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Egocentric coding of external items
in the lateral entorhinal cortex
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D. Yoganarasimha®, Francesco Savelli', James J. Knierim"*t

Episodic memory, the conscious recollection of past events, is typically experienced from a
first-person (egocentric) perspective. The hippocampus plays an essential role in episodic
memory and spatial cognition. Although the allocentric nature of hippocampal spatial
coding is well understood, little is known about whether the hippocampus receives
egocentric information about external items. We recorded in rats the activity of single
neurons from the lateral entorhinal cortex (LEC) and medial entorhinal cortex (MEC), the
two major inputs to the hippocampus. Many LEC neurons showed tuning for egocentric
bearing of external items, whereas MEC cells tended to represent allocentric bearing.
These results demonstrate a fundamental dissociation between the reference frames of

LEC and MEC neural representations.

he hippocampus is critical for the forma-

tion and retrieval of episodic memories

(1-3). Episodic memories preserve a per-

son’s original, first-person (i.e., egocentric)

perspective (4). Cognitive map theory pro-
poses that the hippocampus provides an objec-
tive spatial framework that is used to organize
the various components of an experience, bind-
ing them so that they can be stored and later
retrieved as a re-experience of the original event
(5). Current theories propose that the various
allocentric spatial correlates of cells in the
hippocampus and MEC (6) provide the objective
spatial framework of an experience. In contrast,
representations of the specific components of an
experience (i.e., the content) have been hypothe-
sized to be provided by the LEC (7, 8), in an
egocentric framework (9).

We thus examined the behavior of 275 LEC
cells while seven rats performed a foraging
task in two-dimensional (2D) open arenas in
which the walls or boundaries were the most
prominent features of the local environment
(Fig. 1A and fig. S1A). Although the firing rate
maps of LEC cells showed weak spatial selec-
tivity (10, 1I), some LEC cells showed activity
patterns that suggested an egocentric repre-
sentation of the nearby boundaries (72) or,
equivalently, the center of the apparatus (Fig. 1,
B to E, and figs. S2 and S3). We constructed
tuning curves of the egocentric bearing (the
angle of the vector from the rat to an external
item, referenced from the allocentric head
direction of the rat) of the nearest boundary
(Bearinggoundary) (Fig. 1B) (13, 14) and compared
them with classic allocentric head direction
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tuning curves (curves on right, Fig. 1, C, and E).
LEC cells tended to have more sharply tuned
egocentric bearing selectivity than head direc-
tion selectivity (Wilcoxon signed-rank test, & =
846, P = 2.56 x 1077, n = 275) (Fig. 1F). Across
the population with significant tuning, the pre-
ferred Bearinggoundary covered all angles, albeit
nonuniformly, with an underrepresentation of
180° (fig. S4A). From these cells, it was pos-
sible to decode the Bearinggoundary Of the rats
throughout the session (fig. S4) (15). Egocentric
bearing tuning was not an artifact of directional
sampling biases, body-centered self-motion, or
movement direction (fig. S5), and it was stable
within a session (fig. S6). Some LEC cells showed
tuning for distance of the animal to the boundary,
and 23% of these cells showed Bearinggoundary
selectivity as well (fig. S7 and table S1).

In contrast, Bearinggoundary tuning of MEC
neurons recorded in the small-large box task
(fig. S1B) was significantly weaker than that of
LEC cells, as quantified by the mean vector length
of the tuning curve (MVLggundary) (LEC median =
0.31, MEC median = 0.11; Wilcoxon rank-sum test,
2=6.84,P=8.0x10"% LEC, n = 72, MEC, n = 117)
(Fig. 1, G and H, and fig. S8). Because some MEC
neurons show conjunctive tuning for location and
head direction (6), which could be confounded
with Bearinggoundary tuning, we applied a gen-
eralized linear model (GLM) framework (15)
(fig. S9) to dissociate an allocentric model (with
a spatial location component conjunctive with
allocentric bearing, i.e., classic head direction)
from an egocentric model (with a spatial location
component conjunctive with egocentric bearing).
The goodness of fit was assessed with a Bayesian
information criterion measure (ABICgoundary)(15).
A negative value of the ABICg,undary indicated that
the egocentric model was a better fit than the
allocentric model, and a positive value indicated
the opposite. LEC and MEC cells were signif-
icantly better fit by the egocentric and the al-
locentric models, respectively (LEC median =
-0.0076, MEC median = 0.0016; Wilcoxon
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signed-rank test; LEC: & = —6.44, P = 1.22 x 107°,
n=172; MEC: 2 =5.68, P =134 x 10, n = 117, LEC
vs. MEC: Wilcoxon rank-sum test, ¥ = -8.88, P =
6.46 x 107"°) (Fig. 11, fig. S10, and tables SI to S3),
revealing a double dissociation in the preferred
reference frames for angular coordinates of LEC
and MEC representations.

We constructed mean vector length (MVL)
spatial maps to search for the location that gen-
erated the sharpest egocentric tuning curve [i.e.,
the largest MVL (MVLy.,)] (Fig. 1J). For cells
with tuning for the egocentric bearing of the
boundary, the location that produces the MVLyay
will be at the center of the arena (fig. S2). The
MVLy.x locations of LEC cells but not of MEC
cells were significantly clustered around the
center (Monte Carlo test for nonrandom dis-
tribution; LEC: P < 0.001, n = 72; MEC: P = 0.16,
n = 117), with those of MEC cells significantly
more scattered than those for LEC cells (bootstrap
test, P < 0.001) (Fig. 1K and figs. S3 and S8).
Moreover, the values of MVLy,, were signifi-
cantly larger for LEC than MEC (LEC median =
0.35, MEC median = 0.22; Wilcoxon rank-sum
test, 2 = 4.73, P = 2.21 x 1075, LEC, = 72, MEC, n =
117) (Fig. 1L).

We next investigated whether LEC cells could
encode the egocentric bearing of discrete, ex-
ternal items when a rat foraged in an arena that
contained four objects (Fig. 2A and fig. S1, C and
D) (16). We first determined which one of the
four objects for each cell generated the strongest
egocentric bearing tuning (largest MVL). LEC
cells had a significant preference for egocentric
representation of those objects (ABICqpject < 0),
whereas MEC cells preferred the allocentric
representation (ABICqpject > 0) (LEC median =
—0.0026; MEC median = 0.0011; Wilcoxon signed-
rank test; LEC: z = —8.13, P = 4.41 x 10'%, n = 140;
MEC: % = 3.97, P = 7.08 x 107°, n = 88; LEC vs.
MEC: Wilcoxon rank-sum test, & = —-8.35, P =
6.85 x 107") (Fig. 2, B and C; figs. S11 and S12;
and table S4).

To investigate whether LEC cells represented
the locations of each object in the rat’s immedi-
ate vicinity as it explored, we partitioned the box
into sections based on the closest object to each
location in the box (Fig. 2D and fig. S11B). Using
the data in each partition, we constructed the
MVL map to search for the MVLy. location in
the entire arena (Fig. 2D) and computed the ego-
centric bearing tuning of the object in that par-
tition (Bearingopject) (Fig. 2E and fig. S13). An
object-representing partition was defined as a
partition in which the MVL of Bearingopject Was
>0.25 and the MVL map showed a small, localized
peak (less than 20% of the arena with values >70%
of the peak value) close to the local object (<25 cm).
For the cells with two or more object-representing
partitions, the preferred Bearingopec: values across
the partitions were significantly more similar
to each other for LEC cells than for MEC cells
(Fig. 2F) (Rayleigh test: LEC, z = 1215, P= 142 x 107,
n = 15; MEC, 2 = 0.51, P = 0.62, n = 8; absolute
value: LEC median = 18.26° MEC median =
114..35°; LEC vs. MEC, Wilcoxon rank-sum test,
2 = -3.58, P = 340 x 107, indicating a more
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reliable egocentric code for objects in LEC than
MEC (figs. S11D and S12B).

To determine whether behaviorally salient lo-
cations were represented in an egocentric frame-
work, we recorded LEC cells in a goal-oriented
task (Fig. 3A and fig. S1E), in which the goal (a
food well) was shifted between sessions. Food
pellets were thrown sporadically into the food
well and other places in the box, encouraging
both exploration of the entire box and frequent
visits to the goal (Fig. 3B). Some cells encoded
the egocentric bearing of the goal [current goal
locations (Fig. 3C) and standard goal location
(Fig. 3D); see also fig. S14]. The standard goal
quadrant (southeast) was overrepresented com-
pared to the northeast quadrant, which never
contained a goal location (Monte Carlo test
against a uniformly distributed random distribu-
tion, P < 0.002 for all three sessions) (Fig. 3E).

Fig. 1. LEC but not MEC cells show egocentric
bearing tuning of nearby boundaries in open
arenas. (A) Experimental setups. In some
experiments (small-large box), rats foraged first
in a small box and then the inner walls were
removed to allow the rat to forage in the large
box. In other experiments, rats foraged either
in a square box or a circular platform.

(B) Definition of egocentric bearing, the

angle of the vector (black) from the rat to an
external item (cyan), in reference to the rat’s
allocentric head direction (orange). (C) Example
of an LEC cell. (Left) Spatial rate map (number
on top denotes the peak firing rate). (Middle)
Head direction tuning field plot showing
preferred head direction (arrow direction)

at different locations. Arrow size denotes firing
rate. Color saturation denotes the MVL of the
tuning curve. Number on top, maximum MVL.
(Right) Tuning curves of egocentric bearing of
the boundary (top) and allocentric bearing

(i.e., classic head direction) (bottom). Number
on top is the MVL. (D) Same cell as shown

in panel C. (Left four panels) The trajectory
(gray line) and position of the rat when the cell
fired (black dots), separated based on the
current head direction. (Right) Overall
trajectory; dot color signifies head direction.
(E) A pair of simultaneously recorded cells
showing opposite preferred Bearinggoundary
values. (F) Scatter plot of MVLs for allocentric
head direction tuning vs. Bearinggoundary tuning.
(G) Two examples of MEC cells (see additional
description in the caption for fig. S8B).

(H) Distributions of MVLs of Bearinggoundary
tuning curves of LEC and MEC cells. (I) Cumu-
lative distributions of ABICgoundary Values for
LEC and MEC cells. (J, left) Schematic of MVL
map construction. Tuning curves of egocentric
bearing of each location (coordinates i, j)

were constructed; the values of the MVL for
each location were plotted. (Right) Example of
an MVL map with the location of the peak
(MVLpayx location) denoted with a black dot.

Between sessions, there was a significant change
in the number of cells that represented the
standard versus displaced goal locations (boot-
strap test, P < 0.01 for both S1 vs. S2 and S2 vs.
S3) (Fig. 3E), which could not be explained by
behavioral confounds at the goal location (fig.
S15). As in the first experiment, some cells also
showed distance selectivity to the MV, loca-
tion (fig. S16 and table S5).

These results demonstrate that LEC represents
the bearing of external items in an egocentric
framework. They confirm a key prediction of
the hypothesis, that the LEC provides the hip-
pocampus with the sensory input that constitutes
the content of an episodic memory (7, 8, 16, 17).
They are also consistent with an earlier hypoth-
esis that, in contrast to the MEC representation of
“self” location, LEC mainly represents informa-
tion of “other” items in an egocentric framework

(9). Findings in rats, bats, and primates have
highlighted the involvement of the hippocampus
in such representations of “other” (14, 18-22). We
suggest that the LEC provides information about
items in the environment, which is used for
building comprehensive maps of what is “out
there” (9, 21, 22). This functional segregation of
“self” information in MEC and “other” informa-
tion in LEC may reflect a fundamental organizing
principle of the medial temporal lobe memory
system (7, 9).

Spatial information in the hippocampal for-
mation is generally considered to be represented
in an allocentric framework. However, the pre-
sent findings revealed that LEC cells displayed a
robust spatial representation in an egocentric
framework. Thus, LEC provides an integration of
spatial and nonspatial information, in the form
of a spatial relationship between the observer
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Fig. 2. LEC but not MEC cells show egocentric bearing

tuning of 3D objects. (A) The multiple-object arena.

(B) Example cells from LEC (left column) and MEC (right
column). Top to bottom, spatial rate map (circles denote the
objects), head direction tuning field plot (red circle denotes the
object with the highest MVLopject), €gocentric bearing tuning
curve for the object with the highest MVLppject, head direction
tuning curve. (C) Cumulative distributions of best ABICopject
values for LEC and MEC cells. (D) Schematic showing
construction of an MVL map with data in a local partition.

(E) Examples of cells from LEC (left) and MEC (right) with multiple
object-representing partitions. (Top to bottom) Spatial rate

map, head direction tuning field plot, and MVL maps, together
with tuning curves of egocentric bearing of the local object for four
partitions. Colored tuning curves were constructed from
object-representing partitions (the partitions with red circles
denoting the object), which are the ones with a sharp peak near
the local object on the MVL map. Note that the preferred bearings
(shaded regions) of the LEC cell were consistent, whereas the
MEC cell had different preferred bearings for each object.

(F) Distributions of the differences in preferred Bearingopject
values between object-representing partition pairs for LEC and
MEC cells with more than one object-representing partition.

Fig. 3. LEC cells show goal-related egocentric tuning.

(A) The goal-oriented task. A single food well (red circle)

was shifted from the standard goal location (STD) in session 1
to one of two displaced locations in session 2, and then

back to the original standard location in session 3. (B, left)
Typical trajectory of rats in this task for 1 min. (Right) Typical
occupancy map in an entire session. The goal location is
overoccupied. (C) An example cell in three sessions (columns).
(Top to bottom) Spatial rate maps, head direction tuning field
plots, MVL maps (red circle, food well), and egocentric bearing
tuning curves for MVLy.x locations. The MVLy.x locations for
this neuron coincided with the current goal location in each
session, as shown in the MVL maps. (D) Another example cell.
The standard goal location was represented on the MVL

maps regardless of the current goal locations. (E) 2D histograms
of the distributions of MVLy.y locations in three sessions.
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and specific items in the world, which deviates
from the conventional view that spatial (“where”)
information is conveyed only through the postrhinal
(parahippocampal)-MEC pathway (7, 8). These
results also clarify the interpretation of recent
lesion studies of the entorhinal cortex. First, LEC
is critical for performance of an object-place as-
sociation task that promotes the use of an ego-
centric strategy (23); second, hippocampal cells
in rats with a complete lesion of MEC still had
place fields, which suggests that input from LEC
alone can support hippocampal spatial selectivity
(24) through transformation of egocentric direc-
tion and distance information, as proposed in
some of the earliest models of place cells (25, 26).
It is thus likely that LEC contributes to the pro-
cess of abstraction of egocentric information into
an allocentric framework for memory storage
(5, 12). The parietal cortex is often viewed as an
essential node in providing limbic system struc-
tures with egocentric representations of cues (13)
and actions (27, 28) for memory and navigation
(29), but it is assumed that the information must
undergo a transformation from egocentric to
allocentric coordinates (29) before reaching the
hippocampus. However, at least in rats, the LEC
receives direct projections from the parietal cor-
tex (30), thus allowing the hippocampus to com-
bine directly these egocentric representations
from the parietal cortex with the MEC allocentric
representations of self-position.

Wang et al., Science 362, 945-949 (2018)
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Egocentric coding of external items in the lateral entorhinal cortex
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Egocentric representation of objects

The lateral entorhinal cortex (LEC) and medial entorhinal cortex (MEC) are the two major cortical projections to
the hippocampus. The discovery of a variety of functional cell types in MEC has greatly advanced our understanding of
the functional anatomy of entorhinal-hippocampal circuits. However, the function of LEC and the behavioral correlates of
LEC cells are still not fully understood. Wang et al. analyzed the firing properties of LEC and MEC neurons. They found
that LEC and MEC used different reference frames, with LEC encoding objects egocentrically.
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