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Theories of cerebellar functions posit that the cerebellum imple-
ments internal models for online correction of motor actions and
sensory estimation. As an example of such computations, an
internal model resolves a sensory ambiguity where the peripheral
otolith organs in the inner ear sense both head tilts and translations.
Here we exploit the response dynamics of two functionally coupled
Purkinje cell types in the vestibular part of the caudal vermis
(lobules IX and X) to understand their role in this computation.
We find that one population encodes tilt velocity, whereas the
other, translation-selective, population encodes linear acceleration.
We predict that an intermediate neuronal type should temporally
integrate the output of tilt-selective cells into a tilt position signal.
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ore than a century since the pioneering work of Ramon y

Cajal (1), the cerebellum continues to represent a powerful
model for understanding neural circuits. Its stereotyped anatomy
(2), its remarkably organized connectivity (3, 4), and its profoundly
tractable cellular identities (5, 6) have motivated numerous recent
advances in dissecting how cerebellar circuits are wired using
modern molecular and optogenetic manipulations (7-12). In
parallel to superb cellular and circuit organization discoveries,
theory-driven studies have defined algorithmic computations likely
performed by the cerebellar circuit. These computations extend
beyond motor learning, into a modular organization for sensori-
motor prediction and internal models (13-20).

One such internal model implemented by brainstem-cerebel-
lar circuits merges signals from both vestibular end organs, the
otoliths and semicircular canals, to resolve a sensory ambiguity
(Fig. 14) (21): otolith afferents cannot distinguish linear accel-
eration (A) experienced during translations from gravitational
acceleration (G) experienced during head tilt. Instead, otolith
afferents encode the total gravito-inertial acceleration (GIA) =
G + A (Fig. 1B), thus responding identicalgy to translational
acceleration and tilt position (units are m/s, or equivalently,
degrees of tilt). Theoretical (22-33) and experimental (34-43)
studies have demonstrated that the brain resolves this ambiguity
by using head rotation signals, originating from the vestibular
semicircular canals, to track head movements relative to vertical,
from which the gravitational component (G) can be estimated.

Although mathematical models of tilt-translation discrimina-
tion somewhat differ in their formulation (22-33), they all in-
corporate two salient computations (Fig. 1C): 1) the activity of
semicircular canals, which encodes rotation velocity in an ego-
centric (head) reference frame (units are °/s), is spatially trans-
formed [equation 1 in Fig. 1C; the vectorial cross-product converts
head-referenced rotation velocity signal (Q) into a gravity refer-
enced tilt velocity signal, dG/dt] and 2) this canal-driven tilt ve-
locity signal must combine with otolith afferent information, but
the latter signals linear acceleration or tilt position relative to
gravity. Often it has been assumed that the canal-driven, spatially
transformed signal must be temporally integrated (equation 2 in
Fig. 1C; integration of tilt velocity signals into position) in order to
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estimate G, which is then subtracted from the otolith signal to
compute linear acceleration (equation 3 in Fig. 1C). Note, how-
ever, that the brain might implement alternative but functionally
equivalent computational schemes. In particular, equation 3 in
Fig. 1C could be implemented in the velocity domain (equation 3’
in Fig. 1D), implying a differentiation of the otolith-driven signal
rather than an integration of the canal-driven signal.

Laurens et al. (41) have indeed identified translation-selective
and tilt-selective Purkinje cells as the neuronal correlates of the
hypothesized tilt and translation signals. They have demon-
strated that tilt-selective Purkinje cells encode spatially trans-
formed signals (i.e., equation 1 in Fig. 1C or downstream) and
that tilt- and translation-selective cells are functionally coupled:
when the GIA is constant, they observed that the activity of tilt-
and translation-selective cells were inversely correlated, as im-
plied by equation 3 or equation 3’ in Fig. 1 C and D.

However, the sinusoidal stimuli used in past experiments cannot
resolve neuronal response dynamics, because these neurons do not
follow minimum-phase linear system predictions (44, 45). There-
fore, whether tilt-selective neurons encode tilt (G) or tilt velocity
(abbreviated here as dG) and whether translation-selective Pur-
kinje cells encode linear acceleration (A) or its derivative (abbre-
viated here as dA) is unknown. Distinguishing between these
possibilities is a crucial step for understanding the computational
algorithms implemented by central vestibular regions.

In this study, we consider three alternative hypotheses, all of
which would be consistent with the hypothesized computations:
tilt-selective cells may encode dG and translation-selective cells A
(hypothesis Hy, Fig. 1E). If this holds, then there is a functional
need for temporal integration of the simple-spike signal of

Significance

This study characterizes the response dynamics of two types of
Purkinje neurons in the vestibulo-cerebellum that are known to
encode head motion. We find that one type encodes tilt ve-
locity, whereas the other encodes linear acceleration. We
compare these results to current theories that posit that the
cerebellum implements internal models for sensing head mo-
tion and discuss the role of tilt- and translation-selective cells in
the theoretical sequence of computations.

Author contributions: D.E.A. designed research; J.L. analyzed data; and J.L. and D.E.A.
wrote the paper.

Reviewers: S.G., Brandenburg University of Technology; and C.L., Ecole Normale
Supérieure Paris.

The authors declare no competing interest.
Published under the PNAS license.

Data deposition: Data supporting the study’s conclusion are available in the following
repository: https://github.com/JeanLaurens/PNAS-2019.

"To whom correspondence may be addressed. Email: da93@nyu.edu.

This article contains supporting information online at https:/www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1915873117/-/DCSupplemental.

First published January 27, 2020.

www.pnas.org/cgi/doi/10.1073/pnas.1915873117

www.manaraa.com


http://orcid.org/0000-0002-9101-2802
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1915873117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
https://github.com/JeanLaurens/PNAS-2019
mailto:da93@nyu.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915873117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915873117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1915873117

Downloaded at Palestinian Territory, occupied on December 7, 2021

A C E

. Canals Otoliths
2 (eq. 1) (eq. 2) GIA T v v
Q 2
& > d6/dt=GxQ —> G=[dG >0 < E Tilt PC Trans. PC
G ¥ —/V\- — J\f — J, /\ /\ ‘g’_ (dG; eg. 1) (A; eq. 3)
. tilt trans. tilt trans. A=GIA-G tilt trans. T I_ [dt 6:
R — feq. 3) Otoliths (eq. 1)
B tm‘ t'rans. —_— _/\/_ F - Canals Otoliths
Semi-circular . @ \b
roll tilt translation canals tilt trans. a \l/
n “ £ | TiltPC Trans. PC
D g [(Gieq12)| |(Aeq.3)
(eq. 1) GIA z 5
—> de/dt=Gx0a —> (O €— dGIA/dt €— |
V \lf V V J\f‘ ‘/\{‘ G ¥  Canals Otoliths
2 tilt trans.  da=dGlA-dg It trans. tit trans. 5 v
AN (eq. 3’) Otoliths % Tilt PC Trans. PC
tilt trans. g | (dG; eg. 1) (dA; eq. 3')
Semi-circular tilt trans. T | © “I‘
| canals

Fig. 1. Internal model of head motion for resolving the tilt/translation ambiguity. (A) lllustration of the gravito-inertial force vector (GIA) sensed by the
otoliths, which is the sum of gravitational (G) and inertial (A) acceleration. (B) Illustration of the GIA during tilt and translation: both follow approximately the
same trajectory (note that the trajectory of the GIA is circular during tilt [green], resulting in a small upward stimulation of the otoliths that can be neglected
for small motion angles). Thus, the otoliths detect both stimuli but do not discriminate them. (C) Simplified model of tilt/translation discrimination (from ref.
30). Angular velocity (Q) is sensed by the semicircular canals and used to track the gravitational component (G) of the GIA (equations 1 and 2), which allows
extracting the linear acceleration component by subtraction (equation 3). See text for details. The temporal waveforms shown are further detailed in S/
Appendix, Fig. S1, which shows a decomposition of the motion stimuli into dynamic components. (D) Alternative architecture for tilt/translation discrimi-
nation that operates in the derivative domain (see text). (E-G) Hypotheses (H,, H,, and Hs) of how internal model variables are represented in simple spike
responses. Hypothesis Hy assumes that tilt-selective Purkinje cells encode the output of equation 1in C, hypothesis H, assumes that tilt-selective Purkinje cells

encode the output of equation 2 in C, and hypothesis Hs assumes that the cerebellum implements the computations shown in D.

tilt-selective cells to implement equation 2 in Fig. 1C, before it
reaches translation-selective cells (equation 3 in Fig. 1C). This
would suggest that another, yet unidentified, cell type, may en-
code a tilt signal (G). Alternatively, tilt-selective cells may encode
G and translation-selective cells A (hypothesis Hy, Fig. 1F). In this
case, the integration (equation 2 in Fig. 1C) would occur upstream
of tilt-selective Purkinje cells or possibly in their dendritic tree.
Finally, tilt-selective cells may encode dG and translation-selective
cells dA (hypothesis Hj, Fig. 1G), in which case the need for
equation 2 in Fig. 1C would be eliminated from the cerebellar
circuitry that distinguishes tilt from translation (although it would
still have to be implemented, possibly in a separate stage, in order
to provide the term G in equation 1 in Fig. 1C).

To distinguish among these three hypotheses, we have recorded
Purkinje cell simple spike (SS) activity using transient tilt, translation,
and tilt—translation stimuli that allow quantitative assessment of
the response dynamics of tilt- and translation-selective Purkinje
cells. A transient stimulus approach is necessary as sinusoidal
stimuli cannot resolve complex dynamics that do not follow linear
systems properties (44-46). The present results strongly support
hypothesis H;, consistent with the notion that Purkinje cell SS
activity reflects sensory prediction errors.

Results

Experimental Findings. We recorded from Purkinje cells in the
caudal vermis (lobules IX and X) of macaque monkeys during
transient tilt and translation stimuli with biphasic linear acceler-
ation and Gaussian linear velocity profiles (¢ = 250 ms), as illus-
trated in Fig. 2 A-E (47). The tilt and translation stimuli were
matched such that they activated the otoliths identically (Fig. 2F,
first/second column) (35-41). During tilt-translation motion, tilt-
driven and translation-driven otolith activation cancel each other
(Fig. 2F, third column). Because the derivative of the biphasic tilt
position (Fig. 2B, green) and linear acceleration (Fig. 2C, magenta)
profiles follow a triphasic curve (e.g., tilt velocity in Fig. 2D, blue)
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and because these signals ride on top of a large spontaneous ac-
tivity, the multiple temporal components of the models in Fig. 1C
(ie., G, A, GIA, and dG) as well as additional dynamic compo-
nents (i.e., the integral of G and A or the second derivative of G
and A; SI Appendix, Fig. S14) can be distinguished.

Typical responses of tilt-selective and translation-selective Pur-
kinje cells during the transient stimuli (with 6 = 250 ms) are il-
lustrated in Fig. 2 F and G. During tilt, the example tilt cell
exhibited a triphasic response modulation, with a peak to trough
amplitude of 28 spk/s, that was either proportional (preferred di-
rection, PD; Fig. 2 F, Top) or inversely proportional (anti-PD; Fig.
2 F, Bottom) to tilt velocity (Fig. 2D, blue). Here PD is defined as
the direction along which firing rate is positively correlated with
the stimulus; therefore, the cell is inhibited during motion in its
PD because tilt velocity is negative (Fig. 2D). The example tilt
cell’s response resembles tilt velocity (the large peak/trough re-
sponses to tilt are flanked by smaller troughs/peaks) not only
during tilt but also during tilt-translation (Fig. 2 F, Left and Right
columns, respectively) but is negligible during translation (Fig. 2 F,
Middle column). By contrast, the example translation cell modu-
lates little during tilt (Fig. 2 G, Left) but responds vigorously to
translation (Fig. 2 G, Middle) and tilt-translation (Fig. 2 G, Right).
During translation along the cell’s PD (Fig. 2 G, Top), the cell
exhibits a biphasic response with a peak to trough amplitude of
94 spk/s, whose dynamics follows the acceleration stimulus (Fig. 2C,
magenta). The response reverses during motion along the anti-PD
(Fig. 2 G, Bottom). Note that both tilt and translation Purkinje
cells modulate during tilt—translation, when only the canals are
dynamically modulated. This illustrates the fact that NU Purkinje
cells receive convergent inputs from both sensors (37, 41).

These two example cells suggest that tilt Purkinje cells may
follow tilt velocity (dG), whereas translation Purkinje cells may
follow linear acceleration (A), in support of hypothesis H;.
We analyzed the transient responses of 30 NU Purkinje cells
(three macaques) which were specifically selected to be either
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Fig. 2. Example tilt- and translation-selective Purkinje cell responses during tilt, translation, and tilt-translation. (A) Illustration of the motion stimuli. (B and
C) Temporal profiles of the gravitational (i.e., tilt; B) and translational acceleration (C) component of the motion stimuli. (D and E) Temporal profiles of the
physical variables sensed by the vestibular system: the tilt velocity (D) is detected by the semicircular canals, and the GIA (E) is detected by the otoliths. (F and
G) Firing rate (FR) of a tilt-selective and translation-selective Purkinje cell. Upper and Lower rows display the neuronal responses in the preferred direction
(PD) and in the opposite direction (anti-PD), respectively. The PD is defined as the direction along which tilt-selective neurons increase their firing in response
to positive tilt velocity and translation-selective neurons increase their firing in response to positive acceleration. Data are shown in response to transient

stimuli with ¢ = 250 ms.

tilt-selective (n = 14) or translation-selective (n = 16) following
the criteria of (40, 41). Note that cell classification was similar
using transient and sinusoidal stimuli (SI Appendix, Table S1).
We evaluated neuronal modulation by computing the difference
in firing rate between motion in the PD and anti-PD and dividing
by two (Fig. 3). Note that this process cancels a quantitatively
smaller omnidirectional component (SI Appendix, Fig. S2) and
only focuses on the direction-dependent responses. We measured
each neuron’s peak-to-trough direction-dependent response dur-
ing tilt and translation, as illustrated in the scatterplot of Fig. 34.
During translation, the responses of translation-selective cells
were one order of magnitude larger than those of tilt-selective
cells (38.9 spk/s, CI = [26.5 to 57.2] versus 3.9 spk/s, CI = [2.8
t0 5.4]; P = 4.10°, geometric mean and Wilcoxon sign rank test).

3234 | www.pnas.org/cgi/doi/10.1073/pnas.1915873117

In contrast, tilt- and translation-selective cells had comparable
peak-to-trough modulation during tilt (tilt-selective cells, 15.1
spk/s, CI = [12.2 to 18.7]; translation-selective cells, 13.2 spk/s,
CI = [9.4 to 18.4], P = 0.55). Thus, the range of response
modulation amplitude during transient tilt and translation
was remarkably similar to previous findings using sinusoidal
stimuli (41).

Next we assessed which dynamic components are represented
in neural responses. Our working hypotheses (H;, H,, and Hj)
consider only two temporal components: 1) G (tilt position) and
A (linear acceleration), both of which have identical waveforms
(Fig. 1 and see also SI Appendix, Fig. S1), and 2) dG (tilt velocity)
and dA (derivative of linear acceleration; i.e., jerk) signals, both
of which also have identical waveforms (Fig. 1 and see also
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Fig. 3. Dynamic response components of tilt (green) and translation (magenta) Purkinje cells. (4) Scatterplot of peak-to-trough response amplitude (in spk/s)
during tilt and translation. The box and whisker plots indicate geometric mean (center of boxes), 95% confidence intervals of the mean (boxes), and SD of the
population (whiskers). The example cells in Fig. 2 are represented by stars. One translation-selective cell with atypical dynamics is marked by a triangle. (B)
Squared partial coefficients of correlation of the [G, [A; G,A; dG,dA; and d°G,d’A components (whose waveforms are illustrated at the bottom) in tilt (Upper;
green) and translation Purkinje cells (Lower; magenta). Dots indicate individual cells, and bars indicate population average. (C) Comparison of the squared
partial correlation coefficients of biphasic (G,A) and triphasic (dG,dA) response components in tilt- and translation-selective Purkinje cells. Note that this
analysis is agnostic to whether the cell encodes tilt or translation (because the G profile during tilt matches exactly the A profile during translation). Yet, it
gives different answers for the two cell types, suggesting different dynamics. Data are shown in response to transient stimuli with c = 250 ms. All analyses are
based on direction-dependent responses; summary of omnidirectional modulation responses is shown in S/ Appendix, Fig. S2.

SI Appendix, Fig. S1). To characterize the cells’ response dy-
namics independently of their selectivity for tilt, translation, or
mixture thereof, we grouped motion variables with similar dy-
namics (i.e., G with A and dG with dA) and computed the
squared partial coefficient of correlation of each pair (G,A and
dG,dA) for each individual cell’s response. For generality, we
included two additional dynamic components ([G,[A and
d°G,d’A; SI Appendix, Fig. S1) in the analysis. We found that the
dG,dA component had the highest contribution to the responses
of tilt cells (Fig. 3B; P < 0.01, multiple paired Wilcoxon tests,
Bonferroni correction), whereas the G,A component had the
highest contribution in translation cells (Fig. 3B; P < 0.01,
multiple paired Wilcoxon tests, Bonferroni correction). In con-
trast, the squared partial correlation coefficients of the [G,[A
and d*G,d*A components were minimal. Thus, only the dG, dA,
G, and A components are considered in further analysis.

When plotted on a cell-by-cell basis, we found that the two cell
types showed distinctly different response dynamics (Fig. 3C,
green vs. magenta). Many tilt-selective cells clustered along the
ordinate, and most (12/14, P = 0.002, paired Wilcoxon test) ap-
pear above the diagonal, indicating that the dG,dA profile dom-
inates the responses of tilt-selective Purkinje cells. Considering
that based on ref. 41, tilt cells encode tilt-related signals and not
simply canal-related signals (Q), we conclude that tilt-selective
cells carry predominantly a tilt velocity (dG) signal. Translation-
selective cells clustered close to the abscissa, and only one cell
appeared above the diagonal (P = 0.0016), indicating that
translation-selective cells carry acceleration (A) signals.

These conclusions are further illustrated in the average re-
sponse profiles (Fig. 4; see also individual cell responses in SI
Appendix, Fig. S3). In line with the example cells in Fig. 2F, the
average translation-selective cell exhibited a biphasic response
profile that followed linear acceleration (Fig. 4C, magenta). The
average tilt-selective cell exhibited a triphasic response profile
that followed tilt velocity (Fig. 4C, green), although it displayed a
slight asymmetry, where the second excitatory peak was attenu-
ated compared to the first. This can be attributed to a small, but
nonzero, G response, as shown in Fig. 4 D-F. We plotted the G
response component of tilt cells (Fig. 4D) as a function of their
dG component. We found that both were correlated (P < 1072,
bootstrap test), indicating that tilt-selective cells carry a G re-
sponse component that is proportional to the dG component
with about half the amplitude (slope = 0.47, CI = [0.27 to 0.79]).
Plotting the average dG and G response components together
(Fig. 4EF) illustrates that the first peak of the G component (gray)
tends to increase the first peak of the dG component (black),
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whereas the second peak of the G component reduces the last
peak of the dG component. When these components are added
(Fig. 4F, broken black line), this results in an asymmetrical
profile that matches the average response profile of tilt cells (Fig.
4F, green, same as in Fig. 4C). This analysis, which reveals that
tilt-selective cells encode primarily dG but also carry a weaker G
component, is compatible with previous observations during si-
nusoidal motion at 0.5 Hz (41) where the response lagged tilt
velocity by 36° (i.e., shifted toward tilt position). We repeated the
same analysis for translation-selective cells (Fig. 4 G-I). We
found that these cells carry a small dA response (slope = —0.16,
CI = [-0.24 to —0.06], P = 107), although this component was
too small to alter the cell’s biphasic response profile markedly
(Fig. 4H). In agreement, we observed (41) that the response
phase of translation-selective cells was closely aligned with linear
acceleration during sinusoidal motion. Note that the average
peak-valley response amplitude of tilt- and translation-selective
cells during tilt are identical in Fig. 34. However, after averag-
ing the response profiles across all cells, the population of
translation-selective cells exhibits a smaller modulation than that
of tilt-selective cells (Fig. 4 C, Left, green versus magenta). This
indicates that the response profiles of individual translation-
selective cells are more variable and tend to average each other
out at the population level.

Analyses of responses to a longer transient stimulus (¢ = 500 ms)
gave identical results (SI Appendix, Fig. S4). In fact, other than
a small but systematic increase in the gain of tilt cells (SI Appendix,
Fig. S4 E and F), both sets of transient stimuli yield identical
results.

Discussion

We have shown that tilt- and translation-selective Purkinje cells
differ in response dynamics: tilt-selective cells encode primarily
tilt velocity, whereas translation-selective cells encode linear
acceleration. Laurens et al. (41) have shown that tilt-selective
Purkinje cells in the nodulus and uvula encode tilt signals, i.e.,
spatially transformed rotation signals corresponding to equation
1 in Fig. 1C or downstream). Using stimuli where the GIA is
constant, they also showed the population response amplitudes
of tilt and translation-selective are inversely correlated. Fur-
thermore, local gabazine injection into the cortex converts
translation-selective Purkinje cells into GIA-coding cells (48).
Thus, it has been proposed that tilt signals encoded by tilt-
selective cells are subtracted from net otolith signals (GIA) to
compute a head translation signal encoded by translation-
selective Purkinje cells (41), as predicted by the internal model

PNAS | February 11,2020 | vol. 117 | no.6 | 3235

www.manaraa.com

NEUROSCIENCE


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915873117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915873117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915873117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915873117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915873117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915873117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915873117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915873117/-/DCSupplemental

Downloaded at Palestinian Territory, occupied on December 7, 2021

A Tilt Translation Tilt-Translation
® 6 ©
—lp —
B 1 60
<o 3L
> & 0_%__ ﬁf; 0 2 =
| -60
& 30 30
0 Q
= X 0 X
8% 3 e
2w . 0 S«
© o il 14
- =
N <4
-30 -30
-1.5 0 15-1.5 0 1.5-15 0 15
time (s) time (s) time (s)
D_. 2 " E 15 F 15
c Y dG G "
2 10 2w = 2
on o® =3 o
2x o . L 9 Lo
ES |N o o
o — -10 TS (™
® < <
-20 -15 -15
-20 10 0 10 20 30 1.5 0 1.5 -1.5 0 1.5
dG component (spk/s) time (s) time (s)
G . H |
5 80 = 30 i dA = 30
c . 40 = =
S w =% o
£S5 0 L 9 L2 9
o w [14 14
© .40 ® L
< < <
T .80 -30 -30
-80 -40 0 40 80 120 -1.5 0 1.5 -1.5 0 1.5

A component (spk/s)

time (s)

time (s)

Fig. 4. Average response profiles of tilt- and translation-selective cells. (A and B) lllustration of the stimuli (A) and sensory inputs (B), as in Fig. 2 (all individual
cells are shown in S/ Appendix, Fig. S3). (C) Average direction-dependent response AFR (Materials and Methods) of tilt-selective (green; right ordinate axis)
and translation-selective (magenta; left ordinate axis) cells. The bands represent 95% Cls. Data are shown in response to transient stimuli with ¢ = 250 ms.
Summary of neuronal responses during transient motion of longer duration is shown in S/ Appendix, Fig. S4. (D) Correlation between the dG and G response
components (defined as a signed peak to trough response amplitude; S/ Materials and Methods, Composite Model) of tilt-selective cells. (E) Average dG
(black) and G (gray) response components of tilt-selective cells (S/ Materials and Methods, Composite Model). (F) Comparison between the sum of the dG and
G components in E and the average response of tilt-selective cells in C. (G-/) Analysis of the A and dA responses of translation-selective cells, as in D-F. The

translation-selective cell with atypical dynamic in Fig. 3 is excluded.

framework. However, the dynamic aspects of this computation
had not been resolved by previous studies. Combined with the
present findings, we conclude that the output of tilt Purkinje cells
should be temporally integrated before relayed to translation-
selective Purkinje cells.

The discrimination of tilt and translation stimuli is one of the
best studied computations in the vestibular system (34-41, 49)
and has been instrumental in revealing internal model compu-
tations in the vestibulo-cerebellum. Gravitational acceleration
associated with head tilt and linear acceleration caused by
translations are physically indistinguishable (21). Both are sensed
by regular and irregular otolith afferents that differ in their re-
sponse dynamics (50) but provide identical information about tilt
and translation occurring at similar frequencies. Since the range
of natural tilt and translational motion overlap widely (51, 52),
simply filtering otolith signals cannot segregate natural tilt and
translations, with the exception of static otolith stimuli that are,
by default, interpreted as tilt (53). Thus, accurate self-motion

3236 | www.pnas.org/cgi/doi/10.1073/pnas.1915873117

sensing requires the disambiguation process described in this
study.

The framework of internal models has been the dominant
theory of vestibular processing in the past decades (22-33) and is
closely related to the framework used to model motor control
and adaptation (54-62). Initially supported by behavioral studies
using passive motion stimuli (34, 63-65), the implementation of
internal models in central vestibular pathways has been con-
firmed by neurophysiological experiments of tilt/translation dis-
crimination (35-43) and active head movements (66-72).

Laurens and Angelaki (31) have formulated a Kalman filter to
model neuronal responses in the vestibular nuclei, cerebellar
cortex and deep cerebellar nuclei during both active and passive
motion. This model postulates that the brain constructs internal
estimate of head motion that are used to predict vestibular
sensory inflow. When the predicted sensory signals do not match
actual sensory afference, the resulting sensory prediction errors
are transformed into Kalman feedback signals that update the
internal estimate of head motion. Importantly, when the head is
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moved passively, then these feedback pathways implement the
sequence of computations in Fig. 1C and ref. 31. It is notable
that the feedback signals predicted by the Kalman filter model
match the dynamics of tilt- and translation-selective cells. Spe-
cifically, the Kalman feedback that updates the internal estimate
of tilt (G) is a tilt velocity signal (figure 5 in ref. 31), whereas the
Kalman feedback that updates the internal estimate of trans-
lation (A) is a linear acceleration signal (figure 6 in ref. 31). This
finding supports the hypothesis that the SS activity of Purkinje
cells carries feedback signals derived from sensory prediction
errors, a critical component of a dynamical control framework
supporting optimal sensorimotor functions (15-20, 73, 74). The
Kalman filter also predicts that feedback signals, and conse-
quently the activity of tilt- and translation-selective cells, should
be profoundly attenuated during active tilt and translation,
similar to neuronal responses measured in the vestibular nuclei,
fastigial nuclei, and cerebellar cortex (42, 66, 67, 67-71, 75). In
agreement with this prediction, one study (75) conducted when
rats learn to balance on a swing indicates that Purkinje cells in
various lobules (V to X) of the cerebellar vermis encode tilt
velocity during external perturbations but not learned active
movement.

Although tilt-selective Purkinje cells encode predominantly tilt
velocity, we found that they carry a smaller but consistent tilt
position component (Fig. 4 D-F). This finding is consistent with
Laurens et al. (41), which reported response phase shifted on
average by 36° toward tilt position during sinusoidal tilt at 0.5 Hz.
Thus, tilt-selective Purkinje cells may themselves be within the
dynamic system that generates the tilt position signal, although
their responses remain closer to tilt velocity than position.

In a separate study (46), we have demonstrated that vestibular
and fastigial nuclei neurons that respond to translation often
encode combinations of linear velocity, acceleration, and jerk.
Interestingly, we found that the velocity and jerk components
were characterized by large spatial modulation offset, that cor-
responds to the omnidirectional modulation described here. In
contrast, the linear acceleration component exhibited cosine
spatial tuning, that corresponds to the directional modulation
described here. The response of translation-selective Purkinje
cells reported here matches this pattern: we found that their
directional response predominantly encodes linear acceleration,
whereas their omnidirectional response reflects linear velocity
(SI Appendix, Fig. S2). While the directional component of
translation-selective cells matches the linear acceleration signal
postulated to underlie internal model computations, the omni-
directional component may serve distinct but yet undetermined
functions.

Collectively, these results imply that the output of tilt-selective
Purkinje cells is subtracted from an otolithic signal upstream of
translation-selective Purkinje cells or in their dendritic tree. This
subtraction may be realized by an inhibitory circuit between tilt-
and translation-selective cells with equivalent preferred direc-
tions (e.g., cells that are activated by leftward tilt and rightward
acceleration). Alternatively, this operation may be realized by an
excitatory circuit between tilt- and translation-selective cells with
opposite preferred direction.
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Future studies may determine which neural pathway transmits
tilt-selective cells output back onto translation-selective Purkinje
cells. A salient question is whether this neuronal feedback loop is
implemented outside of the cerebellar cortex, i.e., in through
fastigial and/or vestibular nuclei neurons. Translation-selective
cells have been identified in the vestibular nuclei (35, 69), and
fastigial nuclei (35, 36). A recent study (76) proposed that some
cells in the deep fastigial nuclei encode dynamic gravity signals.
However, this study did not test whether these cells encode tilt
velocity relative to gravity (dG), as opposed to rotation velocity in
an egocentric reference frame (€2), which is sensed by the canals
and encoded by the fastigial nuclei (72). It is notable that many
neurons in the fastigial nuclei encode combinations of canal and
dynamic otolith signals (77-80) or spatially transformed rotation
and translation signals (e.g., in a body-referenced frame; refs. 70,
72, and 81-83). Therefore, because it was never quantitatively
tested, it remains unknown whether fastigial neurons encode dy-
namic gravity signals. Nevertheless, since these vertical rotation
responses followed velocity, what is clear is that they do not en-
code G. Instead, it is possible that the G signal is contributed to
the cerebellum through the vestibular nuclei, where G signals have
been reported previously (84). Thus, G signals could reach
translation-selective Purkinje cells (that would implement equa-
tion 3 in Fig. 1C) through mossy fiber projections from the
vestibular nuclei.

Nevertheless, the most parsimonious possibility is that the
entire process of tilt/translation discrimination occurs in the
cerebellar cortex. For instance, Purkinje axon collaterals onto
the cerebellar cortex (10, 12, 85) may allow the temporal in-
tegration (equation 2 in Fig. 1C) to occur through granular
layer interneurons, e.g., unipolar brush cells (UBCs) and/or
granule/Golgi cells. These cells may in turn provide G signals
to translation-selective cells, who would implement equation 3
in Fig. 1C.

Materials and Methods

Three male rhesus Macaques, aged 3, 4, and 9 y, were used in the study.
Experimental procedures were in accordance with US National Institutes of
Health guidelines and approved by the Animal Studies Committee at
Washington University in St. Louis (approval 20100230) and Baylor College of
Medicine (protocol AN-5795). Primates were installed in a three-axis rotator
mounted on a linear sled (Acutronics Inc.). Purkinje cells in lobules X and IX of
the caudal vermis were recorded extracellularly using epoxy-coated tungsten
microelectrodes (5 or 20 MQ impedance; FHC). Transient motion profiles
were generated by computing the derivative of a Gaussian function with SD
o = 250 ms, resulting in a biphasic signal that was scaled to an amplitude
of +5.6° to generate the tilt position stimulus and +0.93 m/s to generate the
linear acceleration stimulus. A tilt-translation stimulus was created by ap-
plying tilt and translation stimuli simultaneously so that the resultant
gravito-inertial acceleration was null. Neuronal responses were analyzed
using multiple linear regression, and statistical tests were based on boot-
strap procedures. Details of the experiment procedures, data analysis, and
modeling are provided in S/ Appendix, S| Methods. Data supporting the
study’s conclusion are available in the following repository: https:/github.
com/JeanLaurens/PNAS-2019.
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