Supplemental Data

Supplemental Movies 1 and 2. We created movies which reproduce exactly the
motion of the experimental setup and the response of the cells in Figure 1. In each
movie, the raw spike signal recorded during three trials (translation, tilt and OVAR) are
shown as a curve (lower blue curved) and played synchronously in the audio track. The
firing rate of the neurons computed after offline spike sorting is also shown as a blue
curve. A black vertical bar on the lower curves indicates the point at which the video and
audio tracks are synchronous. The upper part of the movies shows an animated three-
dimensional model of the experimental setup. The motion of this animated model
corresponds to the actual motion of the setup which is detected by sensors mounted on
the setup and recorded together with the raw spike signal. The model is a realistic
representation of the actual rotator. However, the primate chair and the assembly that
holds it are not represented. Instead, only a large head is drawn. The height of the
whole setup is about two meters.

Each movie shows the response during 12s of tilt and translation and the first 33s of the
OVAR trials shown in Figure 1. A pause of 5s is inserted between the trials. The initial
position of the axes is generally different from one trial to another. In the movies, we
reposition the setup accordingly in-between successive trials.

The tilt-selective cell (Movie S1) responds preferentially to rightward tilt and the
translation-selective cell (Movie S$2) responds to leftward acceleration. Note that,
according to the equivalence principle, leftward acceleration and rightward tilt create the
same activation of the otoliths. Accordingly, the translation-selective cell responds in
phase with rightward tilt during steady-state OVAR. In order to make these responses
visible, we added a green sphere near the right ear of the subject. During the translation
trial in Movie S2, a red arrow appears when the subject undergoes leftward
acceleration. The length of this arrow is proportional to the magnitude of the
acceleration.
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Figure S1. Tilt/translation stimuli (Angelaki et al. 1999; 2004) and example cell
responses, related to Figure 1. (A) sinusoidal stimuli, which also illustrate predictions
of how a cell should modulate if it selectively responded to translation ('TA' top), tilt
(‘GA’, middle), or net gravito-inertial acceleration (‘GIA’, bottom). (B)-(D) example NU
Purkinje cell responses (spike density) during translation, tilt, tilt-translation and
tilt+translation. Vertical lines mark the start of each cycle. For the example cell in B, R%;;
= 0.05, R%ans = 0.85, R%gia = 0.43. For the cell shown in C, R%j = 0.87, R%ans = 0.05,
R%sia = 0.49; therefore this cells was classified as tilt-selective. For the cell in D, R%; =
0.28, R%yans = 0.30, R%ga = 0.82; this cell was classified as GIA-selective.
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Figure S2. Distribution of preferred directions and phases, related to Figure 2.
(A,B) Top: Preferred directions are shown as vectors. Bottom: The range of possible
directions was divided into three sectors which cover a range of £+22.5° around the
forward-backward (FB), left-right (LR) or intermediate (Int) axes (see inset ‘Sectors’ on
right). (A) Translation preferred directions for translation-selective cells (red), (B) Tilt
preferred directions for tilt-selective cells (green). Numbers indicate the number of cells
observed in each sector. (C,D) Circular distributions of response phase. Data are shown
for (C) translation response phase for translation-selective cells, and (D) tilt response
phase for tilt-selective cells. Phase values are computed relative to linear acceleration
(C) or tilt velocity (D). For distributions significantly different from uniform, the mean +
95% CI (shaded area) are also shown.
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Figure S3. Reconstructed positions of the recorded cells (shown in Figure 2 and
4) in stereotaxic coordinates, related to Figure 2. (A)-(C) Frontal views; (D)-(F)
Saggital views. Data are shown separately for each animal and each symbol
corresponds to a single neuron, color-coded according to cell classification type (green:
tilt-selective cells; red: translation-selective cells; black: GlA-selective cells; grey:
composite cells). Open symbols represent putative Purkinje cells and filled symbols
represent confirmed Purkinje cells. Eye movement-sensitive and vestibular-only cells in
the cerebellar nuclei are represented as blue asterisks/circles, respectively.
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Figure S4. Comparison of the response phase during OVAR vs the ‘reference’
response during tilt or translation on a cell-by-cell basis, related to Figure 4.
Phase of cell modulation during OVAR at (A) t=2-4s, (B) t=4-6s and (C) t=60-62s
plotted versus the tilt (for tilt-selective Purkinje cells, n=37, green) or translation (for
translation-selective cells, n=27, red) response. Two data points are shown per cell
(corresponding to the two rotation directions; see Supplemental Methods). OVAR
phases have been adapted by adding or subtracting 360°, such that they always
fall within £180° of the reference phase. Different symbols are used for different
animals (squares: animal V; circles: animal T; triangles: animal K).

A Animal V B Animal T c Animal K

trans

Amplitude ratio
Gtilt orG

0 20 40 60 0 20 40 60 0 20 40 60
time (s) time (s) time (s)

Figure S5, related to Figure 5. Time course of the gravity (GA, green) and
translation (TA, red) population response in each animal (V: n= 15 tilt-selective cells
and n= 5 translation-selective cells); (T: n= 6 tilt-selective cells and n= 5 translation-
selective cells) (K: n= 16 tilt-selective cells and n= 17 translation-selective cells).
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Figure S6, related to Figure 7. Frequency dependence of response gain during (A)
translation, (B) tilt and (C) tilt-translation for translation-selective (red, n=10) and tilt-
selective (green, n=18) Purkinje cells (squares: animal V; circles: animal T; triangles:
animal K). Gain has been expressed either as spikes/s/G (left ordinate) or spikes/s/°
(right ordinate). For clarity, data points for tilt-selective and translation-selective cells are
plotted with a small horizontal offset.
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Figure S7. Accuracy of model fits, related to Figure 2. (A-D) Demonstration of the
linearity assumption (necessary for the analysis shown in Figure 2). Gain (top) and
phase (bottom) during (A) translation (n=217), (B) tilt (n=218), (C) tilt-translation (n=160)
and (D) tilt+translation (n=31). Each cell’s response is taken along the direction that is
the closest to the preferred direction (thus, each cell contributes only one data point in
each panel). Filled symbols: cells that passed the criterion of significant modulation,
(i.e., R>>0.25 with the composite model; see Methods). Open symbols: cells with
R?<0.25. The phase values away from the diagonal typically correspond to small gain
values. (E-l) comparison between the goodness of fit (R?) obtained with the composite
and best first-order models. (E) scatter plot of both sets of R? values; same symbol/color
code as in Figures 4 and S4. The R? of the composite model is always similar to or
higher than the R? of best first-order models, as illustrated by their ratio for translation-
selective (F), tilt-selective (G), GlA-selective (H) and composite (1) cells.



Supplemental Text

Theory and Simulations

Otolith organs in the inner ear detect the net gravito-inertial acceleration (GIA),
thus cannot distinguish gravitational acceleration (GA) from translational acceleration
(TA). The three semicircular canals encode rotational velocity about the three axes,
yaw, pitch and roll (Figure 1B). The key assumption in models proposed to resolve the
GIA ambiguity is that the brain keeps track of an internal estimate of the direction of the
gravity vector relative to the head by creating an internal model of tilt relative to
gravity (Mayne 1974; Borah et al 1988; Droulez & Perez 1993; Merfeld 1995; Glasauer
& Merfeld 1997; Bos & Bles 2002; Zupan et al 2002; Green & Angelaki 2004; 2007;
Green et al 2005; Laurens & Droulez 2007; 2008; Laurens & Angelaki 2011; Oman
1982). One way the brain can compute this ‘tilt’ estimate is by integrating rotational
velocity information from the semicircular canals (Mayne 1974; Merfeld 1995; Angelaki
et al 1999; Merfeld et al 1999; 2005; Shaikh et al 2005).

A general formula for tracking the orientation of the gravitational acceleration
vector GA is through integration of rotational velocity, Q, in three dimensions (referred to
here as the “GA estimator”):

dGA(t)/dt = GA(t)xQ(t)
or, equivalently, its integral:
GA(t) =IGAt)xQ(t)dt (S1),

where GA(t) and Q(t) are vector representations of gravity and angular velocity,
respectively, and ‘x’ denotes the vector cross-product. Equation (S1) involves three-
dimensional integration, where rotations around different axes interact with one other
(Green et al 2005; Green & Angelaki 2007; Laurens et al 2011). Note that a functionally-
relevant tilt (gravity) signal cannot be computed by a temporal integration of canal
signals alone, but instead depends on both canal and otolith cues. The intuition behind
the cross-vector product in equation (S1) is that only the earth-horizontal (i.e.,
perpendicular to gravity) component of rotational velocity should contribute; i.e., while
upright, only pitch/roll (but not yaw) rotations should update the gravity estimator. Given
this GA estimate, computing TA can be done by simple subtraction (Figure 1A):

TA(t) = GA(1)-GIA(Y) (S2),

Our model (Laurens & Angelaki 2011), which is based on this computation, is
schematically shown in the top panel of Figure 6. The model simulates how the canals
and central processing pathways produce a rotation signal Q(t), which is integrated to
produce an internal estimate of the gravity vector GA(f). This estimate is used to extract



a translational acceleration signal, TA(f), from the net otolith input, G/IA(?).

Here we take advantage of a motion paradigm known as ‘off-vertical axis
rotation’ (OVAR), to reveal the neural correlates of an internal model of gravity. This
stimulus consists of rotation at constant velocity (180°/s) about a head-horizontal (yaw)
axis that is tilted relative to gravity (see Figure 3 and Figure 1C). During OVAR, the
head tilt relative to gravity is continuously changing (Figure 3A). In an egocentric frame
of reference, the gravity vector is continuously rotating around the head (Figure 3B).
This stimulus has two fundamental properties, which make it ideal for studying tilt- and
translation-selective cells:

- it is a dynamic stimulus, which is equivalent to a combination of sinusoidal pitch
and roll tilt (0.5 Hz). However, this tilt is accomplished through a constant-velocity yaw
rotation, instead of oscillations around the pitch and roll axes. Thus, it delivers the same
gravitational stimulus as pitch and roll tilt, but with a very different type of rotation.

- behavioral and theoretical studies show that, during OVAR, an initially correct
tilt signal is replaced by an illusion of translation (Denise et al 1988; Guedry 1965; Wood
et al 2007; Vingerhoets et al 2006; 2007). This provides an opportunity to study the
interaction between cell populations, which carry internal estimates of tilt and translation
signals.

The ‘Canals+central processing’ signal, Q(t), in Figure 6 is computed as follows:
The output of the canals, V(1), is initially identical to the real rotational velocity of the
head, then decreases with a time constant, 7.:

V(t) = [roll, pitch, yaw] = [0, 0, 180*exp(-t/1;)] (S3)

This signal is subsequently prolonged by an additional central process, known as
“velocity storage” (Raphan et al 1977; Laurens & Angelaki 2011), according to:

dVS(/dt = -1/1ys VS() + ky V(1) + ke GIA(XGA®)  (S4)
Q1) = V(O +VS(1) (S5)

During high-velocity OVAR, the net effect of the velocity storage is to increase
the time constant of rotational velocity from 1. to 7ys. Note that the term ke GIA(H)xGA(t)
represents a feedback loop (“velocity feedback”; Laurens & Angelaki 2011), which
doesn’t have any effect during high-velocity OVAR (Kushiro et al 2002; Angelaki & Hess
1996; Angelaki et al 2000; Laurens et al 2010) and isn’t represented in Figure 6 (i.e.,
kr=0; using kr = 0.38 as in Laurens & Angelaki (2011) does not affect the simulation
results). The other model parameters were 1, = 4s, Tys = 18.5s and ky = 0.22 (Laurens &
Angelaki 2011). The time constant of the velocity storage, rvs, which controls the
duration of Q(t), was determined by the evoked reflexive eye movements (horizontal



vestibulo-ocular reflex, VOR; see leftmost inset in Figure 6, bottom). Note that the actual
values of these parameters contribute only to the computation of Q(t), thus they play
only a minimal role in the main properties of model simulations.

Equations (S1)-(S5) tell us that, at the beginning of constant velocity rotation,
Q(t) indicates the rotational velocity accurately. Thus, by integrating the earth-horizontal
component of Q(f) (equation S1), the internal model can track the motion of the head
relative to gravity accurately. Specifically during OVAR, the gravity estimate, GA, rotates
together with the GIA. In the simulations of Figure 6, GIA = [-sin(a)*cos(w.t),
sin(a)*sin(w.t), -cos(a)], where a = 10° is the tilt angle of the axis of rotation relative to
gravity and w = 180°/s is the OVAR velocity.

However, the semicircular canals do not provide a reliable estimate of rotation
speed during steady-state. Any error in the rotation velocity, Q(t), would cause an error
in the tilt estimate (see (S1), (S2)). The brain corrects such errors by a feedback loop,
which slowly but continuously aligns the GA estimate with the G/A (called “somatogravic
feedback” in Figure 6; Laurens & Droulez 2007; Laurens & Angelaki 2011). The
rationale behind this process is that long duration accelerations are very infrequent in
everyday life. Therefore, averaging the G/A over several seconds provides a ‘default’ for
gravity at low frequencies. Equivalently, the somatogravic feedback has also been
modeled as a Bayesian prior centered on zero translational acceleration (Laurens &
Droulez, 2007; Laurens & Angelaki 2011). This prior reflects the experience that it is
more likely that we are stationary than accelerating in the world and is important for
spatial orientation when robust and reliable sensory information about Q(t) is missing.
However, this benefit of improving the GA estimate during natural head movements
comes at the expense of a well-known aviation illusion, where translational acceleration
can be misinterpreted as tilt during prolonged (low-frequency) translation (known as the
‘somatogravic illusion’; Graybiel & Clark 1965; Curthoys 1996; Seidman & Paige 1996;
Merfeld et al 2001; Clément et al 2002; Merfeld et al 2005).

The somatogravic effect can be incorporated into the model of Figure 6 by
adding the low-pass filter term 1/1s (GIA-GA) to the tilt estimate (a more complete
presentation of this model can be found in Laurens & Angelaki (2011)). The resulting
equation is:

dGA()/dt = GADXQ(t) — (GAD)-GIA(1)/7s (S6)

The time constant, 715, controls the gain and phase of the GA estimate when the
otolith organs alone are activated, for example during translation-only motion and
steady-state OVAR (Figure 1L,0). The dynamics of the somatogravic effect have been
modeled with a time constant of 1-3 s (Bos & Bles 2002; Laurens & Angelaki 2011).
Here we have used 15 = 0.9s for all simulations.



If the otolith organs alone are stimulated (i.e., without simultaneous canal
activation, e.g., during steady-state OVAR and translation-only motion), then, according
to the model of Figure 6, the somatogravic effect alone will drive the GA estimate.
Specifically during low frequency translation, the GIA oscillates slowly and therefore the
tilt estimate has time to fully develop (Figure 7A,B, upper panel). In contrast, at high
frequencies, the somatogravic effect never fully develops as the GIA swings rapidly
from one direction to the other (Figure 7B, lower panel). Thus, as expected from a low-
pass filter, the tilt estimate is predicted to (1) be larger in magnitude at lower
frequencies and (2) to lag the GIA increasingly more at higher frequencies. Both of
these predictions are confirmed (Figure 7C,D).

Note that the somatogravic feedback is present in most models of vestibular
information processing (Glasauer 1992; Merfeld 1995; Bos & Bles 2002; Zupan et al
2002) and has been predicted by optimal estimation principles (Laurens & Droulez
2007; 2008). The effects of this feedback have been observed in behavioral studies
characterizing both perception (Graybiel & Clark 1965; Curthoys 1996; Seidman &
Paige 1996; Merfeld et al 2001; Clément et al 2002; Merfeld et al 2005) and eye
movements (Angelaki 1998; Paige & Tomko 1991).
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