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Abstract31 

Navigation often requires movement in three-dimensional (3D) space. Recent studies have 32 

postulated two different models for how head direction (HD) cells encode 3D space – the 33 

rotational-plane hypothesis and the dual-axis model.  To distinguish these models, we recorded 34 

HD cells in female rats while they traveled different routes along both horizontal and vertical 35 

surfaces from an elevated platform to the top of a cuboidal apparatus.  We compared HD cell 36 

preferred firing directions (PFDs) in different planes and addressed the issue of whether HD cell 37 

firing is commutative – does the order of the animal’s route affect the final outcome of the cell’s 38 

PFD?  Rats locomoted a direct or indirect route from the floor to the cube top via 1, 2, or 3 39 

vertical walls.  While the rotational-plane hypothesis accounted for PFD shifts when the animal 40 

traversed horizontal corners, the cell’s PFD was better explained by the dual-axis model when 41 

the animal traversed vertical corners.  Responses also followed the dual-axis model 1) under dark 42 

conditions, 2) for passive movement of the rat, 3) following apparatus rotation, 4) for movement 43 

around inside vertical corners, and 5) across a 45° outside vertical corner. The order the animal 44 

traversed the different planes did not affect the outcome of the cell’s PFD, indicating that 45 

responses were commutative. HD cell peak firing rates were generally equivalent along each 46 

surface.  These findings indicate that the animal’s orientation with respect to gravity plays an 47 

important role in determining a cell’s PFD and that vestibular and proprioceptive cues drive 48 

these computations. 49 

Significance Statement 50 

Navigating in a 3D world is a complex task that requires one to maintain a proper sense of 51 

orientation relative to both local and global cues. Rodent head direction (HD) cells have been 52 
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suggested to subserve this sense of orientation, but most HD cell studies have focused on 53 

navigation in 2D environments. We investigated the responses of HD cells as rats moved 54 

between multiple vertically- and horizontally-oriented planar surfaces, demonstrating that HD 55 

cells align their directional representations to both local (current plane of locomotion) and global 56 

(gravity) cues across several experimental conditions, including darkness and passive movement. 57 

These findings offer critical insights into the processing of 3D space in the mammalian brain.58 
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Introduction59 

The vast majority of studies on spatial cells have explored their responses when animals 60 

locomote along a two-dimensional surface in the horizontal plane. Many animals, however, 61 

inhabit and navigate in a more three-dimensional (3D) world – traveling between different 62 

horizontal surfaces that differ in height or climbing in a vertical plane. Head direction (HD) cells 63 

are neurons that fire as a function of the animal’s directional heading in the horizontal plane 64 

(Taube et al., 1990a). Two models have emerged to account for how HD cells fire across vertical 65 

planes – the rotational plane hypothesis and the dual-axis model.  Initial studies monitored HD 66 

cell responses as a rat locomoted from a horizontal surface onto a vertical wall and found that 67 

HD cell discharge was maintained in the vertical plane and that the cell’s preferred firing 68 

direction (PFD) could be predicted based on the cell’s PFD in the horizontal plane (Stackman et 69 

al., 2000; Calton and Taube, 2005).  Specifically, as the rat moved from the horizontal to the 70 

vertical surface the cell would transform its frame of reference to its current plane of locomotion 71 

by rotating the horizontal plane by 90° into the vertical plane (Fig. 1A).  This finding led to the 72 

hypothesis that HD cells may define their reference frame based on the animal’s plane of 73 

locomotion.74 

This view was extended to account for firing on any change of planar surface – the animal 75 

simply rotates its current horizontal reference frame into the new plane. Note that the horizontal 76 

semicircular canals, which are best activated during an upright yaw turn, are also activated when 77 

the animal turns its head in the vertical plane, although a different otolith signal is generated on 78 

the two surfaces.  Recent experiments which enabled the rat to sample all 360° in the vertical 79 

plane along different walls further tested this hypothesis, and the findings were consistent with 80 

the view that a cell’s PFD could be accounted for by considering the PFD’s orientation in the 81 



 

 5 

horizontal plane and then rotating its vector around any corner with the animal (Taube et al., 82 

2013).  Thus, the cell would update its orientation by treating the vertical plane as an extension 83 

of the floor where the animal shifts its reference frame to align with its current plane of 84 

locomotion (Fig. 1A). This scheme was referred to as the rotational plane hypothesis.85 

Two recent modeling studies have challenged the rotational plane hypothesis (Laurens & 86 

Angelaki, 2018; Page et al., 2018).  In the Page et al. study, preliminary data showed that HD 87 

cell PFDs shifted between two opposing walls of a cuboidal surface such that their orientations 88 

were 180° opposite of one another (as viewed by an observer facing each wall; Fig. 1B).  These 89 

authors postulated that there were two axes/planes to consider when accounting for cell firing in 90 

3D.  The first axis was the animal’s yaw rotation around its dorsal-ventral axis (the vertical axis 91 

when the animal is upright).  The second axis was how the rat’s dorsal-ventral axis was oriented 92 

relative to the gravity vector.  Together, the two components accounted for a cell’s PFD in any 93 

plane and an equation was formulated to express these properties.  This model was referred to as 94 

the dual-axis model. The model predicts that there is a 90° CW rotation of a cell’s PFD when 95 

going around right vertical corners and a 90° CCW rotation when going around left vertical 96 

corners.  In contrast, the rotational plane hypothesis predicts no shift in the cell’s PFD when97 

traveling around vertical corners because the cell’s PFD follows the animal’s plane of motion. 98 

Here, we tested these two models against one another as rats navigated around different types of 99 

corners of a cuboidal apparatus. We also determined whether HD cell firing is commutative in 100 

3D and asked the question: does the route the animal travels between two locations affect the HD 101 

cell’s PFD at the final destination? [Commutativity is the property whereby changing the order 102 

of how items are processed does not change the result; e.g., 3 + 4 = 4 + 3 = 7.] Our experiments 103 

tested HD cell responses under different conditions including: 1) light or dark conditions, 2) 104 
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active vs. passive displacement of the animal, 3) rotation of the apparatus with the animal on it, 105 

4) traversing an inside vertical corner, and 5) traversing a 45° outside vertical corner instead of a 106 

90° corner.  Finally, recent studies have challenged the view that cell firing rates are similar 107 

between the horizontal and vertical planes (Laurens & Angelaki, 2019; also see Angelaki et al., 108 

2019), and the experiments on the cube provided another opportunity to examine this issue. 109 

Materials and Methods110 

Subjects111 

Subjects were 17 female Long-Evans rats aged 3-11 months and weighing 224-400 grams prior 112 

to surgery. Rats were individually housed in Plexiglas cages and maintained on a 12 h light/dark 113 

cycle. Food and water were provided ad libitum. All experimental procedures involving the rats 114 

were performed in compliance with institutional standards as set forth by the National Institutes 115 

of Health Guide for the Care and Use of Laboratory Animals and approved by the Dartmouth 116 

Institutional Animal Care and Use Committee. 117 

Behavioral Training 118 

To test cell responses in different planes and around different types of vertical corners, rats were 119 

trained to navigate different routes around a cuboidal apparatus (Fig. 2). Different routes could 120 

be set up that entailed traversals around outside or inside vertical corners, as well as routes that 121 

traversed horizontal corners that went from a horizontal surface to a vertical one or vice versa. 122 

Prior to surgery, rats were trained to locomote on a vertical surface that was covered in wire 123 

mesh. Rats were first allowed to walk on a horizontal training surface covered in wire mesh, and 124 

over the course of 1-3 weeks the horizontal surface was slowly inclined until it was completely 125 



 

 7 

vertical. Subsequent training took place on the main apparatus used for this experiment, which 126 

was a wooden cube with side lengths of 94 cm (Fig. 2A, left). The front, left, and right vertical 127 

faces of the cube were covered in wire mesh, which was itself covered in plastic sheeting cut to 128 

expose a circle of mesh (48 cm in diameter, 10 cm width) on each face such that animals could 129 

walk in a circle in the corresponding vertical plane and accordingly sample all possible HDs on 130 

each vertical face of the cube. The plastic sheeting was also cut such that the animals could 131 

locomote from one vertical face to another, or from any vertical face to the top of the apparatus. 132 

These passages were usually blocked by additional plastic sheeting, which could be removed by 133 

the experimenter to enable the animals to move from one surface to another. Once rats could 134 

comfortably locomote on the vertical surface, they were trained to climb from an elevated (~0.5 135 

m) horizontal starting surface (‘start box’) onto the front face of the cube. The start box was a 136 

wooden gray rectangular enclosure that measured 56 x 61 x 15 cm. It had an opening along one-137 

wall that was placed adjacent to the front face of the cuboidal apparatus, such that the animal 138 

could locomote from the start box onto the front vertical face of the cube. After sufficient 139 

directional sampling on the front face (2 revolutions around the mesh circle) they were 140 

subsequently allowed to move either directly onto the top of the cube or onto an adjacent wall 141 

(where two revolutions were also required) before climbing to the top. The rats fully rotated their 142 

bodies as they made their revolutions around the mesh circles, sampling all 360° of possible head 143 

directions. For example, if a rat were moving counterclockwise around the mesh circle, it would 144 

be facing to the left at the top of the circle, down on the left side of the circle, right at the bottom 145 

of the circle, and up on the right side of the circle. However, it should be noted that the rats 146 

preferred to face up instead of down on the vertical surfaces; thus, to help aid the rats from 147 

falling off the apparatus, they were supported during downward head directions by an 148 



 

 8 

experimenter gently holding the base of the animal’s tail. This directional facing preference led 149 

to higher sampling of ‘up’ directions than ‘down’ directions on the vertical surfaces (i.e., more 150 

time spent looking at 90° than 270°), though the bias did not appear to influence the PFDs of 151 

recorded HD cells (data not shown). Recording sessions were only included in the analysis if the 152 

animal sampled all HDs on each visited face of the cube. Getting to the top of the apparatus 153 

served as the only motivation for the rats to traverse the maze. The experimental room was 154 

completely open and visible to the animals during traversal, which provided several orienting 155 

visual landmark cues. These cues included several posters on the walls, a doorway, and a black 156 

curtain that hung along the back side of the cube against a white wall background. Animals were 157 

also allowed to freely explore a cylindrical enclosure (76 cm diameter, 51 cm height) that 158 

contained a sheet of white cardboard along one wall (subtending ~100˚ of arc), which served as 159 

an orienting cue. This cylinder was used to ‘screen’ for HD cells (discussed below). 160 

Electrode Construction 161 

Following initial training, all animals were implanted with a moveable microdrive consisting of a 162 

bundle of eight stereotrodes targeting the anterodorsal thalamic nucleus (ADN). The stereotrodes 163 

were constructed by twisting together two strands of 17 m nichrome wire. These twisted strands 164 

were subsequently threaded through a single 26-gauge stainless steel cannula, and the end of 165 

each wire was connected to a single pin of a Mill-Max connector. The two center pins of the 166 

connector were attached to the cannula, which acted as an animal ground. Three drive screws 167 

were secured around the connector using dental acrylic, making the electrode drivable in the 168 

dorsal-ventral plane. 169 

Electrode Implantation 170 
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Animals were anesthetized with isoflurane. They were subsequently placed in a stereotaxic 171 

frame, and an incision was made in the scalp to expose the skull. A single hole was drilled into 172 

the skull and the electrode was implanted 1.3 mm posterior to bregma, 1.5 mm lateral to bregma, 173 

and 3.7 mm ventral to the cortical surface. These coordinates placed the microelectrodes just 174 

above the ADN.  The microelectrode array was secured to the skull using dental acrylic. 175 

Recording of Neural Data 176 

Animals were allowed to recover for at least 7 days following surgery. Over the course of several 177 

weeks, the stereotrodes were ‘screened’ for cells as the animals freely locomoted in the cylinder. 178 

Electrical signals were pre-amplified using unity-gain operational amplifiers on an HS-18-MM 179 

headstage. Signals from each stereotrode wire were then differentially referenced against a quiet 180 

channel from a separate stereotrode and bandpass filtered (600 Hz to 6 kHz) using a Cheetah 32 181 

Data Acquisition System (Neuralynx). If signals on a given stereotrode crossed a pre-defined 182 

amplitude threshold (30-50 V), they were time-stamped and digitized at 32 kHz for 1 msec. The 183 

headstage was also equipped with red and green light-emitting diodes (LEDs) spaced ~6 cm 184 

apart over the head and back of the animal, respectively. A color video camera positioned over 185 

the arena captured video frames with a sampling rate of 30 Hz, and an automated video tracker 186 

extracted the x- and y-positions of the LEDs as well as their angle (i.e. the animal’s head 187 

direction). The tracking frames were timestamped so they could be matched up to the neural 188 

data. If clearly isolated waveforms were visually apparent, an 8 min baseline recording session in 189 

the cylinder took place. Otherwise, stereotrodes were advanced ~50-100 m and screened again 190 

at least 2 h later or the next day.  191 

Spike Sorting 192 
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Spike sorting was conducted offline. Spikes collected from a recording session were first 193 

automatically sorted into clusters using the automated clustering program Kilosort (Pachitaru et 194 

al. 2016), after which manual ‘cleanup’ was performed using the manual clustering program 195 

SpikeSort3D (Neuralynx). For the manual step, waveform features including peak, valley, 196 

height, width, and principal components were used to visualize the characteristics of individual 197 

spikes across both wires of a stereotrode simultaneously as a 3D scatter plot. Cleanup of 198 

automatically sorted clusters, which was not always required, was performed by drawing a 199 

polygon around the visually apparent boundaries of each cluster. Single-unit isolation was 200 

assessed using metrics such as L-ratio and isolation distance. For each well-isolated cluster, we 201 

saved the timestamps for each spike and then analyzed and matched them to the tracking data. 202 

203 

Experimental Design and Behavioral Testing 204 

If a HD cell was isolated following screening in the cylinder (classification discussed below), the 205 

cell was subsequently recorded as the animal traversed one of several versions of our 3-206 

dimensional cuboidal apparatus. 207 

Standard Cube Sessions208 

Several different types of sessions were conducted.  Each session began with a 4 min session in 209 

the start box (Table 1) and ended with a 4 min session on the top surface.  In between these two 210 

sessions, the animal moved across either 1, 2, or 3 vertical walls (Fig. 2B). 211 

One-wall Session212 
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Following recording in the start box, the animal was allowed to move onto the front 213 

vertical face of the cube. Once the animal had made at least two revolutions around the 214 

mesh circle on the front face (i.e. had adequately sampled all possible head directions) it 215 

was allowed to locomote to the top of the apparatus. In summary: Start box  front wall 216 

 top (Fig. 2B, left). 217 

Two-wall Session 218 

This session included the same start box and front wall periods as the ‘one-wall’ session, 219 

but after recording on the front face of the apparatus, the animal was allowed to locomote 220 

to either the left or right vertical face of the apparatus (‘left’ or ‘right’ sessions). Once the 221 

animal had made at least two revolutions around the mesh circle on this face, it was 222 

allowed to locomote to the top of the apparatus. In summary: Start box  front wall 223 

left or right wall  top (Fig. 2B, middle). 224 

Three Wall Session 225 

This session included the same start box, front wall, and side wall periods as the ‘two-226 

wall’ session, but after recording on the left or right face of the apparatus, the animal was 227 

allowed to locomote back to the front face of the apparatus. After at least two revolutions 228 

about the mesh circle, the animal was required to locomote to the side face opposite the 229 

one it had previously been on (‘left first’ or ‘right first’ sessions). After at least two 230 

revolutions on this face, the animal was allowed to move to the top of the apparatus. In 231 

summary: Start box  front wall  left or right wall  front wall  right or left wall 232 

 top (Fig. 2B, right). 233 

Final Box Session 234 
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Following this series of recordings, the animal was returned from the top of the cube to 235 

the start box for a final 4 min recording session. 236 

Dark Sessions 237 

Dark sessions were identical to the standard sessions above, except the lights were extinguished 238 

following the start of recording in the start box for each session. Thus, the animal had to traverse 239 

the faces of the cuboidal apparatus without the aid of visual cues. All surfaces of the cube were 240 

additionally wiped down with 70% alcohol between sessions, and, for ‘one-wall’ and ‘two-wall’241 

sessions, the cube was rotated pseudorandomly 90° CW or CCW so that the ‘front’ wall differed 242 

from session to session. These measures were meant to reduce the rats’ use of olfactory or tactile 243 

cues left behind from previous recording sessions. 244 

Passive Sessions 245 

There were three different types of passive sessions conducted: 246 

 Two-wall Passive Session 247 

These sessions were identical to the standard ‘two-wall’ session, except the rat was 248 

passively moved by an experimenter from the front wall to either the left or right wall 249 

(‘left’ or ‘right’ sessions). In summary: Start box  front wall  passively moved to left 250 

or right wall  top. 251 

Box-to-Wall Passive Session252 

These sessions were identical to the ‘two-wall passive’ session, except the front wall 253 

recording was omitted and the rat was passively moved by an experimenter directly from 254 
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the start box to either the left or right wall (‘left’ or ‘right’ sessions). In summary: Start 255 

box  passively moved to left or right wall  top. 256 

Passive Rotation Session 257 

These sessions were identical to the ‘two-wall passive’ session, except, instead of 258 

passively moving the rat from the front wall to a side wall, the entire apparatus was 259 

rotated by 90˚while the rat was on the apparatus. For example, instead of the animal 260 

physically moving from the front wall to the left wall, the entire apparatus was rotated 261 

90˚ CW. Thus, the animal remained on the same physical side of the cube between front 262 

wall and side wall recordings, but the apparatus was rotated such that the animal’s plane 263 

of locomotion rotated by 90˚, as if the animal had moved across a vertical corner. In 264 

summary: Start box  front wall 90˚ leftward or rightward rotation  top. 265 

45˚ Corner Session266 

The 45˚ corner session started with a 4 min recording in the start box, after which the animal was 267 

allowed to move onto the front face of the apparatus where recording took place. Following this 268 

session, the animal was allowed to locomote to the right face, which had been opened up 269 

partially such that movement across the vertical corner resulted in a 45˚ shift in the animal’s 270 

place of locomotion instead of the usual 90˚ (Fig. 2A, middle). In summary: Start box  front 271 

wall 45˚ side wall. No session was conducted on the cube top for this series because the angle 272 

of the side wall did not allow the animal to reach the top surface. 273 

Inside Vertical Corner Session 274 

For this session, an additional traversable wall (‘inside wall’) was placed abutting the right 275 

vertical corner of the front face of the apparatus, oriented perpendicular to the front face (Fig. 276 
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2A, right). Thus, movement from the inside wall to the front face of the apparatus, across an 277 

inside vertical corner as opposed to the usual outside corners, resulted in a 90˚ CCW shift in the 278 

rat’s plane of locomotion. The rat moved directly from the start box to the inside wall for 279 

recording in a manner similar to other sessions. The rat then moved from the inside wall across 280 

the inside vertical corner to the front face of the apparatus where recording took place, after 281 

which it moved to the left face of the apparatus for recording (an outside corner), and finally 282 

moved to the top of the apparatus. In summary: Start box  inside wall  front wall  left wall 283 

 top.  For some sessions this manipulation was also performed in darkness. 284 

Video Recordings 285 

A color video camera mounted on the ceiling was used to track the animal’s movements and 286 

head direction during locomotion in the start box and on the top of the apparatus. Additional 287 

cameras mounted on tripods were positioned squarely facing each traversable vertical face of the 288 

apparatus for tracking on those surfaces. A video camera switching board was used to manually 289 

switch between cameras as the animal moved from one surface to another, and switching the 290 

camera sent a TTL pulse to the recording system to indicate which camera was newly active. 291 

These signals were timestamped and saved so that they could be matched up with the spike and 292 

tracking data. 293 

Depending on the orientation of the video camera, the x,y coordinate frame had to be shifted 294 

sometimes in order to align the reference frame across the different surfaces.  Figure 2C, left 295 

shows the x,y coordinate frame for all the standard cube and the 45° vertical corner experiments 296 

(Figs. 3-8).  Figure 2C, right shows the coordinate frame used for the inside vertical corner 297 

experiment (Fig. 9). 298 
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Histology299 

Once recordings were complete, animals were deeply anesthetized with sodium pentobarbital 300 

and small marking lesions were made at the stereotrode tips by passing a small anodal current 301 

(15 A, 15-20 sec) through two active wires from separate stereotrodes. Animals were then 302 

intracardially perfused with saline followed by 10% formalin solution, after which the brains 303 

were removed from the skull and post-fixed in 10% formalin solution with 2% potassium 304 

ferrocyanide for at least 24 h. The brains were then transferred to 20% sucrose solution for at 305 

least 24 h, after which they were frozen and sliced coronally (30 um sections) using a cryostat. 306 

Sections were mounted on glass microscope slides and stained with thionin, after which the 307 

sections were examined using a light microscope. Electrode tracks were identified, and the 308 

locations of recorded cells were determined by measuring backwards from the most ventral 309 

location of the marking lesions or, if marking lesions were not visible, the electrode tracks. 310 

Data Analysis 311 

Head direction tuning curves 312 

HD tuning curves were created using 12˚ bins, rather than the typically used 6˚ bins due to lower313 

sampling on the apparatus walls. For each cell, we calculated the amount of time that each bin 314 

was sampled, and the number of spikes fired per bin over the course of a session, and the cell’s315 

tuning curve was computed by dividing the number of spikes per bin by the amount of sampling 316 

time per bin. We then determined the mean vector length and mean angle for each cell in order to 317 

indicate tuning strength and preferred firing direction, respectively (discussed below). 318 

Classification and analysis of HD cells 319 
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A cell was only analyzed for a given recording session if it had a mean vector length > 0.4 for all 320 

portions of that session (i.e. on each wall of the apparatus). If a cell was recorded across multiple 321 

sessions of the same type (e.g., multiple ‘two-wall left’ sessions) it was only included in analyses 322 

for the first recorded session.  Because HD cells tend to shift their preferred firing directions in 323 

register with each other (e.g. Taube et al. 1990b, Knierim et al. 1995, Yoganarasimha et al. 324 

2006), if multiple HD cells were recorded during the same session, PFD shifts between different 325 

planes of locomotion were calculated as the average of the PFD shifts across all included HD 326 

cells, such that each session had a single PFD shift associated with each change of plane. In the 327 

current study, we recorded 34 HD cell pairs across all experiments, 11 triplets, and 3 328 

quadruplets. Co-recorded HD cells largely shifted their PFDs in register with each other, such 329 

that the PFD shifts of simultaneously recorded cells differed by < 45° in 272 out of 293 total cell 330 

pairings across all corner traversals. The remaining 21 discrepancies were scattered across 331 

animals and conditions and did not appear to be a result of poor clustering or contamination from 332 

neighboring HD cells. 333 

Analysis of HD cell firing properties focused on several established measures: 1) Preferred firing 334 

direction (PFD), the direction at which a cell has its maximum firing rate; 2) Mean vector length, 335 

used to assess tuning strength; 3) Peak firing rate (PFR), the firing rate at the cell’s PFD; 4) 336 

Directional firing range, the angular spread of the cell’s elevated tuning; and 5) Background 337 

firing rate, the cell’s firing rate outside of its directional firing range. A cell’s mean vector length 338 

r was computed by first computing a weighted mean of the cell’s polar tuning curve along339 

Cartesian x and y components (rx and ry) and then computing the length of the resultant vector: 340 
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341 

where i indexes across bins in the tuning curve, ratei is the firing rate in bin i, and  is the angle 342 

represented by bin i. The cell’s PFD was computed as the direction (mean angle) of the resultant 343 

vector:344 

PFD = arctan2(ry, rx)345 

PFD shifts between different planes of locomotion were calculated as the difference between the 346 

cell’s mean angles on each surface. The concentration of PFD shifts across sessions was assessed 347 

using a Rayleigh test of uniformity, and the Rayleigh statistic (r) was used to calculate an 348 

angular deviation score (Batschelet 1981): 349 

This value was presented along with the mean PFD shifts (not including absolute shifts) in the 350 

same way that a standard deviation would typically be used for non-angular data. Non-angular 351 

means (e.g. PFR, directional firing range, background firing rate) were presented with standard 352 

deviations.353 

The cell’s PFR was calculated by extracting the maximum firing rate from the cell’s tuning curve 354 

(i.e. the firing rate at the cell’s PFD). Directional firing range was calculated by first fitting a 355 

triangle to the cell’s tuning curve using a least-squares method (Taube et al. 1990a, Mehlman et 356 

al. 2019) and then calculating the angular spread encompassed by the triangle. The cell’s 357 

baseline firing rate was calculated as the mean firing rate in all bins > 12° to the left and right of 358 

the base of the triangular fit. 359 

Statistical Analyses 360 
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Statistical analyses were carried out using custom Python code. All tests were two-sided and 361 

used an alpha level of 0.05. A circular V-test was used to test for concentration of PFD shifts 362 

around a predicted value, while a Rayleigh test of uniformity was used to assess general 363 

clustering of angular shifts (Batschelet 1981). Differences in the angular variance of PFD shifts 364 

between two or more conditions were assessed by testing for equality of their concentration 365 

parameters ( ) (Batschelet 1981, Mardia & Jupp 2000). Between-group and within-group non-366 

angular comparisons were assessed using one-way ANOVA and one-way repeated measures 367 

ANOVA. If samples violated sphericity (assessed using Mauchly’s test), we applied a 368 

Greenhouse-Geisser correction. Post-hoc pairwise comparisons were performed using 369 

Bonferroni-corrected paired t-tests. 370 

371 

Results372 

Testing for commutative properties 373 

For the cuboidal surface depicted in Figure 1C-D, there are two possible routes from the floor to 374 

the top surface – a direct route via one vertical wall (blue or green pathways) or an indirect route 375 

using either of the two adjacent vertical walls (white arrow pathway). If HD cell firing properties 376 

are commutative, then it should not matter which route the animal takes to the top surface. 377 

Importantly, the rotational plane and dual-axis models each make different predictions as to the 378 

commutative properties of the cells, as well as the orientation of the cell’s PFD on the top 379 

surface. If the rat takes a direct route to the top surface using one wall (blue or green paths in Fig. 380 

1C-D), the cell’s PFD should rotate with the animal’s plane of locomotion from the floor onto 381 

the wall and then again from the wall to the top surface. Thus, the cell’s PFD will maintain the 382 
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same orientation on the top surface as on the floor. Both the rotational plane and dual-axis 383 

models make the same predictions for this direct route. In contrast, if the rat traveled the indirect 384 

route from the floor to the wall and then locomoted over to an adjacent wall before continuing 385 

onto the top surface (white path in Fig. 1C-D), the rotational place model and the dual-axis 386 

model make different predictions about the orientation of the cell’s PFD on the top surface. In 387 

the dual-axis scheme, the model postulates that there is a 90° rotation of the cell’s PFD when the 388 

animal goes around the vertical corner. Thus, for the indirect route (white arrow pathway) the 389 

cell’s PFD will rotate 90° CW (Fig. 1C, red to yellow arrows) as the animal traverses the vertical 390 

corner and then will keep this orientation (yellow arrow on top surface) as it traverses the 391 

horizontal corner onto the top surface. In this case, the cell’s PFD on the top surface will be the 392 

same as on the floor (blue and yellow arrows on top surface) and the cell’s properties can be 393 

considered commutative. In contrast, the rotational plane model suggests that the cell’s PFD will 394 

not shift when the animal traverses a vertical corner (Fig. 1D, white arrow pathway; red arrow on 395 

side wall) because the PFD will remain aligned to the animal’s body orientation and will rotate 396 

this orientation onto the new surface. Importantly, however, the cell’s PFD on this second 397 

vertical surface would differ from that if the animal had traveled directly onto this vertical 398 

surface from the floor (green pathway; Fig. 1D, green vs. red arrow on side wall). Further, when 399 

the animal then travels onto the top surface, the orientation of the cell’s PFD would differ from 400 

that when traveling the direct route from the floor (Fig. 1D, blue vs. red arrows on top surface). 401 

In this case, the cell’s responses would not be commutative. In sum, the two models make 402 

different predictions for the cell’s PFD that are 90° apart on the top surface.403 

404 

HD cell properties following traversal of horizontal corners 405 



 

 20 

Across all manipulations, we recorded a total of 80 HD cells from 17 rats (firing properties 406 

summarized in Table 1). Previous studies (Stackman et al. 2000, Calton et al. 2005, Taube et al., 407 

2013) have demonstrated that, following traversal of horizontal corners (e.g., from the floor to a 408 

vertical wall or vice versa), HD cells update their PFDs based on yaw rotations within the 409 

animal’s current plane of locomotion. According to the rotational plane hypothesis, the vector of 410 

the cell’s PFD in the horizontal plane is rotated into the vertical plane of interest. Thus, a cell that 411 

fires preferentially on the floor when the animal faces the vertical wall would fire on the vertical 412 

wall when the animal faces upward and would fire downward on an 180° opposing vertical wall 413 

(Fig. 1A). Similarly, when the animal locomotes from the floor onto either of the adjacent walls, 414 

the vector representing the cell’s PFD points in the same direction as it did on the floor.  Viewing 415 

each plane of locomotion using a local reference frame (i.e., with a video camera pointed at the 416 

vertical surface and viewing the animal’s back as it locomotes), there would appear to be no shift 417 

in an HD cell’s PFD between the horizontal and vertical planes, as if the vertical plane was 418 

simply an extension of the floor. Because there is no rotation of the animal’s D-V axis about the 419 

gravity vector during such a manipulation, both the dual-axis and rotational plane hypotheses 420 

agree regarding these results. 421 

To assess this response in the present study, we recorded from 58 HD cells across 47 sessions as 422 

rats (n = 16) moved from a horizontal plane (start box) across an ‘inside’ (concave) horizontal 423 

corner to a vertical plane (front face of the cube apparatus), and finally across an ‘outside’ 424 

(convex) horizontal corner at the top of the front vertical face to the top horizontal face of the 425 

cube (start box  front face  top)(Fig. 2A left). Because one animal (PO3) showed 426 

inconsistent results compared to all other animals in terms of HD cell firing properties during 427 

this and all subsequent manipulations, this animal’s data has been excluded from the regular 428 
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statistical analysis and instead is analyzed separately at the end of the Results section. As 429 

predicted by both models, a circular V-test revealed a 0° shift in the PFD between the start box 430 

and the front face (u = 9.38 n = 47, P < 0.001; mean shift: -1.92 ± 0.25°), between the front face 431 

and the top surface (u = 9.08, n = 47, P < 0.001; mean shift: -4.73 ± 0.35°), and between the start 432 

box and the top of the apparatus (u = 9.40, n = 47, P < 0.001; mean shift: -6.84 ± 0.22°; Fig. 3A-433 

B), suggesting that HD cells maintained their PFDs according to yaw rotations within the 434 

animal’s current plane of locomotion.435 

To test if the animals relied upon visual cues to orient themselves during the task, or if other cues 436 

(e.g. self-motion, proprioceptive, vestibular) were sufficient, we repeated the procedure with the 437 

room lights turned off. Twelve HD cells were recorded from 6 rats using this procedure across 8 438 

recording sessions. Again, a V-test revealed that PFD shifts between the start box and front face 439 

(u = 3.51, n = 8, P < 0.001; mean shift: 9.22 ± 0.47°), between the front face and top surface (u =440 

3.31, n = 8, P < 0.001; mean shift: -13.22 ± 0.55°), and between the start box and top of the 441 

apparatus (u = 2.91, n = 8, P < 0.01; mean shift: -4.74 ± 0.74°) were significantly clustered 442 

around 0° (Fig. 3C-D). These results suggest that HD cells can use non-visual cues to update 443 

their firing properties with respect to the current plane of locomotion during movement across 444 

horizontal corners. However, it is possible that PFD shifts were more variable in the dark 445 

condition than the light condition, suggested by lower mean vector lengths for shifts in darkness 446 

compared to light (Fig. 3B vs. 3D). To assess this possibility, we tested for differences in shift 447 

concentration parameters ( ) between the two conditions. While concentrations were always 448 

lower in the dark sessions than the light sessions (i.e., higher variance), only the shift between 449 

the start box and top of the apparatus reached significance (F(7,46) = 12.87, P < 0.01; dark = 450 
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2.20, light = 21.22). This result suggests that visual cues may be helpful in stabilizing PFD shifts 451 

during traversal of horizontal corners.452 

453 

HD cell properties following traversal of vertical and horizontal corners 454 

Although the recent study (Page et al. 2018) demonstrated that HD cells adopt 180˚ opposing 455 

PFDs during locomotion on opposite vertical faces of a cube when viewed within a local 456 

reference frame (i.e., viewer looking directly at vertical surface), it has not been demonstrated 457 

how HD cells shift their PFDs during locomotion across a single vertical corner. As described 458 

above, the rotational plane hypothesis and dual-axis model make different predictions. The 459 

rotational plane hypothesis predicts that an HD cell’s firing properties should shift along with the 460 

rat’s plane of locomotion, resulting in the same apparent PFD when each vertical plane is viewed 461 

in a local reference frame. In contrast, the dual-axis hypothesis predicts a corresponding 90˚ shift 462 

in the cell’s PFD.463 

We conducted two experiments to determine how HD cells shift their PFDs on adjacent and 464 

opposing vertical planes. The first experiment, which only tested PFD shifts across adjacent 465 

planes, required animals to first locomote from the start box across an inside 90˚ horizontal 466 

corner to the front face of the apparatus, then across an outside 90˚ vertical corner onto either the 467 

left or right vertical face (‘left’ or ‘right’ sessions), and finally across an outside 90˚ horizontal468 

corner to the top of the apparatus (start box  front face  left or right face  top) (Fig. 2B 469 

middle). We recorded 22 HD cells in 19 ‘left’ sessions and 23 HD cells in 17 ‘right’ sessions, 470 

amounting to 29 unique HD cells recorded across 36 ‘two-wall’ sessions (n = 11 rats). A V-test471 

revealed that the PFD shift between the start box and front face of the cube was significantly 472 
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concentrated around 0° (u = 8.26, n = 36, P < 0.001; mean shift: -2.29 ± 0.23°), replicating our 473 

results described above. However, movement from the front face across an outside 90˚ vertical 474 

corner to the left face of the cube resulted in a 77.81 ± 0.30° (CCW) PFD shift that was 475 

significantly concentrated around 90° (V-test, u = 5.76, n = 19, P < 0.001), while movement from 476 

the front face to the right face resulted in a -68.99 ± 0.35° (CW) shift that was concentrated 477 

around -90° (V-test, u = 5.10, n = 17, P < 0.001). These results agree with the dual-axis 478 

hypothesis, as the animal’s plane of locomotion rotated ±90˚ about the gravity vector during 479 

locomotion across the vertical corner and resulted in a corresponding ±90˚ shift in the PFDs of 480 

HD cells. Movement from the left face across a horizontal corner to the top of the cube resulted 481 

in a -80.28 ± 0.44° (CW) PFD shift that was concentrated around -90° (V-test, u = 5.48, n = 19, P482 

< 0.001), while movement from the right face to the top resulted in a 68.48 ± 0.26° shift that was 483 

concentrated around 90° (V-test, u = 5.25, n = 17, P < 0.001). These final shifts from the vertical 484 

side walls of the cube to the top surface realigned the PFDs with those of the start box (V-test, u485 

= 8.28, n = 36, P < 0.001; mean shift: -3.91 ± 0.21°), demonstrating that HD cell firing properties 486 

are commutative and can maintain global consistency (Fig. 4A-C). 487 

We repeated these experiments in darkness, including 10 HD cells in 6 ‘left’ sessions and 4 HD 488 

cells in 3 ‘right’ sessions, amounting to 14 unique HD cells recorded during 9 ‘two-wall’489 

sessions (n = 5 rats). A V-test revealed an approximately 0° PFD shift between start box and 490 

front face (u = 4.12, n = 9, P < 0.001; mean shift: 2.55 ± 0.24°) and between start box and top (u491 

= 2.76, n = 9, P < 0.01; mean shift: 3.12 ± 0.83°), but a 75.31 ± 0.36° (CCW) shift following 492 

movement from the front face to the left face of the cube that was concentrated around 90° (V-493 

test, u = 3.13, n = 6, P < 0.001). Subsequent movement from the left face to the top of the cube 494 

across a horizontal corner resulted in a -99.03 ± 0.35° (CW) shift that was concentrated around -495 
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90° (V-test, u = 3.21, n = 6, P < 0.001). During the three ‘right’ sessions, a -47.21 ± 0.46˚ (CW) 496 

shift was observed following movement from the front to the right face of the cube.  This shift, 497 

however, only approached significance for concentration near -90°, which would be expected 498 

from the dual-axis model (V-test, u = 1.97, n = 3, P = 0.05). This discrepancy could be due to 499 

either small sample size or potential PFD under-rotation in darkness. However, movement from 500 

the right face to the top resulted in a 100.59 ± 0.39° (CCW) PFD shift that was concentrated 501 

around 90° (V-test, u = 2.23, n = 3, P < 0.05; Fig. 4D-F). Thus, neither HD cell tuning in the 502 

animal’s current plane of locomotion nor its orientation with respect to the Earth’s reference 503 

frame require visual cues.  504 

It is possible that PFD shifts had more angular variance in the dark condition compared to the 505 

light. Testing for differences in shift concentration parameters between the two conditions, as 506 

with the one-wall sessions, only the shift between the start box and top of the cube showed 507 

significantly greater variance in the dark condition than in the light (F(8,35) = 2.22, P < 0.05; 508 

dark = 1.74, light = 22.29). It therefore seems likely that visual cues aid in stabilizing PFD shifts 509 

across horizontal and vertical corners, though correct shifts (according to the dual-axis rule) are 510 

generally preserved in their absence. 511 

The second experiment required animals to locomote on both adjacent and opposing faces of the 512 

cube apparatus. Animals first moved across an inside 90˚ horizontal corner from the start box to 513 

the front face of the apparatus, followed by movement across an outside 90˚ vertical corner to 514 

either the left or right vertical face (‘left first’ or ‘right first’ sessions). This route was followed 515 

by movement back across the same vertical corner to the front of the cube, then across the 516 

previously uncrossed outside 90˚ vertical corner to the unvisited (left or right) face of the cube, 517 

followed by movement across a final outside 90˚ horizontal corner to the top of the cube (start 518 
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box  front face  left or right face  front face  right or left face  top) (Fig. 2B right). 519 

This route allowed us to observe PFD shifts between adjacent vertical planes (e.g., front and left 520 

cube faces) as well as opposing planes (left and right cube faces), all of which required a rotation 521 

of the animal’s D-V axis about the gravity vector. 522 

Twelve HD cells were recorded across 8 sessions in the ‘left first’ condition, while 15 HD cells 523 

were recorded across 10 sessions in the ‘right first’ condition, resulting in 24 unique HD cells 524 

being recorded across 18 ‘three-wall’ sessions (n = 8 rats). As with previous results, a V-test 525 

showed that PFD shifts between the start box and the first visit to the front face of the cube (u =526 

5.78, n = 18, P < 0.001; mean shift: -3.42 ± 0.27°) were strongly concentrated around 0°. 527 

Movement across a vertical corner from the front to the left face of the cube resulted in a 91.68 ± 528 

0.36° (CCW) PFD shift that was strongly concentrated around 90° (V-test, u = 5.60, n = 18, P <529 

0.001), while movement from the front to the right vertical face resulted in a -80.16 ± 0.30° 530 

(CW) PFD shift relative to the start box that was concentrated around -90° (u = 5.65, n = 18, P <531 

0.001). As shown previously (Page et al. 2018) and predicted by the dual-axis model, HD cell 532 

PFDs during locomotion on the left and right (opposing) faces of the cube were offset by 533 

approximately 180˚ (V-test, u = 4.06, n = 18, P < 0.001; mean shift: 166.89 ± 0.78°). Movement 534 

from the left face across a horizontal corner to the top of the apparatus resulted in a -94.13 ± 535 

0.49° (CW) PFD shift that was concentrated around -90° (V-test, u = 3.93, n = 10, P < 0.001), 536 

while movement from the right face to the top was accompanied by a 76.92 ± 0.35° (CCW) PFD 537 

shift that was concentrated around 90° (V-test, u = 3.65, n = 8, P < 0.001). These shifts realigned 538 

the PFDs at the top of the cube with those in the start box (V-test, u = 5.90, n = 18, P < 0.001; 539 

mean shift: -4.48 ± 0.17°; Fig. 5). Thus, as with the two-wall sessions, the results of the three-540 

wall sessions demonstrated that HD cells respond to an animal’s head orientation relative to both 541 



 

 26 

the current plane of locomotion and the gravity vector, and their responses are commutative 542 

during 3D navigation. 543 

HD cell properties following passive movement across vertical and horizontal corners 544 

We next sought to determine whether the PFD shifts observed in HD cells following locomotion 545 

across vertical corners were dependent upon active locomotion. Observing HD cell firing 546 

properties during passive movement across 3D planes would help us to determine whether 547 

visual, vestibular, and proprioceptive cues alone could support accurate updating of the HD 548 

signal in the absence of motor cues. 549 

In the first passive experiment, the animal was allowed to actively locomote from the start box to 550 

the front face of the apparatus, after which it was moved by an experimenter across a 90° vertical 551 

corner to either the left or right vertical face (‘left’ or ‘right’ sessions). The animal was then 552 

required to actively locomote across the final horizontal corner to the top of the cube (start box 553 

 front face  left or right face  top). Twelve HD cells across 8 ‘left’ sessions and 18 HD 554 

cells across 11 ‘right’ sessions were recorded, resulting in a total of 21 unique HD cells recorded 555 

across 19 passive movement sessions (n = 5 rats). As in previous experiments, the PFD shifts 556 

between the start box and front face of the cube were strongly concentrated around 0° (V-test, u557 

= 6.02, n = 19, P < 0.001; mean shift: 1.84 ± 0.21°). Despite the lack of active locomotion across 558 

the vertical corner between the front and side faces, we observed an 80.74 ± 0.36° (CCW) PFD 559 

shift following passive movement of the animal from the front to the left face that was 560 

concentrated around 90° (V-test, u = 3.70, n = 8, P < 0.001), and a corresponding -75.63 ± 0.23° 561 

(CW) PFD shift following passive movement from the front to the right face that was 562 

concentrated around -90° (V-test, u = 4.42, n = 11, P < 0.001). These results suggest that active 563 

movement across a vertical corner is not necessary for appropriate updating of the HD signal, 564 
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and that non-motor (e.g. visual, optic flow, vestibular, and proprioceptive) cues are sufficient for 565 

this purpose. Movement from the left face to the top of the cube resulted in a -93.07 ± 0.41° 566 

(CCW) PFD shift that was concentrated around -90° (V-test, u = 3.66, n = 8, P < 0.001), while 567 

movement from the right face to the cube top was accompanied by a 77.69 ± 0.19° shift that was 568 

concentrated around 90° (V-test, u = 4.50, n = 11, P < 0.001), aligning the PFDs on the top of the 569 

cube with those from the start box (V-test, u = 6.02, n = 19, P < 0.001; mean shift: -2.03 ± 0.21°; 570 

Fig. 6A-C). 571 

In the second passive experiment, the animal was passively moved directly from the start box to 572 

either the left or right vertical face of the cube (‘left’ or ‘right’ sessions), after which it was 573 

allowed to actively move across a horizontal corner to the top of the apparatus (start box  left 574 

or right face  top). Thus, in order to correctly shift the PFDs of HD cells in accordance with a) 575 

the change in the animal’s plane of locomotion and b) the change in the animal’s D-V orientation 576 

with respect to the gravity vector, visual, vestibular, and proprioceptive cues would need to be 577 

used by the HD cells to accurately perceive movement across both a horizontal and a vertical 578 

corner without the help of motor cues. Thirteen HD cells were recorded across 9 ‘left’ trials, 579 

while 17 HD cells were recorded across 12 ‘right’ trials, resulting in a total of 20 unique HD 580 

cells recorded across 21 passive movement sessions (n = 5 rats). We observed a 96.51 ± 0.22° 581 

(CCW) shift following passive movement from the start box to the left vertical face of the 582 

apparatus that was concentrated around 90° (V-test, u = 4.12, n = 9, P < 0.001), and a -80.97 ± 583 

0.27° (CW) shift following passive movement from the start box to the right vertical face that 584 

was concentrated around -90° (V-test, u = 4.66, n = 12, P < 0.001). Movement from the left 585 

vertical face to the top of the cube resulted in a -100.28 ± 0.21° (CW) PFD shift that was 586 

concentrated around -90° (V-test, u = 4.08, n = 9, P < 0.001), while movement from the right 587 
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vertical face to the top resulted in a PFD shift of 77.61 ± 0.17° that was concentrated near 90° 588 

(V-test, u = 4.72, n = 12, P < 0.001). These shifts aligned the PFDs at the top of the apparatus 589 

with those in the start box (V-test, u = 6.38, n = 21, P < 0.001; mean shift: -3.59 ± 0.17°; Fig. 590 

6D-F). These results suggest that HD cells can correctly update their firing properties following 591 

passive movement simultaneously across a horizontal and vertical corner. 592 

The third passive experiment tested whether HD cells could correctly update their firing 593 

properties without explicit movement of the animal across planes of locomotion. Animals were 594 

first required to actively locomote from the floor to the front face of the apparatus, after which 595 

the apparatus was rotated 90˚ CW or CCW (‘leftward’ or ‘rightward’ rotation sessions, 596 

respectively), such that the animal’s plane of locomotion and D-V orientation relative to the 597 

gravity vector shifted by 90˚, while its physical placement on the cube remained unchanged (start 598 

box  front face  leftward or rightward rotation  top). Twelve HD cells were recorded 599 

across 9 ‘leftward’ rotation sessions, while 14 HD cells were recorded across 11 ‘rightward’600 

rotation sessions, resulting in 17 unique HD cells recorded across 20 passive rotation sessions (n601 

= 5 rats). As in previous experiments, we observed a 0° PFD shift between the start box and front 602 

face of the apparatus (V-test, u = 6.00, n = 20, P < 0.001; mean shift: 6.86 ± 0.30°). In contrast, 603 

there was a 56.88 ± 0.58° (CCW) PFD shift following CW rotation of the apparatus (such that 604 

the animal ended up on the ‘left’ side of the cube) that was concentrated near 90° (V-test, u =605 

2.97, n = 9, P < 0.01), and a -53.87 ± 0.26° (CW) PFD shift following CCW rotation that was 606 

concentrated near -90° (V-test, u = 3.66, n = 11, P < 0.01). While these shifts appeared smaller 607 

than those observed in previous vertical corner traversals (~55° vs.~ 80-90°; e.g. active or other 608 

passive movement sessions; see above), a one-way ANOVA showed that the absolute PFD shifts 609 

following vertical corner traversal were not significantly different across these manipulations 610 



 

 29 

(F(3, 180) = 1.11, P > 0.05). Movement from the ‘left’ vertical face to the cube top resulted in a -611 

76.84 ± 0.75° (CW) PFD shift that was concentrated around -90° (V-test, u = 2.98, n = 9, P <612 

0.01), while movement from the ‘right’ vertical face to the cube top was accompanied by a 51.27 613 

± 0.30° (CCW) shift that was concentrated near 90° (V-test, u = 3.49, n = 11, P < 0.001). Thus, 614 

these final shifts realigned the PFDs at the top of the cube with those in the start box (V-test, u =615 

6.08, n = 20, P < 0.001; mean shift: -6.06 ± 0.26°; Fig. 7). These results support the dual-axis 616 

model and demonstrate that HD cells are able to update their representations in response to shifts 617 

in the animal’s plane of locomotion and D-V orientation relative to the gravity vector without an 618 

explicit change in the animal’s location on the apparatus. In addition, there was no difference in 619 

concentration parameters for vertical corner traversals across the three passive conditions ( 2(2)620 

= 4.38, P > 0.05), indicating that traversals in the three conditions are processed similarly by the 621 

HD system. 622 

623 

HD cell properties following traversal of a 45˚ vertical corner624 

We next sought to investigate the response of HD cells to locomotion across an outside vertical 625 

corner that involved a traversal of 45° instead of the previously investigated 90˚ traversals. 626 

Because the animal’s dorsal-ventral axis rotates CCW by 45˚ in this condition with respect to the 627 

gravity vector, the dual-axis hypothesis predicts a corresponding 45˚ CW shift in the PFDs of 628 

HD cells, measured using a local reference frame. The rotational plane hypothesis would predict 629 

no change in the cells’ PFDs.630 

Animals (n = 4) were required to locomote from the floor onto the front vertical face of the cube, 631 

after which they moved rightward across a 45˚ vertical corner onto the right wall of the cube that 632 
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had been opened to a 45˚ angle (start box  front face  45° face) (Fig. 2A middle). We 633 

recorded 14 HD cells across 10 sessions using this procedure. While we observed an 634 

approximately 0° shift in HD cell PFDs between the start box and the front face of the apparatus 635 

(V-test, u = 4.24, P < 0.001; mean shift: 7.79 ± 0.29°), there was a -47.96 ± 0.35° (CW) PFD 636 

shift following movement from the front face across the 45˚ vertical corner that was concentrated 637 

around 45° (V-test, u = 4.19, P < 0.001; Fig. 8). HD cells therefore adjust their PFDs following 638 

locomotion across a 45° vertical corner in a manner consistent with the dual-axis rule.  639 

640 

HD cell properties following traversal of an inside vertical corner 641 

All of the vertical corners investigated thus far have been ‘outside’ corners, which are convex. 642 

Movement from the front vertical face of the cube apparatus to the left face across an outside 643 

corner, for example, led to a 90˚ CW rotation of the animal’s plane of locomotion (as viewed 644 

from above) about the gravity vector. If the animal instead moved to the left across an ‘inside’ or 645 

concave vertical corner, its plane of locomotion would rotate 90˚ in the CCW direction. Given 646 

this situation, movement across inside and outside vertical corners should result in opposite shifts 647 

in an HD cell’s PFD according to the dual-axis model because the animal’s dorsal-ventral axis is 648 

now rotating in the opposite direction around the gravity axis when traversing an inside vertical 649 

corner compared to traversing an outside vertical corner. 650 

To test this hypothesis, we first had animals (n = 4) locomote across a horizontal corner onto a 651 

new wall (referred to as the inside wall) that was placed perpendicular to the front vertical face 652 

of the cube apparatus, abutting its right edge to form a 90° inside corner (Fig. 2A, right). 653 

Movement from the start box onto the inside wall was not expected to lead to an apparent PFD 654 
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shift between the two surfaces because it only involved traversal of a horizontal corner. 655 

Following this traversal, the animal was required to move across the 90° inside corner from the 656 

inside wall to the front face of the apparatus, where we expected a 90° CW shift in the cell’s PFD657 

(within the reference frame of a video camera pointed at each of the vertical walls), according to 658 

the dual-axis model. From the front wall the animal then locomoted across an outside corner to 659 

the left vertical face and finally across a horizontal corner to the top of the apparatus (start box 660 

inside wall  front face  left face  top). We recorded 27 HD cells across 19 sessions 661 

using this procedure. PFD shifts between the start box and the inside wall were strongly 662 

concentrated around 0° (V-test, u = 5.92, n = 19, P < 0.001; mean shift: -7.87 ± 0.25°). 663 

Movement from the inside wall across an inside vertical corner to the front face of the apparatus 664 

resulted in a -82.73 ± 0.35° (CW) PFD shift that was concentrated around -90° (V-test, u = 5.75, 665 

n = 19, P < 0.001). This shift was the opposite of the 90° (CCW) PFD shift that could be 666 

expected from traversal of an outside vertical corner. Traversal of a second vertical corner onto 667 

the left face of the cube resulted in a 95.98 ± 0.38° (CCW) PFD shift that was concentrated 668 

around 90° (V-test, u = 5.68, n = 19, P < 0.001). Movement across a final outside horizontal 669 

corner to the top of the cube resulted in a PFD shift concentrated near 0° (V-test, u = 5.57, n =670 

19, P < 0.001; mean shift: -7.63 ± 0.42°). PFDs on top of the apparatus were similar to the PFDs 671 

from the start box (V-test, u = 5.97, n = 19, P < 0.001; mean shift: -2.13 ± 0.24°; Fig. 9A-B). 672 

Thus, HD cells shift their PFDs following traversal of inside vertical corners in a direction 673 

opposite of their shift following traversal of outside vertical corners. In addition, we found no 674 

differences in concentration parameters among PFD shifts following active locomotion across 675 

outside 90° corners, inside 90° corners, and the 45° corner in light conditions ( 2(2): 0.11, P >676 

0.05), indicating that the HD system processes all of these transitions similarly. 677 
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This experiment was also run in the dark to determine whether HD cell PFD shifts across an 678 

inside vertical corner are dependent upon visual cues. This involved 11 unique HD cells recorded 679 

across 9 sessions (n = 4 rats). As in the light session, there was an approximately 0° PFD shift 680 

between the start box and the inside wall (V-test, u = 4.15, n = 9, P < 0.001; mean shift: -2.65 ± 681 

0.20°). Subsequent movement across the inside vertical corner to the front face of the cube 682 

resulted in a -83.06 ± 0.33° (CW) PFD shift that was concentrated around -90° (V-test, u = 3.98, 683 

n = 9, P < 0.001). Movement across an outside vertical corner to the left face of the apparatus 684 

was accompanied by a 86.66 ± 0.25° (CCW) PFD shift that was concentrated around 90° (V-test,685 

u = 4.10, n = 9, P < 0.001), while traversal of the final horizontal corner to the top of the cube 686 

resulted in a -1.08 ± 0.28° (CW) PFD shift that was concentrated around 0° (V-test, u = 4.07, n =687 

9, P < 0.001). PFDs on top of the box were in alignment with the PFDs in the start box (V-test, u688 

= 4.20, n = 9, P <0.001; mean shift: 0.01 ± 0.14°; Fig. 9C-D). These results suggest that visual 689 

cues are not necessary for properly updating HD cell firing properties following traversal of an 690 

inside vertical corner. Unlike the one-wall and two-wall sessions, there was no significant 691 

difference in concentration parameters between light and dark conditions during any corner 692 

traversal, suggesting that HD cell responses during this experiment were robust to the absence of 693 

visual cues. 694 

695 

Influence of transition orientation on HD cell PFD shifts 696 

We next considered the impact of an animal’s orientation as it traverses a vertical corner. The 697 

rats in the current study tended to move across corners between adjacent vertical surfaces using 698 

one of two techniques: 1) pitching, or maintaining an Earth-horizontal orientation during the 699 

transition, and 2) rolling, or maintaining an Earth-vertical orientation during the transition. 700 
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Pitching across a corner would require the rats to tilt themselves forward onto the adjacent 701 

vertical surface, which should preferentially activate the superior semicircular canals. 702 

Alternately, rolling across a corner would require the rats to tilt themselves sideways (left for 703 

leftward movement and right for rightward movement), preferentially activating the posterior 704 

semicircular canals. Differences in HD PFD shifts following either pitch or roll transitions could 705 

suggest that one set of canals is better equipped to detect the traversal of horizontal corners. To 706 

address this question, we compared absolute PFD shifts across all active 90° vertical corner 707 

traversals according to whether the traversal was accomplished by pitching or rolling. While 708 

animals sometimes used combinations of pitch and roll during their corner traversals, one was 709 

usually dominant, and as such a ‘pitch’ or ‘roll’ designation could be assigned to 121 separate 710 

corner traversals. Of these, 96 were pitch transitions (mean absolute PFD shift: 85.70 ± 21.32°) 711 

and 25 were roll transitions (mean absolute PFD shift: 77.29 ± 19.12°). There was no significant 712 

difference in absolute PFD shifts between the two types of transitions (Welch’s t-test, t(119) = 713 

1.88, P > 0.05), suggesting that both sets of semicircular canals are equally capable of processing 714 

vertical corner traversals. 715 

716 

Individual differences among animals 717 

One rat (PO3) consistently showed HD cell PFD shifts that were not aligned with those of the 718 

other 16 animals, with no straightforward way to relate the properties of this animal’s HD cells 719 

to either the dual-axis or rotational plane hypotheses. One major inconsistency is that, while 720 

there was never a significant PFD shift for this rat’s HD cells between the start box and the front 721 

face of the cube (one-wall sessions (n = 7), mean shift: -22.38 ± 0.29°, r = 0.96; 2 wall sessions 722 

(n = 8), mean shift: -13.88 ± 0.20°, r = 0.98; 3 wall sessions (n = 3), mean shift: -5.30 ± 0.06°, r723 
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= 1.00; two-wall passive sessions (n = 5), mean shift: -5.68 ± 0.21°, r = 0.98; two-wall rotation 724 

sessions (n = 5), mean shift: -14.28 ± 0.29°, r = 0.96), a shift always occurred following traversal 725 

of the final horizontal corner onto the top of the cube that caused the PFDs on top of the cube to 726 

be rotated approximately -90° (CW) relative to the PFDs in the start box (one-wall sessions (n =727 

7), mean shift: -70.56 ± 0.64°, r = 0.80; two-wall sessions (n = 8), mean shift: -80.38 ± 0.22°, r =728 

0.98; three wall sessions (n = 3), mean shift: -82.68 ± 0.19°, r = 0.98; two-wall passive sessions 729 

(n = 5), mean shift: -84.65 ± 0.27°, r = 0.96; two-wall rotation sessions (n = 5), mean shift: -730 

78.43 ± 0.25°, r = 0.97; box-to-wall passive sessions (n = 4), mean shift: -74.54 ± 0.11°, r =731 

0.99). These responses suggest that the animal was misoriented when it was on the cube top 732 

compared to when it was in the start box. In addition, for this same rat, movement across a 90° 733 

vertical corner to the left consistently led to substantial under-rotation (i.e. CCW shifts < 90°) of 734 

the HD cells’ PFDs (two-wall left sessions (n = 4), mean shift: 33.61 ± 0.24°, r = 0.97; three wall 735 

sessions (n = 3), mean shift: 35.70 ± 0.16°, r = 0.99; two-wall passive left sessions (n = 2), mean 736 

shift: 39.62 ± 0.04°, r = 1.00; two-wall leftward rotation sessions (n = 2), mean shift: 11.48 ± 737 

0.11°, r = 0.99; box-to-wall passive left sessions (n = 2), mean shift: 31.74 ± 0.22°, r = 0.98), 738 

while movement across a 90° vertical corner to the right generally led to an over-rotation (i.e. 739 

CW shifts > 90°) of the HD cells’ PFDs (two-wall right sessions (n = 4), mean shift: -99.38 ± 740 

0.41°, r = 0.92; three wall sessions (n = 3), mean shift: -106.43 ± 0.10°, r = 0.99; two-wall 741 

passive right sessions (n = 3), mean shift: -128.35 ± 0.17°, r = 0.98; two-wall rightward rotation 742 

sessions (n = 2), mean shift: -82.47 ± 0.28°, r = 0.96; box-to-wall passive right sessions (n = 2), 743 

mean shift: -114.00 ± 0.02°, r = 1.00). Overall, there seems to have been over-rotation during 744 

CW rotations and under-rotation during CCW rotations, in addition to the aberrant 90° CW PFD 745 
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shift on the top surface of the cube, none of which is readily explained by either model of HD 746 

cell firing. 747 

HD cells from other animals generally followed the dual-axis hypothesis across all corner 748 

traversals, though there were occasionally aberrant shifts, particularly in the dark. For example, 749 

in the one-wall dark sessions, 3 cells displayed PFD shifts > 45° between the start box and top of 750 

the cube (Fig. 3D). These same 3 cells showed similar > 45° PFD shifts between the start box 751 

and top of the cube in two-wall sessions in the dark (Fig. 4F). Importantly, these cells did not 752 

shift their PFDs between the start box and the top of the cube during either one-wall or two-wall 753 

sessions under light conditions (Fig. 3B, 4C), suggesting that the lack of visual cues during dark 754 

sessions caused these animals to become misoriented upon reaching the top of the cube and that, 755 

at least in some cases, visual cues are important for correctly integrating horizontal and vertical 756 

rotations of an animal’s plane of locomotion during traversal of 3D paths.757 

758 

Additional HD cell properties 759 

We next asked how other HD cell firing properties are influenced by navigation in 3D, focusing 760 

on three major questions: 1) Do HD cells show different firing properties on vertical and 761 

horizontal surfaces (i.e. tilt tuning); 2) Do HD cells show different firing properties on vertical 762 

surfaces oriented differently in the Earth-horizontal plane (i.e. left vs. right vs. front wall); and 3) 763 

Do HD cells show different firing properties on horizontal surfaces at different elevations (i.e. 764 

start box vs. top of cube). We analyzed four separate firing properties of HD cells to address 765 

these issues: 1) peak firing rate (PFR), or the firing rate of the HD cell at its PFD; 2) directional 766 

firing range, or the angular range over which the cell’s firing rate was elevated above its 767 
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background firing rate; 3) background firing rate, or the HD cell’s firing rate outside of its 768 

directional firing range; and 4) mean vector length, a measure of the HD cell’s tuning strength. 769 

We compared each of these firing properties across the start box, front wall, left wall, right wall, 770 

top of the apparatus, and final start box recordings, only including cells recorded on all 6 771 

surfaces under light conditions so that paired comparisons could be made. This analysis included 772 

26 unique HD cells and is summarized in Figure 10. Because each HD cell could be recorded 773 

multiple times on each surface, we took the average value of each firing property for each 774 

surface, such that each cell had only one value (e.g. one PFR) for each surface. 775 

A repeated-measures ANOVA demonstrated that PFRs differed across planes of locomotion 776 

(F(5, 125) = 5.10, P < 0.01). Importantly, however, post-hoc analyses revealed no differences in 777 

PFR between the start box and any of the vertical faces (Fig. 10A). In contrast, there was a 778 

significant decrease in PFR on the top of the cube (mean PFR: 30.28 ± 14.52 spikes/s) compared 779 

to the start box (paired t-test, t(25) = -6.83, P < 0.001, d = -0.61; mean start box PFR: 40.69 ± 780 

19.24 spikes/s), the front vertical face of the cube (paired t-test, t(25) = -7.30, P < 0.001, d = -781 

0.71; mean front PFR: 43.30 ± 21.65 spikes/s), and the right vertical face (paired t-test, t(25) = -782 

4.20, P < 0.01, d = -0.47; mean right PFR: 38.86 ± 21.15 spikes/s). There was not a significant 783 

difference between the left face of the cube (mean left PFR: 35.43 ± 22.66 spikes/s) and the top. 784 

Importantly, PFRs increased relative to the top of the cube when the animals were placed back 785 

into the start box for a final recording session (paired t-test, t(25) = 3.31, P < 0.05, d = 0.58; 786 

mean final box PFR: 41.12 ± 22.43 spikes/s), and there was no significant difference in PFRs 787 

between the start box and final box sessions (paired t-test, t(25) = -0.14, P > 0.05), suggesting 788 

that the reduced firing rates on top of the cube were not due to reduced cell isolation over time. 789 

24 of 26 cells showed reduced PFRs on top of the cube compared to the initial start box session, 790 
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with PFRs for all cells decreasing by 24.79 ± 14.63%. Overall, these differences suggest that, 791 

while HD cells tend to show consistent PFRs from a low horizontal plane to several vertical 792 

planes, they decrease their PFRs during locomotion on an elevated horizontal plane. 793 

Similar results were found regarding directional firing range (Fig. 10B), with a repeated-794 

measures ANOVA showing a significant difference across planes (F(5, 125) = 9.22, P < 0.001). 795 

Post-hoc analyses revealed no difference between the start box and vertical faces, or among the 796 

vertical faces themselves. However, there was a significant increase in directional firing range on 797 

top of the apparatus (mean firing range: 120.03 ± 29.29°) compared to the start box (paired t-test, 798 

t(25) = 5.46, P < 0.001, d = 1.02; mean start box firing range: 93.65 ± 21.30°), the front vertical 799 

face of the cube (paired t-test, t(25) = 3.43, P < 0.05, d = 0.96; mean front firing range: 94.78 ± 800 

22.10°), and the right vertical face (paired t-test, t(25) = 5.31, P < 0.001, d = 1.25; mean right 801 

firing range: 85.93 ± 24.09°). There was not a significant difference between the left face (mean 802 

firing range: 103.75 ± 29.54°) and the top of the cube. Firing ranges narrowed in the final box 803 

session compared to the top (paired t-test, t(25) = 4.28, P < 0.01, d = 0.86; mean final box firing 804 

range: 95.40 ± 26.88°) and were not different from those in the initial start box session (paired t-805 

test, t(25) = 0.536, P > 0.05). 22 of 26 cells showed increased firing ranges on the top compared 806 

to the initial start box session. Overall, these data suggest that HD cell directional firing ranges 807 

were widened on top of the apparatus compared to the lower start box and the vertical cube 808 

faces. This result may explain the reduced PFR on the cube top if the cells were firing over a 809 

wider range of HDs. Further, the combination of a wider directional firing range with a decrease 810 

in PFR on top of the cube suggests that there could be weaker tuning (and therefore lower mean 811 

vector lengths) on top of the cube compared to the other planes of locomotion. In agreement with 812 

this, a repeated-measures ANOVA revealed significant differences in mean vector length among 813 
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the planes of locomotion (F(5, 125) = 2.69, P < 0.05; Fig. 10C). However, mean vector lengths 814 

were only found to be decreased on top of the cube (mean vector length: 0.67 ± 0.09) compared 815 

to the start box (paired t-test, t(25) = -3.67, P < 0.05, d = 0.42; start box mean vector length: 0.71 816 

± 0.11). A repeated-measures ANOVA also suggested that background firing rates differed 817 

across planes (F(5, 125) = 3.46, P < 0.05), but post-hoc testing revealed no significant pairwise 818 

differences (Fig. 10D). 819 

Similar results were found for dark sessions. Because there were few HD cells recorded on all 820 

surfaces in darkness, and because final box sessions were only recorded under light conditions, 821 

we limited the dark analyses to comparing the firing properties among the start box, pooled 822 

vertical surfaces, and the top of the cube. This analysis used data from 26 separate HD cells. As 823 

with light conditions, a repeated-measures ANOVA showed a significant difference in PFR 824 

among the different surfaces (F(2,50) = 12.06, P < 0.001; Fig. 10E). Post-hoc analyses revealed 825 

no difference between the start box and vertical surfaces, but PFRs were significantly decreased 826 

on the cube top compared to the start box (paired t-test, t(25) = 3.16, P < 0.05, d = 0.37; mean 827 

start box PFR: 44.02 ± 28.71 spikes/s; mean cube top PFR: 34.94 ± 19.63 spikes/s), as well as 828 

the vertical faces (paired t-test, t(25) = 4.21, P < 0.001, d = 0.51; mean vertical PFR: 47.19 ± 829 

27.32 spikes/s). Differences were also found for directional firing range (repeated-measures 830 

ANOVA, F(2,50) = 4.21, P < 0.05), although the firing range was only widened on top of the 831 

cube compared to the start box (paired t-test, t(25) = -3.56, P < 0.01, d = -0.68; mean start box 832 

firing range: 102.10 ± 20.31°; mean top firing range: 120.42 ± 32.67°) but not the vertical faces 833 

(mean vertical firing range: 104.08 ± 36.93°; Fig. 10F). Differences were also found regarding 834 

mean vector length (repeated-measures ANOVA, F(2,50) = 8.30, P < 0.001), with a decrease on 835 

top of the cube compared to the start box (paired t-test, t(25) = 3.78, P < 0.01, d = 0.52; start box 836 
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mean vector length: 0.72 ± 0.15; cube top mean vector length: 0.65 ± 0.11) as well as the vertical 837 

surfaces (paired t-test, t(25) = 3.67, P < 0.01, d = 0.52; vertical mean vector length: 0.72 ± 0.15), 838 

but with no difference between the start box and vertical surfaces (Fig. 10G). No significant 839 

differences were found among the different surfaces in terms of background firing rate (Fig. 840 

10H). These results are generally consistent with those found under light conditions, suggesting 841 

that the observed differences were not a result of different visual stimuli available on top of the 842 

cube compared to the other surfaces. 843 

844 

Discussion845 

The results of our study provide strong evidence for the dual-axis model of HD cell firing (Page 846 

et al., 2018), such that HD cells shift their PFDs in response to both a) azimuthal changes in the 847 

animal’s plane of locomotion (egocentric yaw rotations) and b) changes in the orientation of the 848 

animal’s D-V axis relative to the gravity vector. While locomotion across a horizontal corner 849 

results in HD cell firing that could appear to depend upon egocentric yaw rotations only (i.e. the 850 

rotational plane hypothesis), movement across a vertical corner results in a PFD shift that 851 

unambiguously depends upon the animal’s orientation with respect to gravity. On a cuboidal 852 

apparatus with 90° vertical corners, locomotion between adjacent (perpendicular) walls results in 853 

a corresponding 90° shift in the PFDs of HD cells (in a local reference frame), while an 180˚854 

difference in PFDs can be observed during locomotion on opposite vertical faces. These shifts 855 

can also be observed during locomotion in darkness, suggesting that visual cues are not 856 

necessary for updating the HD cell representation of the animal’s orientation in Earth azimuth. 857 

Motor information is also not required, as passive movement across vertical and horizontal 858 
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corners, as well as rotation of the entire local environment, still result in an appropriate shift in 859 

HD cell PFDs according to the animal’s orientation in the Earth-horizontal plane. Locomotion 860 

across an inside vertical corner and a 45° vertical corner both resulted in predictable PFD shifts 861 

that can be explained by the dual-axis model. 862 

Dual-axis vs. rotational plane models: local and global reference frames 863 

The current study adds to previous investigations of HD cell firing in 3D (Stackman et al. 2000, 864 

Calton et al. 2005, Taube et al. 2013, Page et al. 2018) by demonstrating how HD cells update 865 

their PFDs during active locomotion across multiple adjacent horizontal and vertical planes, 866 

particularly traversal of vertical corners. The PFD shift observed following vertical corner 867 

traversal corresponded directly to a rotation of the animal’s D-V axis about the gravity vector, 868 

suggesting that HD cells respond not only to yaw rotations within the local plane of locomotion, 869 

but also keep track of the animal’s orientation relative to the global gravity signal. HD cells 870 

therefore reference both local and global reference frames in establishing and shifting their 871 

directional representations, providing support for the dual-axis model as opposed to the 872 

rotational plane hypothesis. The dual-axis model accurately predicted PFD shifts across all types 873 

of vertical corner traversals, including active locomotion across 90° outside corners, 90° inside 874 

corners, and 45° outside corners, as well as multiple types of passive movement across 90° 875 

outside corners. The rotational plane hypothesis would not have predicted any PFD shifts 876 

following these traversals, and therefore does not accurately fit the results of this study. These 877 

shifts were not purely visually-driven, as locomotion in the dark resulted in comparable PFD 878 

shifts to locomotion in the light, and they were not fully reliant upon motor cues, as passive 879 

movement across both vertical and horizontal corners (as well as rotation of the entire cube 880 
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apparatus) resulted in similar PFD shifts. These findings point to a vestibular, as well as 881 

proprioceptive, basis for computing an animal’s current orientation in the Earth-horizontal plane.  882 

It remains an open question exactly how or where these computations take place in the rat brain, 883 

although cells tuned to an animal’s orientation relative to the gravity vector have been described 884 

in the primate cerebellum (Yakusheva et al. 2007, Laurens et al. 2013) and anterior thalamus 885 

(Laurens et al. 2016), while tilt-tuning has been observed among cells in the bat presubiculum 886 

(Finkelstein et al. 2015) and possibly the mouse anterior thalamus, retrosplenial cortex, and 887 

cingulum bundle (Angelaki et al. 2019). Tilt-tuning in the latter three studies was restricted 888 

mostly to pitch, with few roll-modulated neurons observed. Some pitch tuning has also been 889 

observed in the rat lateral mammillary nucleus (LMN; Stackman and Taube 1998), which is 890 

thought to convey vestibular signals to the ADN that are necessary for maintenance of the HD 891 

signal (Blair et al. 1998; Bassett et al., 2007). However, it seems unlikely that the ADN HD cells 892 

recorded in our study possessed tuning to tilt, as their firing rates were similar during locomotion 893 

on the vertical walls compared to the start box. This invariant nature of peak firing rates across 894 

the different surfaces stands in contrast to findings in mice ADN HD cells, which argued for tilt-895 

modulated firing (Angelaki et al., 2019). While the current study focused on HD cell responses 896 

during locomotion on horizontal and vertically oriented planar surfaces, further experiments will 897 

be necessary to elucidate the firing properties of HD cells during movement through volumetric 898 

space, as recently investigated in hippocampal place cells (Grieves et al., 2020). 899 

900 

Vestibular processing of 3D orientation 901 
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Based on the dual-axis rule, cells shift their PFDs when traversing vertical corners, but not 902 

horizontal corners.  How does the brain determine whether an animal is traversing a horizontal or 903 

vertical corner? The yaw-based (local plane) HD signal is thought to rely upon the activity of 904 

hair cells in the horizontal semicircular canals, which are particularly sensitive to yaw rotations 905 

regardless of an animal’s orientation in 3D space. However, changes in orientation relative to the 906 

gravity vector are thought to be detected either directly through inputs from the otolith organs 907 

(Angelaki 1992), through a combination of otolith and semicircular canal signals (Angelaki et al. 908 

1999), or through a full internally generated model of orientation in 3D space that integrates 909 

multiple self-motion cues (Laurens et al. 2011). The use of otolith signals alone would seem to 910 

introduce ambiguities during vertical corner traversal in the current study, as the orientations of 911 

the otolith organs with respect to the gravity vector should not change as the animal moves 912 

between differently oriented Earth-vertical planes (Fig. 11A). It has been demonstrated in 913 

macaques that semicircular canal activity can be used to correct for similar otolith ambiguities 914 

(Angelaki et al. 1999). Applied to the current study, if an animal pitches across the vertical 915 

corner to the adjacent wall, hair cells in the superior semicircular canals are primarily activated, 916 

while rolling across the vertical corner would cause activation primarily in the posterior 917 

semicircular canals (Blanks and Torigoe, 1989). In both cases there is no accompanying change 918 

in the otolith signal. Non-yaw rotation at an angle oblique to pure pitch or roll will cause a 919 

unique combination of activation in these canals. Thus, while pure otolith signals might be 920 

ambiguous during movement across vertical corners, inputs from the semicircular canals might 921 

help to resolve the confusion and correctly update the HD cell system. In contrast, movement 922 

across a horizontal corner should cause simultaneous changes in both otolith and canal signals 923 

that are unambiguous (Fig. 11B).  This difference in whether an activated canal signal is 924 
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accompanied by a change in the otolith signal (in the case of traversing horizontal corners, but 925 

not vertical corners) would aid in distinguishing the corner type the animal is traversing (vertical 926 

vs. horizontal).  In the situation where the animal is inverted (Fig. 11C), both otoliths are 927 

inverted and together generate a much different signal than when the animal is upright or goes 928 

around corners.  This condition may account for the findings that the HD signal loses its 929 

direction-specific firing when the animal is inverted (Calton and Taube, 2005, Gibson et al., 930 

2013).931 

932 

Commutativity of HD cell responses 933 

A major issue addressed by this study is that of commutativity in HD cell properties. Rotations in 934 

three dimensions are not commutative, e.g. a pitch, roll, and yaw rotation in a certain sequence 935 

will produce a different final orientation if that sequence is reordered (Tweed et al. 1999, Jeffery 936 

et al. 2015). Likewise, a rat’s movement from the floor to the top of the cube apparatus, 937 

assuming no yaw rotations during locomotion, will result in the rat being at different orientations 938 

in the Earth-horizontal plane at the top of the cube depending on the route it took to the top. For 939 

example, the blue route in Fig. 1C-D would result in the animal looking north at the top of the 940 

cube, while the white route would result in the animal looking west. If HD cells followed the 941 

same rules as 3D rotations do in physical space (i.e., if HD cells rotated their PFDs along with 942 

the plane of locomotion and did not maintain a reference to Earth azimuth), then they would 943 

have different PFDs at the top of the cube depending on the animal’s route. Thus, HD cell PFDs944 

would be globally inconsistent. If this were the case, HD cells could do one of two things upon 945 

reaching the top of the cube from different trajectories: 1) maintain their shifted PFDs and ignore 946 

their original Earth-horizontal orientation preferences, or 2) ‘snap’ back to their original PFDs 947 
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relative to the gravity vector. The first explanation seems unlikely as it would cause 948 

inconsistencies in the HD system and potentially be detrimental to navigation in the global 949 

environment (e.g. the animal might think it is rotated 90˚ from its actual orientation). The second 950 

explanation also seems unlikely, as a continuous attractor like the one thought to generate the 951 

HD signal (Skaggs et al., 1995; Redish et al., 1996; Zhang, 1995) is not well-equipped for 952 

sudden jumps. A dual-axis explanation is attractive because it solves both problems, keeping the 953 

HD signal globally consistent and commutative while avoiding sudden jumps in the attractor. 954 

Our results demonstrate that maintaining a constant reference to gravity ensures that the HD 955 

signal is commutative during 3D navigation. 956 

957 

Passive movement 958 

One area where our results differ from previous studies is in the passive movement paradigm. 959 

The current study demonstrated that passive movement from the start box to a side wall of the 960 

cube, passive movement from the front wall to the side wall of the cube, or rotation of the entire 961 

cube 90˚ about the gravity axis all caused a corresponding 90˚ shift in HD cell PFDs that kept 962 

their responses anchored to the Earth-horizontal plane. In contrast, in the previously discussed 963 

Taube et al. 2013 study, passive movement of the animal onto a vertical wall resulted in HD cells 964 

adopting a local reference frame (the vertical platform itself) regardless of the position of the 965 

wall in the room. For example, a cell that fired preferentially on the wall when the animal looked 966 

‘up’ would always fire ‘up’ when the animal was passively placed onto the wall, even if the wall 967 

was moved to the opposite side of the room and rotated 180° about the gravity vector, essentially 968 

ignoring this rotation. This response suggests a potential cognitive or task-related component to 969 

the use of local or global reference frames by HD cells. Differences in the training protocols 970 
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between these two studies may contribute to which reference frame was utilized. In this case, the 971 

task at hand or salient features of the local environment, such as geometric, tactile, or visual cues 972 

associated with the vertical platform, over-rode information derived from the internally-based 973 

system in order to update HD cell representations. The results of the current study contrast with 974 

these previous results as a dual-axis updating rule was always used by the animals’ HD cells, 975 

regardless of active or passive movement across corners.976 

Summary977 

Overall, this study demonstrates that HD cells maintain a constant reference to both gravity and 978 

the current plane of locomotion in determining their PFDs. Remaining anchored to gravity 979 

allows HD cells to maintain global consistency and commutativity in their representations, while 980 

responding to egocentric yaw rotations allows them to provide navigationally relevant directional 981 

information in situations where an animal’s orientation in the Earth-horizontal plane is less 982 

useful (i.e., locomotion on an Earth-vertical plane). Vestibular and proprioceptive cues are likely 983 

to drive these computations, though the precise neural underpinnings of these interactions remain 984 

to be elucidated. Nonetheless, it is clear that the gravity vector plays a critical role in shaping a 985 

cell’s PFD and that the dual-axis model accounts for how HD cell PFDs respond in 3D.  This 986 

process equips the head direction system to support complex 3D navigation. Finally, the 987 

invariant nature of peak firing rates across the different surfaces indicates that it is unlikely that 988 

tilt orientation modulates the firing rates of ADN HD cells. 989 

990 
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Figure Legends 1068 

Figure 1. A) Rotational plane hypothesis.  Central figure shows x-y coordinate system on floor 1069 

and how it rotates (yellow arrows) onto the different walls.  Red arrow on floor shows a 1070 

hypothetical cell tuned towards the east wall (0°) and how its PFD is oriented on each wall. B)1071 

Dual-axis model.  Top: Orientation of a cell’s PFD tuned to ‘up’ on the south wall and its1072 

orientation on the west and east walls and on the top surface. Bottom: View of each wall looking 1073 

directly at it. Note that the cell’s PFD rotates CW when the animal traverses a vertical corner to 1074 

the right and rotates 90° CCW when traversing a vertical corner to the left.  Thus, the cell’s 1075 

PFDs are 180° opposite as viewed directly looking at the wall. C, D) Routes from the floor to the 1076 

top surface on the cube.  Dual-axis model (C) and rotational plane model (D) predictions based 1077 

on direct (one-wall) or indirect (two-wall) routes.  See text for details. 1078 

1079 

Figure 2.  Experimental apparatus and configurations. A) Left: Wooden cube apparatus with 1080 

elevated start box leading to front vertical wall. Middle: Configuration of apparatus used for 1081 

testing a 45° outside vertical corner.  Right: Configuration of apparatus used for traversal of an 1082 

inside vertical corner.  Route follows numerical order from 1 to 5.  B) Different routes for 1-wall, 1083 

2-wall, and 3-wall paradigms.  The 3-wall paradigm involved travel along 4 walls between the 1084 

start box and the cube top – first from the front wall to one of the adjacent walls, followed by a 1085 

return to the front wall, and then travel to the other adjacent wall.  For clarity start box is shown 1086 

positioned on the floor, but in fact it was elevated as shown in A. C) Left: Coordinate system 1087 

used for each of the surfaces for all sessions except for the session involving an inside vertical 1088 

corner. Right: Coordinate systems used for the session involving an inside vertical corner. 1089 
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1090 

Figure 3.  One-wall sessions. A) Head direction tuning curves for a representative HD cell 1091 

recorded during a one-wall session (front wall) in light conditions. Head direction is measured 1092 

relative to the cell’s PFD in the start box. B) A polar dot plot showing PFD shifts between 1093 

relevant planes of locomotion for all one-wall sessions recorded in light conditions. Each dot 1094 

represents one recording session. C-D) Same as A-B but for recording sessions in darkness. For 1095 

clarity, the box depicted in the schematic of the apparatus is shown without walls and not 1096 

elevated here and in Figures 4-5. 1097 

1098 

Figure 4.  Two-wall sessions. A) Head direction tuning curves for a representative HD cell 1099 

recorded during a two-wall session (front and adjacent walls) in light conditions where the 1100 

animal moved onto the right face of the cube apparatus before moving to the top. Head direction 1101 

is measured relative to the cell’s PFD in the start box. B) Same as A but for a session where the 1102 

animal moved onto the left face of the cube apparatus before moving to the top. C) A polar dot 1103 

plot showing PFD shifts between relevant planes of locomotion for all two-wall sessions 1104 

recorded in light conditions. Each dot represents one recording session. D-F) Same as A-C but 1105 

for recording sessions in darkness. Note that the cells’ PFDs shifted ~90° CW for rightward 1106 

outside vertical corners and ~90° CCW for leftward outside vertical corners. 1107 

1108 

Figure 5.  Three-wall sessions. A) Head direction tuning curves for a representative HD cell 1109 

recorded during a three-wall session in light conditions where the animal moved onto the right 1110 

face of the cube apparatus before the left face. Head direction is measured relative to the cell’s 1111 
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PFD in the start box. B) Same as A but for a session where the animal first moved onto the left 1112 

face of the cube apparatus before the right face. C) A polar dot plot showing PFD shifts between 1113 

relevant planes of locomotion for all three wall sessions recorded in light conditions. Each dot 1114 

represents one recording session. Note that the cells’ PFDs shifted ~90° CW for rightward 1115 

outside vertical corners and ~90° CCW for leftward outside vertical corners. 1116 

1117 

Figure 6.   Two-wall and box-to-wall passive sessions. A) Head direction tuning curves for a 1118 

representative HD cell recorded during a two-wall passive session in light conditions where the 1119 

animal was passively moved from the front to the right face of the cube. Head direction is 1120 

measured relative to the cell’s PFD in the start box. B) Same as A but for a session where the 1121 

animal was passively moved from the front onto the left face of the cube apparatus. C) A polar 1122 

dot plot showing PFD shifts between relevant planes of locomotion for all two-wall passive 1123 

sessions recorded in light conditions. Each dot represents one recording session.  Note that the 1124 

cells’ PFDs shifted ~90° CW for rightward passive movements around the vertical corner and 1125 

~90° CCW for leftward passive movements around the vertical corner. D) Head direction tuning 1126 

curves for a representative HD cell recorded during a box-to-wall passive session in light 1127 

conditions where the animal was passively moved from the start box to the right face of the cube. 1128 

Head direction is measured relative to the cell’s PFD in the start box. E) Same as D but for a 1129 

session where the animal was passively moved onto the left face of the cube apparatus. F) A 1130 

polar dot plot showing PFD shifts between relevant planes of locomotion for all box-to-wall 1131 

passive sessions recorded in light conditions. Each dot represents one recording session. 1132 

1133 



 

 52 

Figure 7.  Two-wall rotation sessions. A) Head direction tuning curves for a representative HD 1134 

cell recorded during a two-wall rotation session in light conditions where the apparatus was 1135 

rotated to the right. Head direction is measured relative to the cell’s PFD in the start box. B)1136 

Same as A but for a session where the apparatus was rotated to the left. C) A polar dot plot 1137 

showing PFD shifts between relevant planes of locomotion for all two-wall rotation sessions 1138 

recorded in light conditions. Each dot represents one recording session.  Note that the cells’ 1139 

PFDs generally shifted ~90° CW or CCW for rightward and leftward cube rotations, 1140 

respectively. 1141 

1142 

Figure 8.  45° open wall sessions. A) Head direction tuning curves for a representative HD cell 1143 

recorded during an open wall session in light conditions. Head direction is measured relative to 1144 

the cell’s PFD in the start box. B) A polar dot plot showing PFD shifts between relevant planes 1145 

of locomotion for all open wall sessions recorded in light conditions. Each dot represents one 1146 

recording session. Note that the cells’ PFDs shifted ~45° CCW for leftward outside 45° vertical 1147 

corners.1148 

1149 

Figure 9.  Inside corner sessions. A) Head direction tuning curves for a representative HD cell 1150 

recorded during an inside corner session in light conditions. Head direction is measured relative 1151 

to the cell’s PFD in the start box. B) A polar dot plot showing PFD shifts between relevant 1152 

planes of locomotion for all inside corner sessions recorded in light conditions. Each dot 1153 

represents one recording session. C-D) Same as A and B but for recording sessions in darkness.  1154 
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Note that the cells’ PFDs shifted ~90° CCW for rightward inside vertical corners and ~90° CW 1155 

for leftward inside vertical corners. 1156 

1157 

Figure 10.   Additional firing properties of HD cells during 3D locomotion. A) Bar plot and 1158 

individual cell plots showing peak firing rates for HD cells recorded during locomotion on 1159 

horizontal and vertical planes under light conditions. Values were generally lower on the top of 1160 

the cube apparatus compared to the other surfaces. B) Same as A but for directional firing range. 1161 

Tuning ranges were generally wider on the top of the cube compared to the other surfaces. C) 1162 

Same as A but for mean vector lengths. Mean vector lengths were higher in the start box than the 1163 

top of the cube. D) Same as A but for background firing rate. E-H) Same as A-D but in dark 1164 

sessions. *** = p < 0.001; ** = p < 0.01; * = p < 0.05.1165 

1166 

Figure 11. Distinguishing horizontal vs. vertical corners. A) Upright position showing 1167 

orientations of utricle, saccule, and semicircular canals.  B) Traversing vertical corners. Left. Rat 1168 

is shown in an upright position with associated orientations for the utricle and saccule.  Middle1169 

and Right. Rat traversing vertical corner from pitch (middle) or roll (right) orientations. In the 1170 

former condition only, primarily the superior semicircular canal is activated, while in the latter 1171 

condition primarily the posterior semicircular canal is activated when traversing the corner.  In 1172 

both conditions, there is no change in the orientation of either the utricle or saccule. C)1173 

Traversing horizontal corners. When traversing the corner from a pitch orientation (left) the 1174 

posterior canal is activated, while traversing the corner from the roll orientation (right) activates 1175 

the superior canal. Note that in contrast to traversing vertical corners, in both situations the canal 1176 
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activation is accompanied by a change in otolith orientation. D) Inverted condition. In this 1177 

situation the orientation of both the utricle and the saccule are changed compared to the upright 1178 

orientation. The precise orientation of the otoliths depends on whether the rat pitched or rolled 1179 

into the inverted orientation.  However, for both situations, not only does the utricle become 1180 

inverted, but the orientation of the saccule is also reversed - in the upright position, gravity 1181 

would pull the blue hair cell cilia toward the red hair cell, while in the inverted condition gravity 1182 

would pull the red hair cell cilia toward the blue hair cell. 1183 

1184 
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Table 1.  1185 

Firing properties of all recorded HD cells in the start box1186 

Mean SEM Range

Peak Firing Rate (spikes/s) 36.64 2.32 4.86 – 103.06 

Background Firing Rate (spikes/s) 1.70 0.17 0.049 – 8.07 

Directional Firing Range (degrees) 95.90 2.86 53.12 – 181.96 

Mean vector length 0.72 0.015 0.44 – 0.95 
























