation during rotational optic flow
and three cells during vestibular rotation,
we present here only responses of NU Pur-
kinje cells during 3D translation.
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Spatiotemporal tuning during
vestibular and visual translation

Two types of multisensory vestibular/
visual directional tuning were observed: (1)
“congruent” Purkinje cells had similar ves-
tibular/visual direction preferences (Fig.
1A) and (2) “opposite” Purkinje cells had
nearly opposite vestibular/visual direction
preferences (Fig. 1B). For example, the pre-
ferred directions for the congruent example
in Figure 1A had azimuth/elevation =
—86°/—18° (vestibular) and —94°/—12°
(visual), corresponding to a backward and
slightly upward direction. In contrast, pre-
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ferred directions for the opposite Purkinje
cell in Figure 1B were azimuth/elevation =
131°/22° (vestibular) and —48°/25° (visual).
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In general, visual responses were weaker

. Figure 5. Comparison of responses of cerebellar NU and cortical areas (PIVC, VIP, and MSTd). Cumulative distributions were
than vestibular responses for both congru-

plotted for vestibular (left) and visual (right) responses. 4, B, DDIs. C, D, Peak-to-trough response amplitude (R;,,,-Royin)- E. F,

ent and opposite multisensory cells.

Both example neurons showed a single
peak in their tuning, occurring simultane-
ously along different directions (Fig. 1A, B,
red dots). Neurons with this type of responsiveness were clas-
sified as single-peaked excitatory (Chen et al., 2010). Similar
to cortical areas (Chen et al., 2010, 2011a,b), we also encoun-
tered excitatory double-peaked NU Purkinje cells, having two
significant peak times, as illustrated in Figure 2. This neuron
showed a first peak at 0.9 s (azimuth = 130°, elevation = 15°)
and a second peak at 1.42 s (azimuth = —55°, elevation =
—10°), corresponding to backward and forward vestibular
motion, respectively. We also observed Purkinje cells that
were spatially tuned, but decreased their firing rate during
stimulation; these neurons were classified as inhibitory tuned
(Chen et al., 2010). Other cells were unresponsive based on
our criteria for significant temporal and spatial modulation
(see Materials and Methods) and thus classified as not tuned.

etal. (2011a,b).

Neural response variance, computed as the SSE around the mean response. Data for cortical areas have been replotted from Chen

We found that 89% (50/56) of Purkinje cells were significantly
tuned to vestibular translation. Of these, approximately half (32/
56, 57%) were identified as excitatory single-peaked, about a
quarter (15/56, 27%) as excitatory double-peaked, and few (3/56,
5%) as inhibitory tuned (Fig. 3A). The percentage of double-
peaked cells in the NU was similar to VIP (31%) and MSTd
(34%), but lower than in PIVC (52%) (Chen et al., 2010, 2011a).
In contrast to vestibular translation, only 27% (15/56) of Pur-
kinje cells were tuned to optic flow. Of these, 10 (18%) were
identified as excitatory single-peaked, 2 (4%) as excitatory
double-peaked, and 3 (5%) as inhibitory tuned (Fig. 3B).

The majority (25/42, 60%) of Purkinje cells tested during both
vestibular and visual stimulation were “vestibular only” neurons,
26% (11/42) were tuned to both vestibular and visual stimulation
(“multisensory”), and 14% (6/42) were not significantly tuned to
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cortical areas have been replotted from Chen et al. (2011a,b).

any stimulus. We did not encounter any “visual only” neurons in
the NU. Thus, in contrast to cortical areas MSTd and VIP (Gu et
al., 2006; Chen et al., 2011b) only a small percentage of NU Pur-
kinje cells showed significant spatiotemporal tuning to optic
flow. This percentage was, however, larger than in PIVC and
thalamic neurons (Chen et al., 2010; Meng and Angelaki, 2010).
As also demonstrated previously (Yakusheva et al., 2007), Pur-
kinje cells tuned to vestibular translation were relatively uni-
formly distributed in anterior—posterior and mediolateral
locations (Fig. 3C; r = —0.003, p = 0.23; Fig. 3E; r = 0.01, p =
0.15, Spearman’s rank correlation, applied to absolute values). In
contrast, Purkinje cells tuned to optic flow tended to cluster in
anterior and medial parts of the NU (Fig. 3D,F), as demon-
strated by significant correlations between the DDI and recording
location (Fig. 3D; r = —0.56, p < 0.001; Fig. 3F; r = —0.31,p =
0.05, Spearman’s rank correlation, applied to absolute values).
Thus, Purkinje cells with the highest visual DDI and strongest
visual tuning were most likely located in the midline nodulus.
We previously reported that SS preferred directions during
sinusoidal translation clustered around oblique axes, and this
distribution was bimodal (Yakusheva et al., 2008). Here neither
azimuth nor elevation preferences was bimodally distributed
(Fig. 4A; p > 0.15, uniformity test), possibly because of the
smaller sample size. Similarly, azimuth and elevation preferences
during optic flow stimulation were also uniformly distributed
(p = 0.4, uniformity test). These results contrast with those in
VIP and MSTd neurons, where the majority of vestibular and
visual neurons preferred lateral translation (Gu et al., 2006, 2010;
Chenetal., 2011b). The difference in 3D direction preference (|A
preferred direction|) between vestibular and visual preferred di-
rections was nonuniform but unimodal (p < 0.01, uniformity
test; Pun; > 0.54; Fig. 4B). Approximately half of multisensory
Purkinje cells (5/11, 46%) were of the opposite type (|A preferred
direction| > 120° Fig. 1B) and only a few cells (2/11, 18%) were
of the congruent type (|A preferred direction| < 60°% Fig. 1A).
However, many Purkinje cells (4/11, 36%) had their absolute

Single-peakedvestib C Double-peaked

1.2 1.6 2.
Late peak time (s)

Distribution of peak times. A, The 2 s motion stimuli: stimulus velocity (red curve), acceleration (green curve), and
position (blue curve). B, Distributions of peak times for single-peaked Purkinje cells during vestibular (dark bars, n = 32) and visual
(light gray bars, n = 10) stimulation. Stimulus velocity (red curve), acceleration (green curve), and position (blue curve) are
superimposed. €, Distributions of peak times for double-peaked Purkinje cells during vestibular motion only (n = 15). Dark gray
bars: early peak times; white dashed bars: late peak times. D, Comparison of peak times for single-peaked cellsin NU (n = 32) and
in cortical PIVC (n = 59), VIP (n = 58), and MSTd (n = 127). E, F, Comparison of peak times for vestibular double-peaked cells
among different areas: early peak times and late peak times (NU, n = 15; PIVC, n = 66; VIP, n = 26; MSTd, n = 43). Data for
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difference in 3D direction preference
between 60 and 120°. In comparison,
MSTd and VIP showed nearly equal dis-
tribution of congruent and opposite
cells and these distributions were signif-
icantly bimodal (Gu et al., 2006; Chen et
al., 2011b). We cannot exclude the pos-
sibility that the lack of bimodality in the
distribution of |A preferred direction| in
the NU is due to the small number of
cells tuned to both stimuli.

How response magnitude and DDI for
vestibular and visual responses compare
with each other is illustrated in Figure 4C
and D. Purkinje cells tuned to both stimuli
(purple symbols) had smaller visual than
0 vestibular response amplitude (mean *
SE, 78 * 4sp/svs51 = 5sp/s, respectively;
Wilcoxon signed rank test, p < 0.001; Fig.
4QC), but there was no difference between
the vestibular and visual DDI for the same
group of cells (0.57 = 0.01 and 0.52 =
0.01, respectively; Wilcoxon signed rank
test, p = 0.21; Fig. 4D, purple symbols).
However, both differences were signifi-
cant when comparing all neurons to-
gether (purple, black, open symbols;
Wilcoxon signed rank test, p < 0.001; Fig. 4C,D; most data
falling above the diagonal).

Optic flow tuning in NU Purkinje cells was also weaker when
compared with cortical multisensory areas. Figure 5 shows cu-
mulative distributions of vestibular and visual DDIs, R ,,.-R,
and response variability (PIVC data are only shown for vestibular
responses, as there is negligible optic flow tuning; Chen et al.,
2010). Vestibular DDIs for NU Purkinje cells (mean = SE, 0.57 =
0.017) were smaller than cortical neurons: PIVC (0.70 = 0.01),
VIP (0.67 = 0.01), and MSTd (0.64 = 0.01; p < 0.001, Wilcoxon
rank sum test; Fig. 5A). The same was true for visual DDIs: NU
Purkinje cells: 0.52 = 0.01; MSTd: 0.77 = 0.01; VIP: 0.71 = 0.01
(Fig. 5B; p < 0.001, Wilcoxon rank sum test). DDI depends on
both peak-to-trough modulation (R,,,.-R,,,;,) and response vari-
ability (SSE, Eq. 1, see Materials and Methods). For vestibular
translation (Fig. 5C), Ry,a-Rinin in NU (mean * SE, 47 * 4 sp/s)
was greater than in MSTd and VIP (39 *+ 2 and 28 £ 1.5 sp/s,
respectively; p < 0.014, Wilcoxon rank sum test), but similar to
PIVC (45 = 2 sp/s; p = 0.76, Wilcoxon rank sum test). For
optic flow (Fig. 5D), R .« Rinin iIn NU (31 £ 1.8 sp/s) is similar
to VIP (37 = 1.8 sp/s; p = 0.11; Wilcoxon rank sum test), but
smaller than in MSTd (68 = 3 sp/s; p < 0.001). The fact that
DDIs are weaker for NU Purkinje cells despite large peak-to-
trough modulation, particularly for vestibular responses, sug-
gests higher response variability in the NU, as illustrated in
Figure 5E and F (p < 0.001, Wilcoxon rank sum tests).

How the timing of maximum response modulation (peak
time) compares with stimulus velocity peak (1 s, red curve, Fig.
6A) and acceleration/deceleration (0.82/1.18 s; Fig. 6A, green
curve) is shown in Figure 6B and C. Vestibular single-peaked
responses reached their peak at 1.11 £ 0.033 s (mean * SE),
which is later than peak velocity (1's, p = 0.002, Wilcoxon rank
sum test; Fig. 6B, dark gray bars). These peak times are similar to
those of cortical neurons (MSTd: 1.08 = 0.01 s; PIVC: 0.98 =
0.03 s; VIP: 1.08 = 0.02 s; p > 0.13, Wilcoxon rank sum test; Fig.
6D). The average peak time of visual single-peaked Purkinje cell

min



15152 + J. Neurosci., September 18,2013 - 33(38):15145-15160

Response

Firing rate (sp/s)

A

esidual

Residual

Time (sec)

o

Residual

leo 0

0
-180 90 0
Direction (deg)

90 180-180 90 0 90 180
Direction (deg)

Figure7.

Azi=270 Ele=45

Azi=270 Ele =-45

1

Yakusheva et al. @ Optic Flow and Vestibular Responses in the Nodulus and Uvula

C

Acc
Vel
AccVel

Azi=0 Ele =90

e L [
il
0 1 2

Median Plane : :

Al

0 1 2

Azi=90 Ele =45

Azi=90 Ele=0

Azi=90Ele =-45

T

i it
2 0 1 2
Azi=0 Ele=-90

IIiIIIIiIII|I||||||I!I

Time (sec)

Example of best-fit acceleration model (Acc) to the spatiotemporal vestibular responses of a double-peaked Purkinje cell (same example as shown in Fig. 2). A, Direction-time color plot

illustrating how direction tuning evolves over the time course of the response (spatial and temporal resolution: 45°and 100 ms, respectively). B, Modelfits (left) and corresponding response residuals
(right): acceleration (model Acc, r? = 0.735), velocity (model Vel, r* = 0.35), acceleration + velocity (model AccVel, r* = 0.74, w, = 0.9, w, = 0.1), and acceleration + velocity + position
(model AccVelPos, r* = 0.741,w, = 0.9, w, = 0.1, w, = 0.07). C, Response PSTHs for eight directions in the median plane together with superimposed curve-fitting lines for each model: Acc

(black), Vel (red), AccVel (green).

responses was not significantly different than the timing of peak
stimulus velocity (1.01 = 0.033 s; p = 0.41 Wilcoxon rank sum
test; Fig. 6B, light gray bars) and these values are similar to MSTd
(1.02 = 0.01 s; p = 0.15, Wilcoxon rank sum test) and VIP
(1.07 = 0.01 s; p = 0.21, Wilcoxon rank sum test).

Vestibular double-peaked cells had early and late response
peak times (Fig. 6C, dark filled and open dashed bars) at 0.99 =
0.034 s and 1.42 * 0.054 s, respectively, and occurred later than
the stimulus acceleration and deceleration peak times (0.82 and
1.18 s, respectively; p < 0.001, Wilcoxon rank sum test). These
peak times did not differ from those in MSTd (early and late peak
times: 1.03 = 0.03 and 1.50 * 0.03 s, respectively; p > 0.27,
Wilcoxon rank sum test; Fig. 6E,F), but were longer than in
PIVC neurons (0.82 = 0.02 and 1.25 * 0.02 s, respectively; p <
0.001, Wilcoxon rank sum test; Fig. 6 E,F). Only the early re-
sponse peak time in Purkinje cells was longer than in VIP neurons
(early peak time: 0.85 * 0.02 s; p = 0.002, Wilcoxon rank sum
test; late peak time: 1.38 = 0.01 s; p = 0.21, Wilcoxon rank sum
test). Since only two Purkinje cells were classified as double
peaked based on visual responses, no further comparisons are
made here.

Spatiotemporal dynamics: model fitting

To quantify response dynamics further, four different models,
reflecting coding of acceleration (model Acc), velocity (model
Vel), acceleration + velocity (model AccVel), or acceleration +
velocity + position (model AccVelPos), were fit to the spatiotem-
poral responses of each neuron (see Materials and Methods;
Chen et al., 2011a). For simplicity, each model was fit to 2D data
with significant spatiotemporal structure from the horizontal,
frontal, and median planes of the stimulus space, as described in

Materials and Methods. Forty-three and 14 Purkinje cells met the
above criteria for vestibular and visual translation responses, re-
spectively. We report results from the plane with the strongest
response modulation for each neuron. Figures 7-10 illustrate ex-
ample planar cell responses with best fits provided by the Acc,
Vel, AccVel, and AccVelPos models, respectively. For the cell in
Figure 7 (same cell as in Fig. 2), the acceleration weight (w, = 0.9)
calculated from the AccVel model suggests that the acceleration
component accounts for 90% of temporal modulation, as illus-
trated by biphasic responses (Fig. 7B). In contrast, the spatiotem-
poral responses of the example in Figure 8 were significantly
better fit by the Vel model (red) and the velocity component
accounted for 92% of the temporal modulation (w, = 0.92). The
responses of the Purkinje cell illustrated in Figure 9 were better fit
by the AccVel model (green), with w, = 0.52 and w, = 0.48.
Adding a position parameter did not significantly improve the fit
(AccVel vs AccVelPos, F test, p = 0.11). Finally, the spatiotem-
poral responses of the example cell in Figure 10 were significantly
better fit by the AccVelPos model (blue, w, = 0.51, w, = 0.49, w,,
= 0.6), as illustrated by the fact that prestimulus and poststimu-
lus firing rate were often different. Figure 11, A and B, summa-
rizes the population results. During vestibular translation, 7% of
NU Purkinje cells (3/43) were better fit by the Vel model, 14%
(6/43) by the Acc model, 26% (11/43) by the AccVel model, and
53% (23/43) by the AccVelPos model (Fig. 11A). Thus, similarly
to MSTd (Chen et al., 2011a), most NU Purkinje cells carry in-
formation about linear displacement, in addition to linear veloc-
ity and acceleration.

During visual stimulation, 29% (4/14) of NU Purkinje cells
were best fit by the Vel model, 50% (7/14) by the AccVel model,
and 21% (3/14) by the AccVelPos model. In contrast, no cell was
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Example of best-fit acceleration + velocity + position model (AccVelPos) to the spatiotemporal vestibular responses of a single-peaked Purkinje cell. A, Direction-time color plot

illustrating how direction tuning evolves over the time course of the response (spatial and temporal resolution: 45°and 100 ms, respectively). B, Modelfits (left) and corresponding response residuals
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best fit by the Acc model (Fig. 11B). Note
that the percentage of visually driven neu-
rons best fit by the Vel model was higher in
cortical areas (VIP = 58%, MSTd = 67%)
than in cerebellar NU (see Discussion). As
expected, most double-peaked cells were
better fit by the Acc or AccVel model, while
most of the single-peaked cells were better
fit by the Vel, AccVel, or AccVelPos model
(Table 1). There was no systematic relation-
ship between model fit and vestibular/visual
congruency. Figure 11, C and D, illustrates
the cumulative distribution of the correla-
tion coefficients (r?) for all model fits. Dur-
ing vestibular translation the Acc and Vel
model fits had similar r* (Fig. 11C, black
and red symbols/lines; p = 0.21, Wilcoxon
signed rank test), but during visual transla-
tion the Vel model had substantially larger
r* than the Acc model (Fig. 11D, black vs
red; p < 0.001, Wilcoxon signed rank test).
AccVel and AccVelPos models significantly
improved the fits for both the vestibular and
visual responses (Fig. 11C,D, green and
blue; p < 0.001, Wilcoxon signed rank test).
Only Purkinje cells with > > 0.45 for the
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Figure 11.  Population summary of curve-fitting analysis in cerebellar NU for vestibular (left) and visual (right) responses. 4, B,
Percentage of Purkinje cells according to the best-fit model (Acc, Vel, AccVel, AccVelPos) for vestibular (A) and visual (B) responses.
€, D, Cumulative distribution of fit model coefficients (%) for vestibular (€) and visual (D) responses.
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Table 1. Best model-fitting and type of Purkinje cell responses to visual and
vestibular translation

Vel model Accmodel AccVel model AccVelPos model
Vestibular Exc single-peaked Excsingle-peaked  Exc single-peaked
N=2 N=7 N=21
Inh single-peaked  Exc double-peaked Exc double-peaked Exc double-peaked
N=1 N=6 N=4 N=2
Visual Excsingle-peaked N/A Excsingle-peaked  Excsingle-peaked
N=2 N=5 N=3
Inh single-peaked Exc double-peaked Exc double-peaked
N=2 N=1 N=1

The majority of double-peaked cells were better fit with Acc or AccVel models, whereas single-peaked cells were
mainly better fit by AccVelPos model. Exc, excitatory; Inh, inhibitory.

best-fit model (n = 39 for vestibular and n = 11 for visual
responses) were further analyzed and compared with cortical
areas, as described next.

The contribution of velocity, acceleration, and position com-
ponents to NU Purkinje cell responses (defined by their respec-
tive weights: w,,, w,, and w,,) are summarized in Figure 12). The
fact that most (70%, 30/39) cells had vestibular w,/w, ratios
smaller than 1 (geometric mean = SE, 0.69 = 0.05) indicates a
larger contribution of velocity than acceleration to vestibular re-
sponses in the NU (Fig. 12A; marginal distribution). Remarkably,
w,/w, ratios for NU Purkinje cells were similar to MSTd neurons
(0.7 = 0.72; p = 0.5, Wilcoxon rank sum test), but smaller than
PIVC and VIP neurons (1.57 = 0.72 and 1.59 * 0.86, respec-
tively; p < 0.001, Wilcoxon rank sum test).

The visual w,/w, ratio for Purkinje cells (0.70 = 0.5; Fig. 12B;
marginal distribution) was larger than in VIP (0.22 % 0.32, p <
0.001, Wilcoxon rank sum test) and MSTd (0.17 % 0.42, p <
0.001, Wilcoxon rank sum test). Furthermore, w,/w, ratios were
similar for visual and vestibular responses in the NU (p = 0.24,
Wilcoxon rank sum test), as also shown in the scatter plot of
Figure 12C for multisensory cells (type II regression: r = 0.7, p =
0.01, slope = 0.82, 95% confidence interval: [0.63, 1.01]). Thus,
acceleration visual responses were more prominent in the NU
than in cortical areas, perhaps to match the vestibular response
dynamics. Remarkably, vestibular acceleration and velocity con-
tributions in the NU matched at the population level those pre-
viously reported for area MSTd (Chen et al, 201la). The
similarities in vestibular dynamics between NU and MSTd also
extended to the position contribution: the position weight, w,,
for NU (0.15 = 0.42) was similar to that for MSTd (0.14 * 0.41,
p = 0.6, Wilcoxon rank sum test), but significantly greater than
that for PIVC and VIP (0.04 = 0.55 and 0.05 = 0.55, respectively,
p < 0.001, Wilcoxon rank sum test; Fig. 12D). In contrast, the
visual position weight of NU Purkinje cells was substantially
greater than that of MSTd and VIP neurons (NU: 0.15 * 0.41;
MSTd: 0.05 = 0.31; VIP: 0.04 + 0.31; p < 0.001, Wilcoxon rank
sum test; Fig. 12E). Although there was no significant correlation
between vestibular w, and visual w, on a cell-by-cell basis for
multisensory Purkinje cells (type II regression, p = 0.19; Fig.
12F), the average vestibular w, (0.2 = 0.31) was not significantly
different from the average visual w, (0.15 % 0.42; p = 0.7, Wil-
coxon signed rank sum test). These findings suggest strong sim-
ilarities in vestibular spatiotemporal response properties between
NU and MSTd. In contrast, the visual spatiotemporal properties
of NU Purkinje cells differed from MSTd neurons and were in-
stead similar as the vestibular responses in the NU.

The model-fitting analysis also allowed estimation of response
latency that, unlike response peak time, was independent of dy-
namics. Figure 13, A and B, illustrates the distributions of the
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response latency of NU Purkinje cells calculated from the best-fit
model. Purkinje cells with responses best fit by Acc and Vel mod-
els had smaller vestibular response latencies (mean *+ SE; 109 * 4
and 102 * 10 ms) than those with responses best fitted by AccVel
(179 = 4 ms) and AccVelPos models (244 = 4 ms) (p < 0.001,
Wilcoxon rank sum test; Fig. 13A). No such difference was seen
for visual responses (Fig. 13B).

The average vestibular response latency of all NU Purkinje
cells (188 = 18 ms) was similar to that of MSTd neurons (193 *
26 ms, p = 0.24, Wilcoxon rank sum test) but larger than the
latency of PIVC and VIP neurons (65 * 26 ms and 112 *+ 26 ms,
respectively, p < 0.001, Wilcoxon rank sum test), as illustrated by
the cumulative distributions in Figure 13A. The visual response
latency (169 = 26 ms) was significantly longer compared with
MSTd and VIP neurons (77 = 19 and 48 * 18 ms, respectively,
p < 0.001, Wilcoxon rank sum test; Fig. 13B), but similar to the
vestibular latency (p = 0.16; Wilcoxon rank sum test). Further-
more, there was a significant correlation between visual and ves-
tibular response latency for multisensory Purkinje cells in the NU
(Fig. 13C; type I regression: r = 0.63, p = 0.03, slope = 0.57,95%
confidence interval: [0.54, 0.81]). Thus, both response dynamics
and latency measurements reveal a remarkable similarity be-
tween NU and MSTd vestibular responses. In contrast, the NU
optic flow responses match the vestibular properties and differ
strongly from MSTd visual response properties. However, given
the small number of visually tuned cells in the NU, the latter
comparisons must be interpreted cautiously.

Discussion

The major goals of this study were to quantify the responses of
NU Purkinje cells during 3D transient vestibular and visual stim-
ulation (optic flow), and to compare these responses to those
already described in cortical areas (PIVC, VIP, and MSTd). We
found that most Purkinje cells responded to vestibular transla-
tion, whereas fewer (27%) responded to visual translation. Visual
responses were in general weaker in the NU than in cortical areas,
although we did find strong visual responses in medial and ante-
rior parts of the NU. Remarkably, NU vestibular responses
showed striking similarities to MSTd, but not PIVC or VIP neu-
rons. Peak times and response latencies, as well as the relative
contributions of velocity, acceleration, and position signals, were
similar to those in MSTd neurons. Multisensory Purkinje cells in
the NU could have either congruent or opposite preferred direc-
tions as was also shown previously in cortical areas MSTd and
VIP (Gu et al., 2006; Chen et al., 2011b). However, unlike cortical
neurons, the distribution of 3D preferred direction differences of
Purkinje cells was not bimodal. Since this could easily be the
result of the small number of visually tuned Purkinje cells, this
result must be interpreted cautiously. Furthermore, unlike MSTd
(Chen et al., 2011b), the visual and vestibular responses of mul-
tisensory Purkinje cells had similar acceleration and velocity con-
tributions. This match in temporal response properties may play
arole for long-term plasticity in the spatial orientation properties
of the NU (Waespe et al., 1985; Angelaki and Hess, 1995; Wearne
et al., 1998; Pettorossi et al., 2001; Cohen et al., 2002; Yakusheva
et al., 2007, 2008). Next we discuss further these observations in
relationship to potential roles of the NU in multisensory visual/
vestibular processing.

Vestibular responses of NU Purkinje cells
The transient stimuli used here are better suited than sinusoidal
stimuli to characterize response dynamics because position, ve-
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locity, and acceleration signals can be temporally dissociated.
Thus, a major goal for these experiments was to extend the sinu-
soidal analysis of Yakusheva et al. (2008) by showing that NU
Purkinje cells carry information about all three components: lin-
ear acceleration, velocity, and displacement (position) signals.
Given the particular stimulus profile used, sensitivity to linear
velocity appears as a single peak in the cell’s spatiotemporal re-
sponse profile (Fig. 1), whereas sensitivity to linear acceleration is
manifested as double peaks in the 3D response tuning (Fig. 2).
Because the NU receives direct otolith afferent inputs (Kevetter
and Perachio, 1986; Maklad and Fritzsch, 2003; Newlands et al.,
2003), which carry linear acceleration signals, one might have
expected that most Purkinje cells should exhibit double-peaked
responses to vestibular translation. Instead we found that most
NU Purkinje cells showed single-peaked, velocity-like responses,
whereas only a quarter exhibited double-peaked modulation. In
fact, such velocity-dominated responsiveness has also been found
in MSTd (Gu et al., 2006; Fetsch et al., 2010; Chen et al., 2011a,b),
but not in PIVC (Chen et al., 2010, 2011a). These results provide
strong evidence that the NU plays key role in the temporal trans-
formation of otolith signals (Yakusheva et al., 2007, 2008; Walker
etal., 2008, 2010).

Similarly to MSTd neurons, about half of the Purkinje cells
carried a position (i.e., linear displacement) signal. This signal
could be important for postural control and/or autonomic func-
tions. For instance, areas of the vestibular and fastigial nuclei that
receive inputs from the NU are known to project to the spinal
cord and thought to play a critical role for postural control (Pe-
terson et al., 1981; Dietrichs, 1983; Wilson et al., 1990; Wylie et
al., 1994; Xiong and Matsushita, 2000; Kleine et al., 2004; Shaikh
etal., 2004). In addition, the NU is involved in cardiovascular and
respiratory functions (Bradley et al., 1987; Henry et al., 1989;
Sadakane et al., 2000; Holmes et al., 2002; Barman and Gebber,
2009). Moreover, the position signal carried by Purkinje cells
could be of great importance for providing a source of idiothetic
cues to other brain structures involved in spatial navigation
(Sharp et al., 1995; Jeffery et al., 1997; Stackman and Taube,
1997). Indeed, cerebellar protein kinase C-dependent plasticity is
necessary for proper spatial navigation (Burguiere et al., 2010
Rochefortetal., 2011; Passot et al., 2012), suggesting a functional
link between the cerebellum and forebrain navigation areas
(Rochefortetal., 2013). Although no direct connectivity has been
established between the NU and hippocampus, they could be
indirectly connected via the cerebellar nuclei (Heath and Harper,
1974; Newman and Reza, 1979; Angaut et al., 1985; Aumann et
al., 1994).

Response latencies of Purkinje cells estimated by model fits
were similar to those of MSTd neurons, but longer than PIVC
and VIP neurons (Chen et al., 2011a,b). This finding is rather
surprising given that the NU receives direct vestibular afferent
inputs (Carpenter et al., 1972; Kevetter and Perachio, 1986;
Gerrits et al., 1989; Maklad and Fritzsch, 2003; Newlands et al.,
2003). These long latencies might be due to the extensive com-
putational processing needed to transform net gravito-inertial
acceleration into inertial information (Angelaki et al., 1999;
Green and Angelaki, 2004, 2007, 2010; Laurens and Angelaki,
2011). One of the major differences between the NU and cor-
tical vestibular responses was the lower tuning strength of
Purkinje cells, as measured with the DDI (Fig. 5A). The lower
DDI is due to higher response variability (Fig. 5E), despite
similar response magnitude for Purkinje versus cortical cells
(Yakusheva et al., 2007, 2008; Liu and Angelaki, 2009; Liu et
al., 2011; Fig. 5C).
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The remarkable similarities in the spatiotemporal proper-
ties of NU and MSTd neurons, in terms of both latency and
response dynamics, raise the question of whether these two
areas are interconnected by corticocerebellar pathways as re-
cently shown for other areas of the cerebellum and cortex
(Strick et al., 2009). MSTd projections to the NU could involve
the pontine nuclei (Wiesendanger et al., 1979; Brodal and
Bjaalie, 1992; Akaogi et al., 1994; Glickstein et al., 1994). Al-
ternatively, the observed similarities could reflect parallel
computations performed in the cerebellar and cerebral corti-
cal areas independently.

Optic flow responses of NU Purkinje cells

Previous neurophysiological studies had shown optokinetic re-
sponses in NU Purkinje cells of anesthetized nonprimate species
(Precht et al., 1976; Kano et al., 1990, 1991a, b; Wylie et al., 1991,
1993, 1999; Barmack, 2003) and such responses have also been
demonstrated in the macaque dorsal uvula (Heinen and Keller,
1992, 1996). Here we found responses of macaque NU Purkinje
cells to translational but not rotational optic flow. Visually driven
Purkinje cells tend to cluster in the anterior part of the NU near
the midline (Fig. 3), where visual DDIs could be as strong as
vestibular DDIs (Fig. 4). Based on our previous histological re-
construction of recording locations in the macaque NU (Yaku-
sheva et al., 2007, 2008) most visually driven Purkinje cells are
likely located within the medial nodulus. Functional differences
between the medial and lateral NU have been noted previously.
For example, the medial part in the NU controls the vertical/roll
time constants, whereas lateral portion of the NU modulate the
horizontal vestibular and optokinetic time constants (Wearne et
al., 1998).

Visual signals in the nodulus might arise through projections
from the vestibular and/or prepositus hypoglossi (PH) nuclei
(Rubertone and Haines, 1981; Brodal and Brodal, 1985; Sato et
al., 1989; Thunnissen et al., 1989; Epema et al., 1990; Barmack et
al., 1993; Voogd et al., 1996; Ruigrok, 2003; Pakan et al., 2008).
Although vestibular mossy fibers project to the nodulus without
clear mediolateral preference (Akaogi et al., 1994), the PH project
to an area 0.5-1 mm lateral to the midline (Belknap and McCrea,
1988). The vestibular, PH, and pontine nuclei receive direct pro-
jections from the optic tract and accessory optic system nuclei,
which are directly innervated by afferents from MST (Mustari et
al., 1994; Kato et al., 1995; Biittner-Ennever et al., 1996; Gamlin,
2006; Giolli et al., 2006). Optokinetic modulation has been re-
ported in the PH (Lannou et al., 1984) and vestibular nuclei
(Waespe and Henn, 1977; Keller and Precht, 1979; Cazin et al.,
1980; Boyle et al., 1985), although responses were reduced during
fixation (Bryan and Angelaki, 2009). However, whether or not
vestibular and PH nuclei respond to optic flow remains un-
known.

Finally, the NU also receives visual information through
climbing fibers originating in the dorsal cap and ventrolateral
outgrowth (Takeda and Maekawa, 1984; Voogd et al., 2012).
In this study we have not characterized complex spike modu-
lation during optic flow because this would necessitate a con-
siderable larger amount of trials than was available. However,
NU complex spikes modulate during translational optic flow
in pigeons (Wylie et al., 1991, 1999) and during optokinetic
stimulation in rabbits and cats (Precht et al., 1976; Kano et al.,
1990; Barmack and Shojaku, 1995; Barmack, 2003). Climbing
fibers could carry an error signal necessary to calibrate motion
processing in the NU and future experiments will address this
hypothesis.
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