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SUMMARY

Reference frame is an essential concept for spatial navigation. The principles underlying the choice of refer-
ence frames by neuronal ensembles, especially under natural conditions, which involve sloping terrains,
remain unclear. The posterior parietal cortex (PPC) is a central region for navigation and movement control,
and it contains several distinct types of reference frames. Here, we investigated the influence of gravity sig-
nals on egocentric tuning and allocentric head direction tuning in the mouse PPC by introducing a mismatch
between visual input and gravitational signals by tilting the ground. We found that the allocentric head direc-
tion tuning and egocentric boundary bearing tuning were differentially controlled by altered gravity signals.
Specifically, the allocentric head direction signals became stronger, whereas the egocentric boundary signal
was weakened. However, across horizontal and tilted conditions, the head direction tuning was less consis-
tent, as the head directional signal could be anchored to a visual or gravity frame of reference. As the
mismatch between gravitational and visual inputs increased, the gravity-anchored head direction cells
became dominant. Notably, individual head direction cells can switch between reference frames. Together,
these results suggest that PPC neurons exhibit a highly flexible selection of reference frames based on task

demands, which may allow efficient navigation strategies in natural environments.

INTRODUCTION

Navigation necessitates the use of spatial information of the self
and external items, and this spatial information must be defined
within a chosen frame of reference. Due to the diverse sensory
inputs and action outputs, different types of frames of reference
are employed.’® Allocentric (world-centered) and egocentric
(self-centered) frames of reference refer to the definition of
spatial information with respect to the external world or to the
self, respectively. Depending on the nature of the external
reference, allocentric coordinates can be classified as either
local/global frame of reference based on cue proximity® or vi-
sual/auditory frame of reference based on the sensory modality
of the cues,’ etc. Likewise, egocentric representations may be
defined relative to the body, head, or eyes.' Despite these
classifications, it remains unclear how a single brain region
handles the use and transformation between different frames
of reference across varied behavioral conditions.

The posterior parietal cortex (PPC) is crucial in the processing
of spatial sensory information for motor action and naviga-
tion.">*1%716 PPC neurons have been shown to encode egocen-
tric information about self-motion'®'*'>17:18 a5 well as external

sensory stimuli, such as visual stimuli, environmental boundaries,
and discrete objects."*7+15:1%:1920 Therefore, PPC is thought to be
part of a network transforming egocentric representation to
allocentric representation in the hippocampus-centered naviga-
tion system.?>%132122 PPG neurons can also be sensitive to
global allocentric information, '%213:15.17:20.23 The exact relation-
ship between egocentric representation and allocentric head di-
rection (HD) signal in the PPC is still unknown, especially under
more complex and natural navigation scenarios.

Animals on Earth have developed an inherent understanding
of gravity as their behaviors and perceptions have evolved in
response to Earth’s gravitational pull. Thus, the influence of gravity
is fundamental to our environmental awareness and plays a pivotal
role in our ability to navigate. Moreover, the three-dimensional
nature of the terrain topology requires 3D space perception and
the proper use of efficient 3D navigation strategies. Although there
are studies investigating the role of gravity on the spatial represen-
tations in the hippocampus and related navigation system,?*~° not
much is known about how gravitational input influences the choice
of reference frames for representing spatial information.

Here, we explored the egocentric and allocentric representa-
tions in PPC with two sets of behavioral tasks: the sloping terrain
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Figure 1. Egocentric boundary bearing tuning and head direction tuning of PPC neurons during horizontal open-field foraging task

(A) Schematics of the apparatus. The red arrow denotes the LED lamp.

(B) Left: a raw calcium fluorescence frame. Right: all recorded cells in the session with the contours denoting the extracted cells.

(C) Raw calcium traces (black lines) and deconvolved calcium events (red) for three example cells.

(D) Definitions of allocentric head direction (HD) and egocentric boundary bearing (EB).

(E) Example HD cells (HDCs). For each cell, (top) spatial rate map (red, peak response; blue, zero) and (bottom) HD tuning curve.

(F) Sorted HD tuning curves based on the direction of their peak responses.

(G) Example of egocentric boundary cells (EBCs). For each cell, (top) spatial rate map (red, peak response; blue, zero), (middle) egocentric boundary rate map
(EBR), and (bottom) boundary bearing tuning curve.

(legend continued on next page)
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task, which is an open-field-foraging task with different slopes of
the locomotion plane, and the tilted virtual reality (VR) task. We
found that the egocentric representation of environmental bound-
aries was weakened and that of visual landmarks was unaltered.
However, the representation of allocentric HD was enhanced.
We uncovered two types of HD cells (HDCs) that use visual or grav-
itational information as their frame of reference. With increasing
slope, there was a gradual increase in gravity-anchored HDCs
(G-cells) at the expense of vision-anchored HDCs (V-cells). These
results demonstrated that gravity-centered allocentric representa-
tion dominates the activity of PPC neurons when visual input and
gravitational input are in conflict.

RESULTS

Allocentric HD and egocentric boundary
representations in the PPC

We recorded PPC neuron activity in eight mice using one-photon
calcium imaging during a horizontal open-field-foraging task
(Figures 1A-1C, S1A, and S1B; Table S1). A total of 1,460 cells
were analyzed. The mice freely explored a square box, in which
an LED light on the north wall served as the primary landmark
(Figure 1A; STAR Methods). Cells were classified as egocentric
boundary cells (EBCs) or HDCs if they passed the shuffling test
and had a respective mean vector length (MVL) greater than
0.25. Conjunctive egocentric boundary bearing (EB) x HD cells
met both criteria for EB and HD (STAR Methods). We analyzed
allocentric HD and EB tuning for each neuron and detected
16.9% (247/1,460) of neurons as HDCs (Figures 1E, 1F, 11, and
S1C) and 33.4% (488/1,460) as EBCs (Figures 1G-1l, S1D, and
S1E). We also identified 7.95% (116/1,460) of cells that showed
conjunctive selectivity for HD and EB, significantly higher than
expected by assuming HDCs and EBCs belong to independent
populations of cells (Figure S1F). Thus, 23.77% of EBCs also
showed conjunctive tuning for HD. In addition, the EBCs showed
a wide range of distance selectivity, but most of them show
animal-proximal distance preference (Figures S1G-S1l). Thus,
the EBCs reported here are similar to those reported in Alex-
ander et al.*’

The proportion of EBCs was significantly higher than that of
HDCs (Figure 11; ¥® = 105.60, p < 0.0001). In addition, we found
that both the tuning strength (measured by MVL) and tuning
consistency across days were significantly higher for the EB
representation than the HD representation (Figure 1J; Wilcoxon
signed-rank test, p = 8.29 x 10~*%; Figures S1J-S1N). Thus,
overall, PPC neurons exhibit a stronger preference for the
egocentric representation together with a mixed selectivity for
allocentric HD.?>'?

Influence of gravitational input on HD and egocentric
boundary representation

We next examined the influence of gravitational input on the al-
locentric HD and egocentric boundary representations during

Current Biology

the sloping terrain task, where the arena was tilted at angles of
0°, 20°, and 40° along the east-west axis with the floor oriented
toward the east (Figure 2A; STAR Methods). We recorded 3,236
PPC cells from 6 mice over 3 sessions, and tracked 508 cells in
all three sessions. Results showed that the tuning strength of the
same individual cells varied across tilt conditions (Figures 2B
and 2D).

We compared the proportions of HDCs and EBCs across
different tilt conditions. The proportion of HDCs increased to
23.43% (119/508) at 20° tilt and 38.39% (195/508) at 40° tilt,
compared with 17.52% (89/508) in the horizontal condition
(Figures 2C and S2A; Cochran-Armitage trend test: Z = 7.54,
p = 4.69 x 107" chi-squared post hoc tests: 0° vs. 20°,
p = 0.020; 0° vs. 40°, p = 1.26 x 107'% 20° vs. 40°, p =
2.47 x 1077, using a Bonferroni-corrected significance threshold
of « = 0.0167). By contrast, the proportion of EBCs decreased to
32.09% (163/508) at 20° tilt and 32.87 % (167/508) at 40° tilt, from
40.35% (205/508) in the horizontal condition (Figures 2E and
S2B; Cochran-Armitage trend test: Z = —2.50, p = 0.012;
chi-squared post hoc tests: 0° vs. 20°, p = 0.0061. 0° vs. 40°,
p =0.013.20° vs. 40°, p = 0.79; using a Bonferroni-corrected sig-
nificance threshold of « = 0.0167). The conclusion holds true for
individual mice, and similar results were drawn in the retrosple-
nial cortex (RSC) (Figures S2C and S2D).

We compared the MVL values between HD tuning and EB
tuning (MVLyp vs. MVLgg) in each tilt condition for all recorded
cells (Figure 2F). With increased tilt angles, the MVL,p was
increased, whereas the MVLgg remained unchanged. We
found EB tuning was significantly stronger than HD tuning in
the horizontal or 20° tilt condition, but this dominance was
reversed in 40° tilt condition (Figure 2F; Wilcoxon signed-
rank tests, all cells, n = 508 cells: 0° tilt, p = 7.56 x 10725,
20° tilt, p = 7.50 x 107%, 40° tilt, p = 0.0015). Comparing HD
tuning across tilt conditions, HD tuning strength increased
with tilt angle (Figure S2E), while EB tuning weakened. We
created a bias index to quantify the extent of allocentric vs.

egocentric representation (Bias Index = ). The

positive bias index indicates a preference for EB, while the
negative bias index indicates a preference for HD. We found
that the bias index decreased as the slope increased
(Figure 2G; all cells, Friedman test, p = 5.57 x 10723; Dunn’s
test for post hoc test: 0° vs. 20°, p < 0.0001. 0° vs. 40°,
p < 0.0001. 20° vs. 40°, p < 0.0001; Wilcoxon rank-sum test
for each subtype, using a Bonferroni-corrected significance
threshold of a = 0.0167, pure HDCs, 0° vs. 20°: p = 0.25,
0° vs. 40°: p = 0.0086, 20° vs. 40°: p = 0.098; pure EBCs,
0° vs. 20°: p = 0.0051, 0° vs. 40°: p = 0.00071, 20° vs. 40°:
p = 0.18; conjunctive cells, 0° vs. 20°: p = 0.30, 0° vs. 40°:
p = 0.0015, 20° vs. 40°: p = 0.030; Figures S2F-S2H). We
also tracked the same cells across pairs of tilt conditions
and found that the differences in MVL showed a clear trend
of strengthened HD coding as conditions shifted from
horizontal to tilted (Figure S2I). Moreover, we examined the

(H) Same as (F), but for EBCs.
(I) Histogram showing the proportions of HDCs (blue) and EBCs (yellow).

(J) Violin plots showing the distributions of mean vector length (MVL) for HD tuning (blue) and EB tuning (yellow).

See also Figure S1 and Table S1.
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Figure 2. Enhancement of HD tuning with increased tilt angle in the sloping terrain task

(A) Diagram of the sloping terrain task.

(B) HD tuning curves of four example cells (columns) under different tilt conditions (rows): 0°, 20°, and 40°. Tuning curves are normalized. Blue, cells meeting HDC
criteria; gray, cells not meeting HDC criteria; number on top, MVL value.

(C) Proportions of HDCs across different tilt conditions.

(D and E) Same as (B) and (C), but for EBCs.

(F) Scatterplots of MVL values between HD tuning and EB tuning across three tilt conditions for neurons tracked in three sessions. Each point corresponds to a
neuron. White circle, untuned cell; blue circle, pure HDC; orange circle, pure EBC; green circle, conjunctive cell.

(G) Distributions of the allocentric vs. egocentric bias indices of all neurons for different tilt conditions. Left: all cells. Middle left: pure HDCs. Middle right: pure
EBCs. Right: conjunctive cells.

See also Figure S2 and Table S1.
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conjunctive cells under various tilt conditions. Independence
statistical analyses revealed that HDCs and EBCs do not
constitute distinct cell populations across different tilt angles
(Figure S2J). Notably, we observed a tilt angle-dependent
increase in the proportion of conjunctive cells, with higher
angles corresponding to greater proportions of these cells
(Figure S2K). These results indicate that as gravitational
cues became more pronounced, the allocentric system was
strengthened, whereas the egocentric system was weakened.
In a previous study, Alexander et al. found that PPC neurons
could change mean firing rate across different behavioral
tasks'® and demonstrated that PPC neurons could gain addi-
tional tuning for behaviorally relevant variables. However, we
did not find significant differences in calcium event rate be-
tween pure HD/EB cells and conjunctive cells (Figures S2L
and S2M). Further studies with electrophysiology techniques
are required to investigate whether, with more conjunctive
tuning, neurons also increase their firing rate.

Increased slope did not affect the egocentric tuning
strength in the VR task

A previous study pointed out that largely independent popula-
tions of egocentric cells are recruited to represent different items
across contexts.®® Therefore, to explore whether gravitational
inputs affect egocentric representation in a different behavioral
task, we also recorded the activity of PPC neurons when the
animals were performing a head-fixed VR task. Similar to the
sloping terrain task, the VR setup included two tilt angles,
0° and 40° (Figure 3A). Two VR environments were presented:
a standard world containing four landmarks (standard experi-
ment; Figure 3B) and a modified version with adjusted landmark
positions (direction-reversal experiment; Figure S3A). We identi-
fied egocentric landmark cells (ELCs) or allocentric landmark
cells (ALCs) with tuning curve templates and corresponding
landmark scores (STAR Methods). We also applied a visualiza-
tion method (egocentric landmark rate map [ELR]; Figures 3C
and 3D; STAR Methods) similar to that of the EBR. ELC would
demonstrate more left-right asymmetry than that of the ALC
and conjunctive cells. We quantified the extent of this egocentric
coding preference with the egocentric index (El) for each type of
landmark cell (Figure 3E; STAR Methods). The results from the
direction-reversal experiment confirmed that the landmark se-
lective cells were mainly egocentric (Figure S3). For ELCs, they
preferentially encoded landmarks that were spatially proximal
to the animal (Figure 3F).

For four mice, the proportion of ELCs was similar between the
0° and 40° conditions (Figures 3G and 3H; 0° condition: 80/267;
40° condition: 71/228; y* = 0.080, p = 0.77). The landmark scores
of ELCs showed no significant differences between the 0° and
40° conditions (Figure 3lI; Wilcoxon rank-sum test, p = 0.66).
These findings indicate that the sloping terrain in the VR task
did not significantly affect the recruitment or landmark coding
strength of ELCs. These results suggest that egocentric land-
mark coding in the VR task was only minimally influenced by
gravitational cues, in contrast to egocentric boundary coding,
which was weakened as gravitational signals increased. Further-
more, our data also hinted that ALCs and conjunctive landmark
cells sustained stable encoding patterns under varying slope
conditions (Figures 3J-3L).
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Weaker consistency of HD tuning between horizontal
and tilt conditions

We next explored the relationship between the preferred firing
direction (PFD) of the HDCs across different tilt conditions. First,
between 0° vs. 20°, clustering at 0° was less pronounced
compared with the day-to-day shifts under horizontal conditions
(Figures 4A-4D; 0° vs. 0° tilt: circular mean = 2°, Rayleigh test,
Z = 36.18, p = 3.37 x 107'% 0° vs. 20° tilt: circular mean =
—15°, Rayleigh test, Z = 19.14, p = 2.05 x 10’9). Next, at
20° vs. 40°, PFD shifts also centered around 0°, with significantly
tighter clustering at 0° than the 0° vs. 20° tilt condition
(Figures 4C—-4F; 20° vs. 40° tilt: circular mean = 0°, Rayleigh
test, Z=79.32, p = 4.81 x 10~*"). For HDCs, HD tuning consis-
tency significantly decreased from the horizontal to 20° tilt
conditions (Figure 4M; group[0° vs. 0°] vs. group[0° vs. 20°]: Wil-
coxon rank-sum test, p = 0.013) but did not change when the tilt
increased from 20° to 40° (Figure 4M; group[0° vs. 0°] vs. group
[20° vs. 40°]: p = 0.076). Apparently, the consistency was signif-
icantly stronger when gravitational cues were strengthened than
when newly introduced (group[0° vs. 20°] vs. group[20° vs. 40°]:
p = 8.19 x 107°). These results indicate that, although the
introduction of gravitational inputs increased the strength of
HD tuning, the tuning consistency was impaired, especially be-
tween the horizontal and 20° tilt conditions. Note that the tuning
strength refers to tuning curve sharpness within a single session,
whereas tuning consistency measures the extent of similarity of
tuning directions across sessions.

Furthermore, we confirmed that EBCs are unaffected by grav-
itational cues in the PFD consistency level (Figures 4G-4L and
4N). Both the introduction (0° vs. 20°: circular mean = 5°, Ray-
leigh test, Z = 132.48, p = 1.14 x 1078 group[0° vs. 0°] vs.
group|0° vs. 20°]: p = 0.22) and enhancement (20° vs. 40° tilt: cir-
cular mean = —4°, Rayleigh test, Z = 112.30, p = 2.15 x 107°5;
group[0° vs. 0°] vs. group[20° vs. 40°]: p = 0.53; group[0° vs.
20°] vs. group[20° vs. 40°]: p = 0.54) of gravitational cues resulted
in EBCs maintaining encoding consistency comparable to that
under horizontal conditions (0° vs. 0° tilt: circular mean = —2°,
Rayleigh test, Z = 110.67, p = 3.37 x 10~%).

In summary, EBCs exhibited significantly stronger consistency
than HDCs when gravitational cues were introduced (from 0° to
20°), while HDCs achieved comparable stability to EBCs when
gravitational cues were enhanced (from 20° to 40°) (Figure 40; Wil-
coxon rank-sum test: 0° vs. 0° tilt, p = 0.003; 0° vs. 20° tilt, p =
4.20 x 1077; 20° vs. 40° tilt, p = 0.41). These findings were further
supported by angular shifts of PFDs analysis (Figure S4). Together,
we showed that gravitational inputs could interfere with the consis-
tency of HD tuning but not EB tuning for PPC neurons.

Competition between gravitational inputs and visual
inputs for HD anchoring under tilt conditions
To further disentangle the role of gravitational and visual inputs
on the HDCs, we designed a cue conflict experiment in which
the gravitational and visual cues were decoupled. For a specific
tilt angle, there were two configurations: westward tilt and east-
ward tilt (Figure 5A). Thus, visual cues controlled the north-south
axis of the behavioral arena, whereas the gravitational input
controlled the east-west axis.

We compared its HD tuning curves under the westward tilt
and the eastward tilt conditions. For some cells, the PFDs
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Figure 3. The increased slope had no effect on the egocentric landmark tuning in the tilted VR task

(A) Schematic diagram of the tilted virtual reality (VR) task. Left: horizontal condition. Right: 40° tilt condition.

(B) The schematic of the virtual environment for the task: standard world.

(C) Schematic for construction of the egocentric landmark rate map (ELR), which is similar to the egocentric boundary rate map (EBR) in Figure 1G. Left:
egocentric landmark locations in polar coordinates at the time of calcium events for an example neuron. Landmarks within 100 cm are referenced to the current
HD of the animal. Right: ELR for this neuron.

(D) Firing properties for several example landmark cells. For each cell: (left) lap-wise spatial rate maps with different firing fields. Middle: the mean spatial firing
rate. Right: the ELR. Note that the ELR of an ELC demonstrates greater asymmetry compared with that of an allocentric landmark cell (ALC) or a conjunctive cell.
(E) The El distribution of different landmark cells. Left: egocentric landmark cells (ELCs). Middle: ALCs. Right: conjunctive landmark cells (Conj).

(F) Left: the distribution of preferred firing direction (PFD) of ELCs. Right: the distribution of preferred distance on PFD (right).

(G) Left: the series of templates for detecting landmark cells with two fields (i.e., ELCs). Middle: sorted tuning curves of ELCs based on the location of their peak
responses under the horizontal condition. Right: sorted tuning curves of ELCs based on the location of their peak responses under the 40° tilt condition.

(H) The proportion of ELCs under each tilt condition.

(I) The distribution of egocentric landmark scores for the population in each tilt condition.

(J and K) Same as (G) and (H), but for ALCs.

(L) The proportion of conjunctive landmark cells under each tilt condition.

See also Figure S3 and Table S1.
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Figure 4. Weaker consistency of HD tuning between horizontal and tilt conditions

(A) HD tuning curves of HDCs across days for the horizontal condition. Cells were sorted by their PFDs on the first day of the horizontal condition.
(B) Polar histogram showing the distribution of changes in PFDs for HDCs recorded across 2 days in the horizontal condition.

(C and D) Same as (A) and (B), but for comparison between 0° and 20° tilt conditions.

(E and F) Same as (A) and (B), but for comparison between 20° and 40° tilt conditions.

(G-L) Same as (A)—(F), but for EBCs.

(M) Cumulative probability distributions of correlation coefficients between tuning curves across different tilt conditions for HDCs. Solid line, 0° vs. 0°; dashed line,

0° vs. 20°; dotted line, 20° vs. 40°.
(N) Same as (M), but for EBCs.

(O) Comparison of cumulative probability distributions between HD and EB tuning correlation. Left, 0° vs. 0°; middle, 0° vs. 20°; right, 20° vs. 40°.

See also Figure S4 and Table S1.

were similar between the two tilt conditions, indicating they
were anchored to vision (Figure 5B). By contrast, for some cells,
the PFDs were opposite, indicating they were anchored to
gravity (Figure 5C). Thus, we categorized the HDCs into
G-cells and V-cells, respectively, based on their frames of
reference. G-cells are defined as those with a PFD difference
between eastward and westward tilt conditions of 135°-180°,
while V-cells are those with a difference of less than 45°
(Figure 5D; STAR Methods). Note that although this particular
working classification criterion seemed arbitrary, the bimodal
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distribution for the change of PFD across eastward and
westward tilt conditions (Figures 5E-5G) suggested the
applicability of a wide range of classification thresholds. We
tracked 671 cells in both 20°W and 20°E sessions, with 258
cells identified as HDCs in 20°W or 20°E. To visualize the
G-cells and V-cells at the population level, we sorted these
HDC cells by their PFDs in 20°W and investigated their PFDs
in 20°E (Figures 5H-5J). Results showed that the PFDs of the
HDC population exhibited large angular shifts between the
eastward and westward tilt (Figure 51; 20°W vs. 20°E tilt: circular
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(legend continued on next page)
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mean = —166°, Rayleigh test, Z = 11.83, p = 6.49 x 107°). The
effect became even more evident under the 40° tilt condition
(Figures 5K-5M; 40°W vs. 40°E tilt: circular mean = —167°, Ray-
leigh test Z = 74.71, p = 6.28 x 1073%). For 258 HDCs in 20° tilt
conditions, 38.8% (100/258) showed opposite PFD between
20°E and 20°W (G-cells), whereas 17.1% (44/258) showed
similar PFD (V-cells), and there were significantly more
G-cells than V-cells (Figures 5H and 5N; 20° tilt: ¥? = 30.21,
p = 3.88 x 1078; Figure S5H). Similarly, for 374 HDCs in 40°
tilt conditions, 49.2% (184/374) showed opposite PFD between
40°E and 40°W (G-cells), whereas 9.6% (36/374) showed
similar PFD (V-cells), significantly more G-cells than V-cells
(Figures 5K and 5N; 40° tilt: X2 = 141.05, p < 0.0001;
Figure S5H). Moreover, as gravitational cues strengthened
from 20° to 40° tilt, the proportion of G-cells increased while
that of V-cells decreased, demonstrating a strong competitive
effect of the gravitational input (Figure 5N; G-cells: 2 = 6.72,
p = 0.0095; V-cells: y> = 7.62, p = 0.0058). The correlation
between the two 40° tilt conditions was significantly smaller
than that between the two 20° tilt conditions (Figure 50;
Kolmogorov-Smirnov test, p = 0.00027). By contrast, EBCs
maintained strong consistency throughout the cue conflict
experiment, unaffected by changes in environmental cues
(Figures S5A-S5G). We also observed that the PFDs of
G-cells spanned all directions without being restricted to spe-
cific orientations (Figure 5P; Rayleigh test: Z = 0.28, p = 0.76).
These results indicate that under conditions involving gravita-
tional cues, HDCs could anchor to the gravitational reference
frame, with the influence of visual input competing with the
gravitational cue. As the tilt angle increased, the PPC neurons
became biased toward the gravitational reference frame.

Switch of reference frame in some HDCs under visual
and gravitational input mismatch conditions

We have demonstrated that G-cells were the dominant HDCs
when gravitational input was stronger (Figure 5N). Do G-cells
belong to a distinct population from V-cells, or are they
transitioned from V-cells? Thus, we compared reference
frames and the PFD of HDCs across sessions for the same in-
dividual HDCs in horizontal, westward, and eastward tilt
conditions. We classified all the HDCs detected in the horizon-
tal condition as V-cells, as when the navigational plane is flat,
gravitational information does not constitute a polarizing cue
(STAR Methods).

Current Biology

From the horizontal to 20° tilt conditions, 671 cells were
tracked across three sessions (horizontal, 20°E, and 20°W),
and 140 cells were identified as HDCs in the horizontal session
(Figure S6A). Under the 20° tilt conditions, approximately 22%
(81/140) of these HDCs switched to gravitational cue anchoring
(V to G), while over 28% (40/140) remained anchored to visual
cues (V to V) (Figures 6A and 6B; x? = 1.53, p = 0.22). From the
horizontal to 40° tilt conditions, 721 cells were tracked across
three sessions (horizontal, 40°E, and 40°W), and 143 cells were
identified as HDCs in the horizontal session (Figure SE6A).
Under the 40° tilt conditions, 33.5% (48/143) of HDCs adopted
gravitational cue anchoring, while the proportion of HDCs main-
taining visual cue anchoring dropped to around 20% (29/143,
Figures 6C and 6D; 32 = 6.42, p = 0.011). Additionally, we
examine the cells that were identified as HDCs in all three ses-
sions (43 cells for 20° tilt, 37 cells for 40° tilt; Figure S6A). From
horizontal to 20° tilt conditions, approximately 5% (2/43) of
HDCs switched to gravitational cue anchoring (V to G), while
over 50% (22/43) remained anchored to visual cues (V to V).
From horizontal to 40° tilt conditions, 48.6% (18/37) of HDCs
switched to gravitational cue anchoring (V to G), while only
11% (4/37) remained anchored to visual cues (V to V)
(Figure S6B). In addition, the G-cells could also be derived
from the non-HDC cells in horizontal condition (Figure S6C).

We also examined the reference frame selection of HDCs
between 20° and 40° tilt conditions (Figure 6E). A total of 412
cells were tracked across 4 sessions (20°E, 20°W, 40°E, and
40°W), out of which 67 cells were identified as G-cells and 20
cells were identified as V-cells under 20° tilt conditions. G-cells
identified under the 20° tilt conditions largely maintained their
anchoring to gravitational cues when the tilt was increased to
40° (Figure 6F; Gto G vs. Gto V: ¥ = 44.94, p = 2.03 x 107 '").
By contrast, some V-cells switched to the gravitational reference
frame (Figure 6F; V to G vs. V to V: 2 = 0.11, p = 0.74).

We summarized the recruitment dynamics and reference
frame selection of HDCs under the influence of gravitational
cues (Figure 6G). Under the horizontal condition, a small propor-
tion of PPC neurons were recruited as HDCs, and the visual
reference frame functions dominated. When gravitational cues
were introduced, the gravitational reference frame significantly
influenced HD tuning. On the one hand, previously non-HDC
neurons turned into HDC, with most of them anchored to gravi-
tational cues (Figure S6C). Additionally, some existing V-cells
switched to the gravitational reference frame, while others

(C) Tuning curves of two example gravitational-cue-anchored HDCs under 20°W (solid lines) and 20°E (dashed lines) tilt conditions, each exhibiting a 180° PFD

reversal between westward and eastward tilt conditions.

(D) Definitions of gravity-anchored HDC (G-cell) and vision-anchored HDC (V-cell).

(E) Schematic of the analysis of the lag of CC™®*.

(F) The bimodal distribution of lags of CC™® for HDCs under 20° tilt conditions.

(G) Same as (F), but for 40° tilt conditions.

(H) Tuning curves of HDCs for 20°W vs. 20°E tilt conditions. Cells were sorted by their PFDs under 20°W.

(I) Distribution of PFD shifts for HDCs between 20°W and 20°E tilt conditions.

(J) Population vector correlation for HDCs between 20°W and 20°E tilt conditions.

(K-M) Same as (H)-(J), but for HDCs between 40°W and 40°E tilt conditions.
(N) Proportions of G-cells and V-cells under 20° and 40° tilt conditions.

(O) Cumulative probability distributions of Pearson correlation coefficients for tuning curves of HDCs across the two configurations of the 20° tilt condition (solid

line) and the 40° tilt condition (dashed line).
(P) Distribution of PFDs for G-cells under 40° tilt conditions.
See also Figure S5 and Table S1.
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Figure 6. Reference frame switches in some HDCs under mismatched visual and gravitational cues

(A) HD tuning curves for three example HDCs from 0° (green line) to 20° (blue lines) tilt conditions. The solid blue line and dashed blue line denote the tuning curves
under the 20°E and 20°W tilt configurations, respectively.

(B) Histograms showing the proportions of HDCs (identified at 0°) that switched to G-cells or V-cells under 20° tilt conditions (20°W and 20°E).

(C) Same as (A), but for 0°-40¢ tilt conditions. All three cells were from a single animal and were categorized as G-cells under the 40° tilt conditions, with their peaks
offset by ~180° (two purple lines). Note that one of the purple curves aligns with the green curve.

(legend continued on next page)
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maintained the visual cues anchoring. As gravitational cues were
further strengthened, HD became stronger, and the gravitational
reference frame became dominant.

Furthermore, when an HDC switched from the visual to the
gravitational reference frame (V to G), one of the PFDs in the
two configurations (eastward and westward tilts) remained
similar to the PFD when they were anchored to the visual refer-
ence frame (Figures 6C and 6E). Different G-cells may choose
to align the PFD in the eastward or westward configurations to
the visual PFD (Figures S6D-S60), even for the cells in the
same animal (Figure 6C). We quantified the change of PFD
after the switch of reference frames and found that the one
with the smaller magnitude clustered around zero (Figure 6H,
n = 85 cells; circular mean = —1.86°, Rayleigh test, Z = 42.94,
p =1.94 x 1022), confirming the observations that the choice
of HD was not random, and G-cells inherited a preferred direc-
tion from when they were anchoring to the visual reference frame
(Figure 6l). In addition, this may also imply that visual input may
also have some influence over G-cells under some conditions.
This was supported by the fact that HD preferences of PPC cells
remained similar in the dark on the tilted surface (Figure S7). In
summary, our results indicate that as gravitational cues intensi-
fied, non-HDC cells could be recruited to serve as gravity-
anchored cells, and V-cells could switch to the gravitational
reference frame.

DISCUSSION

By manipulating the tilt degree of the behavioral arena, we found
a decoupling between allocentric HD and egocentric boundary
representation: allocentric HD representation became stronger,
whereas egocentric boundary representation was attenuated,
yet egocentric landmark coding remained intact. At the popula-
tion level, the preferred direction of HDCs changed when the
arena was tilted, largely due to the emergence of a subtype of
HDCs anchored to the gravitational frame of reference. The
proportion of G-cells increased as vision-anchored V-cells
and non-HDCs converted into G-cells. The preferred HDs of
G-cells were related to the direction when they were visually
anchored in horizontal condition.

Differential control of egocentric and allocentric
representation by gravity

Gravitational fields are present for all animals on Earth. Thus,
both perception and sensorimotor control rely on the appro-
priate integration of gravity information.®® For example, gravity
can distort the perception of 3D object shape based on visual
and somatosensory inputs.’” Many animals have gravity-

Current Biology

sensing otoliths. This vestibular information from the otoliths pro-
vides cues for navigation in different body tilts. Also, propriocep-
tion from the muscles and joints varies across sloping terrains,
offering an additional polarization cue for navigation. Thus, the
term “gravity” in this study indicates the spectrum of signals
related to gravity. The otolith signal was also critical for the
function of HDCs.*" We found that with increasing slopes of
the navigating plane, the allocentric HDC anchored to gravity
began to prevail, although the PPC has been hypothesized to
be dominated by egocentric representation. The increase of
HD tuning on a tilted navigation plane was not specific to any
specific cell class (Figures 2F and 2G). This suggests that the
PPC, as an association cortex, could readily incorporate tuning
for additional behavioral variables, rather than a dedicated circuit
for a specific function. The parietal cortex can employ diverse
reference frames representing visual'” and vestibular informa-
tion.* Chen et al.*? found that, depending on the specific strategy
of gaze, vestibular heading information could be switched from
an egocentric to an allocentric frame of reference. In our results,
with a simple navigation task on an inclined surface, we found a
gradual increase in allocentric HD signal anchored to gravity and
a relatively weaker decrease in egocentric representation. The
dominance of the gravitational over the visual reference frame re-
ported here is consistent with and reinforces the idea that gravity
plays a central role in spatial perception.*>™*°

What are the possible mechanisms for the gravity-dependent
HD tuning? When mice are allowed to rotate continuously on an
orientable platform, HDCs in the thalamus, RSC, and cingulum
bundle are shown to conjunctively represent azimuth and tilt.>
As the PPC has bidirectional connectivity with the thalamus
and RSC, gravitational input may reach the PPC via these
systems. A primate study has shown that the visual object
representations in parietal neurons are sensitive to the gravity
axis.*® Laurens et al. demonstrated that primate anterodorsal
thalamic nucleus (ADN) cells can represent tilt information.®’ In
addition, brain state could modulate the HD system in the
thalamus,*® thus dynamically adjusting the gain of the gravity-
centered HD signal when there is sensory conflict, consistent
with the finding that directional tuning could be behavior depen-
dent.*”*® The hippocampus could be influenced by gravitational
inputs,>4726-29:32:3% gnd there is bidirectional communication be-
tween PPC and the hippocampus.® Thus, it is also possible that
PPC provides gravitational information to the hippocampus.

Egocentric representation of external items has been the
focus of extensive research.®'%57:38:50-62 The differential control
of egocentric and gravity-centered allocentric representation
suggests that the circuitry in PPC permits a task-specific
dynamic modulation of population tuning of behavioral

(D) Same as (B), but for 40° tilt conditions (40°W and 40°E).

(E) Tuning curves, for example, HDCs from 20° to 40° tilts. G to G, V to G, and V to V represent the switch of frame preference from 20° to 40° tilt conditions.
(F) Proportions of HDCs recorded under 20° tilt conditions that switched or maintained their frame preferences under 40° tilt conditions.

(G) Diagrams showing the recruitment of different categories of HDCs with increasing slopes.

(H) Distribution of PFD changes for cells that switched from visual to gravitational reference frame (V to G). For each cell, we took the smaller absolute angular
difference between its PFD under the visual-anchoring condition and each of its two PFDs under the higher-tilt gravity-anchoring condition. The histogram shows
that, after the reference frame switches from visual to gravity, one of each cell’s gravity-anchored PFDs realigns closely with its original visual-anchored PFD.
(I) Diagram illustrating how the PFDs are determined from lower-tilt to higher-tilt conditions (e.g., 0° to 20° tilt, 0° to 40° tilt, or 20° to 40° tilt). Blue: HDCs with visual
reference frame. Red: HDCs with gravitational reference frame. Arrow indicates the PFD of the respective condition.

See also Figures S6 and S7 and Table S1.
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variables.'®*? The egocentric boundary representation was less
affected, which suggests that the egocentric representation
might be more concerned with the local sensory feature than
the gravity information. By contrast, the allocentric system may
more readily incorporate global and contextual information,
including gravitational cues. As gravitational cues intensified,
the egocentric representation of landmarks in the head-fixed
VR task remained unchanged. This may reflect the task-depen-
dence of egocentric processing or the recruitment of distinct
egocentric cell populations—with different sensitivities to grav-
ity—in each paradigm. Given that the PPC is at one end of the
egocentric-allocentric transformation circuit and the extensive
interconnectivity between the PPC and the RSC, similar results
might be likely to occur in the RSC (Figure S2D).%°°

The egocentric representation system is likely to be heteroge-
neous, comprised of diverse functional cell types. ELCs repre-
sent discrete visual landmarks in the VR environment, whereas
EBCs convey egocentric spatial information about continuous
environmental boundaries. These two systems possibly reflect
the different topological properties of the environment. Environ-
mental boundaries are continuous objects, whereas visual
landmarks are discrete. They likely invoke different visual optic
flow patterns. It is possible that the egocentric representation
of the continuous boundaries needs to integrate more global
contextual input (e.g., gravitational information) than that of local
landmarks.

The functional difference between ELC and EBC is reminis-
cent of EBC subtypes. For example, LaChance and Hasselmo
have shown that the EBCs in the POR react differently to environ-
mental symmetries from the EBCs in the RSC.®® In addition,
these functional differences of EBC could be explained and
modeled by the properties of different visual projection path-
ways (i.e., superior colliculus to POR and V1 to RSC).** In addi-
tion, related to the edges of the environment, egocentric
representation of arena vertices has also been reported.®®

There is an intriguing functional parallel between the
open-field and head-fixed VR conditions. In both tasks, there
are egocentric representations, conjunctive representations
(Figure 3; STAR Methods), and allocentric representations.
These categories of cell types may reflect a shared wiring princi-
ple for the coordinate transformation across different functional
systems in the navigation circuit. Conjunctive cells that are sen-
sitive to both egocentric and allocentric reference frames may
provide the network basis for converting the two coordinate
systems, as proposed in various models.>>% 32151 A similar
computation has also been suggested to explain eye-head-trunk
coordinate transformation in primates.®®%” Future studies that
combine circuit mapping with functional studies are needed to
test quantitatively the models of coordinate transformation. It
would be important to investigate the egocentric landmark pro-
cessing in real-world one-dimensional tasks in the future.

Two types of HDCs

HDCs have been discovered across many regions of the limbic
system.®®%° Recent work suggests that HDCs may consist of
different subnetworks.”®’® For example, they may be driven
by different sensory modalities, e.g., vestibular and visual
input,”" although usually visual reference predominates.””
Here, we find that HDCs in PPC could be divided into a
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gravity-anchored population and a visual cue-anchored popula-
tion. Interestingly, the influence of gravity was not limited to the
cardinal directions related to the manipulation but also other
angles (Figure 5P), suggesting that the HD network is tightly
coupled.®8:5°

Thus, our results suggest that, in addition to being critical for
maintaining HD tuning,*’"®"® the gravitational signal served as
the preferred reference frame for anchoring HD representation
when there was a conflict between visual and gravitational refer-
ence frames. As the same HDCs could switch reference frames
with increasing slopes of the behavioral plane in our results, the
G-cells and V-cells are not mutually exclusive populations of
neurons. This provides a suitable system for studying the dy-
namic switching of reference frames. In addition, after switching
to the gravity-centered reference frame, the preferred HD was
aligned with the preferred direction (or the opposite direction)
when the cells were visually anchored. This suggests that the
reference frame re-anchoring is different from global remapping.
This strategy may incur less perceptual change between condi-
tions. Note that the change of reference frames for a proportion
of HDCs could be described by partial remapping. This partial re-
mapping of HDCs is similar to the heterogeneous behavior of
HDCs as reported in earlier findings”"*’? when cues are put
into conflict. We speculate that the appearance of G-cells may
reflect the heterogeneous responses of PPC neurons. In most
previous studies of HDC during 3D navigation in rodents,**:5%8
the HDCs were recorded from the anterior dorsal nucleus of
the thalamus (ADN). The ADN cells have been shown to be
coherent’”®? and have been hypothesized to be a single HD
attractor. However, the HDCs in other brain regions are less
homogeneous. For instance, where there are conflicting visual
cue arrangements in two connected compartments, there are
bidirectional HDC in area 30 of the RSC, but not area 29 of the
RSC.”" The finding that there are subcategories of HDC in PPC
further supports that the HD system integrates diverse inputs
from vision and gravity, and there may exist multiple HD attrac-
tors within a single brain region. Our results are also compatible
with the scenario that PPC is influenced by a single attractor, and
there are multiple feedback signals (vision- or gravity-based) to
the attractor or to the PPC itself. The exact implementation
would require further functional dissection of the upstream
circuit.

There are multiple brain areas involved in the representation of
the HD of the animal.®® HDCs in the PPC are tightly integrated
with egocentric information, which may reflect the coordination
transformation hypothesized to happen in the retrosplenial-pari-
etal network.>>%'%2" These all suggest that the HD system in
PPC could not be a pure HD attractor. Similar non-attractor
HD representation (landmark-controlled bidirectional firing) has
been reported in the RSC.”' However, the distinct behaviors of
the gravity- and vision-controlled population of HD hint at their
control by multiple upstream attractors.

Spatial representation in 3D environments has gone through
extensive studies.’”® Many of them are concerned with the
spatial and directional representation when animals’ locomotion
is not confined to a single degree of freedom in a session, i.e.,
where there is full 3D representation. Both place cells and grid
cells are affected on the inclined locomotion plane in the form
of remapping or degraded quality.”>*"*? Studies with the
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inclined plane have found that HDCs are only sensitive to azi-
muth.®%%% Here, we find that with the minimization of distal visual
cues outside of the behavioral arena, the conflict between gravity
and local visual cues induced anchoring to the gravitational
reference frame for some HDCs. This is in line with a previous
study, which found that the slope of the terrain could serve as
an orienting cue for hippocampal place cells when visual orient-
ing information is absent.®® Thus, the G-cells may provide the
necessary input for the hippocampus to create an oriented
spatial map to improve orientation.®°%’

Behavioral tasks play essential roles in determining the refer-
ence frames during navigation. Depending on the behavioral de-
mand in the current context, the animals may adopt different
behavioral strategies and thus frames of reference to organize
spatial information. For example, Taube et al.2° demonstrated
that depending on how the animals were introduced into the
vertical navigational plane, the HDC firing could be anchored
either to the local reference frame of the vertical platform or to
the room-based coordinate. In a different study,34 when animals
were restrained and rotated passively in various 3D planes, the
tuning of HDC was not affected by pitch or roll up to 90° from
the horizontal plane. Our task design differed from these
previous studies in several aspects. There are only two sets of
tilt directions: eastward and westward tilt. It is possible that
the navigational system creates two discrete contexts, with the
gravitational information being the most discriminative of the
two contexts. Besides, within a single session, the gravitational
configuration remains fixed, in contrast to the more dynamic
rotation in Shinder and Taube’s experiment. Furthermore, the
gravitational cue is robust and serves as an important prior.*®
Taken together, these might explain the switch from a visual
reference frame to a gravitational reference frame for some
HDCs in our study.

We also found that egocentric cells were more conjunctive with
allocentric HD as the plane tilt increased. This is consistent with a
previous study showing that the HDCs can dynamically change the
degree of conjunctive tuning.*” The mixed selectivity may facilitate
more efficient processing of both gravity-centered allocentric HD
input and egocentric information on an inclined surface.”%%9

In all, both the dynamic recruitment of PPC cells employing
different reference systems with varying gravitational inputs
and the re-anchoring of cells to types of external references re-
vealed a flexible coding rule for spatial information during natural
behavior.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

AAV2/9-hSyn-jGCaMP7s-WPRE-pA Taitool Cat#S0589-9

Chemicals, peptides, and recombinant proteins

Dexamethasone QUANYU Biological Cat#163231147
Technology Co.

Isoflurane RWD Cat#R510-22-10

Kwik-Sil WPI Inc N/A

Biological tissue glue 3M Cat#1469SB

Dental acrylic SND Cat#19-7220

Phosphate-buffered saline Gibco Cat#10010500

Paraformaldehyde Sigma-Aldrich Cat#441244

0O.C.T. compound SAKURA Cat#4583

DAPI-containing mounting medium Solarbio Cat#S2110

Sucrose Aladdin Cat#S112228

Deposited data

Data and code This study https://github.com/XiaojingChenLab/GravityPPC

Experimental models: Organisms/strains

C57BL/6J mice

Charles River

N/A

Software and algorithms

Miniscope DAQ Software Miniscope https://github.com/daharoni/Miniscope_DAQ_Software

Miniscope DAQ QT Software Miniscope https://github.com/Aharoni-Lab/Miniscope-DAQ-QT-Software

GINKGO-MTPM Transcend Vivoscope N/A
Biotech Co

DeeplLabCut Mathis et al.”® https://deeplabcut.github.io/DeeplLabCut

Matlab MathWorks RRID: SCR_001622

ViRMEn Aronov and Tank™ N/A

CNMF-E Zhou et al.® https://github.com/zhoupc/CNMF_E

NoRMCorre Pnevmatikakis and https://github.com/flatironinstitute/NoRMCorre
Giovannucci®®

CellReg Sheintuch et al.?” https:/github.com/zivlab/CellReg

Other

Syringe Hamilton Cat#1701RN

GRIN lens Edmund Optics Cat#64519

Arduino Uno ARDUINO SKU A000066

AC servo motor KIMBROUGH 110SY-M06030

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Twelve male C57BL/6J mice (3—6 months old) were individually housed under a 12-hour light/dark cycle. Experiments were conduct-
ed during the dark phase. Throughout the experimental period, mice were subjected to water restriction to maintain approximately
90% of their pre-treatment body weight (with a minimum of 85%). All experiments and animal care adhered to the Laboratory Animal
Use Protocol of the Southern University of Science and Technology Animal Care and Use Committee.

el Current Biology 35, 4882-4897.e1-e6, October 20, 2025


https://github.com/XiaojingChenLab/GravityPPC
https://github.com/daharoni/Miniscope_DAQ_Software
https://github.com/Aharoni-Lab/Miniscope-DAQ-QT-Software
https://deeplabcut.github.io/DeepLabCut
https://github.com/zhoupc/CNMF_E
https://github.com/flatironinstitute/NoRMCorre
https://github.com/zivlab/CellReg

Current Biology ¢? CelPress

METHOD DETAILS

Surgical Procedures

Mice were placed in a closed induction chamber and anesthetized with a mixture of 2-3% isoflurane gas (O, flow rate: 0.5 L/min).
Once deep anesthesia was achieved, mice were secured in a stereotaxic frame, and anesthesia was maintained with 1.5% isoflurane
gas (O, flow rate: 0.5 L/min). A protective ointment was applied to the eyes. The skull was exposed, and a small hole was drilled to
access the brain. A glass electrode was used to inject 500 nL of AAV2/9-hSyn-jGCaMP7s virus (1.0x 10" GC/mL, Taitool, China) into
the right PPC (AP: -2.00 mm, ML: -1.70 mm, DV: 0.40 mm below the dura). The injection was performed slowly over 15 minutes, fol-
lowed by a 15-minute waiting period before the electrode was removed. A 1.8 mm GRIN lens (Edmund Optics) was implanted at the
injection site and secured using silicone adhesive (Kwik-Sil, WPI Inc, FL) to protect the area. A head plate was implanted to facilitate
head fixation during the virtual reality task. After two weeks, a baseplate was attached to the lens. Following the surgery, mice were
returned to their home cages and monitored to minimize stress during recovery.

Histology

After completing the experiments, mice were administered an overdose of sodium pentobarbital (1%, 150 mg/kg body weight, i.p.) to
achieve deep anesthesia. Once anesthetized, mice were transcardially perfused with phosphate-buffered saline (PBS) to clear the
blood, followed by perfusion fixation with 4% paraformaldehyde (PFA). The brain tissue was then carefully extracted and stored
at 4°C for post-fixation. Subsequently, the brain was immersed in a 30% sucrose solution. Once the tissue sank to the bottom of
the solution, it was embedded in O.C.T. compound (Tissue-Tek®) for cryosectioning. After embedding, the brain was coronally
sectioned at a thickness of 40 um using a cryostat microtome (Leica CM1950, Germany). The brain sections were then mounted
on slides, and a DAPI-containing mounting medium was applied to seal the slides. Finally, bright field and fluorescence imaging (Tis-
sue FAX Plus, TissueGnostics, Austria) were performed to identify the location of viral expression.

The horizontal open field foraging task

Mice used for behavioral tasks were water-restricted 3 days in advance. During this period, they were also accustomed to the exper-
imenter for 15 minutes each day to minimize stress responses. Mice were then placed into a horizontal behavioral arena (square box:
60 cm x 60 cm x 50 cm). The arena had a white south wall and black walls on the other three sides, with an LED wall lamp mounted on
the upper part of the north wall. Both the light source as well as the asymmetrical configuration of the behavioral arena (including the
walls) provided salient visual polarizing cues to serve the visual reference frame. The room light was turned off, and the only other light
source was a dim computer screen oriented away from the behavioral apparatus. Note that, the wall lamp was likely the primary light
source for the animals (the computer screen is dimly lit, outside the mouse’s field of view). The floor was made of 1-cm-thick styro-
foam board. A camera was positioned directly above the arena to record the mouse’s trajectory. The mice were trained and recorded
under horizontal conditions. After approximately three days of training, recordings were conducted. To encourage exploration, water
droplets were randomly dispensed to different locations in the arena as a reward. The frequency of water dispensing was gradually
reduced once the mice exhibited sustained exploratory behavior. Each session lasted for ~30 minutes, with the total water volume
not exceeding the daily limit (1 mL). One session was conducted per day. Mice were weighed before and after each experiment.

The sloping terrain task

The sloping terrain task was similar to the horizontal open field foraging task except that the arena was tilted in the former. To form a
sloping terrain, the entire arena was tilted at three different angles (0°, 20°, and 40°). To ensure maximal distinction from the visual
reference frame (north-south axis, as the LED lamp was on the north wall, and the south wall was white), the tilting operation was
conducted along the east-west axis, with the default orientation being eastward, i.e., the west side of the box was raised (for example,
20°E is 20° tilted, the tilt orientation is eastward). The tracking camera angle was maintained parallel to the floor of the arena. There
were three types of experiments in this task: the tilted experiment, the cue-conflict experiment and the dark experiment. Six PPC
mice performed the former two experiments, two PPC mice performed the third experiment (Table S1).

The tilted experiment

The mice were trained under 0°, 20°E, and 40°E tilted conditions. The mice were first trained under the horizontal (0° tilted) condition.
If the mice showed good behavioral performance, they proceeded with training under the 20°E and 40°E conditions, respectively. The
entire training period lasted 5 to 8 days. Neural recordings were then conducted over three consecutive days, with one session per
day at 0°, 20°E, and 40°E, respectively.

The cue-conflict experiment

For the cue-conflict experiment, we created the misalignment between two sets of cues: the visual cue (aligned with the north-south
axis) and the gravity cue (aligned with the east-west axis).

Two tilt configurations were set at each tilt angle: westward tilt (e.g., 20°W), elevating the east side of the box caused the gravity
vector to project westward; and eastward tilt (e.g., 20°E), elevating the west side projected the gravity vector eastward. This design
created a 180°-mismatch between gravity signals while maintaining the visual cues. The camera frame of reference was always regis-
tered to the box-aligned visual reference frame.

Similar to the tilted experiment, mice were trained under 0°, 20°E, and 40°E tilt conditions. However, for the recording phase, mice
underwent two recording sessions daily for three consecutive days, with an interval exceeding 30 minutes between sessions. The
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recording protocol was as follows: Day 1: 0°, 40°E; Day 2: 20°W, 40°W; Day 3: 0°, 20°E. Note that 20°W and 40°W conditions were not
trained prior to recording.

The dark experiment

To examine whether gravitational cues can serve as an independent reference frame for anchoring head-direction coding, we per-
formed a control experiment in total darkness. An infrared camera was used to capture the movement of the animal in the dark. To
capture the head direction of the animals in the dark, two motion-capture stickers of different sizes were mounted on the animals’
heads. The stickers reflected more readily infrared light and thus could be used to track head direction.

Similar to the tilt experiment, animals were trained in the standard square box with standard lighting conditions for both 0° and 40°
tilt configurations. During recording, the animals completed two sessions per day, one light session and one dark session. On day 1,
the 0° tilt condition was used, whereas on day 2, the 40° tilt condition was used. Each session lasted 20 min, with more than 30 min
intervals between two recording sessions. Note that, during the Dark session, all the light sources of the whole behavioral room were
turned off.

The tilted virtual reality task

The tilted virtual reality (VR) task is a linear track navigation paradigm®® controlled by a custom VIRMEn-based software and hardware
system.”" Mice were head-fixed on a styrofoam running wheel (6 cm width, 7.5 cm radius), and the visual environment was presented
through three seamlessly integrated 24-inch displays at an angle of 150°, simulating a linear track. The wheel axis was connected to a
rotary encoder, which captured the movement of the mice. This movement data was processed by a microcontroller (custom PCB +
Arduino Mega 2560) and relayed in real-time to a host computer that updated the VR environment, forming a closed-loop control
system. At the end of each track, a lick port delivered a water reward (25 pL) controlled by a peristaltic pump. Both running and licking
data were continuously monitored and transmitted to the host computer for analysis. All components were mounted on an adjustable
platform capable of tilting to specific angles. In this experiment, the tilted VR task was conducted under two conditions: 0° (flat) and
40° tilt (left side elevated).

Standard Experiment

The standard VR world consisted of a 200 cm linear track, with four landmarks evenly spaced at 25 cm (left), 75 cm (right), 125 cm
(left), and 175 cm (right). The linear track was repeated seamlessly to create an infinite environment without intervals. Completion of
one full track was defined as a lap.

As in the open-field experiments, mice were water-restricted. They were first acclimated to the VR system before beginning
the formal experiments, which comprised a training phase and a recording phase. During the training phase, each session lasted
20 minutes, with two sessions per day (one at 0° tilt and one another at 40° tilt, presented in random order) separated by at least
30 minutes. Training was conducted for 3-5 days. In the recording phase, a Miniscope was mounted onto the baseplate to capture
neuronal activity in the target brain area.

Direction-reversal Experiment

The direction-reversal world was a modified version of the standard world. Landmarks were placed at 25 cm (left), 75 cm (left), 125 cm
(left), and 175 cm (right), with the second landmark shifted from the right to the left side. Unlike the standard experiment protocol, this
experiment required mice to perform alternating forward and reverse running directions on a lap-by-lap basis within the visual
environment.

Data collection
In this study, 12 mice were used, including 11 PPC mice and a RSC mouse. Five mice performed both the open-field task and the
virtual reality task, six mice performed only the open-field task, and one mouse performed only the virtual reality task. (Table S1: For
the open-field task, data for the horizontal experiment were collected from 8 mice, while data for the tilted experiment and cue conflict
experiment were collected from 6 mice, data for dark experiment were collected from 2 mice. For the VR task, data for the standard
experiment were collected from 4 mice, while data for the direction-reversal experiment were collected from 6 mice.)

All 12 mice were used for one-photon recording. The calcium fluorescence signal was acquired at 15 Hz using Miniscope® (an
open-source micro-endoscope hardware and software suite: miniscope.org, version 3).

The methods of behavioral data acquisition differed depending on the specific task. For the open-field task, two LEDs (red on the
left and green on the right) were attached to the scope body to indicate the position and head direction of the mice. The behavioral
data were acquired at 20 Hz. For the virtual reality task, the position of the mice in the VR world was recorded at 30 Hz.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using MATLAB (MathWorks). The primary statistical methods included Cochran-Armitage trend
test, Fisher’s exact test, Chi-squared test, Kruskal-Wallis test combined with Dunn’s test for multiple comparisons (Dunn-Sidak
correction), Wilcoxon rank-sum test, Wilcoxon signed-rank test, Friedman test, Rayleigh test, and Kolmogorov-Smirnov test, applied
as appropriate. The statistical details, including the tests used, the statistics, the exact value of n, what n represents, and measures of
central tendency (e.g., mean or median), are reported in the results section and the legends of Figures S1-S7. Significance levels in
Figures are indicated using asterisks: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.
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Behavioral variables and neuronal signal extraction

Behavioral trajectory in 2-dimensional tasks

The detailed method can be found in a previous study.*® Briefly, in the open-field experiment, the positions of the two-color LEDs on
the head-mounted micro-endoscope were used to measure the head position and head direction (LEDs were replaced by motion-
capture stickers in dark sessions). First, the positions of the two LEDs in the behavioral video were extracted using DeepLabCut
method.”® The extracted video position signals were then smoothed using a zero-phase filter with a 250 ms (5 frames) window.
The video position signals were remapped to the standard-sized square open-field coordinates (with the center of the open field
as the origin).

Head direction and egocentric boundary bearing

Based on the positional relationship between the red LED and the green LED, the mouse’s head orientation can be determined. The
angle between the head orientation and the positive direction of the X-axis (south) is defined as the head direction, where 0°, 90°,
180°, and 270° represent south, east, north, and west, respectively.

The egocentric bearing of the nearest boundary is defined as the angle between the vector pointing from the nearest boundary
coordinate to the mouse’s position coordinate and the unit vector representing the mouse’s head direction.*®°° Given the constant
geometric relationship between the egocentric bearing of the nearest boundary and that of the center point, they are treated as equiv-
alent in this study. Angles of 0°, 90°, 180°, and 270° represent the nearest boundary being located at the front, left, rear, and right of
the mouse, respectively.

Both the head direction signal and the egocentric boundary signal were smoothed using a circular filter with a 250 ms (5-frame)
window.

Position in the virtual reality

The positional signals of the mice in the VR environment were extracted from the VIRMEn system.

Neuron Segmentation and Calcium Signal Extraction

Raw single-photon calcium imaging videos were first subjected to segmented rigid motion correction to eliminate motion artifacts.%®
The Constrained Nonnegative Matrix Factorization for microendoscopic data (CNMF-E) approach was then applied to separate the
background, extract neuron positions and contours, and obtain calcium activity time series.?® Next, the calcium activity time series of
all neurons was processed using the fast OOPSI algorithm to perform detrending and deconvolution, estimating the spike trains un-
derlying the observed calcium activity.®® The inferred spike trains were termed the calcium event. These calcium event time series
were used for subsequent data analysis.

A cell registration method was employed to align cell identities across different sessions, which modeled the distribution of sim-
ilarities between neighboring cells across sessions.”” This alignment was used to analyze the coding properties of the same cells
across sessions or days. Note that, during the process of the cell registration across sessions, some cells could not be tracked
with confidence (due to change of focal plane or movements of the brain, etc.). This didn’t imply these cells turned on or off across
sessions.

For all datasets, only data from periods when the mice’s movement speed exceeded 3 cm/s were included in subsequent analyses.

Data analysis

Allocentric head direction tuning

To identify head direction cells, we first constructed the head direction tuning curve for each neuron. The head direction was divided
into 18 bins, ranging from 0° to 360°, with each bin spanning 20°. The firing rate in each bin was calculated as the total response of
calcium events divided by the time spent in the respective bin. The strength of directional selectivity in head direction tuning was
quantified using the Mean Vector Length (MVL),*® which ranges from 0 to 1:
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n
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MVL =

where n is the number of head direction bins, r is the firing rate (amplitude) for the k-th sample, and 6 is the corresponding angle
(head direction). A higher MVL indicates a stronger directional coding by the neuron.

A neuron was classified as a head direction cell if it met all the following criteria: 1) Only active neurons were included in the analysis
(total calcium events > 30); 2) The MVL value exceeded 95" percentile of the null distribution generated by the shuffling procedure. 3)
The MVL value exceeded 0.25.

Definition of G-cell and V-cell in the cue-conflict experiment

To investigate the reference frame selection of head direction cells (HDCs) under tilt conditions, we defined two types of HDCs based
on their alignment with external cues (gravity or vision). Only cells classified as HDCs (at least in one session) were included in this
analysis: G-cell (gravity-anchored HDC), defined as cells whose absolute shift of preferred firing direction (PFD) between opposite tilt
conditions fell within the range [135°, 180°], i.e., switch to the opposite direction; and V-cell (vision-anchored HDC), defined as cells
whose absolute shift of PFD between opposite tilt conditions fell within the range [0°, 45°], i.e., kept their PFD. In the horizontal con-
dition where gravitational reference is unavailable, HDCs were automatically categorized as vision-anchored (V-cells).
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Egocentric boundary bearing tuning
The method for determining egocentric boundary cells and their preferred direction follows the same procedure as that used for head
direction cells described above. Specifically, the firing rate of each cell is calculated for different angular bins, and these rates are
weighted by the corresponding angular values to obtain a complex vector representation. The optimal direction is then determined
by calculating the weighted average direction, considering the firing rates as the weights. The directionality score is quantified by the
modulus of the sum of the complex vectors, normalized by the total firing rate, reflecting the strength of the cell’s directional encod-
ing. The preferred direction is computed by determining the phase angle of the complex vector sum, ensuring the result lies within the
range [0, 2x] through modulo operation.
Construction of egocentric boundary ratemaps (EBRs)
EBRs are 2D spatial-like ratemaps referenced relative to the animal, which depict the neuron’s angle and distance preference for
boundaries.®”*%*1°2 The egocentric space was binned in a polar coordinate, with 120 angular bins (bin size: 3°) and 15 distance
bins (bin size: 2 cm). For each video frame, the boundaries that fall into the egocentric space (120x 15 bins) will be counted into
the corresponding bins. For each neuron, the firing rate of each 3°x2 cm bin was calculated by dividing the calcium fluorescence
signal in the given bin by the time that the animal spent in that bin. The EBRs were smoothed by a Gaussian filter (3 bin width,
one bin SD).
Distance preference and distance selectivity index (DSI)
For the EBC, we also analyzed their distance preferences. Two methods were used. First, the distance of the peak firing rate on the
PFD of EBRs. Second, the distance of the peak firing rate on the distance tuning curve.

We also defined a distance selectivity index to quantify the distance selectivity of EBCs:

Rmax - anin

bsl = Rmax+Rmin

where Rn.x is the maximum firing rate of the distance tuning curve; Ry, is the minimum firing rate of the distance tuning curve. The
range of DS/ is between 0 and 1. The larger the DSI, the more distance-selective the cell is.

Shuffling procedures

Calcium events were temporally shifted by a random amount, with the shift distance ranging from 20% to 80% of the total duration.
After each shift, the mean vector length (MVL) or other measures were recalculated. This shuffling procedure was repeated 1000
times to generate distributions of MVL values (for the open-field task) and landmark score values (for the VR task, see below) under
the null hypothesis.

Egocentric landmark cell analysis

The detailed method can be found in a previous study.*® Specifically, to determine the egocentric landmark bearing tuning of neu-
rons, the distance from 0 to 200 cm was divided into 40 bins, each 5 cm wide. The firing rate for each bin was calculated, generating
the neuronal tuning curve along the track. This curve was then smoothed using a Gaussian filter (filter size: 5 bins, sigma: 3 bins) for
circular smoothing and subsequently normalized.

To identify egocentric landmark cells, we applied a template-matching method to calculate the egocentric landmark score. First,
we constructed an egocentric landmark tuning template (ground truth). In the case of a standard world, the template is composed of
two fields, with the centers of these fields spaced 20 bins apart (i.e., 100 cm). Depending on the position of the field centers, 21
distinct tuning templates are generated. By computing the Pearson correlation between the neuronal tuning curve and each of
the templates, we identified the template with the highest correlation. The local correlation within 6 bins (30 cm) around the field cen-
ter was then calculated, and the average correlation between the template and the neuronal tuning curve in this region was defined as
the egocentric landmark score.

The criteria for identifying an egocentric landmark cell include the following: 1) The neuron is an active cell (the number of calcium
events > 30); 2) The landmark score exceeds the 95" percentile of the null distribution generated by the shuffling procedure. 3) The
landmark score is greater than 0.5.

Allocentric landmark cell analysis

Similar to egocentric landmark cells, to identify allocentric landmark cells, the template-matching method was used to calculate the
allocentric landmark score. The template is composed of four fields, with the centers of these fields spaced 10 bins apart (i.e., 50 cm).
Depending on the position of the field centers, 11 distinct tuning templates are generated. By computing the Pearson correlation
between the neuronal tuning curve and each of the templates, we identified the template with the highest correlation. The local
correlation within 6 bins (30 cm) around the field center was then calculated, and the average correlation between the template
and the neuronal tuning curve in this region was defined as the allocentric landmark score.

The criteria for identifying an allocentric landmark cell include the following: 1) The neuron is an active cell (the number of calcium
events > 30); 2) The landmark score exceeds the 95" percentile of the null distribution generated by the shuffling procedure. 3) The
landmark score is greater than 0.5.

Construction of egocentric landmark rate maps (ELRs)
The ELRs were similar to EBRs, 2D spatial-like rate maps referenced relative to the animal, which depict the neuron’s angle and
distance preference for landmarks. The egocentric space was binned in a polar coordinate, with 360 angular bins (bin size: 1°)
and 25 distance bins (bin size: 4 cm). Each landmark occupies a local zone with a 5 cm radius. There are multiple firing fields in
this map, as there are multiple landmarks in the environment.
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Egocentric index (EIl)
For the landmark cells in VR tasks, we defined an egocentric index based on the ELRs to quantify the egocentric reference
preference:

El = Rpeak - Rmirror
Rpeak + Rmirror

where Rpqax is the peak firing rate of ELR, the corresponding angle-distance bin is Binpeax; Binmirror is the contralateral angle-distance
bin of Binpeak . Rmirror is the firing rate in Binmior. The range of El is between 0 and 1. This index measures how asymmetric the firing is
at the peak. Higher El values indicate egocentric properties, whereas lower values indicate more allocentric properties.
Difference of Preferred Firing Direction (PFD) between sessions

To evaluate the change of PFD between different recording sessions, the angular shift of PFD was calculated (APFD = PFDg, —
PFDs1). It ranges from —180° to 180°.

Additionally, we also defined another type (APFD) based on the cross-correlation analysis of tuning curves between different ses-
sions for additional analytical insights, which is defined as the angular lag when the maximum cross-correlation occurs (CC™). This
metric was used to identify the reference frame selection among HDCs under opposite tilt configurations.

Change of Preferred Firing Direction (PFD) between sessions

To investigate the change of PFD between reference frames (especially from V-cell to G-cells) between manipulations, we isolated
HDC that switched from V-cell to G-cell. We calculated the difference between the PFD in the first session (PFDy) and the PFD in the
second session (PFDg_g or PFDg_w, which were the PFD for eastward and westward tilt conditions). As these cells were identified as
G-cells in the second session, the PFDg.\ and PFDg_g usually differed by 180° (see the definition above):

A1 = PFD, — PFDg ¢

A2 = PFDy — PFDg_w
We selected the angle change (A) with the smaller absolute magnitude for each cell:

Aq,if |A1] < |Az]

A = j
selected { Ao, otherwise

We then analyzed the distribution of the selected delta angles (Asejected)-
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