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By systematically manipulating head position relative to the body
and eye position relative to the head, previous studies have shown
that vestibular tuning curves of neurons in the ventral intraparietal
(VIP) area remain invariant when expressed in body-/world-centered
coordinates. However, body orientation relative to the world was not
manipulated; thus, an egocentric, body-centered representation could
not be distinguished from an allocentric, world-centered reference
frame. We manipulated the orientation of the body relative to the
world such that we could distinguish whether vestibular heading
signals in VIP are organized in body- or world-centered reference
frames. We found a hybrid representation, depending on gaze
direction. When gaze remained fixed relative to the body, the
vestibular heading tuning of VIP neurons shifted systematically with
body orientation, indicating an egocentric, body-centered reference
frame. In contrast, when gaze remained fixed relative to the world,
this representation changed to be intermediate between body- and
world-centered. We conclude that the neural representation of
heading in posterior parietal cortex is flexible, depending on gaze
and possibly attentional demands.
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patial navigation is a complex problem requiring information

from both visual and vestibular systems. Heading, the in-
stantaneous direction of translation of the observer, represents
one of the key variables needed for effective navigation and is
represented in a number of cortical and subcortical regions (1-12).
Although visual heading information is generally represented in
an eye-centered reference frame by neurons in various brain areas
(13-18), the vestibular representation of heading appears to be
more diverse (8, 15, 19). For example, vestibular heading signals
follow a representation that is intermediate between head- and
eye-centered in the dorsal medial superior temporal area (MSTd)
(15, 19), but intermediate between head- and body-centered in the
parietoinsular vestibular cortex (19). Most remarkably, vestibular
heading signals in the ventral intraparietal (VIP) area were shown
to remain largely stable with respect to the body/world, despite
variations in eye or head position, suggesting either a body- or
world-centered representation (19).

In general, the role of the parietal cortex in navigation has
been linked to egocentric representations. For example, human
fMRI studies of visual navigation reported that the parietal
cortex codes visual motion information in an egocentric refer-
ence frame (20-27) and coactivates with the hippocampus, in
which spatial maps are represented in allocentric coordinates
(28-31). Furthermore, rodent studies have suggested that the
parietal cortex, hippocampus, and retrosplenial cortex are all
involved in transformations between egocentrically and allo-
centrically coded information (32-35). Therefore, one may hy-
pothesize that VIP represents vestibular heading signals in an
egocentric, or body-centered, reference frame.
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Chen et al. (19) showed that the heading tuning of macaque
area VIP neurons remains stable with respect to the body/world
when eye or head position is varied, but body- and world-centered
reference frames were not dissociated in those experiments. Here,
we test whether the heading representation in VIP is allocentric
(i.e., world-centered) or egocentric (i.e., body-centered) by con-
structing an experimental setup that allows effective dissociation
between body- and world-centered reference frames. This was done
by installing a servo-controlled yaw rotator beneath the primate
chair, such that it could be used to vary body orientation relative to
the world, while keeping eye-in-head and head-on-body orienta-
tions fixed (body-fixed gaze condition; Fig. 14). We found that
vestibular heading tuning of VIP neurons shifted with body orien-
tation, consistent with a body-centered reference frame. However,
when the same body orientation changes were accompanied by
rotations of eye-in-head, such that gaze direction remained fixed in
the world (world-fixed gaze condition; Fig. 1B), some VIP neurons
had tuning curves that became invariant to changes in body ori-
entation. This suggests a flexible transformation of the heading
representation toward a world-centered reference frame. We dis-
cuss how these findings relate to other discoveries regarding flexible
and intermediate reference frame representations in a variety
of systems.

Significance

Body-centered (egocentric) and world-centered (allocentric)
spatial reference frames are both important for spatial navi-
gation. We have previously shown that vestibular heading
signals, which are initially coded in a head-centered reference
frame, are no longer head-centered in the ventral intraparietal
(VIP) area, but instead are represented in either a body- or
world-centered frame, as the two frames were not dissociated.
Here, we report a flexible switching between egocentric and
allocentric reference frames in a subpopulation of VIP neurons,
depending on gaze strategy. Other VIP neurons continue to
represent heading in a body-centered reference frame despite
changes in gaze strategy. These findings suggest that the
vestibular representation of heading in VIP is dynamic and may
be modulated by task demands.
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Fig. 1. Experimental design. Schematic illustration of the various combi-
nations of body/eye orientations relative to the motion platform (gray trian-
gles) and display screen (black rectangle). The monkey’s head/body orientation
was varied relative to the motion platform and screen (Top, 20° left; Middle,
straight ahead, 0°; Bottom, 20° right) by using a yaw rotator that was mounted
on top of the motion platform, below the monkey. The monkey’s head was
fixed relative to the body, but the eye-in-head position could be manipulated
by fixating one of three targets (yellow squares) on the screen. (4) In the body-
fixed gaze condition, the monkey fixated a visual target that was at a fixed
location (straight ahead) relative to the head/body, such that eye-in-head
position was constant. (B) In the world-fixed gaze condition, the animal was
required to maintain fixation on a world-fixed target, such that eye-in-head
position covaried with head/body orientation.

Results

Animals were passively translated along 1 of 10 different heading
directions in the horizontal plane, to measure heading tuning curves
(Methods and ref. 19). To dissociate body- and world-centered
reference frames, body orientation relative to the world was var-
ied by passively rotating the monkey’s body around the axis of the
trunk to one of three body orientations: 20° left, center, or 20° right
(Fig. 1). Note that, in our apparatus (see SI Methods for details),
body orientation relative to the world was the same as body ori-
entation relative to the visual frame defined by the motion platform
and coil frame (which were themselves translated).

We have previously shown that vestibular heading tuning in
VIP does not shift with changes in eye-in-head or head-on-body
positions (19). Here, we investigated the possibility that the
reference frame of vestibular heading tuning might depend on
whether gaze remained fixed relative to the body (body-fixed
gaze condition; Fig. 14) or fixed relative to the world (world-
fixed gaze condition; Fig. 1B). Thus, for each of the three body
orientations, a fixation target controlled gaze to be either straight
forward relative to the body (and head, since head position rel-
ative to the body was fixed in these experiments) or straight
forward relative to the world (i.e., facing the front of the coil
frame which housed the projection screen). This resulted in a
total of five body/eye position combinations.

Quantification of Shifts of Vestibular Heading Tuning. Responses of
VIP neurons were measured for 10 translation directions and
5 body/eye position combinations, as illustrated for a typical
neuron in Fig. 24. For each combination of body orientation and
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eye position, a heading tuning curve was constructed from mean
firing rates computed in a 400-ms time window centered on the
“peak time” (see SI Methods for details). The five tuning curves
were sorted into two conditions: body-fixed gaze (Fig. 2B) and
world-fixed gaze (Fig. 2C; note that the tuning curve for [body-
in-world, eye-in-head] = [0°, 0°] was common to both condi-
tions). Because heading is expressed relative to the world in
these plots, a lack of tuning curve shifts would reflect a world-
centered reference frame. In contrast, if the three tuning curves
were systematically displaced from one another by an amount
equal to the change in body orientation, this would indicate a
body-centered reference frame. For the example neuron of Fig.
2, the three tuning curves showed systematic shifts in the body-
fixed gaze condition (Fig. 2B), suggesting a body-centered ref-
erence frame. However, tuning shifts were much smaller in the
world-fixed gaze condition (Fig. 2C).

To quantify the shift of each pair of tuning curves relative to
the change in body orientation, a displacement index (DI) was
computed by using an established cross-covariance method (13—
15, 17, 19), which took into account the entire tuning function
rather than just one parameter such as the peak or the vector
sum direction. Thus, the DI is robust to changes in the gain or
width of the tuning curves and can tolerate a variety of tuning
shapes. For the typical VIP neuron of Fig. 2, the mean DI
(averaged across all three pairs of body orientations) for the
body-fixed gaze condition was close to 1 (0.91), consistent with a
body-centered representation of heading. In contrast, the mean DI for
the world-fixed gaze condition was 0.37, indicating a representation
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Fig. 2. Data from an example VIP neuron. (A) Response peristimulus time
histograms are shown for the 10 headings (x axis) and each of the five
combinations of [body-in-world, eye-in-head] positions: [-20°, 0°], [-20°,
20°], [0°, 0°], [20°, —20°], [20°, 0°] (rows, top to bottom). The red and green
vertical dashed lines represent the start and end of platform motion (which
followed a straight trajectory for each different heading with a Gaussian
velocity profile). (B) Tuning curves for the body-fixed gaze condition. The
three tuning curves show mean firing rate (+SEM) as a function of heading
for the three combinations of [body-in-world, eye-in-head] position ([-20°,
0°], [0°, 0°], [20°, 0°]) that have constant eye-in-head position, as indicated by
the red, black, and blue curves, respectively. (C) Tuning curves for the world-
fixed gaze condition for the three combinations of [body-in-world, eye-in-
head] position ([-20°, 20°], [0°, 0°], [20°, —20°]) that involve fixation on the
same world-fixed target.
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intermediate between body- and world-centered, but closer to
world-centered.

Average DI values are summarized in Fig. 3, separately for the
body- and world-fixed gaze conditions (Figs. S1 and S2 summarize
DI values separately for left and right body orientations). The
central tendencies were computed as mean values, as the distribu-
tions did not differ significantly from normality (P = 0.32, Lilliefors
test). DI values clustered around 1 in the body-fixed gaze condition
(Fig. 34), with a mean value of 0.93 + 0.07 SE that was not sig-
nificantly different from 1 (P = 0.09, ¢ test). Thus, at the population
level, the mean DI was not significantly shifted away from the ex-
pectation for a purely body-centered reference frame in the body-
fixed gaze condition. Based on confidence intervals (CIs) computed
by bootstrap for each neuron, we further classified each VIP neuron
as body-centered, world-centered, or “intermediate” (see SI Meth-
ods for details). As color-coded in Fig. 34, for the body-fixed gaze
condition, 31 of 60 neurons were classified as body-centered (cyan),
none were classified as world-centered (red), and 3 of 60 were
classified as intermediate (black). The remainder could not be
classified unambiguously (gray; SI Methods).

In the world-fixed gaze condition (Fig. 3B), DI values clus-
tered between 0 and 1, with a mean value of 0.44 + 0.10 (SE),
which was significantly different from both 0 and 1 (P = 1.62 x
107" and P = 1.04 x 107", respectively, ¢ tests). Thus, at the
population level, results from the world-fixed gaze condition
suggested a reference frame that was intermediate between body-
and world-centered, on average. However, the reference frames of
individual neurons were more variable (color code in Fig. 3B):
Thirteen of 61 neurons were classified as body-centered (cyan),
9 of 61 were classified as world-centered (red), 7 of 61 were
classified as intermediate (black), and the remainder were un-
classified (gray). Notably, among the nine world-centered neurons
(red) in the world-fixed gaze condition, five were categorized as
body-centered, one as intermediate, and three as unclassified in
the body-fixed gaze condition (Fig. 3C; see also Table S1). Thus,
the reference frames of individual neurons can change with gaze

direction strategy, highlighting the flexibility of reference frames
of neural representations in parietal cortex.

Gain Effects. Gain fields driven by a gaze signal (e.g., eye or head
position) have been proposed to support neuronal computations
in different reference frames (36-38). Using fits of von Mises
functions, which generally provide an excellent description of
heading tuning curves, we computed the ratio of response am-
plitudes for left and center body orientations (A »0/A4o), as well
as for right and center body orientations (Ag2¢/Ao). We found
significant gain fields for a number of neurons (Fig. S3; see also
SI Methods for details), which were similar for the two gaze
conditions (P = 0.07, Wilcoxon signed rank test; Fig. S4). No-
tably, gaze direction (eye-in-world) in the present experiments
varied with body orientation in the body-fixed gaze condition,
whereas it was fixed in the world-fixed gaze condition. The sig-
nificant correlation in gain fields between the two gaze condi-
tions (Fig. S4; type II regression, leftward body orientation: R =
0.37, P = 8.61 x 107>, slope = 2.0, 95% CI = [0.43, 6.83];
rightward body orientation: R = 0.45, P = 1.16 x 107, slope =
0.85,95% CI =[0.47, 2.79]) suggested that the gain fields did not
derive solely from gaze signals, but possibly from body-in-world
orientation signals, which were the same in both conditions.
There was no correlation between tuning curve shifts and gain
fields on a cell-by-cell basis in either the body- or world-fixed
gaze conditions (P = 0.97, P = 0.55; Pearson correlation).

Model-Based Analysis of Reference Frames. The DI metric quan-
tifies shifts in tuning across changes in body orientation, but may
not account for other sources of variance in tuning due to a
change in body position. To quantify how consistent the full
dataset from each neuron was with each of the two reference
frame hypotheses, heading tuning curves from either the body-
or world-fixed gaze condition were fit simultaneously with body-
and world-centered models by using a set of von Mises functions
(Fig. 4; see SI Methods for details). In the body-centered
model, the von Mises functions were shifted by the amount
of body rotation; in the world-centered model, all of the
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Fig. 3. Summary of spatial reference frames for vestibular heading tuning in VIP, as quantified by the DI. (A and B) DI values of 1 and 0 indicate body- and

world-centered tuning, respectively. Data are shown for both body-fixed gaze (A; n = 60) and world-fixed gaze (B; n = 61) conditions. Cyan and red bars in A
and B represent neurons that are statistically classified as body- and world-centered, respectively (see Methods for details). Black bars represent neurons that
are classified as intermediate, whereas gray bars represent neurons that are unclassified. Arrowheads indicate mean DI values for each distribution. Mean
values of the DI distributions for monkeys F and X were not significantly different (body-fixed gaze: P = 0.06; world-fixed gaze: P = 0.28, t tests); thus, data for
A and B were pooled across monkeys. (C) Scatter plot comparing DI values for the body- and world-fixed gaze conditions. Circles and triangles denote data
from monkeys F and X, respectively. Colors indicate cells classified as body centered in both conditions (cyan), intermediate in both conditions (black), or body-
centered in the body-fixed gaze condition but world-centered in the world-fixed gaze condition (red). Open symbols denote unclassified neurons (Table S1).
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Fig. 4. Model fits to vestibular heading tuning curves. (A) Heading tuning
curves for an example VIP neuron (mean firing rate + SEM) are shown for
both the body-fixed (Left) and world-fixed (Right) gaze conditions. For each
condition, the three tuning curves were fit simultaneously with body-
centered (solid curves) and world-centered (dashed curves) models that are
based on von Mises functions (see Methods for details). (B) Distributions of
R? values, which measure goodness-of-fit. For each condition, black bars
represent fits with the body-centered model, whereas gray bars denote fits
with the world-centered model (data for the world-centered model are
plotted in the downward direction for ease of comparison). Note that only
neurons with significant tuning for all three gaze positions have been in-
cluded in this comparison (body-fixed gaze, n = 57; world-fixed gaze, n =
52). The median R? values for monkeys F and X were not significantly dif-
ferent for either the body-fixed gaze condition (body-centered model, P =
0.57; world-centered model, P = 0.41; Wilcoxon rank sum test) or the world-
fixed gaze condition (body-centered model, P = 0.67; world-centered model,
P = 0.48); thus, data were pooled across animals in these distributions.

von Mises functions peaked at the same heading. Both models
allowed variations in the amplitude and width of tuning curves as
a function of body orientation. The goodness-of-fit of each
model was measured by computing a correlation coefficient be-
tween the fitted function and the data (Fig. 4B). The median R
for the body-centered model was significantly greater (P = 1.86 x
1078, Wilcoxon rank sum test) than that for the world-centered
model in the body-fixed gaze condition (Fig. 4 B, Left). In con-
trast, median R? values for the two models were not significantly
different (P = 0.67) in the world-fixed gaze condition (Fig. 4 B,
Right), which is compatible with the finding that average DI
values are intermediate between 0 and 1 in the world-fixed gaze
condition. Correlation coefficients were converted into partial
correlation coefficients and normalized by using Fisher’s r-to-Z
transform to enable meaningful comparisons between the two
models, independent of the number of data points (39, 40).

Z scores for the two models are compared in Fig. 5 for pop-
ulations of neurons tested in the body- and world-fixed gaze
conditions, respectively. Data points falling within the gray re-
gion could not be classified statistically, but data points falling
into the areas above or below the gray region were classified as
being significantly better fit (P < 0.01) by the model represented
on the ordinate or abscissa, respectively. In the body-fixed gaze
condition (Fig. 54), 61.4% (35 of 57) of VIP neurons were
classified as body-centered, 1.8% (1 of 57) were classified as
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world-centered, and 36.8% (21 of 57) were unclassified. The
mean Z score difference was 2.96, which is significantly greater
than 0 (P = 1.13 x 107°, ¢ test). In the world-fixed gaze condition
(Fig. 5B), 15.4% (8 of 52) of the neurons were classified as body-
centered, 23.1% (12 of 52) were classified as world-centered, and
61.5% (32 of 52) were unclassified (Table S2). The mean Z-score
difference was —0.28, which is not significantly different from
0 (P = 0.49, t test). Thus, in line with the DI results, the model-
fitting analysis indicated that vestibular heading signals in VIP
are represented in a body-centered reference frame for the body-
fixed gaze condition and in a range of reference frames between
body- and world-centered in the world-fixed gaze condition.

Discussion

The present results, together with our previous findings that
distinguished between eye-, head-, and body-centered reference
frames in VIP (19), are summarized in Fig. 6 as normalized av-
erage heading tuning curves. When the monkey’s body is fixed in
the world (such that body and world reference frames overlap),
the average heading tuning curves remain invariant (do not shift)
to changes in eye-in-head or head-on-body orientation, as shown
in Fig. 6 A and B (data from ref. 19). Thus, we concluded pre-
viously that vestibular heading tuning is represented in either a
body- or world-centered reference frame (19). Here, we have
extended these findings by dissociating body- and world-centered
reference frames. When eye-in-head and head-on-body positions
did not change (body-fixed gaze condition), the average heading
tuning curves shifted by an amount roughly equal to the change
in body orientation (Fig. 6C), confirming a body-centered rep-
resentation. Strikingly, when eye-in-head position changed, such
that gaze remained fixed in the world (world-fixed gaze condi-
tion; Fig. 6D), the heading tuning shifted from body-centered
toward world-centered. Together, these results show that ves-
tibular heading signals in VIP are flexibly represented in either
body or world coordinates depending on gaze strategy. During
real-world navigation, it may be advantageous for heading signals
to be flexibly represented in either egocentric or allocentric
reference frames.

A Body-fixed Gaze

o

B world-fixed Gaze

N
©
o

Z-score, World Model
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Fig. 5. Model-based classification of spatial reference frames for vestibular
heading tuning. Z-scored partial correlation coefficients between the data
and the two models (body- and world-centered) are shown for the body-
fixed gaze condition (A; n = 57) and the world-fixed gaze condition (B; n =
52). The gray region marks the boundaries of Cls that distinguish the models
statistically. Circles and triangles denote data from monkeys F and X, re-
spectively. The star and asterisk represent the example neurons of Figs. 2 and
4, respectively. Diagonal histograms represent distributions of differences
between Z scores for the two models. Arrowheads indicate the mean values
for each distribution. Median values of Z-scored partial correlation coeffi-
cients were not significantly different for monkeys F and X in either the
body-fixed gaze condition (body-centered model, P = 0.11; world-centered
model, P = 0.19; Wilcoxon rank-sum test) or in the world-fixed gaze condi-
tion (body-centered model, P = 0.86; world-centered model, P = 0.14); thus,
data were pooled across animals.
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(body-fixed gaze), eye, head, and body all varied together. In D (world-fixed gaze), head and body changed, while eye position was fixed in the world.

Gaze Modulation and Gain Field Effects. A recent study by Clemens
et al. (41) showed that self-motion perception is affected by
world- or body-fixed fixation, such that perceived translations are
shorter with a body-fixed than a world-fixed fixation point. As-
suming that neurons of human VIP (hVIP) have properties
similar to those in macaque VIP, translation would be coded
relative to the body by hVIP neurons in the body-fixed fixation
condition, but relative to the world in the world-fixed fixation
condition of Clemens et al. (41). It is thus possible that trans-
lation distance (a world-centered variable) is underestimated in
their body-fixed fixation condition. However, there is no evi-
dence that VIP is causally involved in self-motion perception
(42); thus, the contribution of gaze signals to perceived trans-
lation may arise from other cortical areas, including frontal eye
fields (4), parieto-insular vestibular cortex (43), or MSTd (42).

Gain fields driven by a gaze signal have been proposed to
support neuronal computations in different reference frames (36—
38). We also found that vestibular heading tuning in VIP could be
scaled by a gaze signal (19), because gain fields for the eye-vs.-head
and head-vs.-body conditions in our previous study were positively
correlated when gaze direction was manipulated similarly in both
conditions. However, in the current study, the gaze direction (eye-
in-world) was varied by body orientation in the body-fixed gaze
condition, whereas it was fixed in the world-fixed gaze condition.
Nevertheless, we found a significant correlation between gain-field
effects for the two task conditions (Fig. S4), suggesting that the
observed gain fields do not derive solely from gaze signals, but
possibly depend on signals regarding body-in-world orientation,
which varied identically in our two task conditions.

Flexible and Diverse Representations of Heading. A coding scheme
in VIP that involves flexible reference frames may be dynami-
cally updated by attended cues in the world. Indeed, in monkeys
performing a visual motion detection task, attention not only
modulated behavioral performance, but also neural responses in
VIP (44). Furthermore, our previous results (14) and those of

Chen et al.

others (18) have suggested that, when measuring receptive fields
(RFs), the spatial reference frames of visual responses in VIP
could depend on how attention is allocated during stimulus pre-
sentation. If attention is directed to the fixation point, the refer-
ence frame could be eye-centered; if attention is attracted away
from the fixation point toward the stimulus itself, the reference
frame could shift from eye-centered to head-centered. Therefore,
the vestibular representation of heading signals in VIP might also
be modulated by attention. Notably, however, such a gaze (or
attention)-based signal does not seem to modulate neural re-
sponses in all conditions; for example, the vestibular heading
tuning did not shift with gaze direction when egocentric and
allocentric reference frames overlapped (Fig. 6 A and B). Thus,
the respective roles of attention and other signals (e.g., efference
copy signals, visual landmarks, or spatial memory traces) in driving
the flexible representation that we have observed remain unclear.

Such flexible representations of spatial information have been
reported. For example, in fMRI studies, human middle temporal
(MT) complex was described to be retinotopic when attention
was focused on the fixation point and spatiotopic when attention
was directed to the motion stimuli themselves (45). Also, BOLD
responses evoked by moving stimuli in human visual areas (in-
cluding MT, MST, lateral occipital cortex, and V6r) were
reported to be retinotopic when performing a demanding at-
tentive task, but spatiotopic under more unconstrained condi-
tions (46). In a reach planning task to targets defined by visual or
somatosensory stimuli, fMRI activation reflecting the motor goal
in reach-coding areas was encoded in gaze-centered coordinates
when targets were defined visually, but in body-centered coor-
dinates when targets were defined by unseen proprioceptive cues
(47). Furthermore, when monkeys did a similar reaching task,
area 5d neurons coded the position of the hand relative to gaze
before presentation of the reach target, but switched to coding
target location relative to hand position soon after target pre-
sentation (48). This result suggested that area 5d may represent
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postural and spatial information in the reference frame that is
most pertinent at each stage of the task.

It is important to note that VIP is a multimodal area, and
different sensory signals are coded in diverse spatial reference
frames. Specifically, facial tactile RFs are coded in a head-centered
reference frame (17), whereas auditory RFs are organized in a
continuum between eye- and head-centered coordinates (49).
Visual RFs and heading tuning (optic flow) are represented mainly
in an eye-centered reference frame (13, 14, 49). In contrast, the
present and previous (19) results suggest that the vestibular heading
tuning in VIP is coded in body- and world-centered reference
frames.

Flexibility and diversity in spatial reference frame represen-
tations have also been reported in a number of other sensory signals
and brain areas (13-17, 19, 37, 47-57). Spatial reference frame
representations do not only show flexibility and diversity, but also
dynamic properties. For example, Lee and Groh (58) reported that
the reference frame of auditory signals in primate superior colliculus
neurons changes dynamically from an intermediate eye- and head-
centered frame to a predominantly eye-centered frame around the
time of the eye movement. An important feature of the present and
previous studies is the prevalence of intermediate reference frame
representations (16, 51, 52, 59-61). Despite debates regarding
whether this diversity represents meaningless noise or a purposeful
strategy, theory and computational models have proposed that
broadly distributed and/or intermediate reference frames may
arise naturally when considering the posterior parietal cortex as
an intermediate layer that uses basis functions to perform multi-
directional coordinate transformations (62) and may be consistent
with optimal population coding (63-65).

Potential Connections with the Hippocampal Formation. Whereas multi-
ple types of egocentric representations (e.g., eye-, head-, body-, or
limb-centered) are commonly found in the brain, allocentric coding
has typically been confined to spatial neurons in the hippocampal
formation and related limbic areas. In particular, place cells (66),
head direction cells (67), and grid cells (68), found in rodents (69-71),
bats (72-74), and even nonhuman primates (75-77) and humans (20,
25, 78-81), are critical to space representation and navigation. In fact,
during visually guided navigation in virtual reality environments, both
fMRI (20, 25, 81-85) and neural recording studies (78, 86) have
shown that the parietal cortex is generally coactivated with the hip-
pocampus and/or entorhinal cortex.

Notably, there appears to be no evidence for a direct atomical
connection between the hippocampal-entorhinal circuit and VIP.
In macaques, areas 7a and the lateral intraparietal (LIP) area are
directly anatomically linked to the hippocampal formation (87—
97), but it is not clear whether VIP is directly connected to area 7a.
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However, VIP and LIP are interconnected (98), as are areas 7a and
LIP (98). Thus, VIP may connect to the hippocampal-entorhinal
circuit via LIP and/or area 7a.

Therefore, outputs from the hippocampus and entorhinal
cortex could be passed to posterior parietal cortex and down-
stream motor and premotor cortices by several pathways (99). As
vestibular signals are important for spatial representations and
navigation (100, 101), as well as for head orientation (71) and
hippocampal spatial representations (102, 103), the body-centered
representation of vestibular signals in VIP might be transformed
and modulated during the world-fixed gaze condition by inte-
grating world-centered information represented in the hippocampal—
entorhinal circuit. Future studies will be necessary to address
these possibilities further.

Methods

Each animal was seated with its head fixed in a primate chair, which was
located inside of a coil frame that was used to measure eye movements. The
chair was secured on top of a computer-controlled yaw motor that could be
used to passively rotate the animal in the horizontal plane. The yaw motor, a
rear-projection screen, and a video projector were all secured onto a six-
degree-of-freedom motion platform that allowed physical translation (1).
Body orientation, relative to the motion platform apparatus, was varied by
using the yaw motor to dissociate body- and world-centered reference
frames. In addition, the location of the eye fixation target was manipulated
to control gaze direction. In the body-fixed gaze condition, gaze direction
was always aligned with body orientation; in the world-fixed gaze condi-
tion, body orientation was varied, but gaze was fixed on a world-stationary
target. The sides of the coil frame were covered by a black, nonreflective
material, such that the monkey could only see the local environment within
the coil frame. Note, however, that the background illumination from the
projector allowed animals to register multiple allocentric cues within the
local environment on top of the motion platform. Thus, the animal had cues
to judge their body orientation relative to the allocentric reference frame of
the motion platform and coil frame. All procedures were approved by the
Institutional Animal Care and Use Committee at Baylor College of Medicine
and were in accordance with National Institutes of Health guidelines.

We computed an average DI to assess the shift of heading tuning curves
relative to the change in body orientation for each condition (body- and
world-fixed gaze). Tuning curves for each condition (body- and world-fixed
gaze) were also fitted simultaneously with body- or world-centered models.
The reference frames of vestibular heading signals in VIP are summarized in
Fig. 6, including data from our previous study (19) as well as the present
study. Full methods and analyses can be found in S/ Methods.
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