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While the brain has evolved robust mechanisms to counter spatial disorientation, their neural underpinnings remain
unknown. To explore these underpinnings, we monitored the activity of anterodorsal thalamic head direction (HD)
cells in rats while they underwent unidirectional or bidirectional rotation at different speeds and under different
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Significance Statement

Head direction (HD) cells are neurons in the brain that underlie spatial orientation, but little is known about how
these cells function during disorientation. To investigate this, we monitored HD cell responses in rats as they
were rotated under a variety of conditions. We found that their activity fitted predictions from an attractor net-
work model. We also found that visual and vestibular inputs differentially support stability and directionality re-
spectively. Finally, we found evidence that HD cells may share a network associated with stabilizing gaze and
velocity storage. Together, these findings add a missing piece to the HD system puzzle, help us understand the
\neural mechanisms of reorientation and will improve computational models of HD cells in the future. /

conditions (light vs dark, freely-moving vs head-fixed). Under conditions that promoted disorientation, HD cells did
not become quiescent but continued to fire, although their firing was no longer direction specific. Peak firing rates,
burst frequency, and directionality all decreased linearly with rotation speed, consistent with previous experiments
where rats were inverted or climbed walls/ceilings in zero gravity. However, access to visual landmarks spared the
stability of preferred firing directions (PFDs), indicating that visual landmarks provide a stabilizing signal to the HD
system while vestibular input likely maintains direction-specific firing. In addition, we found evidence that the HD sys-
tem underestimated angular velocity at the beginning of head-fixed rotations, consistent with the finding that humans
often underestimate rotations. When head-fixed rotations in the dark were terminated HD cells fired in bursts that
matched the frequency of rotation. This postrotational bursting shared several striking similarities with postrotational
“nystagmus” in the vestibulo-ocular system, consistent with the interpretation that the HD system receives input
from a vestibular velocity storage mechanism that works to reduce spatial disorientation following rotation. Thus, the

brain overcomes spatial disorientation through multisensory integration of different motor-sensory inputs.

Key words: disorientation; head direction; navigation; single-unit recording; thalamus; vestibulo-ocular

Introduction

Spatial disorientation is a state characterized by an incor-
rect sense of orientation and motion relative to the earth’s
surface (Gillingham, 1992). Human subjects, for example,
are frequently disoriented following a period of spinning that
disrupts the normal functioning of the vestibular system (for
review, see Previc and Ercoline, 2004). Astronauts also fre-
quently become disoriented in microgravity or 0-g condi-
tions, where vestibular otolith cues sensitive to gravity
become less familiar compared with periods of normal up-
right orientation. Similar spatial disorientation phenomena,
including visual reorientation and inversion illusions, contrib-
ute to at least 25-33% of all military aircraft mishaps (Gibb
et al., 2011; Cheung, 2013). Despite these accidents, while
the neural processes underlying normal spatial awareness
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are relatively well understood, less is known about how
these processes function when subjects are disoriented.

Neural recordings in behaving animals have revealed sev-
eral types of spatial cells including place cells, head direction
(HD) cells, grid cells, and border cells (Taube, 2007; Moser et
al., 2008; Grieves and Jeffery, 2017). Of these types, HD
cells fire action potentials only when an animal’s head is fac-
ing in a particular direction with respect to the surrounding
environment (Taube et al., 1990a, b). HD cells have been ob-
served in a number of brain regions, including subcortical
and cortical brain areas mostly related to the limbic system
(for review, see Taube, 2007; Clark and Taube, 2012; Cullen
and Taube, 2017; Grieves and Jeffery, 2017). Because of
their directional specificity, HD cells are thought to play a key
role in spatial orientation. Consistent with this view, disrup-
tion of the HD system has been linked to increased naviga-
tional errors (Gibson et al., 2013), decreased place cell
functionality (Harland et al., 2017), and major disruption of
grid cell firing (Winter et al., 2015).

Three forms of spatial disorientation have been recog-
nized in the literature (Gillingham and Previc, 1996). Type |
spatial disorientation involves a misperception of the sub-
ject’s orientation and is typically unrecognized by an ob-
server. Type Il spatial disorientation entails a conscious
recognition by the subjects that they are disoriented, and
the subjects try to become re-oriented by using any
available information. Type Il spatial disorientation oc-
curs when subjects become so disoriented that they are
incapacitated. This type of spatial disorientation typically
occurs when subjects experience rapid and continual rota-
tions that lead to confusion, or when subjects experience
severe motion sickness or oscillopsia that makes it difficult
to override these compelling conditions. Direction-specific
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firing of HD cells would presumably be maintained during
Type | disorientation, albeit at an incorrect orientation with
respect to the environment. In contrast, Types Il and llI
spatial disorientation would be expected to lead to a dis-
ruption of normal HD cell discharge. While much is known
about how HD cells respond under Type | disorientation,
very little is known about how HD cells respond under con-
ditions involving Types Il and Il disorientation.

Theoretical and experimental work suggests that HD cells
form part of a continuous attractor network (Skaggs et al.,
1995; Zhang, 1996; Goodridge and Touretzky, 2000) that is
updated in part using vestibular, proprioceptive, efferent
copy, and landmark cues (Stackman et al., 2003). Without
visual landmark cues, HD cell stability is reduced and ani-
mals make correspondingly more errors in a spatial memory
task (Mizumori and Williams, 1993). Interfering with vestibu-
lar inputs is known to disrupt HD cell firing (Stackman and
Taube, 1997; Muir et al., 2009). Further, when rats climb up-
side down, the output of the otolith organs is distorted com-
pared with upright locomotion (Walsh, 1960; Plotnik et al.,
1999), and under these inversion conditions, HD cells lose
their directional-specific firing (Taube et al., 2004; Calton
and Taube, 2005; Gibson et al., 2013), and rats are unable
to learn a flexible spatial task (Valerio et al., 2010). One ques-
tion that arises from these findings is whether HD cell
responses during inversion conditions are similar to re-
sponses when the animals are known to be disoriented.

To better understand the neural correlates and mecha-
nisms underlying spatial disorientation and how they relate to
the HD system, we monitored HD cell responses while rats
underwent unidirectional or bidirectional rotations at different
speeds, in the light or dark, and while passively restrained or
freely moving, conditions that would promote disorientation.
Under these different conditions we addressed whether ante-
rodorsal thalamus (ADN) HD cell activity: (1) continues to fire
in bursts or becomes quiescent and if this response depends
on active locomotion; (2) remains directional and directionally
stable, and if this stability depends on access to visual cues;
(3) remains internally coherent, as expected from an attractor
network; and (4) shows evidence of postrotational effects and
if these effects are mitigated by the presence of visual or
self-motion cues. Additionally, because both inversion
and constant rotation lead to disorientation in humans
(Wang and Spelke, 2000; Sargent et al., 2008) and rats
(Semenov and Bures, 1989; Dudchenko et al., 1997;
Martin et al., 1997; Calton and Taube, 2005), we sought
to determine whether these conditions are also associated
with comparable disruption to the HD system, which may
point to a common underlying mechanism.

Materials and Methods
We used three different experiment protocols.

Experiment 1
Subjects

Experiment 1 used six female Long-Evans rats (Envigo).
The rats were between three and sixmonths old at the
start of the study. Rats were individually housed, maintained
on a 12/12 h light/dark cycle, and provided with water ad
libitum. Throughout the experimental period animals were
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food restricted to lower their current weight by 10% of
their presurgical weight to motivate them to forage for
food pellets during recording sessions.

Apparatus

We used two types of apparatus, the first was a standard
recording cylinder (76-cm diameter, 51 cm tall) painted gray
with a polarizing white cue card affixed to the inside wall
that spanned 100°. The cylinder floor was composed of a
single sheet of gray paper and changed in between record-
ing sessions. The second was a “disorientation apparatus”
which consisted of a 68.5-cm diameter circular wooden
platform, painted gray and raised 38 cm from the floor on a
tripod base. The platform was mounted on a lazy Susan and
could be freely rotated. A low (12.7cm) wall around the
edge of the platform prevented animals sliding over the
edge, particularly during the rotation sessions. During all re-
cording sessions the disorientation apparatus was placed in
the center of the room and surrounded by a black curtain
2.5 m in diameter that stretched from the floor to the ceiling.

Data acquisition

For single-unit screening, the animal was attached to a
multi-wire recording cable that was connected on one end
to an overhead commutator (Biela Idea Development) and
to the animal’s headstage on the other end. Signals were
passed through a field-effect transistor (FET) in a source-fol-
lower configuration, amplified (Grass Instruments P511),
band-passed filtered (300-10 000 Hz, 3 dB/octave; Peavey
Electronics PMES8), and sent through a series of window dis-
criminators (Bak Electronics DDIS1) before being displayed
on an oscilloscope (Tektronix 5113). Spike discharge was
sampled at a rate of 60 Hz and stored for offline analysis
(National Instruments DIO-32, Macintosh IIfx).

For recording, in addition to the above, an automated
video-computer tracking system (Eberle Electronics) moni-
tored neuronal discharge while simultaneously tracking the
positions of two light-emitting diodes (LEDs; one red, one
green) secured to the animal’s head. The red and green
LEDs were spaced 10 cm apart along the midline of the an-
imal’s body axis and positioned over the rat’s snout and
back, respectively. The LED positions and spike discharge
were sampled at a rate of 60 Hz and stored for offline analy-
sis (National Instruments DIO-32, Macintosh lIfx).

Recording procedure

If a HD cell was identified on one or more of the ten re-
cording channels, we isolated the cell’s waveform using a
series of window discriminators (Bak Electronics) and con-
ducted a recording session. The rat’s HD was determined
by a two-spot video tracking system (Eberle Electronics)
that monitored the location of two differently colored, light-
emitting-diodes (LEDs; one red, one green) attached to the
animal’s head stage.

We recorded a total of 25 HD cells. The following eight
manipulations were conducted in the order described. No
more than 8 min, but usually less than 2 min, passed be-
tween sessions. (1) Visual baseline 1: this 8-min session
was conducted in a standard recording cylinder with a
polarizing cue card and with the lights on. This session
served as a baseline control for the HD cell during normal
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visual conditions. (2) Dark baseline: this session was
4 min long and was conducted in the same cylinder appa-
ratus. Before the session began, the rat was blindfolded,
and we changed the floor paper. The cue card was re-
moved, and the lights were turned off. (3) Dark slow rota-
tion: this session was 2 min long and was conducted in
the disorientation apparatus. The rat remained blind-
folded and the platform was manually spun at a slow rate
above the vestibular threshold (mean = SD; 111 + 38°/s)
in alternating directions (back and forth every 5-10 s). In
this session and all other rotation sessions, the same ex-
perimenter rotated the platform to ensure a consistent spin
rate and they changed their position around the apparatus
at least three times during each session. (4) Dark fast rota-
tion: this session was 2 min long and was conducted in the
disorientation apparatus. The rat remained blindfolded and
the platform was rotated at a medium rate (mean + SD;
195 * 40°/s) in alternating directions. (5) Dark baseline 2: this
session was 4min long and was conducted in the cylinder
described before. The rat remained blindfolded and the floor
paper was changed to remove olfactory cues. The lights re-
mained off and the cue card remained absent from the cylin-
der. (6) Visual baseline 2: this session was 4 min long and was
conducted in the cylinder described before. These sessions
followed the same protocol as visual baseline 1; the rat was
not blindfolded, the lights were on, and the cue card was re-
turned to its original orientation. (7) Visual slow rotation: this
session was 2 min long and was conducted in the disorienta-
tion apparatus. A white cue-curtain was hung on a portion of
the floor-to-ceiling black curtain surrounding the disorienta-
tion apparatus and the lights were switched on. Otherwise,
conditions were the same as those described for the Dark
slow rotation sessions. (8) Visual fast rotation: this session
was 2 min long and took place in the disorientation apparatus
with the cue-curtain in place and the lights switched on.
Otherwise, conditions were the same as those described for
the Dark slow rotation sessions.

Not all animals completed all eight session types. Further,
a subset of recording sessions suffered from missing posi-
tion tracking data and were excluded from the analyses (37/
172 or 21.5% of sessions). A summary of the sessions re-
corded for each cell is shown in Extended Data Figure 1-1.

Experiment 2
Subjects

Experiment 2 used three female Long-Evans rats
(Envigo). The rats were three to six months old at the start
of the study. Housing, light-dark cycle, food restriction,
and water availability were the same as in Experiment 1.

Apparatus

The same platform apparatus and room set-up that was
used in Experiment 1 was used for all the baseline and ro-
tation sessions. Only the platform apparatus was used in
this experiment, including for the baseline session; the
cylinder apparatus was not used for any sessions.

Training and habituation
Following one week of food restriction rats were habitu-
ated to the apparatus. For three sessions rats were placed
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in pairs for 20 min on the platform, and foraged for 20-mg
sucrose pellets (Noyes) scattered on the floor. After these
sessions the rats were then trained separately for 20 min/d
and the sugar pellets were dropped in a random fashion
from a food dispenser attached to the ceiling (Goodridge
et al., 1998). The rats were fully trained when they spent
80% of their time foraging. Following training, the rats were
habituated to wearing a blindfold (Whishaw and Maaswinkel,
1998) for 10min/d in their cage and for 2min/d in the disori-
entation apparatus. Blindfold habituation continued until the
rats spent <20% of their time manipulating the blindfold.

Data acquisition
Data acquisition methods and equipment were identical
to those described for Experiment 1.

Recording procedure

Sessions were composed of nine sessions conducted
in the following order. (1) Visual baseline 1: animals were
recorded while they explored the platform apparatus for
8 min while foraging for sugar pellets. There was no rota-
tion, the rats did not wear a blindfold, and the room lights
were switched on. (2) Dark baseline 1: these differed from
visual baseline 1 only in that the rat was blindfolded, the
room lights were switched off, and the session’s duration
was 4 min. (3-6) Dark rotation sessions: rats were blind-
folded and the room lights were switched off. The experi-
menter rotated the platform manually at a fast speed
(mean * SD; 269 * 41°/s) and constant direction for 1 min
and then stopped abruptly. Each session was followed by
2min of free movement with no rotation. Half of the
sessions were clockwise (CW) rotations and half were
counterclockwise (CCW) rotations. (7, 8) Visual rotation
sessions: these sessions were identical to the dark rotation
sessions, except rats were not blindfolded and the room
lights were switched on (mean rotation speed: 260 *+ 43°/s).
CW and CCW were balanced across these two sessions. (9)
Visual baseline 2: these sessions were identical to visual
baseline 1, but their duration was 4 min. In the rotation ses-
sions the combination of blindfolding and rotating the rat
was considered sufficient to disorient it and is consistent
with and comparable to previous methods of producing dis-
orientation (Goodridge et al., 1998; Knierim et al., 1998). A
summary breakdown of the sessions recorded for each cell
is shown in Extended Data Figure 1-1.

Experiment 3
Subjects

Experiment 3 used six female Long-Evans rats (Envigo).
The rats were three to six months old at the start of the
study and housing, and other conditions were similar to
those of Experiments 1 and 2.

Apparatus

The apparatus consisted of two items. The first appara-
tus was the standard recording cylinder described above
and was surrounded by a floor-to-ceiling black curtain.
Sugar pellets (20 mg; Bioserve, no. FO071) were automati-
cally dropped to a semi-random location in the enclosure
every 30 s. The visual landmark cue attached to the inside
cylinder wall (a sheet of white cardboard) was not moved

eNeuro.org


https://doi.org/10.1523/ENEURO.0174-22.2022.f1-1
https://doi.org/10.1523/ENEURO.0174-22.2022.f1-1

eMeuro

from its relative position throughout the experiments. The
second apparatus consisted of the small platform mounted
on a circular bearing, forming a lazy Susan turntable as de-
scribed above, except the rotation of the platform was now
controlled by a motor. Rats were restrained by wrapping
them in a cloth with bungy cords and then placed into a
Plexiglass tube (6 cm in diameter) and their heads were fix-
ated via an implanted head bolt to a mounted bar that was
attached to the set-up (see Stackman et al., 2003 for fur-
ther details). During recording the restraint device was
placed within the cylindrical enclosure on top of the plat-
form so that the visual surround remained visible. The axis
of rotation was aligned with the estimated center of the
intra-aural axis of the animal’s head. In this setup, we can
mostly exclude all movement from locomotion, neck-on-
body proprioception, or voluntary head movements.

Training and habituation

All animals were acclimated to restraint before any elec-
trophysiological recordings. Starting one week following
postsurgical recovery, the animals were restrained for
8 min by holding them loosely in the experimenter’s hands.
This procedure was first done once a day for 3d. Then, as
electrophysiological screening began, the animal was re-
strained following the screening session for 8 min using
a towel-wrapped restraint technique (Taube, 1995; Golob
et al., 1998). The towel-wrapped restraint acclimation was
repeated once a day for 3d. Following the subsequent
screening session, the animal was placed in a restraint de-
vice with its head and body restrained for 8 min (Shinder
and Taube, 2011). The head-fixed restraint acclimation con-
tinued for at least 3d before neurons were tested with the
animal in the head-fixed restraint device. Following this pro-
cedure, animals tolerated restraint without significant peri-
ods of attempted movement. While restrained, bands were
loosely placed around the body to hold the animal’s fore-
limbs and hindlimbs. The rat could remove these bands
by struggling against the restraint, but this behavior was
rarely noted and resulted in the immediate cessation of
experimentation for that session.

Data acquisition

Data acquisition was the same as described for Ex-
periments 1 and 2, except that spike events were sampled
at 10-ps resolution.

Recording procedure

Sessions were composed of three session types. (1)
Visual baseline 1: animals were recorded while they ex-
plored the platform apparatus for 8 min. There was no ro-
tation, the rats did not wear a blindfold, and the room
lights were switched on. (2) Dark rotations: the rats were
restrained and head-fixed in the rotation apparatus, they
were blindfolded, and the room lights were switched off.
Recordings consisted of 10 s of immobility without rota-
tion, 60 s of continuous rotation, either CW or CCW, fol-
lowed by a further 30 s of immobility without rotation.
Room lights were switched on and the animal’s blindfold
was removed between recordings of different cells. (3)
Visual rotations: these sessions were identical to dark ro-
tations except that the room lights were switched off and
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the rats were not blindfolded. Sessions always included
at least eight dark rotation sessions (four CW and four
CCW) and these sessions started with the rat positioned
facing 0°, 90°, 180°, or 270° from the target HD cell’s pre-
ferred firing direction (PFD). A subset of sessions also in-
cluded four visual rotation sessions with the same starting
positions. A summary of the sessions recorded for each
cell is shown in Extended Data Figure 1-1.

General methods
Animal care

All procedures were conducted according to institutional-
ly approved animal care protocols, were in accordance with
the American Physiologic Society’s Guiding Principles in the
Care and Use of Animals, were approved by the institutional
care and use committee at the host institution, and adhered
to the standards outlined by the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and the
Society for Neuroscience. Surgery was conducted under
aseptic conditions and animals were allowed to recover for
7 d before screening started.

Electrodes and surgery

Electrodes consisted of a bundle of 10 25-um diameter
nichrome wires threaded through a stainless-steel cannu-
la and attached to a modified 11 pin Augat (Experiments 1
and 2) or Mill-Max (Experiment 3) connector. This assem-
bly was embedded in dental acrylic and could be lowered
using three screws forming a tripod support for the con-
nector and acrylic (Kubie, 1984).

Following training, rats returned to ad-lib feeding for 4—
6 d before surgery. Rats were anesthetized with ketamine
(0.3 mI/100 g followed by an additional 0.1 ml if neces-
sary). Surgery was performed using standard stereotaxic
procedures: a 10-wire drivable microelectrode (Kubie,
1984) was implanted into the anterodorsal nucleus (ADN)
of the thalamus (1.5 mm posterior to bregma, 1.3 mm lat-
eral to the midline, and 3.7 mm ventral to brain surface;
Paxinos and Watson, 2006). Each rat was given the anal-
gesic, Buprenex (0.2-0.3 ml), immediately after their sur-
gery and a supplement (0.2 ml) the following day.

Screening

Following 7d of recovery, each rat’s electrodes were
monitored for cellular activity while the rat foraged for
sugar pellets in the cylindrical screening environment.
Putative HD cells were identified by monitoring activity on
the microelectrodes in conjunction with the rat’s behavior
and directional heading. If HD cell activity was not found,
the entire electrode assembly was advanced 30-120 um
ventrally and the process repeated after at least 4 h (usu-
ally 24 h).

Cell recording

All cell firing was isolated using a series of window dis-
criminators. For Experiments 1 and 2, all cell waveforms
that were “accepted” and passed through the window
discriminators were counted within each video frame
(16.667 ms), and these data were captured by data acquisi-
tion software (LabView) and stored on a Macintosh com-
puter. For Experiment 3, cell spikes were also captured
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by the window discriminators, timestamped from the be-
ginning of the session (Eberle Electronics), and acquired
by data acquisition software (LabView). The timestamps
were then stored on a Macintosh computer and analyzed
off-line. For all experiments, the locations of a red and a
green LED that were attached either to the rat’s head-
stage (spaced 10 cm apart along the midline of the ani-
mal’s body axis and positioned over the rat’s snout and
back, respectively) or to the restraint device were moni-
tored at 60 Hz and stored on the computer and analyzed
off-line at a later time. Monitoring the positions of the
two LED enabled us to track the rat’s HD.

Data preparation

Spikes times or spike counts, along with position (LED)
tracking data, were exported to MATLAB (2021a, The
MathWorks) using LabView (v3.1, National Instruments).
Tracking errors such as LED swapping were removed
and position data were simultaneously interpolated and
smoothed using an unsupervised, robust, discretized, n-di-
mensional spline smoothing algorithm (MATLAB function
smoothn; Garcia, 2010, 2011). This algorithm was applied to
the two tracking LEDs separately and instantaneous HD
was then estimated as the angle between these points. In
Experiment 2, some sessions suffered from consistent peri-
ods of missed tracking when the animal rotated out of view
of the camera. These sessions were excluded from the di-
rectional analyses (i.e., Rayleigh vector, PFD), but not from
spiking activity analyses (i.e., firing rate, burst index) based
on manual inspection of each session.

Session phase detection

In Experiment 2, the speed of the rotating platform was
monitored by an additional camera device that monitored
the movement of black and white dashes on the inside
portion of the bicycle wheel as it rotated. These data were
smoothed with a 10 point (1/6 s) median box filter. The
first and last time points when the platform rotated at a
speed >~130°/s were taken as the beginning and end of
the rotation period, respectively.

For Experiment 3, or sessions from Experiment 2 miss-
ing the separately recorded rotation data, we calculated
the change in HD per second and smoothed this value
using a moving average box filter with a 60-point (1-s)
window width. The first and last time points when the plat-
form rotated at a speed >~60°/s were used as the begin-
ning and end of the rotation period, respectively.

Postrotation behavior bias

After rotations in Experiment 2, rats were unrestrained
during the 2-min recovery period. To determine whether
animals showed a directional bias in their movements
during the recovery period, we compared the sign (*) of
the cumulative angular deviation (MATLAB function ang-
diff) in the first 30 s of the recovery phase to the sign (*) of
the cumulative angular deviation in the whole 30-s rota-
tion phase. The same sign (=) in both would indicate that
an animal continued to move its head, on average, in the
same direction as in the previous rotation.

To calculate the chance of these values being equal
we compared the sign (*) of the cumulative angular

November/December 2022, 9(6) ENEURO.0174-22.2022

Research Article: New Research 6 of 24
deviation (MATLAB function angdiff) in the first 30 s of
the recovery phase to the sign (*) of the cumulative an-
gular deviation in a random 30-s period taken from the
first visual baseline session, before initiation of rotation.
We repeated this process 1000 times per session and esti-
mated the probability of the outcome by z-scoring the orig-
inal mean difference to the shuffled values and calculating
a probability as the position of the z-value (two-sided test)
in the cumulative distribution function of a normal distribu-
tion with mean 0 and SD 1. This method accounts for pos-
sible biases in the animal’s behavior that were not because
of rotation.

Parameter normalization

To compare statistical parameters (i.e., peak firing rate,
directionality) across the three experiments, we normal-
ized the values by z-scoring them relative to their values
from the first visual baseline session:

o — .
norm. — Mpaseline ’

T paseline

where norm is the normalized parameter, « is the raw pa-
rameter, wpaseines @Nd Tpaseiine are the mean and SD of
the parameter values from the first visual baseline session
obtained for that experiment. Raw values and compari-
sons within experiments are shown in Extended Data
Figure 2-1. PFD drifts were normalized by calculating the
angular deviation between PFDs in each session and the
first visual baseline session obtained for that experiment
(MATLAB function angdiff).

Generalized linear model (GLM)

After normalizing parameters for testing (see above,
Parameter normalization) we fitted a generalized linear
model (GLM) to the data to determine the effects of each
experimental manipulation across experiments. These fits
were conducted in MATLAB (function fitglim) with the fol-
lowing model:

y=at+b+c+d+(axb),

where a is the rotation speed in °/s (baseline sessions
were assigned a rotation of 0°/s), b denotes the presence
or absence of visual cues, ¢ denotes whether animals
were free to move or head-fixed (baseline sessions were
categorized as freely-moving), d denotes whether rotation
sessions were unidirectional or bidirectional (all sessions
were categorized as bidirectional except unidirectional ro-
tation sessions), and (a x b) represents the interaction
between rotation speed and darkness. In addition, we in-
cluded an intercept for the model, assigned a normal dis-
tribution to the response variable, and used an identity
link function. To calculate the standardized coefficients
reported in text, these predictor variables were z-scored
(MATLAB function zscore) before calculating the fit. The
statistical deviation of the model from a constant fit was
calculated using the MATLAB function coefTest. The R?
values reported were the “ordinary” values calculated by
fitgim. Finally, the model representations reported in the
text were calculated using the above model equation with
a set approximately to the three rotation speeds used in
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our experiments (111, 195, and 260°/s), ¢ was set to
freely-moving and d was set to a unidirectional rotation.

Tuning curves

HD tuning curves (HD x firing rate plots) were calcu-
lated as the ratio of spikes emitted and time spent facing
each direction. First, a HD dwell time map was calculated
as the circularly kernel smoothed density estimate of all
sampled HDs (MATLAB function circ_ksdensity, kernel
width =0.1 radians; Berens, 2009) across 360 bins span-
ning 0-360°. A spike density map was then generated in
the same way for all spike HDs and a tuning curve was cal-
culated as the ratio of these two maps. For rotation ses-
sions, we generated tuning curves for the whole session as
well as for the rotation and recovery phases separately.

Windowed tuning curves and parameters

To estimate the time course of changes in each of the
parameters, such as directionality, throughout rotation,
we split sessions into nonoverlapping 10-s windows.
Each window was extended by 2 s until at least 90% of
the directional bins were sampled. We then generated a
tuning curve for each window (see above, Tuning curves)
and calculated parameters such as peak firing rate (see
below, Directional statistics) for each one.

Directional statistics

From the HD tuning curves we calculated, as a measure
of directionality, the Rayleigh mean vector length (MATLAB
function circ_r; Berens, 2009). Peak firing rate was defined
as the maximum firing rate value found in the HD tuning
curve and preferred firing direction (PFD) as the direction
associated with this peak.

Next, for each cell we shuffled its spike train 100 times
by random increments of 0.02 s (minimum 20 s) and for
each shuffle recomputed a directional firing rate map and
statistics as above. A cell was categorized as directionally
modulated if it exhibited a Rayleigh vector greater than
the 95th percentile of the shuffled values in the first visual
baseline session and fired at a peak rate >5 Hz (across all
cells: min = 8 Hz, median = 35 Hz).

Angular head velocity (AHV)

It is well known that angular head velocity (AHV) corre-
lates positively with cell firing rates for ADN HD cells
(Taube and Muller, 1998; Taube, 2007), such that cells fire
at higher firing rates within the PFD for faster head turns
(higher angular head velocities). Further, Shinder and
Taube (Shinder and Taube, 2011) explored the possibility
that AHV influenced HD cell peak firing rates during pas-
sive rotations in head-fixed, restrained rats, but did not
find it had a significant effect. To test whether differences
in AHV might explain the decreases we observed in peak
firing rates during the rotation and disorientation sessions,
we determined the average and peak firing rates pre-
dicted for every rotation session based on the HD and
AHV modulation observed in the first visual baseline.

AHV was estimated as the change in HD per second
smoothed using a moving average box filter with a three-
point (0.05 s) window width. To determine whether de-
creases in peak firing rate were the result of AHV sampling
we generated HD x AHV tuning curves for each cell in the
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first visual baseline. We first generated a HD xAHV spike
map as the bivariate histogram of spike values with 6° HD
bins spanning the 0-360° range and 6°/s AHV bins span-
ning the —300 to +300°/s range. This map was then
smoothed with a 1.5 ¢ Gaussian filter (MATLAB function
imgaussfilt with 3 x 3-pixel size filter). We generated a
dwell time map by repeating this process for position
data. A firing rate map was calculated by dividing the
spike map by the dwell map multiplied by the position
sampling interval. A map of firing probability was calcu-
lated as the ratio of the spike and dwell map. In both
cases, bins containing <0.1 s of position sampling were
treated as unvisited HDs.

Next, we took HDxAHV dwell time maps for each ses-
sion and multiplied them with the firing probability map for
the first visual baseline session. The resulting “spike”
maps provide a prediction of the spiking that should
occur in that session given the HDxAHYV in that session
and the HDxAHV modulation observed in the first base-
line session. We took the sum of these maps as the total
number of spikes predicted for the session. From these
maps we calculated a spike rate index as:

spike rateindex = (a — B)/(a+ B),

where « is the sum of the observed spike map (the actual
number of spikes recorded in a session) and B is the sum
of the predicted spike map (the total spikes predicted
using the above process). Bins treated as unvisited in ei-
ther map were treated as unvisited in both maps. Low
spike rate index values indicate that fewer spikes were re-
corded than predicted, while high spike rate index values
indicate the opposite. Values of zero indicate that a cell
fired at exactly the rate expected. A schematic of this pro-
cess is shown in Extended Data Figure 2-2A-C.

We similarly calculated actual and predicted HD tuning
curves by summing columns of observed and predicted
spike maps and dividing them by their total occupancy;
examples of these tuning curves are shown in Extended
Data Figure 2-2C. From these tuning curves we calculated
a peak rate index as:

peak rateindex = (a — B)/(a+ B),

where « is the peak firing rate in the actual HD tuning
curve and B is the peak firing rate in the predicted HD tun-
ing curve. As before, bins treated as unvisited in either
map were treated as unvisited in both maps. Low peak
rate index values indicate that peak firing rates were lower
than predicted, while high peak rate index values indicate
the opposite.

Rotation and inversion comparisons

We sought to compare firing statistics, such as inter-
spike intervals (ISls) and burst index, between our rotation
sessions and previously published data where rats were
inverted (upside down). We only used spike data from
Experiment 3 as these were recorded at the highest reso-
lution (10 us) and animals were head-fixed which was also
the case during the inversion experiments. Inversion data
and their upright control comparisons were taken from
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Shinder and Taube (Shinder and Taube, 2019) manipula-
tions 1, 5, 7, 11. Briefly, in these experiments, rats were
head-fixed, restrained and rotated to be upside down
while also facing a HD cell’s PFD. The same cells were
also recorded while rats faced the recorded cell’s PFD
in the same setup but in an upright position.

Because the data we used from the inversion experi-
ments only included periods when the rats were facing
a cell’s PFD, for comparison with the rotation disorien-
tation data, we only included the spikes that were emit-
ted when rats were facing within =30° of the cell’s PFD.
Only ISIs calculated during, not between, these periods
were included in the ISI and burst index analyses. We
also excluded spikes emitted during the first six rota-
tions to focus on activity during full disorientation. In
both cases we also excluded cells exhibiting <10 ISIs.
For both experiments cells were often recorded for dif-
ferent numbers of sessions, and values were therefore
averaged (i.e., burst index and average IS| duration)
across sessions of the same type (i.e., inversion or dark
rotation).

ISIs were calculated as the amount of time between
consecutive spike pairs (MATLAB function diff); for
this comparison, burst index was defined as the pro-
portion of ISIs with a duration <25 ms, PFD firing rate
was defined as the total number of spikes emitted
while facing the PFD (or =30° of the PFD in the case of
rotation sessions) divided by the total time spent fac-
ing this direction.

To compare values between the two experiments, we
normalized data by z-scoring them relative to baseline
values. Baseline sessions were active foraging sessions
for the rotation sessions or upright sessions for the in-
version sessions. After this normalization, the baseline
values were combined and both experiments were plot-
ted and compared with one another.

To account for differences in PFD firing rates, we per-
formed the above analyses a second time after matching
each experimental and baseline group in terms of firing
rate. To perform this analysis, for each cell’s PFD firing
rate we found the nearest neighbor in the baseline PFD firing
rate group within a maximum distance of =1Hz (MATLAB
function knnsearch). The data corresponding to this near-
est neighbor were then substituted for the cell’s original
data for all parameters (ISI duration, burst index). Cells
with no nearest neighbor within the maximum distance
were excluded, which reduced the group sizes. This ap-
proach allows repetitions of baseline values if they
match multiple cells. Once this analysis was completed,
groups were z-scored according to their baseline val-
ues and analyses continued as described above.

Burst index

As in Yoder and Taube (2009), we calculated a burst
index score to represent the proportion of time during
which a cell fired in high-frequency bursts or was inactive
relative to the time during which action potentials oc-
curred at a relatively constant rate. For this measure,
spikes were sorted into 1-s bins from the beginning to the
end of a recording session. The burst index score was
then defined as follows:
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(total bins >1.75R) + (total bins < 0.25R)

Burstindex = -
total bins

)

where R is the overall mean firing rate. Burst index val-
ues can range between 0 and 1, with a value of 0 indi-
cating a firing rate that remains near the mean rate for
the entire session and a value of 1 indicating the cell ei-
ther remains silent or fires near its maximal rate for the
entire session (i.e., often fires in bursts).

Circular-linear regression

In Experiment 3, HD cell PFDs tended to shift later in ro-
tation phase with each revolution. To investigate this fur-
ther, we split sessions into nonoverlapping 360° (one
revolution) windows. We then generated a tuning curve
for each window (see above, Tuning curves) and calcu-
lated the PFD of each window (see above, Directional sta-
tistics). Because directionality and firing rates decreased
significantly after 6-12 rotations, we concentrated on only
the first six rotations for this analysis.

Next, we used circular-linear regression to calculate the
slope of these PFDs (MATLAB function CircularRegression;
Zugaro, 2018) using a method described previously
(Kempter et al., 2012). If PFDs shifted consistently in
the direction of rotation, we would expect positive slopes
for CCW shifts during CCW rotations and negative slopes
for CW shifts during CW rotations. To test this prediction,
we grouped regression slopes according to rotation direc-
tion and tested their deviation from zero using one-sided t
tests (MATLAB function t test).

Spike bursts

To detect bursts of spikes we calculated the instantane-
ous firing rate of a cell as a kernel smoothed density esti-
mate of spike counts (MATLAB fitdist, 20-ms bin size,
Gaussian kernel with a 10-bin bandwidth). We then found
peaks in this density estimate (MATLAB findpeaks, mini-
mum peak prominence of 0.25, minimum peak height of
0.25 spikes and a minimum interpeak distance of 0.05 s).

Post-rotational bursting: time constant

To estimate a temporal decay constant for the vestibu-
lar system based on the activity of the HD cells postrota-
tion, we measured the time between consecutive bursts
occurring after rotations had ended. We converted these
interburst intervals to an estimate of rotation speed using
the formula:

rotation speed = 360(1/burst interval).

In this way, an interval of 2 s would provide an estimate
of rotation speed at 180°/s, which was the actual speed of
rotation in Experiment 2 (because 2 s was the time taken
to complete one rotation). We then ranked converted in-
terburst intervals and for each cell we fitted an exponen-
tial function to the values for all sessions combined:

rotation speed = ae®x,

where x is the interburst interval rank position (MATLAB
function fit, option “exp1” with starting points 100 and
0.25 for a and b, respectively). We included only the first
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four interburst intervals because cells rarely continued
bursting more than four times (Extended Data Fig. 6-1);
thus, the number of valid data points is reduced from that
point forward. We next calculated the time taken for this
exponential function to decay to 1/e or 36.79% of the
original 180°/s rotation speed (66.21°/s; MATLAB function
solve). We repeated the above process for light and dark
sessions when animals were head-fixed (Experiment 3) or
actively locomoting (Experiment 2). This procedure pro-
vided one value for each cell in each session type (i.e.,
head-fixed visual rotation, head-fixed dark rotation).
Finally, to calculate an overall vestibular time constant
for each session type we averaged the time constants
across all cells. For session types other than head-fixed ro-
tations in the dark, interburst intervals either decreased im-
mediately resulting in an extremely small time constant
(head-fixed rotations in the light: mean = SEM =0.80 = 0.55
s) or immediately plateaued resulting in a time constant <0
(actively locomoting rotations in the light: mean = SEM =
—4.43 +£5.94 s, and dark: mean = SEM = —1.97 = 2.09 s);
thus, these values were not included in the calculations.

Fast Fourier transform

In Experiment 2, HD cells continued to fire in bursts
after rotations had ended and these bursts seemed to be
at the same frequency as the preceding rotations. To test
this observation, for each HD cell, we calculated an in-
stantaneous firing rate vector as the kernel smoothed
density estimate of spike times (MATLAB function fitdist,
0.02-s bins with a 0.04-s bandwidth Gaussian kernel). We
then calculated the frequency-time power spectral den-
sity (PSD) spectrogram of this firing rate vector using 512
sample long Hanning windows with 90% overlap and a
frequency resolution of 1024 (MATLAB function spectro-
gram). The resulting spectrograms were normalized such
that 0Hz was equal to the frequency of rotation in that
session (estimated from the position tracking data) and
spectrograms were z-scored column-wise to reduce PSD
fluctuations within and across animals.

To compare PSD spectrogram values between visual
and dark sessions, we determined the frequency associ-
ated with the highest z-scored PSD in each time bin and
compared the resulting curves between the two session
types. For this analysis we only included frequencies with-
in 0.2 Hz of the rotation frequency.

Histology

At the end of the experiment, rats were anesthetized
and a small anodal current (10-20 pA for 10 s) was passed
through one of the recording wires to conduct a Prussian
blue reaction. Each rat was then perfused transcardially
with saline followed by 10% formalin (in saline) and its
brain was removed for analysis. Brains were further soaked
in 10% formalin and then soaked in 2% potassium ferrocy-
anide (in 10% formalin). They were then soaked in 10% for-
malin again and then soaked in 20% sucrose for at least
24 h. The brains were frozen and then sliced on a cryostat
(40-um sections; Hacker-Bright) and mounted onto slides,
which after drying were stained with cresyl violet (Nissl
stain; Taube et al., 1990b). Analysis indicated that all elec-
trodes passed through the ADN (Extended Data Fig. 1-6).
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Data availability

A summary dataset is available for download (Grieves
et al., 2022). The full raw dataset is available from the au-
thors on request.

Code availability

MATLAB code is available for download which, to-
gether with the summary dataset, can be used to regener-
ate all of the figures and analyses reported in the main
text (Grieves et al., 2022). Code was written and run in
MATLAB R2021a on a Windows 10, Dell Precision 5820
desktop PC.

Results

Across three experiments, we recorded ADN HD cell
activity in female Long—Evans rats under conditions asso-
ciated with disorientation (Semenov and Bures, 1989;
Dudchenko et al., 1997; Martin et al., 1997). We used a
range of rotation speeds equal to or lower than those ex-
perienced during natural exploration, but high enough to
be detected by the vestibular system. We performed
these rotations in the light with visual cues available or
blindfolded the rats and performed them in the dark. We
also recorded activity while rats were passively restrained
or freely moving and during unidirectional and bidirection-
al rotations. Here, we first outline the general protocols
we used and then describe how HD cells responded in
each individual experiment. For the main analyses we de-
scribe the impact of disorientation on HD cells after normal-
izing and combining the data from all three experiments. In
the final sections, we highlight specific phenomena that
were associated with disorientation.

Head direction cells were recorded across three
experiments involving disorienting rotations

In Experiment 1, to record baseline HD cell activity, rats
(n=6) first foraged for small sugar pellets in a cylinder in
the light for 8 min and then again while blindfolded in the
dark for 4min. For subsequent rotation sessions, rats
were rotated unrestrained on a circular platform at either
slow or fast speeds. Rotations were made in alternating
back-and-forth directions almost continuously for 2 min
with each block of rotations lasting 10-30 s before stop-
ping and switching directions. Two test sessions were
conducted in darkness while the rat was blindfolded. For
a subset of recordings two additional test sessions were
conducted in the light with no blindfold (Fig. 1A; Materials
and Methods, Experiment 1). A summary of the sessions
recorded for each rat and cell are shown in Extended Data
Figure 1-1A. For each dark/light condition the first session
consisted of slow back-and-forth rotations (mean rotation
speed = SEM=111.2 + 9.4°/s), while the second session
consisted of a higher speed rotation (mean rotation speed *
SEM=186.7 + 5.8°/s; Extended Data Fig. 1-2A). Because
the rotation speed and direction were frequently changing,
rats experienced angular acceleration throughout the ses-
sions (Extended Data Fig. 1-2A). Across six rats, we re-
corded a total of 25 ADN HD cells that demonstrated
significant directional modulation (Fig. 1B; all baseline tuning
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Figure 1. Design of Experiments 1-3 and example cells. A summary of the sessions recorded for each rat and cell is shown in
Extended Data Figure 1-1. Visual = sessions conducted under illumination, dark = sessions conducted in darkness and while rats were
blindfolded. CW = clockwise, CCW = counterclockwise, PFD = preferred firing direction. A, Recording protocol for Experiment 1. Slow ro-
tations were performed at 111°/s, fast rotations at 195°/s. Average rotation speeds for all three experiments can be seen in Extended Data
Figure 1-2. B, Tuning curves for four example cells recorded in a baseline session with the lights on (yellow shaded curve) a rotation
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continued

session in the dark (black curve) and a rotation session in the light (red curve). The x-axis is normalized so that an angle of zero denotes
the cell’s PFD in the visual baseline session. Top right text gives the Rayleigh vector length for the tuning curve of the same color. HD cell
baseline tuning curves for all three experiments can be seen in Extended Data Figures 1-3, 1-4, and 1-5, respectively. C, D, Same as A, B
but for Experiment 2. All rotations in this experiment were performed at 260°/s. E, F, Same as A, B but for Experiment 3. All rotations in
this experiment were performed at 180°/s. Representative histology for all three experiments can be seen in Extended Data Figure 1-6.

curves are shown in Extended Data Fig. 1-3; represen-
tative histology is shown in Extended Data Fig. 1-6A).
Some sessions suffered from missing tracking data
and were excluded from directional analyses (see
Materials and Methods, Data preparation).

In Experiment 2, rats (n = 3) first foraged for sugar pellets
in baseline sessions, as in Experiment 1 above, except
they were conducted on a circular platform. Sessions took
place in the light (8 min) and then again while the rats were
blindfolded and in the dark (4 min). In test sessions, rats
were rotated unrestrained for 1 min followed immediately
by a 2-min session of free exploration on the same plat-
form. These sessions were first conducted in darkness
while the rat was blindfolded, after which the sessions
were repeated in the light and with no blindfold (Fig. 1C;
Materials and Methods, Experiment 2). A summary break-
down of the sessions recorded for each rat and cell are
shown in Extended Data Figure 1-1B. Rotation speed was
kept constant and as close to 260°/s as possible (mean vis-
ual rotation speed = SEM=268.5 = 9.3°/s, mean blind-
folded rotation speed = SEM =260.2 = 9.7°/s), so that the
rats did not experience angular acceleration except for the
rotation start and end (Extended Data Fig. 1-2B). During ro-
tation, rats usually remained motionless along the side
of the platform until termination of the rotation, which
occurred abruptly. After rotations ended, rats eventually
began to move around and move their heads. In the 30 s
after rotations ended, rats often showed a bias for moving
in the direction of rotation (71.2% of blindfolded sessions,
chance=48.0%, p=2.1 x 10~° and 63.9% of visual ses-
sions, chance = 48.3%, p = 0.0029; Materials and Methods,
Postrotation behavior bias), presumably because cessa-
tion of prolonged rotation of the body elicited an illusion of
self-motion in the opposite direction, which the rats may
have attempted to compensate for (38). Across three rats
we recorded 23 HD cells from the ADN (Fig. 1D; all baseline
tuning curves are shown in Extended Data Fig. 1-4; repre-
sentative histology is shown in Extended Data Fig. 1-6B).

In Experiment 3, rats (n =6) first foraged for sugar pel-
lets in the cylinder and in the light for 8 min. The rats were
then restrained in a Plexiglass tube, head-fixed via an im-
planted bolt on top of their skull, and passively rotated
continuously for 1 min via a small, motorized turntable
positioned inside the cylinder. They were rotated either
in the light or in darkness while blindfolded (Fig. 1E;
Materials and Methods, Experiment 2). A summary break-
down of the sessions recorded for each rat and cell are
shown in Extended Data Figure 1-1C. With this setup we
were able to limit any sensory/motor input because of lo-
comotion (except for air currents that arose from the mo-
tion), neck-on-body proprioception, or voluntary head
movements. Additionally, because the turntable was mo-
torized, we were able to keep the rotation speed relatively
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constant at ~186°/s (mean rotation speed + SEM for visual
rotations =186.6 + 1.1°/s, mean rotation speed + SEM for
dark rotations = 186.4 * 1.4°/s); thus, the rats did not experi-
ence any angular acceleration except for the rotation start
and end (Extended Data Fig. 1-2C). In this experiment, we
recorded 23 HD cells from the ADN (Fig. 1F; all baseline tun-
ing curves are shown in Extended Data Fig. 1-5; representa-
tive histology is shown in Extended Data Fig. 1-6C).

Increasing rotation speed decreased peak firing rate
and spike bursting

A number of previous studies comparing active and
passive movement have reported significant suppression
of the HD signal during passive restraint (Knierim et al.,
1995; Taube, 1995). However, in each of these studies
there was considerable variability across cells and the ani-
mals were not head-fixed. In contrast, HD cells responded
normally when head-fixed rats were passively rotated
back-and-forth for short intervals (Shinder and Taube,
2011). Consistent with these results, we found that mean fir-
ing rates (total spikes/total time) did not differ between any
of the conditions across our three experiments (Experiments
1-3: F(5’82) =1 .4, p= 024, 7’]2 = 008, F(4_1oo) =1.1 , P= 038,
n? = 0.04; Fpsg=1.4, p=0.25, > = 0.046; one-way
ANOVAs), suggesting that activity is maintained in the HD
system even during disorientation.

Next, we compared spiking activity measures that were re-
lated to directionality, such as peak firing rate, burst index,
Rayleigh vector length, and tuning stability. To compare these
features across the three experiments, we normalized all val-
ues by z-scoring them against values from the first visual
baseline sessions (Materials and Methods, Parameter normal-
ization). We first analyzed peak firing rates and burst index
scores (the extent to which a cell fires in a burst mode; see
Materials and Methods, Burst index); these normalized values
are shown in Figure 2A,D; raw values and comparisons within
experiments are shown in Extended Data Figure 2-1A-D.
Comparing each experimental group to the first visual base-
line session using Holm-Bonferroni corrected t tests, we
found that peak firing rates and burst index scores did not
differ between the baseline sessions, regardless of illumi-
nation or if they were conducted after the disorienting ses-
sions (Fig. 2A,D). This result confirms that visual cues are
not necessary to drive HD cell activity and that HD cells
were recorded stably throughout the sessions.

Peak firing rates, however, were reduced significantly
during dark rotation and fast visual rotation sessions (Fig.
2A). By fitting a GLM [Materials and Methods, Generalized
linear model (GLM)] across all of the experimental data
(Fis.205=13.5, p=7.5x 102, R? = 0.19), we found that
faster rotation speed (8 = —0.35, t = —5.15,p=4.6 x 107")
and, to a lesser extent, darkness (8 = —0.25, t = —4.3,
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Figure 2. Peak firing rate and burst index decreased during rotations. For panels A and D, group n=71, 48, 25, 25, 23, 23, 25, 25, 23, 23,
25, 48. A, Peak firing rates for all HD cells in every experimental condition (see legend on far right). Values are z-scored relative to the first
visual baseline session in each experiment. Zero denotes the mean baseline value and values less than zero indicate a drop from baseline.
Top text shows the result of Holm-Bonferroni corrected t tests comparing each group to the first visual baseline session (*p < 0.05,
*p < 0.01, **p < 0.001). Raw directional and spiking values, compared within experiments, can be seen in Extended Data Figure 2-1. B,
The linear relationship between rotation speed, darkness, and peak firing rate (for a hypothetical animal that is actively locomoting and ro-
tating unidirectionally), extracted from a GLM fit to the data in A. AHV modulation does not explain the effects shown here (Extended Data
Fig. 2-2). C, Tuning curves for four HD cells that showed a decreased peak firing rate in the fastest rotation condition (260°/s) compared
with the baseline sessions. PFD = preferred firing direction. D, E, Same as A, B but for burst index. F, Spike histograms for four HD cells in
a visual baseline session (top) and during the fastest rotation condition (bottom; 260°/s). Cell histograms are scaled to the same color axis.
Spikes in the visual baseline sessions group together in bursts (dark bands separated by empty bins) more than those during rotation.

p=2.3x10"° were associated with lower peak fiing not be explained by AHV modulation (Extended Data Fig.

rates. Although ADN HD cells are known to be modulated
by angular head velocity (AHV; Taube, 1995; Taube and
Muller, 1998; Shinder and Taube, 2011), this effect could
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2-2). Passive restraint (8 = —0.04, t = —0.62, p =0.53) and
unidirectional rotation (8 = —0.11, t = —1.86, p=0.0636)
did not have a significant impact on peak firing rates.
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Further, rotation speed and darkness did not interact to ef-
fect peak firing rates (8 = —0.05, t = —0.82, p=0.41; all
standardized B coefficients). This relationship can be visual-
ized in Figure 2B and example cells are shown in Figure 2C.

Burst index scores decreased significantly in all rotation
sessions, indicating that cells fired less often in a bursting
mode during rotations compared with active baseline ses-
sions. This decrease was larger in sessions with faster rota-
tion speeds (Fig. 2D). A GLM fit to all of the experimental
data (Fis336=96.1, p=1.22 x 102, R? = 0.59) revealed
that, in order of decreasing magnitude, faster rotation
speed (8 = —1.27,t=—-16.3,p=2.1 x 10~*%, passive rota-
tion (8 = —0.39, t = —5.2, p=4.5 x 10~") and unidirectional
rotation (8 = —0.28, t = —3.7, p=2.2 x 10~*) were all asso-
ciated with decreased burst index scores. Darkness did
not have a significant impact on burst index scores alone
(B =-0.02, t = —0.34, p=0.73) or in interaction with rota-
tion speed (8 = —0.07, t = —1.1, p=0.28; all standardized
B coefficients). This relationship can be visualized in Figure
2E and example cells are shown in Figure 2F.

Visual cues greatly increase stability but only mildly
increase directionality during rotation

To compare the strength of the directional signal (as
measured by the Rayleigh mean vector length and hereafter
referred to as directionality) across the three experiments,
we normalized mean vector length values using the same
approach as described above (Fig. 3A; Materials and
Methods, Parameter normalization). We also calculated the
stability of HD cells by measuring the absolute angle be-
tween each session’s preferred firing direction (PFD; HD of
peak firing) and the cell’s PFD in the first visual baseline ses-
sion (Fig. 3D). PFD stability across rotations and compari-
sons within experiments are shown in Extended Data Figure
3-1; fine temporal scale examples are shown in Extended
Data Figure 3-2. Directionality and stability were high in all
baseline sessions, including those in the dark (Fig. 3A,D).
This result confirms that visual cues are not necessary for
maintaining HD cell directionality or stability and that HD cell
firing remained stable throughout the recording sessions.

Directionality was significantly decreased in all rotation
sessions however, except for the slowest visual rotation
sessions (Fig. 3A). Fitting a GLM to all of the experimental
data (Fis,205 = 226.01, p=1.24 x 1078, R? = 0.79) revealed
that, in decreasing order of magnitude, faster rotation
speeds (B = —2.32, t = —26.6, p=2.94 x 10789), unidirec-
tional rotation (8 = —0.81, t = —10.1, p=1.2 x 1072% and
darkness (B = —0.45, t = —6.2, p=2.4 x 10~9) all signifi-
cantly reduced directionality. There was also a significant
interaction between rotation speed and darkness (B =
—0.30,t = —4.1, p=4.6 x 10~°) such that directionality was
disrupted more by increasing rotation speed in darkness
than in the light. This relationship is depicted in Figure 3B;
example cells are shown in Figure 3C. Passive restraint
also reduced mean vector length, but this reduction did not
reach significance (8 = —0.15, t = —1.85, p=0.0658; all
standardized B coefficients).

PFDs were stable relative to the first visual baseline in
all sessions except nonhead-fixed dark rotation sessions
and this instability appeared to increase with rotation
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speed (Fig. 3D; Extended Data Fig. 3-1). In agreement
with this observation, fitting a GLM to all of the experi-
mental data (F(s 283=10.2, p=5.2 x 10°%, R? = 0.15) re-
vealed a significant interaction between darkness and
rotation speed; increasing rotation speed in the dark was
associated with significantly greater drift in the cell’s PFD
(B =9.6,t=4.0, p=7.8 x 10~°). Darkness alone was also
associated with increased PFD drift (8 = 10.4, t=4.3,
p=2.3x107°). No other factors significantly affected drift
(rotation speed: B = 4.4, t=1.5, p =0.13; unidirectional rota-
tion: B = —5.1,t = —1.9, p=0.0580; passive restraint: B8 =
—2.64, t = —0.96, p=0.34). This relationship is shown in
Figure 3E, example cells are shown in Figure 3F.
Consistent with attractor network dynamics, co-re-
corded HD cell pairs remained coherent in terms of
their PFDs throughout Experiment 2, except in dark ro-
tation sessions, where they were marginally incoherent
(0 =0.0575; Extended Data Fig. 3-3). This decrease in
coherence, however, could be explained by PFD drift,
which was observed during rotations.

Visual cues do not accelerate recovery from
disorientation

As peak firing rates (Fig. 2B) and directionality (Fig. 3B)
both decreased significantly during rotations we next
sought to determine, on a finer timescale, how this de-
crease initially took place and how cells recovered when
rotations ended. Regardless of whether rats were able to
actively locomote or were passively restrained, peak firing
rates decreased from baseline levels very quickly after ro-
tation onset (Fig. 4A,B). In Experiment 2, after rotations
were ended abruptly rats were free to self-locomote dur-
ing a recovery period. During this time, firing rates re-
mained suppressed for the remainder of the session
(2 min), despite the presence of visual landmark cues and
the ability to move around freely (Fig. 4A; only the first
1 min of recovery is shown).

As with peak firing rates, directionality decreased very
quickly from baseline levels after rotation onset regardless
of self-locomotion (Fig. 4C,D). In the postrotation recovery
period of Experiment 2, directionality increased gradually
to near baseline levels but, surprisingly, the speed of this
recovery was the same in the light and in dark sessions
(Fig. 4C; visual and dark mean slopes in first half of recov-
ery period: 0.51 and 0.57, 19)=0.33, p=0.745, Cohen’s
d=0.09), although mean vector lengths were consistently
lower in the dark sessions (visual and dark mean y-inter-
cept in first half of rotation: 0.46 and 0.34, t4q = —2.10,
p=0.049, Cohen’s d=0.25). Together these results sug-
gest that while visual cues enable HD cells to sustain
greater directionality (signal strength) during disorienta-
tion, they do not facilitate a faster recovery from disorien-
tation. Example tuning curves at different periods of
recovery from disorientation are shown in Figure 4E and
Extended Data Figure 3-2.

The HD system underestimated angular head velocity
When rats were restrained, HD cells maintained their
PFDs during rotations even while their overall directionality
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Figure 3. Directionality and stability decreased during rotations. For panels A and D, group n=71, 48, 25, 25, 23, 23, 25, 25, 23, 23, 25,
48. A, Directionality (Rayleigh vector length) for all HD cells in every experimental condition (see legend on far right). Values are z-scored
relative to the first visual baseline session in each experiment. Zero denotes the mean baseline value and values less than zero indicate a
decrease from baseline. Top text shows the result of Holm-Bonferroni corrected t tests comparing each group to the first visual baseline
session (“p < 0.05, *p < 0.01, **p < 0.001). B, The linear relationship between rotation speed, darkness, and directionality (for a hypotheti-
cal animal that is actively locomoting and rotating unidirectionally), extracted from the GLM fitted to the data in A. C, Tuning curves for four
HD cells that showed decreased directionality in the fastest rotation condition (260°/s) compared with the baseline sessions. PFD = pre-
ferred firing direction. D, Same as A but for absolute drift: the absolute difference in angle between a cell’s PFD and its PFD in the first vis-
ual baseline. Text gives the result of Holm-Bonferroni corrected V-tests for nonuniformity around a mean direction of 0°, a significant value
here denotes clustering around 0° and thus a stable PFD. For all three experiments, raw drift values, and their development within sessions,
can be seen in Extended Data Figures 3-1 and 3-2. E, Same as B but for absolute drift. F, Tuning curves for four HD cells during fast rota-
tions (260°/s) in the light and dark. The x-axis is normalized so that an angle of zero denotes the cell’s PFD in the first visual baseline. In the
light, cells maintain a PFD close to their baseline angle, whereas in the dark, their PFDs drift more readily. In Experiment 2, the angle be-
tween co-recorded tuning curves was generally consistent, suggesting that HD cells maintained coherence (Extended Data Fig. 3-3).

(signal strength) decreased, suggesting that they may phase, effectively firing at a later HD than expected (Fig.
have used AHV to maintain a consistent PFD [Fig. 3D, 5A, diagonal drift of tuning curves).

195°/s (passive) groups]. However, PFDs were not com- To investigate this result further we generated tuning
pletely stable and tended to shift later in the rotation  curves for each rotation and calculated the PFD for each
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Figure 4. Peak firing rates and directionality recovered after rotations. A, Mean = SEM peak firing rates in Experiment 2 (active loco-
motion) throughout rotations, expressed as a proportion of the peak firing rate observed in the first visual baseline session. Left axis
shows values for the first six rotations. Right axis shows values for the remaining session (10% of rotation period onwards) calcu-
lated using a sliding window (see Materials and Methods, Windowed tuning curves and parameters). The total length of the rotation
period was 1 min. When a cell was recorded in multiple sessions, the responses were averaged to provide one value per cell. B,
Same as A but for Experiment 3 (passive restraint). The total length of the rotation period was also 1 min. C, D, Same as A, B but for
directionality. E, Tuning curves for three example HD cells, one per row, in the fastest rotation condition (260°/s), in the light and
dark. PFD = preferred firing direction. Tuning curves were calculated for nonoverlapping 10-s windows at selected time points
throughout the rotation period. Values shown in the upper right corner of each plot are the Rayleigh vector length of the tuning
curve with the corresponding color. Directionality is generally higher in the visual rotation sessions but following rotation directional-
ity recovers at a similar speed in light and dark sessions.
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Figure 5. HD cells underestimated angular head velocity in head-fixed sessions. A, Top, Example tuning curve for the first visual
baseline. Bottom, Tuning curves for the same cell during the first six rotations in a dark CW rotation session. Angles are normalized
such that 0° is the PFD in the first baseline session. PFDs shift in the direction of rotation (leftward for CW). B, Sum normalized tun-
ing curves for the first 12 rotations for all cells (averaged across sessions then cells). Angles are normalized such that 0° is the PFD
in the first rotation. C, Circular-linear regression slopes fitted to the PFDs in the first six rotations for all cells. Left plot shows results
for dark sessions, right plot shows results for visual sessions. Slopes were negative for CW rotations and positive for CCW rotations
indicating that PFDs shifted in the direction of rotation. Vertical colored lines denote distribution means, statistical values show the
result of a one-sample t test comparing the group mean to zero. D-F, Same as A-C but for sessions where animals were actively
locomoting. Note that the tuning curve shift is absent for these sessions.

rotation separately (Fig. 5A,8). Because directional signal
strength and firing rates decreased significantly after 6-12
rotations (Fig. 4A-D), we focused on only the first six rota-
tions, after which the cell’s directional signal strength was
diminished to the point that the cell’s mean vector length
had decreased to <0.5. We then used circular-linear re-
gression to determine the rate at which the PFDs shifted
(i.e., slope of the cell’'s PFD over time). If PFDs shifted
consistently in the direction of rotation, we would expect
positive slopes for CCW shifts during CCW rotations and
negative slopes for CW shifts during CW rotations. Our
analysis was consistent with these predictions in sessions
with passive restraint (Fig. 5C). Based on regression slopes,
during the first six dark rotations, cells underestimated CW
rotation speed by 4.99°/s and CCW rotation speed by
3.92°/s, while during the first six light rotations, cells simi-
larly underestimated CW rotation speed by 4.38°/s and
CCW rotation speed by 3.52°/s. The amount of under-
estimation did not differ between visual and dark ses-
sions (t1=0.32, p=0.7553, Cohen’s d =0.04; two-sample
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t-test comparing absolute visual/dark slopes). Importantly,
however, these effects were not observed in sessions
where animals could actively locomote (Fig. 5D-F).

Postrotational bursting was observed only in head-
fixed sessions

When rats were restrained and head-fixed during rota-
tions in Experiment 3, peak firing rates were reduced
compared with baseline sessions (Fig. 4B). However, in
dark sessions, HD cells fired three to five bursts of spikes
for a few seconds immediately after the rotations were
terminated (Fig. 6A, left; Extended Data Fig. 6-1, left). These
bursts initially occurred at a frequency close to the rotation
frequency (0.5 Hz or at a 2-s interval), but the time between
consecutive bursts increased steadily postrotation. This re-
lationship was not observed in visual sessions (Fig. 6A,
right; Extended Data Fig. 6-1, right) or in Experiment 2,
where rats could actively locomote during the rotations
(Fig. 6B; Extended Data Fig. 6-2). By analyzing the rate
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Figure 6. Head direction (HD) cells exhibited postrotational bursting in head-fixed sessions. A, Six example cells, three recorded
during head-fixed rotations in the dark (left column), and three recorded in the light (right column). Plots are clipped to the end of
the rotation phase (from 5 s before to 15 s after rotations ended), black lines denote the animal’s HD, red markers represent action
potentials, black shaded areas show spike count histograms (200-ms bins). Blue triangles denote detected spike bursts (Materials
and Methods, Spike bursts), blue text between two triangles gives the duration between these bursts. In the dark, cells fired bursts
of spikes after the rotations ended, initial bursts occurred at a frequency close to the rotation frequency, but the time between con-
secutive bursts increased steadily. In the light this postrotational bursting was absent. See Extended Data Figure 6-1 for further ex-
ample cells. B, Same as A but for Experiment 2, where rats could actively locomote during rotations. Postrotational bursting was
not observed in the light or dark sessions. See Extended Data Figure 6-2 for further example cells. An additional analysis using the
Fast Fourier transform method can also be seen in Extended Data Figure 6-3.

with which these interburst intervals increased (Materials
and Methods, Time constant) we estimated the time con-
stant for the dissipation of vestibular inputs to be 3.81 s
(SEM=0.79 s) in dark sessions where animals were head-
fixed. In all other sessions, interburst intervals either de-
creased or immediately plateaued making a time constant
impossible to estimate (values provided in Materials and
Methods, Time constant). An alternative analysis, based
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on the fast Fourier transform of kernel smoothed spike
counts, confirmed these results (Extended Data Fig. 6-3).

Rotation and inversion disrupt HD cells similarly
Finally, we sought to compare the activity of HD cells

under two different conditions of disorientation: constant

rotation and inversion. The rotation data we used were from
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Experiment 3 where spike events were accurately time-
stamped to enable analysis of interspike intervals (ISIs). The
inversion data were taken from Shinder and Taube (2019),
where rats were head fixed and oriented facing the HD cell’s
PFD (among other angles not used here) either upright or
upside down. For comparison between these two experi-
ments, we filtered the spikes from Experiment 3 to include
only those spikes that occurred when the animal was facing
within £30° of the HD cell’s PFD.

If cells fired with a lower number of bursts during peri-
ods of disorientation, then we would expect a decrease
in both burst index and the proportion of short ISIs. To
explore this possibility, we first plotted the ISIs from
Experiment 3 during active locomotion in visual baseline
sessions (“baseline”) and during rotation (“rotations”; ex-
amples are shown in Fig. 7A, averages are shown in Fig.
7C, left). We also plotted the ISIs from Shinder and Taube
(2019) when rats faced the cell’s PFD in an upright posi-
tion (“upright”) and when upside down (“inverted”; exam-
ples shown in Fig. 7B, averages shown in Fig. 7C, right).
In both experiments, ISI distributions were skewed toward
longer durations and an increase in the mean ISI duration
confirmed this effect (Fig. 7E). Consistent with this result,
both constant rotation and inversion conditions were ac-
companied by a reduction in bursting (Fig. 7F).

In both experiments, however, PFD firing rates were also
significantly reduced (Fig. 7D), which would affect other spik-
ing features. To control for this effect, we matched group
PFD firing rates to baseline sessions (Fig. 7G; Materials and
Methods, Rotation and inversion comparisons) and found
that the similarity between mean ISI durations increased (Fig.
7H), while the differences in burst index remained largely the
same (Fig. 7/). These responses likely occurred because we
calculated burst index as the proportion of ISIs <25ms,
which should independently control for firing rate differences.
Together, these similar effects during rotation and inversion
may occur because both inversion and disorienting rotations
lead to similar disruptive effects on the underlying neural
processes, particularly those receiving inputs from the vestib-
ular system.

Discussion

We monitored the activity of HD cells in the ADN while
rats underwent unidirectional or bidirectional rotations
with the purpose of observing their directional responses
during and after disorientation. The rotations were at an-
gular speeds equal to or lower than those experienced
during natural exploration, for short periods of time, but
high enough to be detected by the vestibular system. We
performed these rotations in the light with visual cues
available or blindfolded the rats and performed them in
the dark. We also recorded activity while rats were pas-
sively restrained or freely moving. Although we did not
confirm behaviorally if rats were disoriented, previous
research shows that rotations at similar speeds and du-
rations to those used here elicited strong disorientation in
humans (Wang and Spelke, 2000; Sargent et al., 2008) and
rats (Semenov and Bures, 1989; Dudchenko et al., 1997;
Martin et al., 1997). Furthermore, after rotations had ended
in Experiment 2, rats continued moving in the same
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direction, which is consistent with enduring vestibular dis-
ruption (the somatogyral or “turning” illusion; Peters, 1969).
Below, we describe the implications of our results.

Changes in peak firing rate and burst statistics during
rotations were similar to those observed when rats
are inverted

Initial reports suggested that motor and proprioceptive
information both play a significant role in generating and
updating the HD signal, which leads to decreased HD cell
peak firing rates when animals are passively transported
(Taube et al., 1990a; Chen et al., 1994), especially if they
are restrained (Knierim et al., 1995; Taube, 1995; Golob et
al., 1998). Decreased firing has also been reported in some
dorsal tegmental nucleus AHV cells during passive, restrained
rotation (Sharp et al., 2001). In contrast, Shinder and Taube
(2011) found that HD cell firing rates were not affected by
head-fixed or hand-held passive rotations and Keshavarzi
et al. (2022) found no change in retrosplenial cortex AHV
cells during passive, restrained rotation.

We found that overall mean firing rates did not change,
regardless of locomotor, vestibular, or visual inputs, sug-
gesting that HD cell excitation remains generally intact
during disorientation. However, peak firing rates decreased
as rotation speed or time from rotation onset increased,
and this reduction was offset by access to visual cues.
While peak firing rates were not significantly lower in dark
versus light baseline sessions, fitting a generalized linear
model to the data from all three experiments did find that
darkness was associated with a mild decrease in peak
firing rate, independent of rotation speed. These reduced
firing rates could not be fully explained by differences in
AHV sampling during the rotation sessions. HD cell activity
during rotations shared a number of features with activity
observed when rats are inverted, either with (Shinder and
Taube, 2019) or without restraint (Calton and Taube, 2005;
Gibson et al., 2013) or navigating under simulated 0-g con-
ditions (Taube et al., 2004): (1) in both cases, HD cell peak
firing rates and directionality were reduced while back-
ground firing rates increased; (2) interspike intervals in-
creased; and (3) cells fired in bursts significantly less often.
These results suggest that constant rotation and inversion
are accompanied by similar disruption to the HD network,
likely because both result from vestibular disruption. In the
case of inversion, vestibular disruption comes about be-
cause of a drastic change in the otolith signal from normal
upright activation, while in the case of constant rotation,
vestibular disruption occurs because of the loss of a semi-
circular canal signal that cannot keep up with the rotations.

Shinder and Taube (2011) reported that peak firing rates
were not reduced during passive rotations, which is different
from the current findings. It is possible that this difference oc-
curred because the former study rotated rats in a bidirection-
al manner and at a variety of angular velocities, while we
mainly tested responses during unidirectional rotations with
a constant velocity (Experiments 2 and 3). Knierim et al.
(1998) reported that in darkness HD cells maintain directional
specificity and stability much longer if rotations are bidirec-
tional, presumably because they provide constant vestibular
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Figure 7. Rotation and inversion share similar effects on HD cells. See Materials and Methods, Rotation and inversion comparisons.
A, Histograms showing the distribution of interspike intervals (ISIs) during baseline and rotation sessions in Experiment 3, for four
example cells. During baseline sessions rats actively locomoted in an open arena; during rotations rats were head-fixed and re-
strained. Only spikes emitted within =30° of the cell’s PFD are included. B, Same as A but for four example cells recorded while re-
strained, head-fixed rats faced a HD cell’s PFD for 30 s either upright or inverted (upside down). Data are from Shinder and Taube
(Shinder and Taube, 2019). C, Same as A, B but showing the distribution of interspike intervals (ISls) averaged across sessions and
then cells. D-I, In each case, data were z-scored relative to corresponding baseline values. Colored markers represent cells; when
multiple sessions were recorded per cell, values were averaged across sessions. Empty circles denote group mean, error bars de-
note SEM. Tests are one-way ANOVAs; the statistical significance of post hoc tests is shown by horizontal brackets and asterisks
above the plots (*p < 0.05, *p <0.01, ***p < 0.001). D, HD cell PFD firing rates when rats were rotated or inverted. Groups differed
significantly (n =39, 23, 20; Fp,79)=14.3, p=4.9 x 1078, 52 = 0.27). E, Same as D but for average ISI duration. Groups differed sig-
nificantly (n=39, 23, 20; F57¢=5.3, p=7.0 x 1073, 2 = 0.12). F, Same as D, but for burst index; the proportion of ISls <25 ms.
Groups differed significantly (n=39, 28, 20; F(3,7¢=15.7, p=1.9 x 107%, 52 = 0.28). G-I, Same as D-F, but groups are matched to
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continued

baseline sessions in terms of PFD firing rate before normalization. H, Groups differed significantly (n=32, 10, 20; Fg1)=6.3,
p=2.8x1075, 52 = 0.38). I, Groups differed significantly (1 =32, 10, 20; Fpg1)=24.7, p=4.3 x 10~°, 7° = 0.28).

input, which can aid in the spatial updating process. In
agreement with this view, we found that directionality and
stability (in darkness) were negatively affected by unidirec-
tional rotation once other factors such as rotation speed
were removed. However, we also found that directionality
and stability were reduced during bidirectional rotations in
the dark, suggesting that the additional vestibular cues
were not sufficient to fully correct angular drift. Taken
together, these results highlight the importance of ves-
tibular input to the HD system (Wallace et al., 2002; Muir
et al., 2009).

We described earlier the different types of disorientation
that occur and raised the issue of how HD cells might re-
spond during periods of disorientation. While HD cells will
respond normally during Type | disorientation because this
condition is more characterized as misorientation, normal
HD cell firing patterns during Types Il and Il disorientation
are disrupted. HD cells, however, do not become quiescent
and they appear to burst less frequently and have higher
ISIs than during nondisorientation periods, at least meas-
ured by their burst index and ISI histograms. In contrast,
overall mean firing rates between baseline and disorienta-
tion sessions were similar. Taken together, these results
suggest that network properties remain intact during dis-
orientation, and the presumed attractor network is still op-
erational, although the network is not being activated in a
manner that it normally would. This result makes sense
since our applied rotational manipulations did not interfere
with the anatomic connections or cellular firing properties
of the network, as a lesion or inactivation manipulation
might do. In this way, disorientation brings about a state of
neural firing that is different from normal ways of activation.
In essence, these abnormal forms of firing represent the
neural manifestation of disorientation, and likely lead to the
perceived sense of disorientation. One might raise the
“chicken and egg” question of what comes first: does a
subject’s perceived disorientation come about because
they “feel” disoriented and therefore HD cell firing is dis-
rupted, or does the subject experience disorientation be-
cause the HD system is firing abnormally? In our view, the
latter situation is more likely the case because the non-nor-
mal vestibular activation happens first, and this occurrence
results in the abnormal HD cell firing. A similar process can
be considered to occur during inversion and leads to a sim-
ilar disruption in normal HD cell firing and the consequential
perception of disorientation.

Visual and vestibular inputs work cumulatively but
visual cues alone cannot overcome active vestibular
disruption

A GLM fitted to the data from all three experiments high-
lighted a significant negative effect of darkness on direction-
ality, separate to any effect of rotation speed. However, this
effect was mild and ranked as the weakest among the signif-
icant coefficients. Furthermore, when we directly compared
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baseline sessions in the light to baseline sessions in the
dark, we did not find a significant difference in directionality.
This pattern of results suggests a very mild effect of dark-
ness alone and likely occurs because the dark baseline
sessions were quite short (4 min), suggesting that there
was little time for the HD network to drift or lose directional-
ity. This result is also consistent with previous reports
(Mizumori and Williams, 1993; Knierim et al., 1998), which
suggest that HD cells drift by ~1.5°/min in darkness (Peck
and Taube, 2017).

Directionality also decreased as rotation speed increased
and this occurrence was exacerbated when visual cues
were absent. Similarly, HD cell PFDs were increasingly un-
stable as rotation speed increased in the dark. Interestingly
though, stability was unaffected by the rotations when visual
cues were available. Together, these results suggest that
visual cues may be used to orient and stabilize the HD signal
while vestibular inputs are more crucial for updating the di-
rectional tuning over short timescales of a few seconds.
They also highlight the distinction between directionality
(i.e., Rayleigh vector length) and stability (i.e., absolute PFD
drift), low individual directionality scores do not necessarily
mean that the HD system is nonfunctional.

Although the degree of directionality and stability re-
mained higher when visual cues were available, they did
not facilitate a faster recovery to baseline levels after the
rotations ended. This finding suggests that vestibular
postrotatory sensations must dissipate following disorien-
tation before normal directionality can return and that vis-
ual inputs surprisingly do not speed up this process. At
first glance, this finding appears to contradict the stability
afforded by visual cues during rotations; however, the
vestibular system is insensitive to constant unidirectional
rotation (Mach, 1875; Steinhausen, 1933), and thus, visual
inputs would not be competing with an active vestibular
input during rotations. After a period of disorientation, it
may be more beneficial for animals to experience normal
vestibular stimulation than stable visual cues. Indeed,
Shinder and Taube (2019) reported that after a period of
inversion, normal HD cell function only returned after
head-restrained rats were passively rotated back-and-
forth a few times through the cell’s PFD.

Limiting self-locomotion increases stability but also
reveals a consistent underestimation of rotation angle
Examining HD cell activity more closely during the initial
6-12 rotations, we found strong differences between
head-fixed and freely moving sessions. If the rats could
actively locomote, HD cells lost their directionality almost
immediately during the dark rotations, but remained rela-
tively stable if visual cues were available, consistent with
their general activity during rotations as described above.
However, during head-fixed sessions cells showed a con-
sistent and characteristic response: with each revolution
their tuning curves increasingly shifted in the direction of
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rotation whether or not visual cues were available. This
cumulative shift is consistent with the gradual loss of
sensitivity we would expect to occur in the vestibular
system under constant unidirectional rotation (Mach,
1875; Steinhausen, 1933). It would also presumably
lead to an underestimation of the angle traveled. Indeed,
human subjects often underestimate rotation angles after
as little as one rotation (Guedry et al., 1971; Loomis et al.,
1993; Israél et al., 1996; Marlinsky, 1999; Day and Fitzpatrick,
2005), and the underestimation is often proportional to the
magnitude of the rotation, which is consistent with the cumu-
lative shift we observed in HD cell tuning curves.

Why this cumulative drift was only observed during
head-fixed rotations and not during head-free rotations is
unclear. It is also unclear why cells were generally more
stable during head-fixed rotations, even maintaining sta-
ble PFDs in the dark, compared with head-free rotations.
One possibility is that head movements from active loco-
motion introduced an additional source of directional
noise and complexity to the rotations, which more quickly
led to disorientation in freely moving sessions. Another
possibility is that self-generated movements inhibited (or
suppressed) vestibular signals (Wiener, 1993; Sharp et al.,
2001; Cullen, 2014; Cullen and Taube, 2017), which in
turn disrupted the shift of the cells’ PFDs and disoriented
the animal over time. A third possibility is that head-free
rats were rotated “off-center” to the vertical axis of their
head and this off-axis rotation introduced additional linear
acceleration effects and made deciphering angular esti-
mation more difficult. Taken together, these results high-
light the impact of self-motion signals on orientation and
suggest that further investigation into the effects of disori-
entation on the HD network are likely best served by
head-fixed experiments.

Postrotational bursting in HD cells resembles
postrotational nystagmus (PRN)

In dark sessions where rats were head-fixed and pas-
sively rotated, HD cells fired bursts of spikes immediately
after rotations ended. These bursts initially occurred at a
frequency matching the rotations, but decreased steadily
postrotation (i.e., the time between successive bursts in-
creased). These effects were not observed in light sessions
or if rats were free to actively locomote during the postrota-
tion period. This postrotational spike bursting was also
noted in an earlier brief report when unrestrained rats were
rotated continuously on a turntable for ~1min and then
stopped abruptly (Yoder and Taube, 2014, see their Fig. 2).
By analyzing the rate with which interburst intervals in-
creased in dark, head-fixed rotation sessions, we estimated
the time constant for the dissipation of vestibular inputs to
be 3.8 s, which is similar to that calculated based on physio-
logical examination of the rat vestibular system (3.7 s;
Fischer et al., 1979), but shorter than the duration of nystag-
mus (described below) commonly reported for rats [180°/
s=6.5s (Fischer et al., 1979); 240°/s =5.7 s (Griffith, 1920)].

This phenomenon is reminiscent of postrotation vesti-
bulo-ocular activity, or “postrotational nystagmus”: during
rotation the eyes make compensatory smooth eye move-
ments followed by a saccade-like reset phase (when the
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eye movement reaches its maximum extent), to maintain
a stable gaze on attended visual stimuli (Tatler and Wade,
2003). These involuntary eye movements are largely driven
by vestibular activity arising in the semi-circular canals and
are mediated by a “velocity storage mechanism” located
across the vestibular nuclei, nucleus prepositus, and por-
tions of the cerebellar network (Raphan et al., 1979; Raphan
and Cohen, 1985; Yakushin et al., 2017). This mechanism
lengthens the decay period of vestibular inputs while inte-
grating them with input from the visual system (Raphan et
al., 1979). When rotations are ended suddenly, angular head
velocity signals persist in the velocity storage system for
some time, causing the eyes to continue moving in the di-
rection opposite the rotation.

There are a few similarities between postrotational nys-
tagmus and the activity we observed in HD cells. (1)
Postrotation bursting in HD cells matched the frequency
of rotations and this bursting decreased with time, as is
observed in postrotational nystagmus. (2) Postrotational
nystagmus is more apparent when visual cues are absent
during the postrotation period (Mowrer, 1935, 1937; Ter
Braak, 1936; Krieger and Bender, 1956), and is thought
to occur because subjects fixate on stable visual cues,
which inhibits postrotational nystagmus eye movements
and leads to “dumping” or resetting of the velocity storage
system (Cohen et al., 1977; Raphan et al., 1979); similarly,
we did not observe postrotational bursting in sessions
when visual cues were available. (3) Postrotational nystag-
mus is disrupted by voluntary head movements (Dizio and
Lackner, 1988) or if the head is off-tilt relative to the vertical
axis (Guedry, 1965; Benson and Bodin, 1966; Schrader et
al., 1985) because the conflicting vestibular input also
leads to dumping of the velocity storage system (Raphan
and Cohen, 1985); similarly, we also did not observe post-
rotational bursting in sessions where animals moved their
head during and after the rotations.

Why does postrotation HD cell activity share so many
characteristics with postrotational nystagmus? One pos-
sibility may be related to the velocity storage system de-
scribed above. In the monkey this system is thought to be
found in the rostral portions of the vestibular nuclei, such
as the caudal ventral superior vestibular nucleus, medial
vestibular nucleus, and lateral vestibular nucleus (Yokota
et al., 1992; Yakushin et al., 2017). In the rat, the medial
vestibular nucleus provides important vestibular input to
the HD network via the supragenual nucleus (SGN; Biazoli
et al., 2006). Stimulation of the nearby prepositus hypo-
glossi nuclei, an area thought to serve as a neural integra-
tor (Cannon and Robinson, 1987), also evokes nystagmus
(Yokota et al., 1992), and this region projects to the dorsal
tegmental nucleus, a key node in the HD system (Bassett
et al., 2007). One possibility is that the HD system re-
ceives input from the same velocity storage integrator as
the vestibulo-ocular system. In the case of HD cells this
integrator could help stabilize the network by (1) media-
ting activity coming from the visual system, compensat-
ing for rotational vestibular responses if stable visual
cues are available and (2) storing and lengthening the
high frequency signals from the semi-circular canals to
provide a more accurate representation of angular head
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velocity during slow head movements (Cohen et al., 1977;
Raphan et al., 1979).

Future experiments could seek to test this hypothe-
sis by lesioning the nodulus and uvula of the vestibulo-
cerebellum, which are involved in “dumping” the con-
tents of the velocity storage mechanism (Waespe et
al., 1985). Another approach would be to rotate rats in
darkness before tilting their heads during the postrota-
tion period as this procedure discharges the velocity stor-
age mechanism in monkeys (Guedry, 1965) and humans
(Schrader et al., 1985) and may therefore also decrease
postrotation bursting in HD cells. Finally, in every species
tested, postrotational nystagmus decreases after repeated
exposures to rotational stimulation (Griffith, 1920; King, 1926;
Hood and Pfaltz, 1954; Collins and Updegraff, 1966). We
could not look for this effect in our current experiments
because of the interspersed nature of our rotation sessions,
but a future experiment could determine whether postro-
tation bursting in HD cells “habituates” with multiple ex-
posures to the same rotation paradigm.

Conclusions

In conclusion, by monitoring responses of HD cells
during spatial disorientation, we found that they never
become quiescent, they continue to fire coherently even
when the animal is substantially disoriented, and indi-
vidual cells no longer display directional or stable firing.
This finding is consistent with an attractor network model
of the HD system, where activity in the network is never
abolished, but only shifts to different points or becomes
distributed around the attractor ring. These shifts and dis-
tributed firing lead to a decrease in peak firing rates, and if
strong enough, essentially result in the loss of directional
tuning altogether. When visual cues were available, they
only helped to maintain directionality during disorientation
by a small amount or for a short period of time in the case
of fast continuous rotations. In addition to visual and ves-
tibular inputs, we also found that the HD network exhibits
postrotational activity, which shares several features with
postrotational nystagmus in the vestibulo-ocular system.
One interpretation of this finding is that the HD network re-
ceives input from a velocity storage process that has its ori-
gins in the vestibular system. This process is commonly
associated with the vestibulo-ocular reflex and maintaining
an attended visual image focused on the fovea in the face
of head movements. In the HD circuit, this process could
also prove advantageous following disorientation by pro-
viding an additional mechanism for stabilization based on
visual cues. More generally, this velocity storage mecha-
nism would also mediate vestibular inputs to the HD sys-
tem, lengthening these high-frequency outputs, which
may provide a more accurate estimation of slow head
movements. Additional experiments will be needed to test
this potential input directly. Thus, the HD system utilizes
multisensory integration from a variety of inputs to prevent
disorientation. Although strong vestibular disruption, such
as that occurring during continuous rotation, appears
particularly difficult for the system to overcome, it ap-
pears that vestibular input is prioritized over other sen-
sory types.
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