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Abstract

Knowledge of head direction cell function has progressed remarkably in recent years. The
predominant theory that they form an attractor has been confirmed by several experiments.
Candidate pathways that may convey visual input have been identified. The pre-subicular circuitry
that conveys head direction signals to the medial entorhinal cortex, potentially sustaining path
integration by grid cells, has been resolved. Although the neuronal substrate of the attractor
remains unknown in mammals, a simple head direction network, whose structure is astoundingly
similar to neuronal models theorized decades earlier, has been identified in insects. Finally, recent
experiments have revealed that these cells do not encode head direction in the horizontal plane
only, but also in vertical planes, thus providing a 3D orientation signal.

Introduction

Head Direction Cells (HDC) found throughout the navigation circuit (Fig. 1A; see Bubb et
al. 2017, 2018) form a neuronal compass that tracks allocentric head orientation. Here we
summarize recent progress in uncovering the neuronal pathways that convey visual landmark
information to the HDC network (Yoder et al. 2015; Jacob et al. 2017; Page and Jeffery,
2018; Korienko et al. 2018). We also summarize recent studies (Tukker et al. 2015; Winter et
al. 2015; Preston-Ferrer et al. 2016; Weiss et al. 2017; Simonnet et al, 2017; Simonnet et
Fricker, 2017; Nassar et al., 2018) that explore the functional and anatomical relationship
between the HDC network and grid cell networks in the MEC.
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A prominent theory that HDC form an attractor network (Fig. 1B; Redish et al., 1996;
Skaggs et al., 1995; Zhang, 1996) emerged shortly after their discovery (Ranck 1984; Taube
et al. 1990a,b). Yet, it received little experimental evidence until recently. We review recent
studies supporting this hypothesis in mammals (Peyrache et al. 2015; Butler et al. 2017,
Bassett et al. 2018; Park et al. 2019; Gardner et al. 2019; Chaudhuri et al., 2019; Rubin et
al., 2019) and insects, where the physical structure of the circuit is astoundingly similar to a
functional ring attractor (Fig. 1C; Seelig and Jayaraman 2015; Kim et al. 2017; Green et al.
2017, 2019; Turner-Evans et al. 2017).

We end this review by considering the three-dimensional (3D) organization and the
coordinate frame of the head direction system (Fig. 1D; Finkelstein et al. 2015; Laurens et
al. 2016; Page et al. 2017; Angelaki et al. 2019).

Head direction cells form aring attractor that integrates multisensory

signals

A prominent theoretical framework of HD function is the attractor model (Fig. 1B), where
HDC are represented along a conceptual ring (no topological organization is known in the
mammalian HDC circuit), each cell’s position representing its allocentric preferred direction
(PD). Visual input cells that fire when the head faces a specific direction in the visual
environment activate the corresponding HDC. Recurrent connections within the population
create ‘winner takes all’ dynamics where a packet of cells with similar PD, i.e. adjacent on
the conceptual ring, activate each other while inhibiting other cells. Through mutual
excitation, this cell packet may remain active even if visual inputs are withheld, allowing the
attractor to ‘memorize’ HD in darkness. Angular velocity cells (Fig. 1B, blue) provide self-
motion inputs that encode rotation (angular) velocity and can cause the activity packet to
slide, thus updating the HD signal. This model accounts for the HDC’s ability to anchor to
visual landmarks, memorize head orientation in darkness, and integrate rotation signals
(Redish et al., 1996; Skaggs et al., 1995; Zhang, 1996; Clark and Taube 2012; Sun et al.
2018). As described in the next section, a neuronal circuit that closely matches the attractor
model has been described in insects (Fig. 1C).

Recent studies have provided strong support for this framework. These studies rely on a
rationale illustrated in Fig. 2A-D. When foraging in light (Fig. 2A), HDC remain stable over
minutes (Fig. 2B). In darkness, HDC can “path-integrate” rotation signals but may
accumulate errors, resulting in a drift of the direction at which HDC fire (Fig. 2C).
Importantly, the attractor network theory predicts that individual HDCs should drift
coherently, i.e. by a same amount and in the same direction, such that the relationship
between PDs are preserved (Fig. 2D), since their firing reflects the drift of a single HD
signal encoded by the entire network.

This prediction was verified by Butler et al. (2017), who inactivated optogenetically DTN-
projecting cells in the Nucleus Prepositus Hypoglossi. These cells provide angular velocity
signals to the HD attractor; and accordingly their inactivation caused HDC to drift when
recorded in darkness. As predicted, simultaneously recorded ADN HDC drifted coherently.
In another study, Bassett et al. (2018) demonstrated that attractor activity exists in the ADN
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of rat pups even before their eyes open. Path integration in the HD attractor was poorly
calibrated, resulting in a drift of HDC that was coherent across cells.

The HDC attractor thus provides an internal sense of orientation in the absence of visual
reference. Even in light, it doesn’t necessarily anchor to visual landmarks. This has been
illustrated by Park et al. (2019), who placed rats on a rotating platform and trained them to
avoid two zones, one referenced to the platform and another referenced to allocentric
landmarks. HDC in the MEC anchored to neither the platform nor allocentric landmarks;
instead, kept re-anchoring to various frames over short time scales (~10s). Yet, individual
HDCs remained anchored one to the other, supporting the attractor model again. This
experiment stresses that the HDC attractor doesn’t encode HD in a unique reference frame
(i.e. like a magnetic compass) but can instead anchor dynamically, depending on yet
undefined behavioral and/or cognitive goals.

It is notable that Peyrache and colleagues (2015) observed attractor dynamics during slow-
wave sleep (SWS) and rapid eye movements sleep (REM). The firing properties of ADN and
PreS HDC resembled those in awake animals, suggesting the attractor encoded a drifting HD
signal (Fig. 2E). HDC with nearby PDs exhibited positive temporal correlations (Fig. 2F,
left), since they tend to fire at similar times, whereas pairs with opposite PDs were anti-
correlated (Fig. 2F, right), as they never fired simultaneously. These correlations were
conserved during SWS and REM as well as when awake, both within and across regions,
demonstrating that internal attractor activity persists during sleep. This result has been
recently reproduced in MEC (Gardner et al. 2019). Remarkably relevant to the next section,
neural data from Peyrache et al. 2015 re-analyzed (Chaudhuri et al., 2019; Rubin et al.,
2019) through un-supervised dimensionality reduction techniques showed that the
population response of HDC cluster along a 1D circular manifold that reflects the topology
of the ring attractor (Fig. 2F).

A neuronal attractor for representing head direction in insects

Complex brains follow complex organization. In our opinion, the simplicity of the neuronal
circuit for head direction in insects, where anatomy directly meets function, is a most
remarkable finding of the past decade (Fig. 1C; see Franconville et al. 2018 for a detailed
review of this circuitry). Using 2-photon imaging, Seelig and Jayaraman (2015) showed that
in flies the circuit matches the ring attractor model strikingly. Neurons in the ellipsoid body
(EB; Fig. 1C, orange) form an attractor that encodes head direction (Seelig and Jayaraman
2015; Kim et al. 2017; Green et al. 2017; Green and Maimon 2018; Turner-Evans et al.
2019). Remarkably, these neurons are anatomically organized along a ring with an inverse
topological organization (i.e. clockwise rotations of the animal are represented by
counterclockwise rotation of the activity packet). Cells in the left and right protocerebral
bridge (PB; Fig. 1C, blue) are responsive to counterclockwise/clockwise rotations of the
animal. Recurrent connections between the EB and the PB (P-EN: protocerebral bridge-
ellipsoid body noduli neurons; E-PG: ellipsoid body-protocerebral bridge gall neurons)
integrate rotation signals (Green et al. 2017, Turner-Evans et al. 2017). For instance, if the
fly faces a certain direction (represented by the orange-filled tile in the EB in Fig. 1C) and
the animal rotates clockwise, the activity of E-PG and the right PB responsiveness to
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clockwise rotation will activate one tile in the PB (Fig. 1C, blue-filled tile). In turn, the
corresponding PEN neurons will activate the EB’s neurons located counterclockwise relative
to the orange filled tile, thus displacing neuronal activity in the EB to integrate the animal’s
rotation. Other insect species possess analogous neural circuits (Varga and Ritzmann 2016;
Stone et al. 2017; see Turner-Evans and Jayaraman, 2016 for a review), and attractor
dynamics has been demonstrated in the EB of cockroaches (Varga and Ritzmann 2016).
Several mathematical models of this circuit have been developed (Cope et al. 2017; Kakaria
and de Bivort 2017; Stone et al. 2017).

Recent studies (Fisher et al. 2019, Kim et al. 2019) have identified ‘ring neurons’ (Fig. 1C,
green) that convey visual landmark information to the EB. Remarkably, their synapses to the
EB can dynamically reorganize in an experience-dependent manner to map visual landmarks
to the head direction signal in the EB (Fisher et al. 2019, Kim et al. 2019).

In an elegant experiment where flies walked spontaneously in a straight line in darkness,
Green et al. (2019) used focal stimulation to reposition the EB activity packet. They
observed that flies responded by performing a turn, which restored the activity packet to its
initial position. This suggests a causal link, where behavior (walking in a straight line) is
guided by EB activity.

Visual landmark control of the HDC network

Visual landmarks represent a major stimulus to anchor HDC. Based on lesion studies, Yoder
et al. (2011, 2015) proposed that visual landmark signals travel from cortical areas,
including RSC, to the PreS, that projects to the LMN. The RSC may play a key role in this
function: it is thought to transform visual information from an egocentric to allocentric
reference frame (see Clark et al. 2018, Mitchell et al. 2018 for reviews) and a fMRI study in
humans (Auger et al. 2017) has implicated it in identifying stable visual landmarks to
support spatial navigation. In this section, we review a recent study (Jacob et al. 2017) that
identified a potential neuronal substrate of landmark processing in RSC. We also discuss
additional reports of visual HD signals in the MEC and PaS (Kornienko et al. 2018).

We illustrate the findings of Jacobs et al. (2018) in Fig. 3A—F. Rats explored two
interconnected, symmetrical, compartments (Fig. 3A-E) that were visually identical but
discriminable based on odor cues. HDC in RSC responded at the same allocentric HD in
both compartments (Fig. 3, orange). In contrast, some cells responded at opposite allocentric
directions (Fig. 3A,B, purple), suggesting that they encoded visually-driven head orientation
signals. These cells are termed ‘bidirectional’ (BD) cells since, when averaged across both
compartments, their tuning appears bidirectional. They are further separated into ‘between-
compartments’ (BC) cells that exhibit opposite (unidirectional) tuning curves between
compartments (Fig. 3A) and ‘within-compartments’ (WC) cells that exhibited a limited
degree of bimodality within each compartment (Fig. 3B). Importantly, the response of BD
cells persists in darkness (Fig. 3C), demonstrating that they are not exclusively visually
driven but instead register to the HDC attractor that sustains their response in darkness.
When the arena was rotated by 90°, the responses of both HDC and BDC rotated to follow
the environment in ~78% of trials (Fig. 3D). Interestingly, in the remaining 22%, the rotation
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of HDC responses didn’t follow the environment, whereas BDC did (Fig. 3E). These are
likely instances where, following the environment’s rotation, local cues were recognized as
non-stationary and were registered to a new head direction. BD cells identified in the
symmetrical arena (Fig. 3A-E) didn’t exhibit any directional tuning in a square arena (Fig.
3F), probably because of the different structure of the visual environment.

A conceptual model of BDC, based on (Jacob et al. 2017, Page and Jeffery, 2018) is shown
in Fig. 3G. In essence, BDCs associate a given visual signal with the corresponding
allocentric HD (or two corresponding HD in a visually symmetrical environment) through
synaptic plasticity. In turn, BDCs are assumed to activate the corresponding HDC. By this
process, these cells memorize the allocentric bearing of stationary visual landmarks, and
anchor HDC to these stable landmarks. Some components of this model, such as the
projection from BDC to HDC, remain hypothetical. Despite this limitation, by dissociating
traditional HDC from visually driven cells, Jacob et al. (2017) have introduced a thought-
provoking paradigm to study visual control of the HDC network.

Another type of visually driven HDC has been identified in the Parasubiculum and MEC
(Korienko et al. 2018). Mice walked in an arena equipped with a stable visual cue (Fig. 3H,
white) and an additional visual cue that alternated between two configurations (Fig. 3H,
yellow/black strip). Part of HDC (Fig. 3H, orange; left polar plots) behaved like traditional
HDC. Their PD were generally stable between visual patterns, indicating that mice
maintained a stable sense of allocentric orientation. If these cells” PD shifted, they remained
anchored one to another. Other cells (Fig. 3H, green/blue; right polar plots), had dissimilar
PD between visual patterns, and the changes in PD were incoherent between cells. Thus,
these cells appeared to be primarily visually-driven and weren’t anchored to the HDC
attractor. Interestingly, the firing of traditional HDC was phase-locked to the local theta
rhythm, whereas the firing of visually-driven HDC wasn’t, indicating a physiological
difference between these neuronal types. Visually-driven HDC identified by Kornienko et al.
(2018) are distinct from BD cells identified by Jacob et al. (2017) since they are not
anchored to the HDC attractor. They may be part of another pathway through which vision
contributes to navigation, that remains to be explored.

Neural pathways in the PreS

The PreS is involved in at least two functional pathways within the HDC circuit. First, the
grid cell system uses HD signals (Winter et al. 2015, Weiss et al. 2017), likely originating
from the ADN and relayed to the MEC by the PreS (Tukker et al. 2015, Preston-Ferrer et al.
2016). Second, the PreS receives visual signals from the RSC (and other visual areas; see
Yoder et al. 2011, Yoder and Taube 2011) and projects to the LMN to anchor the HD
attractor to the PreS and therefrom to the LMN (Yoder et al. 2011, 2015). Here we review
recent studies of the neural circuitry within the PreS that pave the way towards
understanding how it participates to these functions.

The first pathway, where ADN projects to PreS which, in turn, projects to MEC, is now well
understood. Most PreS HDC are layer 3 pyramidal neurons that receive ADN inputs and
project predominantly to the MEC (Tukker et al. 2015, Preston-Ferrer et al. 2016). The
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response of these HDC is also shaped by two types of PreS interneurons that receive ADN
inputs: fast-spiking interneurons activated monosynaptically by ADN HDC and Martinotti
cells activated by layer 3 pyramidal cells (Simonnet et al, 2017; Simonnet et Fricker, 2018;
Nassar et al., 2018).

Less is known about the second pathway that carry landmark signals from RSC to PreS to
LMN. Layer 3 neurons receive RSC and striate/extrastriate visual cortex afferents ('Yoder
and Taube, 2011; Simonnet and Fricker, 2018), and may thus integrate visual signals.
However, these neurons don’t project to the LMN. Instead, pyramidal neurons in Layer 4 (or
other deep layers), that also contain HDC, project to the LMN (Huang et al. 2017; Simonnet
and Fricker, 2018). However, the afferent connectivity of these layers is still unknown.

These studies have mapped part of the PreS circuitry with remarkable detail (see also
Peyrache et al. 2019), while leaving some questions open, in particular whether HDC signals
from the ADN to the MEC and visual signals from the RSC to the LNM merely cross each
other or interact; and the nature of visual landmark signals projected by the PreS to the
LMN.

HDC encode head orientation in three dimensions

Until recently, most HDC studies were conducted on horizontal surfaces. What do HDC
encode when animals behave in 3D? Recent works have shown that HDC use a 3D compass
where one degree of freedom, azimuth, is affixed to the head-horizontal plane, and the
remaining two degrees of freedom encode head tilt relative to vertical.

When animals walk on a horizontal plane, HDC encode head orientation in this plane (i.e.
azimuth). How is azimuth defined when the head tilts? Early studies (Stackman et al. 2000,
Calton and Taube 2005) showed that, when rats walk on vertical surfaces, HDC encode head
direction in the locomotion (or head-horizontal) plane (Fig. 4A, orange). However, how
azimuth updates during 3D motion wasn’t understood until recently. Page et al. (2017)
demonstrated that HDC in the ADN of rats maintain allocentric invariance (Fig. 4A, see
legend) by using a “dual-axis rule” where azimuth is updated by rotation in the locomation
plane (Fig. 4A, red arrows) or when this plane rotates in space (Fig. 4A, blue). Laurens and
Angelaki (2018) developed a mathematically equivalent model called “tilted azimuth”. This
model is now supported by HDC recordings in the ADN of mice (Angelaki et al. 2019),
HDC recordings in the ADN of rats by Shinder and Taube (2018), re-analyzed by Laurens
and Angelaki 2019, and explains HDC responses in the PreS of bats (Finkelstein et al.
2015).

The mammalian’s navigation system is adapted to 3D navigation, as shown by the finding of
3D place cells in bats (Yartsev and Ulanovski 2013) and rats (Grieves et al. 2019). Tilted
azimuth provides a 1D signal to navigate on inclined surfaces, but do HDC encode the
remaining two degrees of freedom (2D tilt relative to vertical) to form a full 3D compass?
Research in rodents (Stackman et al. 2000; Calton and Taube 2005; Taube and Shinder,
2019) long surmised that HDC encode only 1D azimuth. More recent studies focused on
flying and arboreal mammals: Finkelstein et al (2015) found that HDC in the PreS of bats
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encode 3D head orientation, and Laurens et al. (2016) found that cells in the ADN of
Macaque encode tilt (but couldn’t test whether they also encode azimuth). Finally, Angelaki
et al. (2019) identified 3D HDC in the ADN, RSC and cingulum fiber bundle of mice,
demonstrating that 3D tuning exists in rodents. They developed a framework to express
HDC responses: 3D head orientation is decomposed in 1D tilted azimuth and 2D tilt, Fig.
4B, which together form a 3D volume (Fig. 4C). Within this volume, individual HDC may
encode azimuth only (Fig. 4D, top), tilt only (Fig. 4D, middle) or azimuth and tilt
conjunctively (Fig. 4D, bottom). Such a population of HDC with mixed levels of
dimensionality may optimize the representation of head orientation across time scales
(Finkelstein et al. 2018). Laurens et al (2016) and Angelaki et al. (2019) also demonstrated
that tilt responses are anchored to Earth’s gravity, likely sensed by the vestibular system.
Thus, HDC encode 3D orientation by using visual landmarks (for azimuth tuning), gravity
sensing (for tilt tuning) and by integrating rotation signal (to derive an azimuth signal, and
possibly a tilt signal) (Fig. 1D).

A recent fMRI study (Kim and Maguire 2018) identified azimuth and tilt responses in the
RSC of humans engaged in a virtual reality task. However, only azimuth responses were
found in the ADN. This task, being purely visual, may have failed to evoke tilt response in
ADN, but may have recruited the RSC which is more visually oriented. Together, these
results suggest that 3D tuning may be a ubiquitous property of the mammalian HD system.

Conclusions

Recent years have seen considerable innovations in the field of HDC research. The attractor
network model, that had long been confined to theoretical studies, is now well supported by
experimental studies in mammals, and demonstrated, to a spectacular degree, in insects.
Functional and anatomical understanding of the HDC network progresses (see also
Dudchenko et al. 2019 for a review of how HDC correlate with behavior in mammals).
Finally, several studies have uncovered the principles of how HDC encode 3D head
orientation.

A diversity of cell types across the navigation system exhibit head directionality. However,
their anchoring to the canonical HD attractor may be dynamic (e.g. BD cells, Jacobs et al.
2017) or inexistent (e.g. Kornienko et al. 2018). This has raised the question of whether all
HDC participate to an attractor network (Dudchenko et al. 2019); some even questioning
whether the attractor theory is pertinent. In our opinion, the existence of the HD attractor is
largely supported, but not all cells that exhibit HD tuning participate to it — at least, not
always. This points to the need of establishing which cells participate to the attractor and
under what conditions; and perhaps developing distinct nomenclature for canonical attractor-
anchored HDC and other cell types with directional responses.
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Highlights.
. Head Direction Cells form an attractor that stores head orientation and
integrates self-motion.
. The neuronal substrate of the Head Direction attractor has been identified in
insects.
. Recently discovered “Bidirectional” cells may carry visual landmark signals.
. The pre-subiculum conveys Head Direction signals to the entorhinal cortex.
. Head Direction Cells encode head orientation in 3D.
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Figure 1: Overview of the HDC system and recent progress.
A: HD circuitry in rodents. Colored circles indicate the presence of angular velocity cells

(blue), HDC, including 3D-tuned HDC (orange/green in regions where 3D HDC have been
identified; orange with green question marks where 3D responses have not been tested),
bidirectional cells (violet; Jacob et al. 2017), other cells with HD responses (dark grey;
Peyrache et al. 2017; Laurens et al. 2019; Kornienko et al., 2018), grid cells (yellow) and
place cells (red). Arrows represent connections between regions. Self-motion signals enter
the HD network through the DTN, and visual landmark signals through the RSC and/or the
PreS. After Bubb et al. 2017, 2018; Clark and Taube 2012, Weiss and Derdikman, 2018;
Yoder and Taube, 2011; Yoder et al. 2011, 2015.

B: Schematic structure of a HDC attractor. Active (orange) and inhibited (light grey) HDCs
are represented along a ring. Excitatory (orange) and inhibitory (grey) connections
originating from one HDC are shown inside the ring. Visual landmark signals (green) anchor
the packet of active HDC to a given location. Angular velocity cells (blue) may encode
clockwise (right) or counterclockwise (left) rotation and cause the packet of active HDC to
shift.

C: HDC attractor in Drosophila (see text for details).

D: Representation of 3D head orientation in the HD system. 3D orientation is decomposed
into azimuth (head orientation in the head horizontal plane, orange) and head tilt relative to
vertical (green). Azimuth signals are anchored to visual landmarks, and tilt to gravity
signals. Both can be updated in response to self-motion. Bottom: HDC may represent
azimuth only, tilt only or both conjunctively. The corresponding proportions of cells in the
HD system are shown as a Venn diagram (data from mice ADN and RSC; Angelaki et al.
2019; proportions in bat PreS are comparable; Finkelstein et al. 2015). 50% of cells encode
azimuth, and about 70% represent tilt. The probability of representing azimuth and tilt are
independent, such that about 35% cells encode tilt and azimuth conjunctively.
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Figure 2: Experimental support for the Head Direction Cell attractor.
Panels show the simulated responses of 3 HDC (tuning curves modelled as Von Mises

distribution with o=18° and peak firing = 30 spk/s) during random trajectories.

A: Firing of three HDC when the HD attractor is consistently anchored to allocentric HD,
e.g. in light. Grey curve: animal’s trajectory; blue, orange and yellow: spikes from the three
cells. Each cell fires at a fixed head direction.

B: Tuning curves during the first (left) and fourth (right) minute in panel A, shown as a polar
plot, where the angle represents HD and the radius represents firing rate (in arbitrary units).
C: Firing of three HDC when the attractor drifts, e.g. following experimental disturbances.
Directionality tuning drifts coherently across cells.

D: Tuning curves during the first (left) and fourth (right) minutes in panel C, demonstrating
a coherent drift of all cells.

E: Firing of three HDC during slow wave sleep. The cells’ firing is anchored to an internally
generated HD signal that drifts randomly (grey).

F: Temporal cross-correlation analysis of HDC during slow-wave sleep (from simulated data
in panel E). Since the internal HD signal drifts slowly, HDC with similar spatial properties
will also fire together over time and therefore exhibit positive femporal cross-correlations
(left: cross-correlation between blue and orange cells). Reciprocally, cells with opposite
spatial properties will exhibit negative temporal cross-correlations (right: cross-correlation
between blue and yellow cells).

G: Hlustration of dimensionality reduction analysis (based on the simulated responses of
100 HDC; tuning curves: Von Mises distribution with g=18° and peak firing = 30 spk/s;
during random trajectories). When plotted on a reduced dimensionality space, population
responses adopt a circular topology that reflects the HDC attractor.
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Figure 3: “Bidirectional” (BD) cells in the retrosplenial cortex (Jacob et al. 2017) and visually-
driven HDC in the MEC and PaS (Kornienko et al. 2018).

A-E: Recordings in a two-compartment arena. Each compartment is identified by an odor
cue (symbolized in yellow and blue) and possesses one visual cue (black bar), placed
symmetrically across compartments. The tuning curves of a HD cell (orange) and BD cell
(violet) are shown as polar plots. A: BD cells with “Between Compartment” (BC) response,
where the cell is tuned to a unique direction in each compartment. B: BD cells with “Within
Compartment” (WC) response, where the cell exhibits a limited degree of bidirectionality in
each compartment. D,E: response where the arena is rotated by 90° and BD cells remained
anchored to HDC (D) or uncoupled from HDC (E). All panels are schematic illustrations
drawn by the authors of the present review.

F: Recording in an open square arena. The directional tuning of HDC is maintained, but the
tuning of BDC disappears.

G: Conceptual model (after Jacob et al. 2017; Page and Jeffery 2018). BD cells integrate
HD, visual and contextual information to identify stationary landmarks and in turn provide
landmark signals to the HDC attractor. In a visually symmetrical environment, BD cells
connect to two opposite parts of the HDC attractor (orange), resulting in their bidirectional
response.

H: Recording of visually-driven HDC (Kornienko et al. 2018). Recordings are performed in
a square arena with a stable orienting cue (shown in white on the right side) and an unstable
cue (yellow/black stipe) alternating between two configurations (top versus bottom panel).
The tuning curves of three example cells are shown as polar plots. ®-modulated cells behave
as traditional HDC and exhibit stable tuning; non-®-modulated cells are visually driven and
remap independently one from the other when the visual pattern changes. All panels are
schematic illustrations drawn by the authors of the present review.
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Figure 4: HDC encode head orientation in 3D.
A: Dual-axis rule and tilted azimuth model. Azimuth is measured on a compass (orange;

tilted azimuth compass) affixed to the locomotion plane. Based on the dual-axis rule,
azimuth is updated (1) when rotating on the locomotion plane (red arrows) and (2) when the
plane rotates about an earth-vertical axis (blue; e.g. azimuth changes from 90° to 180° when
moving from surface n°2 to surface n°3 along the violet trajectory). This rule ensures that
azimuth maintains spatial invariance. For instance, when completing the trajectory shown in
violet, the dual-axis rule registers a total rotation of 360° (three red turns and one blue turn).
If only red turns updated the attractor, there would be a discrepancy with the allocentric
environment.

B: Decomposition of 3D head orientation into 1D azimuth (left) and 2D tilt (right). Head tilt
is two-dimensional, e.g. it can occur along the pitch (green), roll (blue) or intermediate
(yellow) axes, and has a spherical topology since 180° tilt in any direction results in the
same final position (upside-down).

C: Three-dimensional head orientation space, represented as the cartesian product of 1D
azimuth and 2D tilt. The spherical 2D tilt space is projected onto a plane (using an equal-
area Mollweide projection). An azimuth axis is added, orthogonal to this plane, to create a
3D space.

D: Representation of the response space of HDC responses with various degrees of
dimensionality, in the 3D orientation space. 7gp: a HDC that encodes only azimuth will
respond when the head faces a certain azimuth, and at any head orientation. The
corresponding volume (orange) forms a vertical slice in the 3D space. Midd/e: a HDC that
encodes only tilt will discharge around a certain tilt position (e.g. 90° pitch here) but at all
possible azimuth angles. The corresponding volume (green) forms a line parallel to the
azimuth axis. Bottom: a conjunctive HDC will discharge when the head reaches a specific
range of tilt and azimuth, i.e. in the neighborhood of a single point (violet).
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