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Representation of Geometric Borders
in the Entorhinal Cortex

Trygve Solstad, Charlotte N. Boccara,* Emilio Kropff,* May-Britt Moser, Edvard I. Mosert

We report the existence of an entorhinal cell type that fires when an animal is close to the borders
of the proximal environment. The orientation-specific edge-apposing activity of these “border
cells” is maintained when the environment is stretched and during testing in enclosures of different
size and shape in different rooms. Border cells are relatively sparse, making up less than 10% of
the local cell population, but can be found in all layers of the medial entorhinal cortex as well as
the adjacent parasubiculum, often intermingled with head-direction cells and grid cells. Border
cells may be instrumental in planning trajectories and anchoring grid fields and place fields to a

geometric reference frame.

n animal’s current position in the en-
Avironment is encoded by a network of

hippocampal and parahippocampal neu-
rons with diverse spatial firing properties. Within
this network, at least three cell types contribute
to the computation of self-location: place cells,
which fire when the animal moves through a
particular location in space (/—3); head-direction
cells, which fire when the animal is facing in a
certain direction (4—7); and grid cells, whose
multiple sharply localized firing fields form a
remarkably regular triangular pattern across the
environment (3, 7-9). In addition to these cell
types, computational models posit the existence
of cortical “boundary vector cells,” whose ac-
tivity patterns encode the animal’s distance from
salient geometric borders (/0, 11). Based on
predictions from these models, we investigated
whether proximity to borders is represented by
specific cell types in the entorhinal spatial repre-
sentation circuit (/2).

A total of 624 principal cells were recorded
from the dorsocaudal quarter of the medial
entorhinal cortex (MEC) and adjacent para-
subiculum in 13 rats (fig. S1). Neural activity
was sampled while these animals foraged in
enclosures with moveable walls and barriers. The
animals were first tested in a square enclosure
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(1 mby I mor 1.5 m by 1.5 m) with 50-cm-
high walls. Many recorded cells were grid cells
and head-direction cells (7-9), but in addition

Fig. 1. Examples of border cells in the A
MEC and adjacent parasubiculum. (A)
Sagittal Nissl-stained section showing a
representative recording location in the
MEC (red dot, recording location; rat num-
ber and hemisphere (R, right) are indi-
cated; see fig. S1 for all other recording
positions). (B) Color-coded rate maps for
12 border cells. Red is maximum, dark blue
is zero. Pixels not covered are white. Animal
numbers (five digits), cell numbers (two or
three digits), and peak firing rates are
indicated above each panel. Cells 287 and
677 did not pass the criterion for border
cells because the fields were located at
some distance from the wall; the number of
such cells was fewer than 10. See fig. S2 for
the complete set of rate maps, trajectories,
and directional tuning curves, and repre-
sentative waveforms and tetrode clusters. (C
and D) Scatter plots showing correlation
between border scores and grid scores (C)
or head-direction scores (D) (12). Each dot
in the scatter plot corresponds to one cell
(red, border cells; blue, grid cells; green,
head-direction cells; gray, cells not passing
any criterion, including cells with high spa-
tial or directional scores but low stability; 1
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the data included a previously unknown class
of entorhinal cells that fired exclusively along
one or several walls of the enclosure (Fig. 1 and
fig. S2). These cells were identified by com-
puting, for each cell, the difference between the
maximal length of a wall touching upon a
single firing field and the average distance of
the fields from the nearest wall, divided by the
sum of those values (/2). Border scores ranged
from —1 for cells with central firing fields to
+1 for cells with fields that perfectly lined up
along at least one entire wall. “Border cells”
were defined as spatially stable cells with
border scores above 0.5. A total of 69 cells
from 12 animals passed this criterion (Fig. 1 and
fig. S2) (13). In these cells, 86.0 + 0.6% of the
spikes occurred closer to the walls than to the
center of the box per unit of time [mean + SEM;
#(68) = 17.4, one-sample ¢ test, P < 0.001; ex-
pected value 75%]. Only 3.6 + 1.0% of the
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central areca was part of a firing field [expected
value 25%; #(68) = 22.1, P < 0.001]. Fifty-two of
the cells fired along a single wall; the remaining
17, mostly from the deep layers of the MEC, had
fields along two, three, or four walls (fig. S2A).
On average, the border field along the dominant
wall covered 75.4 + 1.8% of the length of the
wall. The mean distance between the active bins
in the field and the wall was 8.4 = 0.3% of the
box length. An additional set of fewer than 10
cells, excluded by the formal criterion, had fields
that were parallel to the box walls but separated
by a stripe of inactivity between the walls and the
field (Fig. 1B, cells 287 and 677). The activity
pattern of the border cells was fundamentally
different from that of grid cells and head-
direction cells recorded simultaneously on the
same tetrodes [Fig. 1, C and D, and supporting
online material (SOM) text]. Border cells were
found in all layers of the MEC and in the adjacent
parasubiculum (fig. S1 and SOM text). Thirty-
one of 69 border cells were modulated by the
theta rhythm (fig. S3).

If the activity was determined by the walls
rather than other localized variables, the cells
should continue to fire along their preferred
walls after changes in the length of the box, and
the mean firing distance from the nearest wall
might remain unchanged. This prediction was
confirmed for most of the cells that were classi-
fied as border cells in the small square en-
closure. Extending the 1-m—by—1-m square to a
1-m-by—2-m or 2-m-by—1-m rectangle caused a
corresponding extension of the firing field if the
field was parallel to the extended wall but not if
its long axis was orthogonal to the direction of
extension (44 cells; Fig. 2A and fig. S4). The
fraction of spikes along the walls per unit of
time was not changed [79.9 + 1.7% in the square
and 80.8 £ 1.5% in the rectangles; paired ¢ test,
#(43) = 0.45]. The proportion of the central area
covered by firing fields [5.0 + 1.0% in the square
and 7.9 + 1.5% in the rectangle; paired ¢ test,
#(43) = 2.3, P < 0.05] remained far below the
chance level of 25% [for the rectangle, #(43) =
11.8, <0.001], suggesting that the firing was in-
deed controlled by the walls of the environment.

Do border cells primarily encode the periphery
of the environment or are they tuned to barriers
more generally, irrespective of their continuity
with the other borders? We recorded the activity
of 22 border cells after inserting a discrete wall
into the square enclosure (/1, 1/2) (Fig. 2B and
figs. S5 and S6). Only cells with fields along a
single wall were analyzed (12 cells). When the
wall was inserted in parallel with the original
firing field, an additional field emerged in the rate
map of all cells, although only 9 of the new fields
met our selection criteria for quantitative analy-
sis. In all 12 cases, the new field lined up along
the inserted wall. The new field and the parent
field were always on the same side of the insert
relative to the distal room cues (for example, both
were on the east side in Fig. 2B). The new field
covered 68.7 + 8.2% of the inserted wall on this

Fig. 2. Border cells express
proximity to boundaries in
a number of environmental
configurations. (A to D)
Color-coded rate maps for
a representative border cell
in boxes with different geo-
metric configurations (cell
205 of rat 12018). Each
panel shows one trial. Sym-
bols are as in Fig. 1B. (A)
The border field follows the
walls when the square en-
closure is stretched to a
rectangle. (B) Introducing a
discrete wall (white pixels)
inside the square causes a
new border field to appear
(middle panel). The new
field has the same orienta-
tion relative to distal cues as
the original field on the
peripheral wall. (C) Border
fields persist after removal
of the box walls (middle
panel). Without walls, the
drop along the edges was
60 cm. (D) Preserved firing
along borders across rooms
and geometrical shapes. All
trials in (D) were recorded in
a different room than those
in (A) to (0). The conditions
favor hippocampal global
remapping between rooms
and rate remapping within
rooms (12, 16, 22) (fig. S9).

D Room 10

side. The coverage of the opposite side (the side
that faced the parent field) was 0 in all cases.
Reducing the height of the barrier from 50 cm to
5 cm did not abolish the new field as long as the
animal’s trajectory was impeded (fig. S6; three
experiments).

To determine whether border cells also
respond to boundaries other than walls, the
box walls were removed and the animals were
tested on the remaining open surface, which
now had a 60-cm drop on all four sides. In
general, border fields could still be identified
(Fig. 2C and figs. S7 and S8). The fraction of
spikes along the walls per unit of time was not
changed significantly [84.4 + 1.5% with walls,
80.3 * 3.1% without walls, #9) = 1.8, P> 0.10],
although the fraction of the central area that was
part of a firing field increased [2.8 + 2.1% with
walls, 11.2 + 4.1 without walls, #9) = 2.5, P <

14Hz
- T gy

0.05; expected value 25%, #9) = 3.3, P < 0.01].
The persistence of activity along the edges sug-
gests that the cells respond to a variety of borders.

Unlike place cells (/4, 15), grid cells and
head-direction cells retain their basic activity
pattern across environments (5, 9, 16, 17). To
determine whether border cells are similarly
context-independent, we first compared the ac-
tivity of 27 cells in two different rooms, using
square recording boxes in each room. The frac-
tion of spikes along the walls, normalized by
dwell times, did not change between the rooms
[83.0 +1.5% versus 84.7 = 1.3%; paired ¢ test,
#26)=1.41, P> 0.15; Fig. 2, B and C, versus D],
nor did the proportion of the central area that was
part of a firing field [11.5 + 4.1% versus 7.5 +
2.8%; 1(26) = 0.98, P> 0.30]. We also compared
the firing patterns of 21 border cells in two dif-
ferently shaped enclosures, a square and a circle,
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Fig. 3. Border cells, grid cells, and head-direction cells respond co-
herently to environmental manipulations. (A) Rate and head-direction
maps for two border cells (top two rows), two grid cells with some head-
directional modulation (middle two rows), and two head-direction cells
(bottom two rows) recorded simultaneously before and after the rota-
tion of a polarizing cue card (left and right columns, 0°; middle column,

in a single room (Fig. 2D and fig. S9). Again, the
time-normalized fraction of spikes along the
walls was not different [square, 87.1 £ 1.0%;
circle, 85.0 + 1.6%; paired ¢ test, #20)=1.67, P>
0.10; Fig. 2D] and the firing fields covered a
similar proportion of the central area of the
environments [6.1 £2.2% and 12.7 +4.3; #20) =
1.95, P> 0.05]. The persistence of border-related
activity across environments, under conditions
that often lead to realignment in grid cells and re-
mapping in place cells (/6) (fig. S8), suggests that
the firing of these cells is primarily defined by
geometric borders and less by the content of the
environment or the training history of the animal.

Does the representation of borders, grid
positions, and directions remain coherent across
environments? We recorded 10 border cells along
with grid cells and head-direction cells in five
experiments. When the cue card on the wall of the
circle was rotated 90°, simultaneously recorded
border cells always rotated in concert (three

www.sciencemag.org SCIENCE VOL 322
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experiments; pairwise difference in rotation 1°,
1°, and 9°; Fig. 3A). The same was observed with
simultaneously recorded border cells and grid cells
(mean difference between cell types 0°, 7.2°, and
9.5°; Fig. 3A) and with simultaneously recorded
border cells and head-direction cells (mean
difference 8.5°, 12.5°, and 13.6°; Fig. 3A; two of
these experiments also included grid cells). When
the animals were tested in different rooms, differ-
ences in the relative orientation of simultaneously
recorded border cells were retained; that is, cells
with fields on opposite walls in one room also
fired along opposite walls in the other room, and
their relation to grid cells and head-direction cells
remained constant (Fig. 3B).

Taken together, these findings provide evi-
dence for a previously unknown cell type in the
spatial representation circuit of the MEC. Border
cells have firing fields that line up along selected
geometric borders of the proximal environment,
irrespective of their length and continuity with

12018_205_17Hz

12018 201_12Hz
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90°). The polar plots show firing rate as a function of head direction
(black traces) and the time that the rat faced each direction (blue traces).
Peak firing rate is indicated. (B) Rate maps and polar plots for two border
cells (top two rows), three grid cells (middle three rows), and one head-
direction cell (bottom row) in two different rooms. The cells were recorded

7Hz

7Hz

other borders. The observation of border cells
across all layers of the MEC confirms predictions
from computational models that posit the existence
of a boundary-responsive cortical cell population
upstream of the hippocampus (10, 11, 18). Given
that border cells are distributed widely in the
circuit, information about obstacles and borders
should be accessible to the majority of the
entorhinal grid cells as well as to external target
regions involved in path planning (/9). By de-
fining the perimeter of the environment, border
cells may serve as reference frames for place
representations within that environment, deter-
mining the firing locations of grid cells in the
MEC as well as of place cells in the hippocampus
and spatially selective cells in other cortical re-
gions (20) (SOM text).
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