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SUMMARY

The integration of different sensory streams is required to dynamically estimate how our head and body are
oriented and moving relative to gravity. This process is essential to continuously maintain stable postural
control, autonomic regulation, and self-motion perception. The nodulus/uvula (NU) in the posterior cere-
bellar vermis is known to integrate canal and otolith vestibular input to signal angular and linear head motion
in relation to gravity. However, estimating body orientation and motion requires integrating proprioceptive
cues with vestibular signals. Lesion studies demonstrate that the NU is crucial for maintaining postural con-
trol, suggesting it could play an important role in combining multimodal sensory input. Using high-density
extracellular recordings in rhesus monkeys, we found that the majority of vestibular-sensitive Purkinje cells
also encoded dynamic neck proprioceptive input. Furthermore, Purkinje cells generally aligned their direc-
tional tuning to vestibular and proprioceptive stimulation such that self-motion encoding was enhanced.
The heterogeneous response dynamics among Purkinje cells enabled their population activity to generate
head or body motion encoding in the downstream nuclei neurons on which they converge. Strikingly, when
we then experimentally altered the orientation of the head relative to the body, Purkinje cells modulated
their responses to vestibular stimulation to account for the change in body motion in space. These findings
reveal that the NU integrates proprioceptive and vestibular input synergistically to maintain robust postural

control.

INTRODUCTION

The brain continuously integrates different streams of sensory
information to dynamically estimate the orientation and motion
of our head and body relative to gravity. This computation is
essential to maintain stable postural control, autonomic regula-
tion, and self-motion perception. Importantly, the vestibular
system senses gravity and motion of the head in space, which
is used by the brain to stabilize gaze and maintain head and
body posture across vertebrates.'™ One major hub of vestibular
processing is the nodulus/uvula (NU) in the cerebellar vermis
(lobules X and 1X). The NU is not only heavily interconnected
with neurons in the brainstem vestibular nuclei, which comprise
the first central stage of vestibular processing,*™"" but it is also
the only region of the cerebellum that receives direct input from
primary vestibular canal and otolith afferents (monkey'? and
mouse'®). The classic view is that the function of the NU is to
integrate angular and linear motion signals from the semicircular
canals and otoliths to represent the orientation and motion of
the head relative to gravity.'*'® This view is supported by
studies on gaze stabilization following NU lesions'®'" as well
as single-unit recordings of NU Purkinje cells during vestibular
stimulation induced by passive whole-body motion.'®2°

However, in addition to its role in gaze stabilization via the ves-
tibuloocular reflex (VOR),'®'” studies in human patients indicate
that the NU also plays an essential role in stabilizing posture.
Specifically, selective damage to the NU results in severe impair-
ments in head and body postural control, which are more pro-
nounced than those observed for the VOR (humans®'~?*; mon-
keys?°). Importantly, generating appropriate vestibular postural
responses requires the brain to rapidly integrate multiple
streams of sensory feedback to account for the position and
movement of the body relative to the head —the native reference
frame of the vestibular organs. The outcome of this sensory inte-
gration is demonstrated by studies showing that human postural
reflexes evoked by galvanic vestibular stimulation are modulated
by sensory feedback about head-on-body position.?*® This
transformation of vestibular postural responses critically relies
upon neck proprioceptive cues.”® Consequently, a fundamental
question arises: does the NU integrate multiple sensory modal-
ities, proprioceptive and vestibular, to compute an estimate of
body motion relative to gravity?

Accordingly, here we directly tested the hypothesis that the
NU of the cerebellum integrates neck proprioceptive cues with
vestibular input by conducting high-density extracellular record-
ings from individual NU Purkinje cells, the output neurons of the
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cerebellar cortex, in rhesus monkeys. Our analysis of simple
spike activity revealed that the vast majority of vestibular-sensi-
tive Purkinje cells also robustly encoded dynamic neck proprio-
ceptive input. Purkinje cells aligned the directional tuning of their
vestibular and proprioceptive responses to generate an overall
enhanced encoding of self-motion. Furthermore, their heteroge-
neous response dynamics enabled the combined activity of a
Purkinje cell population to signal either pure head or body motion
to the output nuclei of the cerebellum. Importantly, when we then
altered the orientation of the head relative to the body, Purkinje
cells modulated their response to the same otolith stimulation
in order to account for the change in body motion in space.
Our findings reveal, for the first time, that the NU encodes propri-
oceptive information, dynamically integrating it with vestibular
signals while accounting for the head’s orientation relative to
the body. We propose that the synergistic integration of canal
and otolith vestibular input with proprioceptive input in the NU
enhances the encoding of self-motion in space to achieve robust
head and body postural control.

RESULTS

NU Purkinje cell responses to vestibular stimulation

We recorded from 163 total Purkinje cells in the NU (Figure 1A).
All Purkinje cells in our sample were sensitive to vestibular stim-
ulation produced by applied whole-body translations and were
insensitive to eye movements. We first examined each neuron’s
simple spike response to vestibular stimulation by applying
whole-body translations along the anteroposterior and mediolat-
eral axes (illustrated in Figure S1B). Figure 1A reveals the diver-
sity in the vestibular responses that we observed among our
population of Purkinje cells during anteroposterior translations.
We show three example Purkinje cells that are representative
of the primary response types observed in our population during
vestibular stimulation. The first example Purkinje cell (Purkinje
cell 1; left) linearly encoded vestibular information, displaying
robust and opposite responses for posteriorly versus anteriorly
directed translations. However, the majority of vestibular-sensi-
tive Purkinje cells did not exhibit such linear responses. For
instance, the middle and right of Figure 1A illustrate two other
Purkinje cells. Purkinje cell 2 was excited by posteriorly but not
anteriorly directed translations and thus demonstrated a half-
wave rectifying response. Purkinje cell 3 exhibited a bidirectional
excitation for applied anterior and posterior translation, resulting
in a v-shaped response. Notably, we observed a similar hetero-
geneity in the responses of our population of Purkinje cells to me-
diolaterally directed translations (Figure S2), and group results of
neuron response types can be seen in Figure S3A.

To quantify each Purkinje cell’s sensitivity to vestibular stimu-
lation, we performed least-squares linear regressions with
three kinematic terms (head velocity, acceleration, and jerk) for
movements in each direction (see STAR Methods). We included
neurons that remained isolated across all three conditions
(whole-body, body-under-head, and head-on-body) in the ante-
roposterior (n = 111) and/or mediolateral (n = 120) direction. The
response sensitivities and phases to head motion were calcu-
lated from response gains for these three terms (see STAR
Methods). Figure 1B illustrates these results, with histograms
representing vestibular sensitivities and polar plots showing

2 Current Biology 35, 1-15, February 3, 2025

Current Biology

both the phase (vector angle) and sensitivity (vector magnitude)
for each Purkinje cell. Overall, Purkinje cells showed consider-
able heterogeneity in their response dynamics. For stimulation
in the anteroposterior direction, the responses of most neurons
(53%) were in phase with linear acceleration, yet the responses
of others were more aligned with velocity (33%) or jerk (15%)
(Figure S3B, left). Likewise, for stimulation in the mediolateral di-
rection, the responses of most neurons (52%) were in phase with
linear acceleration, with the responses of others better aligned
with linear velocity (31%) or jerk (18%) (Figure S3B, right).

We then classified the “preferred direction” of each Purkinje
cell as the direction for each axis of stimulation that generated
an increase in firing rate, or the larger increase in firing rate in
the case of v-shaped cells. In response to anteroposterior trans-
lations, preferred directions were equally divided between both
directions, with 58 Purkinje cells (52%) preferring posterior
translations and the remainder preferring anterior translations.
Likewise, in response to mediolateral translations, preferred di-
rections were equally divided between both directions, with 62
Purkinje cells (52%) preferring ipsilateral translations and the
remainder preferring contralateral translations.

NU Purkinje cell simple spike modulation by neck
proprioceptive stimulation

We next examined whether and how vestibular-sensitive Purkinje
cells respond to stimulation of neck proprioceptors. To assess
sensitivities to comparable motion stimulation, the body was
translated beneath an earth-stationary head using the same mo-
tion profile as vestibular stimulation (Figure 1A) to stretch the
neck musculature. Figure 2A illustrates the responses of the
same three Purkinje cells shown above in Figure 1A to body-un-
der-head translations applied in the anteroposterior direction.
Head-on-body movements made under natural conditions
would stretch the neck muscles as if the head were moving in
the opposite direction relative to the body (i.e., an anterior head
movement would correspond to a posterior-directed stretch).
Thus, to facilitate comparison with neuronal responses to applied
vestibular stimulation, anterior translations of the body are shown
with the opposite sign as in Figure 1. As observed for their re-
sponses to vestibular stimulation, Purkinje cells demonstrated
considerable heterogeneity in their responses to proprioceptive
stimulation. For example, while Purkinje cell 1 linearly encoded
proprioceptive information, Purkinje cells 2 and 3 demonstrated
half-wave rectified and v-shaped responses, respectively. We
also observed a similar heterogeneity in the responses of our
population of Purkinje cells to mediolaterally directed transla-
tions. Example cells are shown in Figure S4, and group results
are shown in Figure S5A.

To quantify response dynamics, we then computed each Pur-
kinje cell’'s sensitivity to proprioceptive stimulation using the
same least-squares dynamic regression approach described
above for the analysis of neural sensitivities to vestibular stimula-
tion (see STAR Methods). Unexpectedly, our analysis revealed
that the vast majority (90%-97 %) of our Purkinje cell population
demonstrated significant simple spike modulation during applied
stimulation of neck proprioceptors (filled bars in Figure 2B). Fig-
ure 2B illustrates overall results, with histograms displaying
vestibular sensitivities to proprioceptive stimulation and polar
plots showing the phase and sensitivity of each Purkinje cell.
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Figure 1. Responses of Purkinje cell simple spikes to vestibular stimulation

(A) We stimulated the vestibular system by applying passive whole-body translations in the anteroposterior and mediolateral directions. The simple spike firing
rate responses are shown for three example NU Purkinje cells during anteroposterior translations. Head and body translation velocity are shown in the top two
rows, and simple spike firing rate (gray shaded area) along with the linear estimation of the firing rate based on head motion (superimposed black trace) are shown
in the bottom row. Heatmaps illustrate simple spike firing rates for each motion trial. Insets: simple spike firing rate as a function of head velocity in space.

(B) Distribution of Purkinje cell sensitivities to motion in the preferred (direction that generated the largest increase in firing rate) and non-preferred directions.
Positive and negative values represent Purkinje cells with posterior versus anterior direction preferences (or ipsilateral versus contralateral for mediolateral

translations). Insets: sensitivities (vector magnitude) and phases (vector angle) of each Purkinje cell’s response to vestibular stimulation. Darker-filled arrows
indicate population averages.
See also Figures S2 and S3.

Current Biology 35, 1-15, February 3, 2025 3



Please cite this article in press as: Mildren et al., Convergence of vestibular and proprioceptive signals in the cerebellar nodulus/uvula enhances the
encoding of self-motion in primates, Current Biology (2024), https://doi.org/10.1016/j.cub.2024.11.063

- ¢? CellPress

A

Figure 2. Responses of Purkinje cell simple spikes to neck proprioceptive stimulation
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(A) We stimulated neck proprioceptors by applying passive translations of the body while holding the head stable in space. The simple spike firing rate responses
are shown for the same three example NU Purkinje cells as shown in Figure 1. Head and body translation velocity are shown in the top two rows, and simple spike
firing rate (gray shaded area) along with the linear estimation of the firing rate based on body motion (superimposed black trace) are shown in the bottom row.
Heatmaps illustrate simple spike firing rates for each motion trial. Insets: simple spike firing rate as a function of body velocity in space.

(B) Distribution of Purkinje cell sensitivities to motion in the preferred and non-preferred directions. Positive and negative values represent Purkinje cells with
anterior versus posterior body motion direction preferences (or contralateral versus ipsilateral for mediolateral translations), and open bars represent Purkinje
cells with no significant response to proprioceptive stimulation. Insets: sensitivities (vector magnitude) and phases (vector angle) of each Purkinje cell’s response
to proprioceptive stimulation. Darker-filled arrows indicate population averages.
See also Figures S4 and S5.
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Figure 3. Directional tuning of Purkinje cell simple spike responses to vestibular and neck proprioceptive stimulation
(A) llustration of one example Purkinje cell that showed comparable modulation to both anteroposterior and mediolateral translations, resulting in a directional

tuning in between these cardinal axes.

(B) Distribution of Purkinje cell directional tunings for passive vestibular (left) and proprioceptive (right) stimulation. Insets: directional tuning distributions dis-

played in polar plots.

(C) Firing rate responses of each Purkinje cell to vestibular (whole-body translations; left) and neck proprioceptive (body-under-head translations; right) stim-
ulation in both the anteroposterior and mediolateral directions. Firing rates were normalized to maximum firing rate, and Purkinje cell numbers were ordered by the

location of their peak firing rate for illustrative purposes.

Moreover, as observed for their responses to vestibular stimula-
tion, Purkinje cells demonstrated considerable heterogeneity in
their response dynamics. Similar to vestibular stimulation, re-
sponses of most neurons to proprioceptive stimulation in the an-
teroposterior direction were in phase with linear acceleration
(53%), while others were more aligned with velocity (41%) or
jerk (6%) (Figure S5B, left). Likewise, for stimulation in the medio-
lateral direction, responses of most neurons (46%) were in phase
with acceleration, with the responses of others better aligned with
linear velocity (38%) or jerk (15%) (Figure S5B, right).

Similar to results for vestibular stimulation, we also found that
preferred directions were equally divided between posterior and
anterior directions for proprioceptive stimulation, with 57 Purkinje
cells (51%) preferring posterior translations and the remainder
preferring anterior translations. Likewise, in the mediolateral di-
rection, 69 Purkinje cells (59%) preferred ipsilateral translations
and the remainder preferred contralateral translations.

NU Purkinje cells show similar directional tuning to
vestibular and neck proprioceptive stimulation

On the basis of each Purkinje cell’s simple spike response to an-
teroposterior and mediolateral whole-body and body-under-

head translations, we estimated its tuning direction for vestib-
ular and proprioceptive stimulation, respectively (see STAR
Methods) (n = 118 Purkinje cells for vestibular stimulation and
n = 119 for proprioceptive stimulation). Figure 3A shows one
example Purkinje cell’s response to translations along the cardi-
nal axes of motion, along with its estimated directional tuning,
which fell along the oblique axis. Indeed, we found that overall,
the tuning directions of our Purkinje cell population for vestibular
stimulation tended to cluster around the oblique axes, which
aligns more with the semicircular canals (Figure 3B, left). Such
tuning for vestibular stimulation is consistent with prior reports'®
and has been suggested to facilitate the integration of canal and
otolith information in computations that discriminate head tilts
and translations. Interestingly, our analysis of proprioceptive
responses likewise revealed that proprioceptive tuning tended
to cluster around a similar axis (Figure 3B, right). Overall, the
estimated tuning directions for vestibular versus proprioceptive
stimulation were comparable (64.5° + 47.8° versus 63.0° *
50.5°, p = 0.8315).

Figure 3C illustrates the raw simple spike firing rate for each
Purkinje cell during vestibular and proprioceptive stimulation
along their preferred direction for both anteroposterior (top) and
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Figure 4. Responses of Purkinje cell simple spikes to combined vestibular and proprioceptive stimulation

(A) Combined vestibular and proprioceptive stimulation was generated by passively moving the head on the body. Responses are demonstrated for the same
three example Purkinje cells shown in Figures 1 and 2, which can be identified in scatter plots below by their corresponding symbols. Polar plots (top row)
demonstrate the sensitivity and phase of each Purkinje cell’s response to passive vestibular, proprioceptive, and combined stimulation as well as the predicted
sensitivity and phase from the summation model. The top two traces show head and body translation velocity, and the simple spike firing rate (gray shaded area)
along with the linear estimation of the firing rate based on body motion (superimposed black trace) are shown in the bottom row. Heatmaps illustrate simple spike
firing rates for each head motion trial.

(B) Estimated vs. predicted Purkinje cell sensitivities and phases to head-on-body translations in the preferred movement direction. The blue line and shading
represent the linear fit and +95% confidence interval.

(legend continued on next page)
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mediolateral (bottom) motion. Responses across the population
are ordered by the location of each neuron’s peak firing rate.
These four plots illustrate how well nearly all recorded Purkinje
cells are modulated by both vestibular and proprioceptive
stimulation and in both translation directions, leading to the inter-
mediate directional tuning observed in the histograms above.
Furthermore, Figure 3C illustrates how the phases of the neural
activity tile the phase of the stimulus profile, reflecting the hetero-
geneity of Purkinje cell response dynamics. Taken together,
these findings reveal an exciting discovery, namely that both pro-
prioceptive and vestibular encoding by NU Purkinje cells share a
common directional tuning preference that aligns more closely
with the canal axes rather than the cardinal axes (anteroposterior
and mediolateral). This shared tuning underscores a significant
integration mechanism that enhances our understanding of
how sensory information is processed and utilized for precise
motor control.

NU Purkinje cell responses to concurrent vestibular and
proprioceptive stimulation

Our above findings have established that the majority of vestib-
ular-sensitive Purkinje cells in our sample are also sensitive to
neck proprioceptive stimulation. During natural movements, we
move our head relative to our body, and as a result, the vestibular
and proprioceptive systems are often stimulated concurrently.
Accordingly, we next examined how NU Purkinje cells integrate
these two streams of sensory input. To do this, we applied linear
translations of the head relative to the body along the anteropos-
terior and mediolateral axes to simultaneously activate the
vestibular and neck proprioceptive systems. Figure 4A illustrates
the responses of the same 3 example Purkinje cells shown in
Figures 1A and 2A above to applied passive head-on-body
translations in the anteroposterior direction. The actual firing
rate (gray) is plotted for each cell, and the firing rate prediction
(red dashed traces) based on the vector summation of the Pur-
kinje cell’s response to vestibular and neck proprioceptive stim-
ulation when presented independently—as described above for
Figures 1 and 2—is superimposed. In addition, a linear estima-
tion of firing rate based on head motion (solid dark gray trace)
is included for comparison (see STAR Methods). The vectors
within the polar plots (insets) represent the sensitivities and
phases of the responses to vestibular stimulation alone (blue),
proprioceptive stimulation alone (green), combined stimulation
(black), as well as a model prediction based on a simple vector
sum of vestibular and proprioceptive responses (red). Overall,
the ability of the linear summation model to predict modulation
for combined stimulation varied across Purkinje cells. Similar re-
sults were found for Purkinje cell responses to mediolateral
head-on-body translations (Figure S6A).

Figures 4B and 4C summarize the data for our population of NU
Purkinje cells across each of the three stimulation conditions for
translations in the anteroposterior and mediolateral directions.
Overall, response phases to combined stimulation were well
matched to the linear summation model prediction (Figure 4B).

¢ CellP’ress

While response sensitivities were not as well correlated, the
mean fell along the unity line. Comparable results were found
forour analyses of the non-preferred direction for both anteropos-
terior and mediolateral translations (Figure S6B). Group results
demonstrated two important findings: first, on average the model
prediction was similar to the sensitivity to combined stimulation
(compare shaded gray versus open bars in Figure 4C). Second,
Purkinje cell sensitivities to combined stimulation were enhanced
relative to the sensitivities to vestibular or proprioceptive stimula-
tion when presented alone (p < 0.05; compare blue and green
bars with gray in Figure 4C). Overall, this indicates that vestibular
and proprioceptive input tend to sum agonistically in the NU.

As mentioned earlier, generating appropriate vestibulospinal
reflexes necessitates transforming vestibular information from
a head-centered to a body-centered reference frame during
self-motion. To further investigate the encoding of self-motion
by NU Purkinje cells, we computed “head sensitivity” and
“body sensitivity” ratios for each cell (Figure 5A; see STAR
Methods). Theoretically, if a given neuron selectively encoded
head motion in space, it would be assigned a head sensitivity ra-
tio of 1 and a body sensitivity ratio of 0 (Figure 5, red star). This
would occur if the neuron displayed comparable sensitivity to
whole-body and head-on-body motion while being unrespon-
sive to body-under-head motion. Conversely, if a given neuron
selectively encoded only body motion in space, it would have
a head sensitivity ratio of 0 and a body sensitivity ratio of —1 (Fig-
ure 5A, orange star). This would occur if the neuron displayed
comparable sensitivity to whole-body and body-under-head
motion while being unresponsive to head-on-body motion. Over-
all, compared with these theoretical neurons, we found that NU
Purkinje cells in our sample demonstrated considerable hetero-
geneity in their sensitivity ratios, with the majority of NU Purkinje
cells showing intermediate representations of head versus body
motion for both anteroposterior and mediolateral translations in
the preferred direction. Similar results were observed in the
non-preferred directions (Figure S7A).

Next, to examine the transformation of vestibular self-motion
information from head- to body-centered reference frames, we
calculated a coding index (Figure 5B) that compares each Pur-
kinje cell’s sensitivity to head motion on the body to when only
the body moved in space. We found that only a small proportion
of Purkinje cells primarily encoded head (4% and 8%) or body
(8% and 4%) motion in the preferred direction for anteroposte-
rior and mediolateral translations, respectively (Figure 5B).
Similar results were observed for motion in the non-preferred di-
rections (Figure S7B). Together, these findings suggest the NU
Purkinje cells integrate neck proprioceptive and vestibular sig-
nals to form an intermediate representation of dynamic head
and body motion.

Purkinje cell vestibular responses are modulated by
static head-on-body position

Previous studies in the rostral fastigial nucleus have revealed
that the sensitivities of neurons that respond to both vestibular

(C) Bar graphs comparing sensitivities to vestibular, proprioceptive, combined stimulation, and summation model prediction for both the preferred and non-
preferred directions for mediolateral and anteroposterior translations. Sensitivities were higher during combined stimulation compared with either vestibular or
proprioceptive stimulation alone, and the linear summation model was not significantly different from the combined condition for all movement directions.

See also Figure S6.
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Figure 5. Encoding of dynamic head and body mo-
tion by NU Purkinje cell simple spikes and tuning
of vestibular sensitivity to static head-on-body po-
sition

(A) Scatter plots show sensitivity ratios for head (Syest+prop/
Siest) and body (Sprop/Sves) motion for the preferred
direction for anteroposterior and mediolateral translations.
Histograms along the x and y axes display body- and
head-sensitive ratio distributions. Sensitivity ratio results
for the three example Purkinje cells can be identified in
scatter plots below by their corresponding symbols. The
orange star is positioned at values indicating pure body-
centered coding, and the red star positioned at pure head-
centered coding.

(B) Coding index distribution across Purkinje cells, illus-
trating the heterogeneity of head- versus body-dominant
coding.

(C) The tuning curve of one example NU Purkinje cell as-
sessed by applying whole-body translations in the naso-
occipital direction with the head oriented at different
positions on the body. Inset: bar graph comparing sensi-
tivities of NU Purkinje cells (n = 27) between head orien-
tations, where sensitivity was highest during ipsilateral and
lowest during contralateral head-on-body positions.

(D) Average tuning curve obtained by aligning the means of
all Purkinje cell’s tuning curves, plotted with the tuning
curve from fastigial neurons superimposed obtained from
Shaikh et al.*° Histograms (right) demonstrate the distri-
bution of tuning means, amplitudes, and widths for NU
Purkinje cells. Contra, contralateral; Ipsi, ipsilateral.

See also Figure S7.
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and neck proprioceptive input are modulated by changes in
static head-on-body position.*°~*? This dynamic modulation of
sensory responses based on postural signals (i.e., gain fields)
aligns with common features in theoretical models of reference
frame transformations.>*** Therefore, we explored the mecha-
nism behind this tuning. Specifically, we investigated whether
it is initially generated at the level of the NU Purkinje cells that
target these nuclei. To test this hypothesis, we experimentally
altered the static position of the head relative to the body and
then examined NU Purkinje cell vestibular responses during
whole-body translations applied along the same naso-occipital
axis. For 27 Purkinje cells, we tested three static head positions
(45° ipsilateral, 0°, and 45° contralateral). For a subset of 15 of
these Purkinje cells, we tested two additional static head posi-
tions (22.5° ipsilateral and 22.5° contralateral).

Figure 5C illustrates a representative Purkinje cell that dis-
played stronger vestibular responses during ipsilateral static
head-on-body positions. We found similar results across our
population of Purkinje cells, with motion sensitivities higher
when the head was rotated to the ipsilateral side (12.3 = 6.7
sp/s/m/s®) compared with the head being straight (11.2 + 7.3
sp/s/m/s?) and significantly lower when the head was rotated
to the contralateral side (7.4 + 5.7 sp/s/m/s?) (p < 0.05) (Figure 5C,
bar graph inset). To further quantify the tuning as a function of
static head position, we fit Gaussian tuning curves to 15 of these
Purkinje cells, as illustrated by the example in Figure 5C. The re-
maining 12 Purkinje cells were better fit by sigmoidal functions.®®
We calculated the mean, amplitude, and width of these tuning
curves (Figure 5D, histograms) (there were no significant differ-
ences between the two fitting functions; p < 0.05). Notably, the
mean of these tuning curves tended to be either near 0 (straight
ahead) or toward the ipsilateral side, with no Purkinje cells in our
sample showing a strong preference for contralateral head-on-
body positions.

Finally, to compare the tuning observed in NU Purkinje cells
with that observed in their target neurons, we compared our re-
sults to data previously described by Shaikh et al.*° In compar-
ison to bimodal fastigial nucleus neurons, NU Purkinje cells
showed a similar width and lower amplitude tuning of sensitivity
as a function of head-on-body position (Figure 5D). Thus, tuning
to static head position becomes more pronounced in down-
stream target neurons relative to the output from the cerebellar
cortex.

A population model consisting of a linear combination of
Purkinje cell activities can predict the response of
neurons in the vestibular and deep cerebellar nuclei
So far, our results have demonstrated that single bimodal Pur-
kinje cells in the NU encode self-motion in a reference frame in-
termediate between head- and body-centered. In comparison,
unimodal neurons in the vestibular and fastigial nuclei dynami-
cally encode motion of the head (e.g., red star in Figure 5A),
and bimodal neurons in the fastigial nucleus dynamically encode
motion of the body (e.g., orange star in Figure 5A).%"*° This indi-
cates that the transformation from a head- to body-centered
reference frame of self-motion would necessitate combining
the activities of a population of Purkinje cells.

To test this hypothesis, we quantified the number of Purkinje
cells required to produce responses of theoretical neurons that

¢ CellP’ress

strictly encode either dynamic head or body motion using a
simple linear model optimizing the weights of the activities of
multiple NU Purkinje cells across stimulation conditions
(whole-body, body-under-head, head-on-body), as illustrated
in Figure 6A. Increasing the population size of Purkinje cells
led to an increase in the goodness of fit for both anteroposterior
(Figure 6B) and mediolateral motion (Figure S8B), as expected.
Interestingly, we found that the weighted activity of ~30-40 NU
Purkinje cells could generate the activity in either head or
body encoding neurons that approximated their activity across
conditions in the anteroposterior and mediolateral direction,
with a smaller population necessary for head coding. As
described above, we observed considerable heterogeneity
across NU Purkinje cells regarding their dynamic sensitives to
vestibular and proprioceptive stimulation. Thus, it is possible
that particular Purkinje cells may have stronger weightings.
However, we found a relatively continuous distribution of
weightings across Purkinje cells, suggesting the response of
target neurons was not dictated by a few Purkinje cells in the
population model.

Head and body motion coding in NU versus anterior
vermis Purkinje cells
Both the anterior and posterior vermis (NU) receive vestibular as
well as proprioceptive input through either the external cuneate
nucleus or central cervical nucleus®’ > and project to the vestib-
ular nuclei and medial deep cerebellar nucleus (fastigial).***'
However, there are some differences in their input and functions.
The NU is the only cerebellar region that receives substantial
direct input from primary vestibular afferents (illustrated in Fig-
ure S8A),">"341 and lesions in this area produce severe impair-
ments to trunk postural control in both humans®' and mon-
keys.?® Thus, the computations performed by the NU likely
differ from the anterior vermis, which is involved in head- to
body-centered reference frame transformations during horizon-
tal rotations*® and predicting the sensory feedback resulting
from active self-motion.*®

Thus, to contrast the computations performed by the anterior
vermis versus the NU, we compared two measures: (1) the cod-
ing ratios for head versus body motion and (2) vestibular tuning
as a function of static head-on-body position. First, to compare
coding ratios for head versus body motion, we superimposed
the data from Zobeiri and Cullen* and Figure 5A) onto the plots
obtained in this study for NU Purkinje cells (Figure 5A, above).
The resulting distributions of head versus body sensitivity ratios
for anterior vermis and NU Purkinje cells are shown in Figures 7B
and S9A, for stimulation in the anteroposterior and mediolateral
directions, respectively. Interestingly, in comparison to anterior
vermis Purkinje cells, a larger proportion of NU Purkinje cells
had sensitivity ratios consistent with dynamic body/body-domi-
nant coding (41%-54% versus 23%). Correspondingly, in com-
parison to anterior vermis Purkinje cells, a smaller proportion
of NU Purkinje cells had sensitivity ratios consistent with head/
head-dominant coding (21%-33% versus 70%). Second, to
compare vestibular tuning as a function of static head-on-body
position, we superimposed the average tuning curve computed
in Zobeiri and Cullen*” with that obtained in this study for NU Pur-
kinje cells (Figure 5D, above), normalized to peak amplitude.
Interestingly, as shown in Figure 7D, NU Purkinje cells
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Figure 6. The integration of activities across Purkinje cells can explain the responses of head or body coding neurons across anteroposterior

self-motion conditions

(A) lllustration of the linear model based on weighted activities across multiple Purkinje cells, which converge onto vestibular and fastigial nuclei neurons. Purkinje
cell weights were optimized to provide the closest estimate of a purely head-coding (unimodal) or body-coding (bimodal) neuron’s response during whole-body,
body-under-head, and head-on-body conditions in the anteroposterior direction.

(B) Performance of the model for predicting dynamic head coding (upper) or body coding (lower) as the number of Purkinje cells included in the population
increases. Purple line and shading represent the mean model fit and 95% confidence interval, and gray dashed line and shading represent the variability of
fastigial nuclei neuron responses described by Brooks and Cullen.®" Insets: the weightings of each Purkinje cell in the model sorted by their average weights.

See also Figure S8.

demonstrated broader tuning compared with anterior vermis
Purkinje cells (Figure 7D). Overall, these results suggest that in
comparison to the anterior vermis, NU Purkinje cells demon-
strate more robust coding of dynamic body motion.

DISCUSSION

Our results reveal, for the first time, that the NU integrates pro-
prioceptive input synergistically with vestibular input to effec-
tively enhance self-motion encoding in primates. Specifically,
we found that the majority of Purkinje cells that responded to dy-
namic stimulation of the vestibular system also responded
robustly to neck proprioceptive stimulation, and Purkinje cells
aligned the directional tuning of their responses to both stimuli
along the canal axes. Overall, the heterogeneity of Purkinje
cell response dynamics enabled their population activity to
generate head or body motion encoding in the downstream
nuclei neurons that comprise the output of the cerebellum.
Interestingly, when we altered the position of the head relative
to the body, Purkinje cells modulated their response to the
same otolith vestibular stimulation to account for the change
in how the body is moving through space. Given that NU Pur-
kinje cells converge onto vestibular and deep cerebellar nuclei
neurons that are integral to motor, autonomic, and higher-order

10 Current Biology 35, 1-15, February 3, 2025

pathways, ® we suggest the synergistic integration of canal and
otolith along with proprioceptive input enhances the encoding
of self-motion in space.

Purkinje cell vestibular responses are modulated by
postural signals

Itis well established that the rapid and early integration of propri-
oceptive cues with vestibular information is essential for main-
taining posture during daily activities.?® 2445 Notably, vestibu-
lospinal reflexes make essential contributions to postural control,
operating below perceptual self-motion thresholds.*® However,
since the vestibular organs are located within the head, the brain
must account for the head’s position relative to the body to
accurately drive the vestibulospinal reflexes to control limb
and axial musculature. There are many reasons to believe that
the required integration of proprioceptive and vestibular informa-
tion occurs within the cerebellum. For instance, transiently
depressing activity in the human cerebellar vermis using trans-
cranial magnetic stimulation impairs the transformation of
vestibular-evoked responses based on head-on-body configu-
ration.*” Additionally, altering proprioceptive sensory input
by turning the head or perturbing the sternocleidomastoid mus-
cle influences cerebellar-evoked modulation of the motor cor-
tex.*® And furthermore, individual neurons in the fastigial
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Figure 7. NU versus anterior vermis Purkinje cells differ in their sensory input as well as head and body motion encoding
(A) lustration of the input and outputs of the NU (left) versus anterior vermis (right).
(B) Head and body sensitivity ratios for NU Purkinje cells during anteroposterior motion (filled circles), with anterior vermis Purkinje cells superimposed (open

circles).

(C) Percentages of Purkinje cells in the NU versus anterior vermis that show head- or body-dominant coding, where a larger percentage of NU neurons show

body-dominant coding.

(D) Comparison of the mean tuning curves of vestibular responses during different head-on-body positions in the NU (solid line) versus anterior vermis

(dashed line).
See also Figure S9.

nucleus, a major downstream target of cerebellar Purkinje cells,
integrate proprioceptive and vestibular information to encode
body motion.30-32:49

The NU region of the posterior cerebellar vermis receives
extensive direct projections from both vestibular afferents and
the vestibular nuclei and, in turn, projects back to the vestibular
nuclei as well as to the most medial of the deep cerebellar nuclei
(fastigial nucleus) (reviewed in Laurens,'® Cullen,’® and Bar-
mack and Pettorossi*’). In humans, damage to the NU results

in severe trunk ataxia, even while in a seated position.”'+?? Simi-
larly, in monkeys, lesions of the NU result in frequent falls in all
directions as well as head and trunk oscillations.?® Based on
these prior observations, we hypothesized that balance deficits
following impaired NU function might arise, at least in part, from
the disrupted integration of vestibular and proprioceptive sig-
nals. Indeed, in support of our hypothesis, our experiments re-
vealed that more than 90% of vestibular-sensitive NU Purkinje
cells dynamically encode proprioceptive information. Moreover,
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we found that the vestibular sensitivity of the majority of these
same Purkinje cells displayed significant modulation as a func-
tion of static head-on-body position. It thus follows that NU
lesions would disrupt normal vestibular-proprioceptive integra-
tion. This disruption would in turn alter the signals transmitted to
the vestibular and deep cerebellar nuclei, resulting in the loss of
accurate control over limb and axial musculature, thereby im-
pairing the efficacy of vestibulospinal reflexes.

Mechanisms underlying dynamic coding of head and
body motion

By quantifying the dynamics of NU Purkinje cells during passive
proprioceptive stimulation induced by body-under-head linear
motion, we further demonstrated that simple spike firing was
primarily in phase with body acceleration. Additionally, most
individual Purkinje cells displayed significant modulation to pro-
prioceptive stimulation along both the anteroposterior and me-
diolateral directions. The estimated directional tuning across
Purkinje cells clustered around the oblique rather than strictly an-
teroposterior or mediolateral directions. Moreover, we found that
passive vestibular stimulation induced by whole-body transla-
tions elicited simple spike firing that was in phase with accelera-
tion, and that the estimated directional tuning mirrored that
observed for proprioceptive stimulation. One limitation is that
our directional tuning was calculated from responses to stimula-
tion applied in only two directions; however, our findings are
consistent with previous characterizations of NU Purkinje cell re-
sponses to passive vestibular stimulation.'®°° Taken together,
our present findings reveal that the dynamic coding of head
and body motion is well matched in the NU. We speculate that
the alignment of this directional tuning along the orientation of
the semicircular canals may facilitate the integration of proprio-
ceptive with otolith and canal input.

Overall, our results show that, as a population, NU Purkinje
cells respond equally strongly to proprioceptive and vestibular
stimulation during linear self-motion. This raises the question:
What is the source of this robust proprioceptive input to the
NU? Likely sources include the external cuneate nucleus, central
cervical nucleus, and nucleus Z, all of which encode propriocep-
tive information®'~*® and send projections to the NU.'0:%7:39:40
While the central cervical nucleus relays proprioceptive informa-
tion from the neck,®” which was the focus of our study, the
external cuneate nucleus and nucleus z provide proprioceptive
information from the upper and lower limbs.">° Thus, the cir-
cuitry of the NU is consistent with a role in integrating vestibular
and proprioceptive information to generate appropriate postural
responses in neck as well as axial musculature. Our present
findings establish that NU Purkinje cells combine this neck pro-
prioceptive input with input from primary vestibular afferents and
the vestibular nuclei to shape simple spiking activity. Future
research should examine whether and how limb proprioceptive
feedback is integrated with vestibular signals in the NU.

This then leads to the follow-up question: what is the purpose
of vestibular and proprioceptive integration at the level of NU
Purkinje cells? On the one hand, our findings support the pro-
posal that a primary function of this integration is to signal
head motion for postural control of the head-neck system, spe-
cifically through the vestibulocollic reflex (VCR). We found that
proprioceptive input combines agonistically with vestibular
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input to enhance the simple spike response to head motion—a
computation that would be beneficial to support the VCR. This
perspective aligns with a recent study by Buron et al.,>* which
found that the tuning properties of NU cells are consistent with
head-centered coding of otolith signals during translations. On
the other hand, our results also demonstrate that a population
of NU Purkinje cells can compute dynamic body motion, and
most individual cells show significant changes in sensitivity
with static head-on-body position (i.e., gain fields). Similarly,
Buron et al.>” reported that a significant percentage of NU Pur-
kinje cells exhibit gain fields. Together, these findings provide
insight into the computations performed by the NU, underlying
previous observations that lesions cause severe impairments
in trunk postural control,?° and thus implicate the NU in regu-
lating postural control of both the body and the head-neck sys-
tem. Future studies should investigate how NU Purkinje cells
respond to dynamic vestibular and proprioceptive stimulation
that reflect changes in head and body orientation relative to
gravity.

Multisensory integration across the cerebellar vermis
Our present findings demonstrate that proprioceptive information
is integrated into NU Purkinje cell simple spike activity. Surpris-
ingly, prior literature includes only a single qualitative report indi-
cating that NU Purkinje cells respond to dynamic proprioceptive
stimulation, which was generated by pressing on neck mus-
cles.” Thus, similar to the cerebellar anterior vermis, our data
indicate that the NU of the posterior vermis is a key region in
which Purkinje cells integrate vestibular and neck proprioceptive
inputs. Integrated vestibular and proprioceptive information
could also be relayed to the vermis via feedback from the target
nuclei (vestibular and fastigial nuclei). In species including cats,>°
squirrel, and cynomolgus macaque monkeys,®”*® vestibular
nuclei neurons have been found to encode proprioceptive infor-
mation; however, this is not the case in rhesus monkeys with
an intact vestibular system.>® However, the rostral fastigial nu-
cleus does receive direct proprioceptive input from the central
cervical nucleus, and neurons in this structure do respond to
passively applied vestibular as well as proprioceptive stimula-
tion.®" Thus, given that the fastigial nucleus sends projections
back to the NU, the NU effectively receives integrated input
from this structure. Anterior vermis Purkinje cells likewise exhibit
heterogeneity in their encoding of vestibular and proprioceptive
information.“? However, it is notable that, unlike the enhancement
observed here for NU Purkinje cells during coincident vestibular
and proprioceptive stimulation due to their agonistic tuning, the
relative tuning of these two sensory inputs is generally antago-
nistic in anterior vermis Purkinje cells (e.g., Figures 3A and 3B*?).
Both anterior vermis and NU Purkinje cells project strongly to
the vestibular nuclei, forming essential pathways for head-neck
and body postural control as well as self-motion perception.
Additionally, while Purkinje cells from both regions project to
the fastigial nucleus, there is only partial overlap in their target re-
gions®® and limited convergence of Purkinje cells from the ante-
rior and posterior lobules onto the same target neuron.®" Notably,
anterior vermis Purkinje cells primarily project to rostral fastigial
nucleus regions involved in postural control,>® while NU Purkinje
cells predominantly target a more ventral region.?>%>* This
ventral region sends widespread connections to cortical and
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subcortical areas related to attention, arousal, autonomic regula-
tion, spatial navigation, memory, and motor control.?>5°%” Thus,
both cerebellar vermis regions send unique self-motion signals
to distinct pathways involved in postural and autonomic regula-
tion, and higher-order functions. Prior work has focused on
the NU’s role in encoding head tilt versus translation.'®18-20:68
Importantly, our findings reveal the integration of proprioceptive
signals with canal and otolith input in the NU, offering new
insights into neural computations performed by the NU and the
impact of lesions on balance.?"?>*> We conclude that the NU in-
tegrates sensory input from the vestibular and proprioceptive
systems, adjusting for gravity to maintain balance and stabilize
posture.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw and analyzed data This paper https://figshare.com/account/home#/projects/225963
Raw and analyzed data Zobeiri and Cullen*? https://figshare.com/articles/dataset/

eLife_2022_dataset/193622397file=34388024

Experimental models: Organisms/strains

Rhesus monkeys: Macaca mulatta Johns Hopkins University N/A

Software and algorithms

Kilosort2.5 https://github.com/Spikelnterface/
spikesorters/tree/master/spikesorters/kilosort2_5

Phy https://github.com/cortex-lab/phy

Data Acquisition System, Intan Technologies https://www.intantech.com/RHS_system.html

Intan RHS Stim/Recording system

Data Acquisition System, Blackrock Microsystems https://blackrockmicro.com/neuroscience-research-products/
Cerebus Neural Signal Processor neural-data-acquisition-systems/cerebus-dag-system/
MATLAB 2020a MathWorks https://www.mathworks.com/products/matlab.html

Other

128 channel Read-Write electrodes Johns Hopkins University N/A

and Janelia HHMI

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experimental procedures were conducted with approval from the Johns Hopkins University Animal Care and Use Committee and
adhered to the guidelines outlined by the United States National Institutes of Health (Protocol PR22M342). Cerebellar recordings
were performed on one female and one male macaque monkeys (Macaca mulatta), weighing 7 and 12kg, respectively. A total of
63 recording sessions were performed. Throughout the course of the study, these animals were maintained in a controlled environ-
ment with a 12-hour light/dark cycle. Both macaque monkeys had previously participated in other research studies within our lab-
oratory, exhibited overall good health, and did not require any medication throughout the course of this experiment.

METHOD DETAILS

Surgical procedures

The two macaque monkeys underwent aseptic surgical preparations for chronic extracellular recording following established proto-
cols.®® The animals received pre-anesthetic medications to ensure analgesia and muscle relaxation (ketamine hydrochloride
(15 mg/kg i.m.), buprenorphine (0.01 mg/kg i.m.), and diazepam (1 mg/kg i.m.)). To reduce swelling and prevent infection, loading
doses of dexamethasone (1 mg/kg i.m.) and cefazolin (50 mg/kg i.v.) were administered. To stabilize heart rate and reduce salivation,
anticholinergic glycopyrrolate (0.005 mg/kg i.m.) was also administered before the surgery and every 2.5-3 hours throughout the
surgical procedure. During the surgery, isoflurane gas (0.8-1.5%), combined with a minimum of 3 I/min of 100% oxygen, was admin-
istered and adjusted to achieve the desired level of anesthesia. Vital signs were monitored continuously throughout the surgical pro-
cedure, including heart rate, blood pressure, respiration, and body temperature.

During the surgical procedure, animals were implanted with a custom-made medical grade titanium head post for head fixation as
well as recording chambers that allowed for targeting the posterior cerebellar vermis. In the first macaque, the positioning of the
recording chambers was determined using stereotaxic targeting procedures, and a CT scan was performed post-implantation
with guide tubes placed in the brain to evaluate targeting. In the second macaque, recording chambers were positioned based
on the co-registration of a CT and MRI scan using Brainsight (Brainsight 2 Vet, Rogue Research, Montreal, Canada). Accurate place-
ment of the recording chambers and targeting of neural structures was confirmed post-surgery by co-registration of a second CT
scan. The implant was chronically fastened to the skull with titanium screws and Simplex P bone cement (Stryker Orthopedics, Mah-
wah, NJ). A craniotomy was carefully performed within the recording chamber to provide access to the brain. After the surgery, med-
ications were delivered including dexamethasone (0.5 mg/kg i.m. for 4 days), anafen (2 mg/kg on the first day, 1 mg/kg on subsequent
days), and buprenorphine (0.01 mg/kg i.m. every 12 hours for 2-5 days, depending on the animal’s pain level. Cefazolin (25 mg/kg)
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was injected twice daily for 10 days to prevent infection. The animals were allowed a recovery period of 2 weeks before commencing
any experimental procedures.

Experimental procedures

During the experiment, the monkey was seated in a primate chair secured on top of a turntable and linear sled. The head was fixed
using a head post attached to a near-frictionless linear head sled that could allow for yaw rotation or translations of the head on the
body in anteroposterior and mediolateral directions (Figure S1). First, we applied passive vestibular stimulation by translating the
whole body in space (whole body condition). The motion profile we applied replays of those actively made by rhesus monkeys during
voluntary orienting in natural conditions®®"° The displacement of these motions were approximately 7cm, and peak velocity, accel-
eration, and jerk of these stimuli were approximately 0.18m/s, 1.2m/s2, 30m/s®. Next, we held the head stable and translated the body
underneath the head to stimulate neck proprioceptors (body under head condition). Finally, we moved just the head to provide vestib-
ular and neck proprioceptive stimulation concurrently (head on body condition). These conditions were tested both in the anteropos-
terior and mediolateral directions.

Next, in order to test whether NU Purkinje cell vestibular responses were modulated as a function of static head position, we
applied the same naso-occipital vestibular stimulation using whole body translations while the head was statically rotated relative
to the body at 3 different angles in the yaw axis (45° ipsilateral, 0° or straight ahead, and 45° contralateral). In a subset of recordings
where neurons remained isolated, we tested two additional head positions: 22.5° ipsilateral and 22.5° contralateral. These above
conditions were achieved by rotating the body underneath the head while keeping the whole body translation aligned with the
naso-occiptal axis of the head.

Data acquisition

During these conditions, we recorded motion of the head using an 6D (3D linear acceleration and 3D angular velocity) IMU mounted
on the head post, and motion of the chair using a 3D accelerometer. All analogue signals were sampled at 1kHz (Blackrock Micro-
systems). We recorded neural activity from the NU using 128 channel silicon read-write electrodes (IMEC). The 128 channels
spanned a 1.6 mm recording area in a zig-zag pattern. Neural signals were amplified, bandpass filtered (0.1Hz-7.5kHz) and digitized
by four 32-channel RHS stim/recording head stages (Intan technologies) and streamed by an RHS stim/recording controller (Intan
technologies) at 30kHz. Spike sorting was performed by Kilosort v2.5 and further curated in Phy2. Only cell clusters that remained
isolated single units across a set of paradigms were included in further analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

Head and body kinematic signals were low-pass filtered at 10 Hz. From recorded linear acceleration, we calculated velocity and jerk
by integrating and differentiating the recorded acceleration signal, respectively. Each motion trial was segmented based on threshold
crossings and all segments for each motion direction were aligned by peak jerk. Single unit spike times extracted from Kilosort and
Phy were filtered with a kaiser window at a cutoff of 7 Hz to compute firing rate.”" Linear least-squares regressions were performed to
estimate each Purkinje cell’s response to head motion using 3 terms: acceleration, velocity, and jerk.

fr(t) = b+S,X(t) +SXi(t) +SX(t) (Equation 1)

where fAr(t) is the estimated firing rate, b is a bias term, S,, S,, and S; are coefficients representing the gains for velocity, acceleration,
and jerk, respectively, and X, X and X are head velocity, acceleration, and jerk, respectively. We used the same approach using body
motion for the body under head condition, and head motion for the head on body condition. For each model coefficient in the analysis,
we computed 95% confidence intervals using a nonparametric bootstrapping approach (2000 times with replacement’?”%). All non-
significant coefficients were set to zero. We then used these coefficients to estimate the sensitivity and phase of the response relative
to acceleration using the following equations:

(@nfs - 8.) +(2nfs,)?
(2nf)?

Sensitivity = sgn(S;, Sa, Sy;) X (Equation 2)

2
M) (Equation 3)

o1 (
Phase = tan ( onfS,

Where the frequency of the stimulus was 1Hz (500ms half-cycle translations) and the sign terms were either +1 for positive coef-
ficients or -1 for negative coefficients. Our simple linear summation model was generated by vector addition of the sensitivity and
phase of vestibular and proprioceptive responses for each Purkinje cell. We compared sensitivity to vestibular, proprioceptive, com-
bined stimulation, and model prediction using pairwise t-tests. Similarly, Pearson correlations were used to examine the relationship
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between the model prediction and actual sensitivity and phase to head on body motion, performed separately for the preferred and
non-preferred direction of the Purkinje cells and for anteroposterior and mediolateral motion.

We classified neuron responses to vestibular and neck proprioceptive stimulation as either linear, rectifying, or v-shaped based on
their firing rate response. Purkinje cells were deemed linear if they increased their firing rate in the preferred direction and decreased
in the non-preferred direction, with a difference in the magnitude of their sensitivity within 8 sp/s / m/s2. Purkinje cells were classified
as rectifying if they increased their firing rate in the preferred direction with a minimum modulation of 8 sp/s / m/s?, and had minimal
modulation in the non-preferred direction (< 8 sp/s / m/s?). Finally, Purkinje cells were classified as v-shaped if they showed a similar
increase in firing rate in both directions (within 8 sp/s / m/s?). Purkinje cells that did not fit any of these criteria were classified as other.

To assess the contribution of different kinematic terms (velocity, acceleration, and jerk) to each Purkinje cell’s response, we also
ran linear regression models with just two terms to assess the contribution of the missing term. We did this by calculating the
decrease in the variance accounted for (VAF’“) when the term of interest was removed from the model.

To estimate directional tuning preferences for vestibular and neck proprioceptive responses for Purkinje cells that were isolated
across directions (anteroposterior and mediolateral), sensitivity tuning curves were calculated across angles using the equation:

S(a) = |S? mcos? a+ S? 4 sin® a + 25,S, sin a cos a cos(Ag)| 1/

(Equation 4)

Where S(«) is a Purkinje cell’s sensitivity to stimulation applied at a given orientation «, and Ag is the difference between the phases
of responses to anteroposterior and mediolateral translations.”® Tuning direction preferences were compared between vestibular
versus proprioceptive stimulation using a paired samples t-test.

We quantified head and body sensitivity ratios as each Purkinje cell’s sensitivity to head on body translation divided by its sensi-
tivity to whole body translation, and its sensitivity to body under head translation divided by its sensitivity to whole body translation,
respectively. We then calculated a coding index by dividing the smaller value by the larger value of these two ratios. The tuning of
vestibular responses as a function of static head on body position was quantified by fitting a Gaussian curve. In Purkinje cells that
were not fit well by a Gaussian curve due to larger responses at one extreme, we fit a sigmoidal function.

We examined whether the integration of the firing rates across multiple Purkinje cells could predict responses of theoretical down-
stream target neurons (e.g., target neurons in the vestibular or fastigial nuclei®’*°) that encode head or body motion using the
following equation:

N
Nu = > " w; x Pcell (Equation 5)

i=1
Where Nu is the firing rate response of a theoretical nucleus neuron that purely encoded either body motion only, or head motion
only, and w; is the weight of the influence of an individual Purkinje cell on this theoretical neuron, which was constrained to be non-

positive due to the inhibitory nature of Purkinje cell output. Pcell; are the recorded simple spike firing rates of N Purkinje cells. For each
population size (N), we calculated 95% confidence intervals for the model prediction and goodness of fit (R%) using bootstrapping.
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