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Abstract

Spatial signals are prevalent within the hippocampus and its neighboring regions. It is generally
accepted that these signals are defined with respect to the external world (i.e., a world-centered, or
allocentric, frame of reference). Recently, evidence of egocentric processing (i.e., self-centered,
defined relative to the subject) in the extended hippocampal system has accumulated. These results
support the idea that egocentric sensory information, derived from primary sensory cortical areas,
may be transformed to allocentric representations that interact with the allocentric hippocampal
system. We propose a framework to explain the implications of the egocentric-allocentric
transformations to the functions of the medial temporal lobe memory system.

Introduction

A majority of the principal cells within the hippocampal formation fire when the subject is
located within a localized region in an environment. This spatial selectivity is so robust and
striking that it has taken center stage in studies of medial temporal lobe function since the
pioneering discovery of place cells by O’Keefe and Dostrovsky [1] and the subsequent
discoveries and characterizations of head direction cells by Ranck and Taube [2] and grid
cells by Hafting, Fyhn, Moser, and Moser [3] in regions that provide input to the
hippocampus. Decades of investigation of these cells have shown that they primarily encode
position and direction in an allocentric (i.e., world-centered) frame of reference, independent
of the orientation of the body or head (although direction selectivity of place cells can
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develop with experience, as “local views” of sensory input become associated with
allocentric spatial locations [4,5]). Place cells, grid cells, and head direction cells are thought
to represent an allocentric location and compass system that functions as a “cognitive map”
used for flexible navigation, hypothesis-based problem solving, and episodic memory [1]. It
has been proposed that the egocentric representations of the primary sensory cortical areas
must be transformed into an allocentric representation in the hippocampus, and then
transformed back to an egocentric motor representation for behavioral output [6]. How this
transformation is accomplished in the rodent cognitive mapping system has largely been the
realm of theory. However, a number of recent papers have investigated how egocentric
sensory and motor representations can be transformed into allocentric spatial maps. These
studies have revealed a surprising degree of egocentric coding within the hippocampal
formation itself, which may underlie the ability of the hippocampus to direct explicit
trajectories to goals and to represent the first-person experiences of the world that underlie
the formation and retrieval of explicit, episodic memories.

Definitions

A range of phenomena are placed under the umbrella term egocentric coding, and it is
important to define this term precisely [7]. Egocentric coding can be used to describe the
reference frames of both incoming sensory input as well as motor output. For example, a
sound can be perceived as coming from my left, and | can turn my head to my left to orient
to the sound. Just as there are different reference frames for allocentric coding that must be
specified, such as local vs. global frames [8], there are also different egocentric frames of
reference. Egocentric representations may be defined relative to the body, head, or eyes, for
example, all of which have been demonstrated in sensorimotor representations in primate
parietal cortex [9]. For most studies of spatial navigation and cognition in rodents, both
allocentric and egocentric coordinates are defined by tracking the head only in the horizontal
plane [7]. Thus, our discussion of this topic involves only this specific form and greater
complexity may be uncovered when data from other frames become available in the future.

Theoretical studies about the egocentric-allocentric transformation

Parietal cortex, which is essential for representing peripersonal space (i.e., space next to the
body) [10] and visual spatial attention [9] has been a source of inspiration for studying in the
hippocampal formation the much larger spatial scale of navigation. First, early models of
place cells relied on the egocentric representation of cues (local views [4]) in the
environment [11,12], which was hypothesized to be streamed to the hippocampal system
from the parietal cortex [13]. Second, great progress has been made in understanding the
neural mechanisms underlying transformations between coordinate frames in the parietal
cortex. For example, “gain fields” were discovered in the parietal cortex, in which an
allocentric representation of location in the visual world is accomplished by modulating the
firing rates of retinotopic (i.e., egocentric) receptive fields by the position of the eyes in the
orbits [9].

Similar egocentric-to-allocentric transformations were hypothesized to occur in the brain’s
navigation system. Burgess and colleagues [6,14] presented a model for spatial memory and
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imagery, in which the retrosplenial cortex constitutes a site for coordinate transformation,
integrating egocentric sensory information from the parietal cortex and an allocentric head
direction signal from limbic regions [2] to form an allocentric signal for space. They
postulated the existence of cells with tuning for both allocentric head direction and
egocentric bearing. Specific wiring circuits among these cells could construct the boundary
vector cells or border cells, a type of cell in the subiculum and the medial entorhinal cortex
(MEC) that fires when the animals are at a distance and allocentric direction to a boundary
[15-17]. This allocentric spatial signal has been suggested to be the basis for the
construction of place cells in the hippocampus [18]. Similarly, McNaughton et a/. [15]
hypothesized that place cells were representations of allocentric bearing and distance to
specific external landmarks used to facilitate vector-based flexible navigation. These
“landmark vector cells” were hypothesized to be constructed from egocentric bearing and
allocentric head direction cells. Despite these theoretical explorations of the coordinate
transformation in the hippocampal navigation system, experimental support for these ideas
was, until recently, scarce.

Recent experimental results support the models of egocentric-allocentric

transformation

In recent years, egocentric representations have been discovered in many brain areas in the
navigational system, with characteristics predicted by mechanisms of coordinate
transformation in the aforementioned theoretical studies. In parietal cortex, neurons encode
egocentric bearing of an external cue, with a proportion of the cells carrying conjunctive
allocentric head direction information [16]. Together, these cells could form a transformation
circuit for landmark-vector/object-vector cells hypothesized by McNaughton et a/. [15] and
subsequently discovered in the downstream hippocampus [17] and medial entorhinal cortex
[19]. Another parietal downstream target, the retrosplenial cortex, has been considered a hub
for coordinating different reference frames [6,20,21]. Indeed, in open arenas, cells in
retrosplenial cortex were found to be selective for egocentric bearing of and distance to the
environmental boundaries [22,23]. These findings were similar to earlier work in
retrosplenial cortex [24], where “direction-dependent place cells” were suggested to be used
to guide flexible spatial behavior.

Other studies have proposed sequential processing models by which allocentric and
egocentric bearing signals produce allocentric spatial selectivity. Cells in the postsubiculum
appear to combine an allocentric head direction signal from the anterior dorsal thalamic
nucleus with an egocentric signal about the orientation of the rat relative to a boundary to
produce a spatial signal in the form of a directionally modulated boundary (border) cell [25].
In a study of a number of parahippocampal areas, including postrhinal cortex,
parasubiculum, and postsubiculum (called dorsal presubiculum in that paper), the postrhinal
cortex was the only region that showed a high proportion of pure egocentric boundary cells,
whereas the other regions (postsubiculum, parasubiculum, and MEC, as well as postrhinal
cortex itself) showed conjunctive coding of both egocentric boundary information and head
direction [26]. These authors suggested that this pathway (visual/parietal cortex —
postrhinal cortex — MEC/para/postsubiculum) transforms egocentric signals into allocentric
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border cells. A similar study also reported egocentric bearing representations in postrhinal
cortex, commingled with distance information and an allocentric head direction signal [27].
In line with O’Keefe’s centroid model of allocentric spatial map generation [11], these
authors suggested that the postrhinal cortex contained all of the cell types necessary to create
an allocentric map based on sensory landmarks.

Egocentric responses have been found unexpectedly in the hippocampus

and lateral entorhinal cortex

The above-mentioned brain regions are well recognized as playing various roles in spatial
information processing, and thus it is not surprising to have found egocentric spatial
representations in these regions upstream of the allocentric representations known to reside
in the hippocampus and MEC. However, several recent studies have uncovered unexpected
egocentric spatial representations in the hippocampus itself, as well as the lateral entorhinal
cortex, which was previously thought to convey primarily nonspatial information to the
hippocampus.

In Egyptian fruit bats, 19% of hippocampal CA1 cells encoded the egocentric bearing of a
goal target located inside the behavioral arena [28]. Some other cells encoded the distance to
the goal. Thus, in addition to its allocentric place cell representation, the bat hippocampus
contains an egocentric vector representation of the animal’s location relative to a goal.
Consistent with this finding, a number of other reports have shown that a fraction of
pyramidal cells in the rodent hippocampus show egocentric coding for boundaries or salient
local landmarks [23,29,30]. It is possible that prior reports of allocentric coding of head
direction in these cells [31,32] may instead reflect egocentric coding to landmarks at a
distance from the experimental apparatus, which would be indistinguishable from egocentric
coding [22,23,25-27,33,34]. Further investigation of this topic with systematic manipulation
of the distant and behaviorally relevant landmarks is needed to disambiguate these two
possible interpretations. For example, recordings in a very large environment or in virtual
reality may reveal that apparent allocentric head direction coding at the center of the
environment is actually egocentric coding relative to a distal landmark when the animal is
allowed to move around the distal landmark and sample it from multiple egocentric
bearings.

What are the possible sources of egocentric information for the hippocampal neurons? In a
study of the two major hippocampal input regions, the lateral entorhinal cortex (LEC) and
medial entorhinal cortex (MEC), LEC neurons were found to represent egocentric
directional information referenced to the center or boundaries and to local objects or goals;
in contrast, MEC cells were dominated by allocentric head direction [33]. These results are
consistent with theories that hypothesized this egocentric vs. allocentric dichotomy [35] and
behavioral studies suggesting egocentric processing in LEC [36]. The egocentric
representation of objects in LEC could underlie the generation of allocentric landmark- (or
object-) vector cells in CA1 [17] and MEC [19] through egocentric-to-allocentric
transformation mechanisms proposed in earlier studies [6,14,15].
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Why would a center for allocentric spatial signals, like the hippocampus, be involved in
egocentric processing? The ability of the hippocampus to represent salient external items
(the sensory contents of an experience) in an egocentric frame of reference fits well with its
purported role in episodic memory. Life is experienced from a first-person (egocentric)
perspective, and our most salient episodic memories are also retrieved from this same
perspective. We argue that these egocentric representations of external items—whether
egocentric vectors to navigational goals or the first-person contents of a memory—are
conveyed to the hippocampus by the LEC, whereas the allocentric spatial framework used to
bind these experiences into a unitary representation is conveyed by the MEC (Fig. 4). The
medial temporal lobe has traditionally been divided into “what” (lateral entorhinal cortex)
and “where” (medial entorhinal cortex) pathways. Lateral entorhinal cortex was suggested to
be dominated by input from the perirhinal cortex. However, both parietal cortex and
postrhinal cortex, considered to be part of the “where” pathway, also directly innervate LEC
[37-39]. It is possible that the LEC inherits its egocentric tuning from these areas, or
conversely, relays this information back to either of these regions.

Based on these new physiological findings and a re-evaluation of classic anatomical findings
[37], we propose an updated model of the functional organization of the hippocampus and
its entorhinal inputs (see Fig. 4). We propose that the MEC processes self-motion generated
(“idiothetic™) signals and environmental landmark (“allothetic”) orienting signals to create
an allocentric representation of self-location via path integration computations [40], whereas
the LEC processes allothetic sensory information to create an egocentric representation of
locations (and perhaps identities) of specific other items in the external world. The
hippocampus integrates the allocentric “self” information with the egocentric “other”
information to create consistent maps of allocentric space and the landmarks and other items
that occupy these spaces during an episode. The egocentric sensory inputs streamed from
LEC are best suited for providing the content of memory from an egocentric perspective
[35], whereas MEC constitutes the center of allocentric processing with a more rigid set of
internal dynamics allowing the expression of a consistent framework across multiple
environments/contexts [41]. This rigidity may underlie MEC’s function in navigational
computation (e.g., vector navigation) [42,43] and more abstract navigation through other
forms of mental space [44]. The output of the memory system could then be used to guide
the egocentric action in downstream areas such as striatum and motor cortex, where
egocentric representations of boundaries [22,34] and allocentric representations of head
direction [45] have been discovered. Although still loosely defined, this framework provides
a tentative guide for future investigation into the extended hippocampal system.

Remaining questions

a. Defining the proper egocentric reference frame and correlates.

To study egocentric representations, effort must be made to disambiguate the exact frame of
egocentric coding under investigation, e.g., whether neural representations are defined with
respect to the body, head, or eyes. This effort may entail monitoring eye and body positions
in freely moving rodents [46,47], which is still not common because of technical difficulties.
In addition, there are different variables that must be distinguished even when restricting
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analysis to head-related variables. Head direction, the direction the head is pointing, and
movement direction, the direction the head is moving, are strongly correlated in rodents but
not identical in either egocentric or allocentric frames [48]. More accurate fits of the data by
one vs. the other variable may inform the underlying neural mechanisms or functions of the
neural activity. For example, dorsomedial striatum neurons are more strongly correlated with
movement direction than head direction, consistent with the role of the dorsomedial striatum
in action planning/execution [34]. In contrast, the activity of lateral entorhinal cortex [33]
neurons were more strongly correlated with egocentric head direction, reflecting the putative
involvement of LEC in sensory information processing.

b. Determining the item/object being represented by egocentric-coding cells.

Allocentric representations of self-location require at most 6 parameters (X, y, z, yaw, pitch,
and roll) to capture the 3-D pose of the subject in a given, although perhaps dynamically
changing [49], frame of reference (e.g., local vs. global). In stark contrast, egocentric
representations suffer a combinatorial explosion of possible reference points (e.g., does a
cell represent bearing to the center, the boundaries, a goal, a salient landmark, or any other
potential location within an environment?). Defining which external item a neuron
represents is a necessary first step in characterizing its behavior. However, except when there
are explicit task requirements, the choice of represented item is not an easy task if there is no
a priorirationale available. When there are two or more objects in the arena, how does one
choose which one to use for an individual cell? Relatedly, do egocentric representations
require considerable cognitive load (e.g., attention to specific items or locations that may
change on the time scale of seconds) or are they more or less the result of an automatic
process? For simplicity, many studies used only a single item for egocentric analysis.
However, our daily environments are cluttered with different kinds of objects. It is extremely
important, and challenging at the same time, to investigate at the neural level, how the
egocentric representations of multiple objects are established and coordinated.

c. Representation of nonstationary items.

Hippocampal neurons can encode the allocentric position not only of the test subject but also
of other moving animals or objects being observed by the test subject [50,51]. However, the
majority of studies of egocentric phenomena only employed stationary objects. It is
important to extend these studies with moving objects/conspecifics. In experiments
involving pairs of bats, these “social” place cells were more prominent in the LEC-recipient
zone of CA1 (distal CA1) compared to the MEC-recipient zone (proximal CAL). It would be
of interest to determine whether these “other”-encoding cells were dependent on the LEC
input, as proposed by models of LEC function [35,52].

Conclusions

Egocentric representations of both sensory signals and motor actions are prevalent in many
brain regions. Until recently, however, they were largely overlooked in investigations of
hippocampus and related areas, where investigators explored and reasoned with an
allocentric mindset. The neural mechanisms of allocentric place field generation in the
hippocampus is of paramount importance, as it is a key to understanding the functional
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organization of the medial temporal lobe. Nonetheless, it is also essential to examine the
transformation from egocentric to allocentric processing in upstream areas, and several
recent studies are leading the way. The manifestation of egocentric coding within
hippocampus itself also promises to lead to new insights into the function of the
hippocampus in episodic memory, which is inherently egocentric in nature.
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Highlights:

. Several recent studies have discovered egocentric spatial representations in
the rodent brain coinciding with classic allocentric representations.

. These discoveries support previous theories of egocentric-to-allocentric
transformation.

. The hippocampus and lateral entorhinal cortex show unexpected egocentric
coding that may support the hippocampal role in episodic memory.
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Figure 1. Definition of frames of reference for allocentric and egocentric coding.
(a) Representation of location and bearing in an allocentric reference frame. Left, in

allocentric coordinates, the position of the subject is not dependent on the animal’s body or
head orientation. Right, the allocentric head direction representation of the animal is defined
with respect to an external reference direction, e.g. North. The allocentric head direction is
independent of the body orientation.

(b) Representation of the distance and bearing of external items in an egocentric reference
frame. The egocentric representation of an external item/object is defined with respect to the
animal itself. For a given item/object, a vector from the head of the subject to the item is
constructed. The egocentric bearing of the item is defined as the angle of the vector,
referenced to the subject’s allocentric head direction. Reproduced from Wang, Chen et al.
[33].
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Figure 2. Egocentric and allocentric representations outside the hippocampus
(a) Activity of some head direction cells in the postsubiculum were modulated by the

egocentric bearing of the environmental boundary. In this example cell, the firing rate is
much higher when the wall is on the animal’s left than when the wall is on its right.
Modified, with permission, from Peyrache et al. [25].

(b) An example cell in postrhinal cortex showed strong activity in response to the presence
of a border at a given egocentric direction and distance to the rat. The rat is in the center of
this egocentric boundary rate map, in which distance and egocentric direction to the
boundaries is indicated by radial distance and angle from the center, respectively, of this
map. The yellow area indicates that the cell was most active when there was a border 10 cm
to the left of the rat. Reproduced, with permission, from Gofman et al. [26].

(c) Parietal cortex is tuned to both allocentric and egocentric reference frames. Left,
Schematic of egocentric cue direction (ECD, inner circle, numbers in blue) and head
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direction (outer circle, numbers in red). In this frame, the ECD is approximately 10° and
head direction is 160°. Middle, a cell showed selectivity for ECD. Right, a cell showed
conjunctive selectivity for ECD and head direction. Reproduced, with permission, from
Wilber et al. [16].

(d) A substantial portion of cells in the dorsomedial striatum respond to environmental
boundaries in an egocentric reference frame. Left, Trajectories of the rat (gray)
superimposed with locations of the rat when the cell fires spikes (colored dots). Middle,
Color wheel indicates the movement direction of the rat for each colored dot in the left
panel. Right, Egocentric boundary rate map similar to that shown in (b). For this cell, the
preferred orientation of the boundary is —98° (the boundary is to the left of the rat) and the
preferred distance is approximately 5.5 cm from the boundary. Reproduced, with
permission, from Hinman et al. [34].

(e) Some cells in POR encode the egocentric bearing of the center of the arena. Left, same as
in (d), except that the color bar indicates the head direction instead of movement direction.
Middle, Schematic of egocentric bearing of the center of the arena (“center-bearing”). Right,
this example cell has the highest firing activity when the center bearing is 180° (i.e., behind
the rat). Reproduced, with permission, from LaChance et al. [27].
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Figure 3. Egocentric representation in the hippocampus and lateral entorhinal cortex
(a) Some hippocampal CA1 cells in bats showed egocentric goal direction selectivity. Left,

Schematic for egocentric goal direction. Top right, an example goal direction cell that has
the highest firing rate when the goal direction is 0° (the bat flies toward the goal location).
Bottom right, trajectories of goal-direction angles along the behavioral session (gray), with
spikes overlaid (red). Reproduced, with permission, from Sarel, Finkelstein et a/. [28].

(b) Activity of some place cells in mouse hippocampal CA1 can be modulated by egocentric
heading direction to a reference point in the environment. Left, Schematic of the egocentric
heading direction relative to a specific reference point. Right, Heat map: spatial firing rate
map; red circle: center of mass for the rate map; blue arrows: heading direction tuning
within each spatial bin; black circle: the reference point obtained by a model based on the
real heading direction tuning; red arrows: heading direction tuning fitted by the model in
each spatial bin. Reproduced, with permission, from Jercog et al. [29].

(c) An example cell in LEC showed selectivity for egocentric bearing of the arena boundary/
center. Left, trajectory (gray lines) and position and head direction of the rat when the cell
fired (colored dots). Middle, Color wheel denotes the head direction. Right, Local head
direction tuning in each spatial bin. Arrow direction: preferred head direction; arrow size:
firing rate; color saturation: the mean vector length of the tuning curve (MVL); number on
top: maximum MVL.

(d) An example LEC cell tuned for egocentric bearing of goal location in a goal-oriented
task. In this task, a single food well (red circle) was shifted from the standard goal location
in session 1 (left) to a different location in session 2 (middle), and then back to the original
standard location in session 3 (right). Local head direction tuning is showed as in (c).
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(e) An example cell in MEC showed selectivity for allocentric head direction, as
demonstrated by all arrows pointing in the same, allocentric direction.

(f) LEC represents spatial information in an egocentric frame of reference, whereas MEC
utilizes an allocentric frame of reference. Bayesian information criterion (BICBoundary)
indicates the goodness of fit of a cell’s activity to an egocentric bearing model or an
allocentric bearing model. ABICBoundary describes the difference of goodness of fit
between the two models, in which a negative value means the cell prefers the egocentric
frame of reference, whereas a positive value means the cell prefers the allocentric frame of
reference. (c-f) Reproduced, with permission, from Wang, Chen ef a/. [33].’
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Figure 4. Working model for the egocentric-allocentric transformation in the medial temporal
lobe and related brain regions.

In this highly simplified model of functional anatomy, perirhinal cortex (PER) and
postrhinal cortex (POR) are two important parahippocampal regions that directly project to
the entorhinal cortex (EC). (Note that this diagram dos not attempt to depict the relative
strength of any of the connections.) The PER input is “gated” by the necessity for coactive
inputs from other regions that presumably convey some type of salience tag (e.g., from
amygdala or prefrontal cortex) to the PER sensory input [37]. Two high-order associative
brain areas, posterior parietal cortex (PPC) and retrosplenial cortex (RSC), also have
connections with the EC. Cells representing egocentric and allocentric reference frames
were found recently in these brain regions upstream of the EC-hippocampus system. Upper
right, a diagram (modified, with permission, from McNaughton ef a/. [15]) showing how
specific circuits wired by cells encoding egocentric bearing and allocentric head direction
information in these areas could construct an allocentric spatial signal (in this case, a
landmark vector cell). Lateral entorhinal cortex (LEC) and medial entorhinal cortex (MEC),
the two major cortical input regions to the hippocampus, show a functional dichotomy in
egocentric vs. allocentric spatial frames of reference [33]. This difference is hypothesized to
underlie separate roles of these regions in providing information to the hippocampal episodic
memory system.
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