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The entorhinal grid map is discretized
Hanne Stensola1*, Tor Stensola1*, Trygve Solstad1, Kristian Frøland1, May-Britt Moser1 & Edvard I. Moser1

The medial entorhinal cortex (MEC) is part of the brain’s circuit for dynamic representation of self-location. The metric
of this representation is provided by grid cells, cells with spatial firing fields that tile environments in a periodic
hexagonal pattern. Limited anatomical sampling has obscured whether the grid system operates as a unified system
or a conglomerate of independent modules. Here we show with recordings from up to 186 grid cells in individual rats that
grid cells cluster into a small number of layer-spanning anatomically overlapping modules with distinct scale,
orientation, asymmetry and theta-frequency modulation. These modules can respond independently to changes in
the geometry of the environment. The discrete topography of the grid-map, and the apparent autonomy of the
modules, differ from the graded topography of maps for continuous variables in several sensory systems, raising the
possibility that the modularity of the grid map is a product of local self-organizing network dynamics.

A cardinal feature of mammalian neural organization is the topo-
graphic mapping of the external environment onto sensory areas of
the neocortex. These sensory areas are further organized into layer-
spanning spatial modules, or columns, consisting of cells that repre-
sent similar features of the sensory input1–4. In the somatosensory
cortex, cells form columns that respond to specific somatic stimulus
modalities1. In the visual cortex, cells may be organized into stripes
or patches with similar eye dominance2,3, orientation preference4–7 or
direction preference8–11. The topography of these and other sensory
maps is thought to result from the formation of precise connections
between sensory receptors and central target cells during early
development12–14.

Much less is known about functional circuit organization in higher-
order non-sensory cortices. One of the few non-sensory systems with
sufficiently distinct behavioural correlates to investigate structure–
function relationships is the hippocampal–entorhinal space circuit.
Many neurons in this circuit have known spatial firing correlates.
‘Place cells’ in the hippocampus fire only when animals visit certain
locations15–17. These cells are probably generated, in part, from grid
cells in the MEC, one synapse upstream17–22. Grid cells have multiple
periodic firing fields, arranged for each cell in a hexagonal lattice that
provides the network with a metric that place cells do not have on
their own17,19,21. In both the hippocampus and the MEC, different cells
fire at different locations16,19, such that, collectively, the cells form
neural maps of all locations in local space16–18. These maps are different
from sensory maps in that spatial firing fields are not derived by
extraction of features from a particular sensory input, but probably
originate from pattern-formation processes in the circuit itself17,21–28.
The mechanisms for topographical organization may thus be very
dissimilar from those of the columnar sensory cortices.

The functional organization of the network that generates the grid
pattern is not yet understood. We know that the grid map is distri-
buted and topographical at the same time. The phase of the grid has a
distributed representation in that firing fields of neighbouring grid
cells do not overlap more than those of distant grid cells19. In contrast,
grid scale is mapped topographically, in the sense that co-localized
grid cells have similar grid spacing and grid spacing increases
progressively from dorsal to ventral MEC18–20. However, because of
limited sampling across MEC of individual animals, it has not been

possible, despite theoretical suggestions21,23 and experimental indica-
tions29,30, to determine whether the gradient in grid spacing is continu-
ous or modular and whether it is accompanied by changes in other
properties of the grid. To establish whether the grid map is organized
into discrete autonomous units, similar to those of some sensory cortices,
and to reveal the organization and functional properties of any such
modules, we recorded sequentially or simultaneously from 968 wide-
spread grid cells in 15 animals, with up to 186 grid cells per animal.

We used two strategies (Fig. 1a). Five rats were implanted with a
single bundle of 4 adjacent tetrodes angled tangentially to the MEC
surface to allow grid cells to be recorded sequentially along a continu-
ous dorsoventral strip of the superficial cell layers. Ten rats were
implanted with a 1.0 mm 3 1.25 mm oval array of 12 independently
movable tetrodes, enabling parallel recording from grid cells across
large parts of the MEC. Neural activity was sampled while the rats
foraged in 100–220-cm-wide square boxes.

Grid scale has a discrete organization
We first investigated whether the progression in grid scale along the
entorhinal dorsoventral axis is discrete or continuous. In rats with
tangential tetrode implants, the recording tracks covered up to
1,800mm of layers II and III, or more than one-third of the dorsoventral
length of the MEC in the sagittal plane (1333 6 349mm, mean 6 s.d.,
Supplementary Fig. 1). Within this range, we recorded up to 62 grid cells
per animal (45.6 6 19.0, mean 6 s.d.). Grid spacing spanned from
35.2 cm to 171.7 cm (74.4 6 35.6 cm, mean range 6 s.d.). There was
a strong positive correlation between grid spacing and tetrode depth
across animals (Spearman rank correlation: r 5 0.34, P , 0.001,
n 5 228 grid cells)18–20 and within animals (mean r 6 s.e.m.:
0.48 6 0.09) (Fig. 1b).

The large number of grid cells obtained with the tangential tetrode
tracks made it possible to determine, in individual animals, whether
grid scale increases gradually or in discrete steps along the dorsoven-
tral axis. The data pointed to a discrete organization in every single
animal (Figs 1 and 2 and Supplementary Figs 1 and 2). Within animals,
grid spacing clustered at distinct values, often with considerable gaps
between successive clusters (Fig. 1d). To quantify the discreteness of
the scale distribution, we counted the number of grid cells within
successive bins of grid spacing, using a range of bin widths. Then,
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for each bin width, we calculated the standard deviation of differences
in cell counts between bins and referred to this standard deviation as
the discreteness of the distribution (Supplementary Fig. 3 and Sup-
plementary Methods). Across all animals with more than 15 cells and a
grid-spacing range of more than 20 cm, the discreteness was consis-
tently larger for the observed data than for shuffled distributions of the
same data (3.06 6 0.58; mean Z 6 s.e.m.; Fig. 1e, top). The mean dis-
creteness for the distribution of recording depth was significantly lower
than the mean discreteness for grid spacing in the same cell sample
(Fig. 1e, bottom; discreteness ratio (spacing/depth) across bin widths,
P , 0.001 in all animals). Collectively, these findings indicate that the
distribution of grid spacing is discontinuous and that discontinuity is
not caused by uneven cell sampling.

The discreteness of the scale gradient in animals with tangential
tetrode tracks was reinforced by data from animals with semi-vertical
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Figure 1 | Step-like increases in grid scale along the entorhinal dorsoventral
axis. a, Schematic representation of tangential and multisite recording
approaches (Nissl-stained sagittal sections, MEC highlighted in red). b, Scatter-
plot showing grid spacing as a function of dorsoventral recording position (all
grid cells of all ‘tangential’ animals; increased recording depth corresponds to a
more ventral location). c, Example grids at successive dorsoventral positions in
a representative ‘tangential’ animal (rat 14257). Dorsoventral location from
brain surface is indicated. Top, neuronal spikes (extracellular action
potentials) overlaid on trajectory of rat (grey). Bottom, corresponding
colour-coded autocorrelograms with colour scale (21,1; blue is correlation
of 21, red is correlation of 1). Grid spacing was determined from the innermost
polygon (black axes). The spatial autocorrelogram reveals repeating activity
patterns in the spatial rate map and is generated by correlating the rate map
with itself at all spatial offsets. d, Grid spacing at successive dorsoventral levels
in a single rat (TT, tetrode). Dots correspond to individual cells. Cells are
plotted sequentially to avoid overlap between cells at similar depths. Right,
kernel smoothed density (KSD) estimate of the distribution. Red text, spacing
in cm for the estimated peaks. e, Top, the discreteness of the frequency
distribution was calculated across multiple bin widths (Supplementary Fig. 3).
Blue line, ratio of discreteness in recorded data and shuffled data in rat 14257.
Light grey area, s.d. of shuffled data (mean 1.0, dark grey line). Bottom,
discreteness of grid spacing compared to discreteness of recording depth
for the same cells. Shadowed areas show s.d. of bin-count difference from mean.
f, Grid scale of successively recorded cells at increasing dorsoventral
depth on different tetrodes with the multisite approach. Tetrode numbering
is arbitrary.
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Figure 2 | Comodular organization of grid orientation and grid scale.
a, Distinct grid orientations within one animal (rat 15444). Spike and
autocorrelation maps as in Fig. 1c. Dashed lines indicate grid axes (AX). The
white line is the horizontal reference (0 deg). Cells T1C1 and T1C2 were
recorded simultaneously. b, KSD estimate of grid orientation in all cells from rat
15444 reveals three clear peaks (red dashed lines, peak grid orientations
indicated). c, Grid spacing against grid orientation for all three grid axes in rat
15444. Each circle within each axis is one cell. Cells in red are from the same
recording session. Note comodularity of orientation and spacing (green dashed
outlines). d, Comparison of average orientation differences for pairs of grid cells
with similar grid spacing (,5th percentile of scale differences) and pairs with
different grid spacing (.5th percentile) in all 15 animals (one circle per data
set). e, Left, scatter plots showing successively recorded values for grid spacing
(top) and grid orientation (bottom) in separate hemispheres. Corresponding
KSD estimates shown on right.
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tetrode tracks at several locations. With the multisite approach, we
recorded grid cells at distances up to approximately 1,000 mm apart
along the mediolateral axis and 2,000 mm along the dorsoventral axis
(Supplementary Fig. 4). These recordings produced high yields of grid
cells (up to 186 cells in individual animals; 61.7 6 67.0 cells, mean 6

s.d.). The dorsoventral span of these recordings was sufficient to
reveal steps in grid scale that mirrored those observed with the tan-
gential approach (Fig. 1f and Supplementary Figs 2d–f and 4).

Grid orientation is discretized
We next asked whether other properties of the grid map follow a
similar modular organization and whether the boundaries for any
such modules are the same as for grid scale. We began by addressing
the organization of grid orientation. Early studies of grid cells showed
that co-localized cells express largely the same grid orientation19, but
the anatomically restricted sampling area of those studies precluded
conclusions about whether all grid cells express the same orientation,
or whether cells with different orientations exist in the same network.
The widespread distribution of recording locations in the present
study allowed us to address this question.

Two key observations were made. First, multiple discrete grid
orientations were observed within animals and within recording ses-
sions (Fig. 2a–c and Supplementary Figs 1 and 5). Second, the bound-
aries between these orientation modules coincided with boundaries
between scale modules. Cells that belonged to the same scale module
had similar grid orientations, whereas members of different scale
modules often differed also in orientation (Fig. 2b, c and Supplemen-
tary Figs 5b and 6). In all 15 animals, grid orientation was more similar
for cell pairs with similar grid scale (,5th percentile of all pairwise
differences in grid scale) than for pairs with different scale (.5th
percentile) (Fig. 2d and Supplementary Figs 6 and 7; mean ratio of
orientation differences for pairs with different compared with similar
scale: 2.73 6 0.36, mean 6 s.e.m., t(15) 5 8.37 P , 0.001, 16 data sets,
Student’s t-test). In an animal with bihemispheric implants, mean
values for grid scale and grid orientation were almost identical for left
and right cluster pairs (Fig. 2e and Supplementary Fig. 1; mean peak
differences 6 s.e.m. of 1.4 6 1.0 cm for scale and 0.6 6 0.5 degrees
for orientation).

Modular distortions of the grid pattern
Grid patterns can be distorted by changes in the shape of the envir-
onment. When a square test box is changed to a rectangle, the grid
pattern may rescale selectively along the axis of transformation30,31.
Similar asymmetries were observed in the present data, without pre-
ceding changes in the geometry of the environment (Fig. 3a and
Supplementary Fig. 8). In many recordings, grid fields of co-localized
neurons were consistently elongated in one direction (Fig. 3a, b). We
asked whether these distortions were coherent across cells, and if
they were not, whether differences followed the boundaries of mod-
ules for grid spacing and grid orientation. To quantify the distortions,
we fitted ellipses to the six field centres of the inner polygon of the
spatial autocorrelogram (Fig. 3a, b). From these ellipses, we deter-
mined ellipse tilt direction, ellipticity and eccentricity (see Sup-
plementary Methods).

Grid cells with different distortion patterns could be observed
within individual animals. Boundaries between cell clusters with dif-
ferent tilt directions coincided with boundaries between scale and
orientation modules (Fig. 3a–d and Supplementary Fig. 9). In all 15
animals (16 data sets), the degree of grid distortion (Supplementary
Fig. 8d and Supplementary Methods) was more similar for cell pairs
with similar grid scale (,5th percentile of all pairwise differences in
grid scale) than for pairs with different scale (.5th percentile)
(Fig. 3d, ratio of grid distortion in cell pairs with different com-
pared with similar scale: 3.17 6 0.30, mean 6 s.e.m., t(15) 5 10.33,
P , 0.001, Student’s t-test).

In animals with a bimodal distribution of ellipse tilt, the orienta-
tions were always close to orthogonal (Fig. 3b, c and Supplementary
Fig. 8), indicating that the distortions were determined by the square
shape of the recording environment. When an animal with a bimodal
distribution was exposed to a circular environment, the distribution
became unimodal, without any loss of ellipticity (Supplementary
Fig. 10). The results indicate that asymmetries are coherent for grid
cells within the same module, but may differ between modules
depending on the environment.

Anatomical organization of grid modules
We next asked how modules with distinct grid scale, grid orientation
and grid distortions are organized in anatomical space. We used a
k-means algorithm based on grid scale, grid orientation and grid
eccentricity to establish for the entire cell sample, with minimal
experimenter bias, which cells belonged to which grid module (Sup-
plementary Fig. 11 and Supplementary Methods). The k-value for
each animal was determined from the number of local maxima
detected in a two-dimensional kernel-smoothed-density estimate
of distributions of grid scale and grid orientation (Supplementary
Figs 11a and 12). The maximum k value was 5 (rat 14147).

First, in the tangential experiments, we noticed that the dorsoven-
tral locations of the k-means-identified grid modules exhibited con-
siderable overlap (Fig. 4a, b). The proportion of recording locations
containing cells from more than one grid module was 37.0 6 7.3%. A
total of 10.3 6 3.8% locations had more than two modules. The num-
ber of simultaneously recorded modules increased from dorsal to
ventral MEC (mean correlation between dorsoventral location and
s.d. of grid scale 6 s.e.m., 0.68 6 0.11, P , 0.005). The same sets
of grid modules were identified in layers II and III (Supplementary
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Figure 3 | Distortions in grid shape are comodular with grid spacing.
a, Bimodal grid asymmetry within a single recording session (3 tetrodes, rat
14147). Maps as in Fig. 1c. Ellipses (white) were fitted to the inner polygon of the
autocorrelogram. Corresponding ellipses on spike maps are shown in red. Blue
lines and text on the upper right: ellipse-tilt (direction of semi-major axis). Text
on the upper right: ellipticity. b, Ellipses calculated for all grids recorded in
a (n 5 6, 4 recording locations). c, Ellipse tilt as a function of grid scale (scatter
plot and frequency distribution). Note the orthogonal bimodality (blue asterisks).
Ellipse tilt ranged from 290 to 90 degrees, shown here from 2180 to 180 for
clarity. d, Comparison of average differences in grid eccentricity for pairs of grid
cells with similar grid spacing (,5th percentile of scale differences) and pairs with
different spacing (.5th percentile) in all 15 animals (methods as in Fig. 2d).
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Fig. 13). Taken together these data indicate that grid modules are
extensive and interspersed and cut across cortical layers.

One limitation of the tangential approach is that cells were sampled
along a single track. To estimate the anatomical extent of the grid-cell
modules, we turned to the multisite implants, which yielded from 2 to
10 grid-cell recording tracks in each animal (4.8 6 2.8, mean 6 s.d.,
predominantly MEC layers II and III, Supplementary Fig. 4). Sur-
prisingly, the addition of recording tracks did not increase the number
of k-means-identified grid modules (Fig. 4c, d). The dispersion of
recording locations was determined by plotting them onto entorhinal
flat maps in which the MEC is unfolded onto a two-dimensional

surface (Fig. 4f). In animals with grid-cell recording locations spread
apart as much as 900 mm along the mediolateral axis at a single
dorsoventral level, only one cluster was identified (Supplementary
Fig. 14). In animals with more extensive dorsoventral sampling and
more than one grid module, values for grid scale and grid orientation
were similar at widely separated mediolateral locations (Fig. 4e, f
and Supplementary Figs 15 and 16), irrespective of cell layer (Sup-
plementary Figs 4 and 13–15), indicating that, within the recording
area in medial MEC, the modules may be organized as horizontal
bands parallel to the dorsal border of the MEC. The maximum num-
ber of modules detected in any animal was four or five, with some
uncertainty about the fifth module because the putative grids were
too large for periodicity to be detected in this study (Supplementary
Fig. 17). The largest area covered by tetrodes in any animal spanned
nearly 50% of the dorsoventral axis and 32% of the mediolateral axis
of MEC (Fig. 4e and Supplementary Fig. 14b), implying that the
number of grid modules within MEC is small and, by extrapolation,
in the upper single-digit range.

Scale relations across modules
We asked whether module averages for grid spacing vary across
animals and if there is a fixed scale relationship within animals.
Mean grid-spacing values were widely distributed between rats, with
no apparent peaks in the distribution (Fig. 5a, b and Supplementary
Fig. 18). A significant scale relationship was revealed, however, when
increases in grid spacing were plotted across animals as a function of
module number, with modules ranked according to their mean grid
spacing. Increments in grid spacing increased linearly between suc-
cessive pairs of modules (from M2–M1 through M3–M2 to M4–M3)
(Fig. 5c, R2 5 0.20, P 5 0.027). The ratio between successive module
averages (M2/M1, M3/M2, M4/M3) fluctuated around a constant
value of 1.42 (s.d. 5 0.02; Fig. 5d), indicating that grid scale follows

c ed

 

806040200
Δ Grid spac. (cm)

Cell rank (1–133)

C
e
ll 

ra
n
k
 (
1
-1

3
3
)

a b

2.0 2.2 2.4 2.6 2.8 3.0 3.2
0

0.2

0.4

0.6

0.8

1.0

C
u

m
u

la
ti
v
e
 p

ro
b

a
b

ili
ty

M1

M2

M3

M4

Recording depth (mm)

M
o

d
u

le
 o

v
e
rl
a
p

Percentage of recording depth

0 20 40 60 80 100

1

2

3

14760
13388
13473
14257
15444L
15444RRat 14257

39.1

47.9

65.1 96.6

0

0
.0

2

0
.0

4

0 10 20 30

40

60

80

100

120

Recording session

G
ri
d

 s
p

a
c
in

g
 (
c
m

)

TT

Probability

*
*

*

*

–2.5

–2.0

–1.5

–1.0

–0.5

0

D
V

 l
o

c
a
ti
o

n
 (
m

m
)

Postrhinal border

100 μm

–1.6

–1.2

–0.8

–0.4

0

D
V

 l
o

c
a
ti
o

n
 (
m

m
)

Module
1 2 3 4

Sampled module

extent

D

V

ML

Rat 14147

n = 176, 9 tetrodes

Module 1

Module 2

Module 3

Module 4

f

Multisite data

Tangential data

Figure 4 | Grid modules are organized as overlapping horizontal bands.
a, Cumulative distribution of grid modules as a function of dorsoventral
position in rat 14257 (62 grid cells, k-means-determined modules are colour-
coded). Mean grid spacings in cm are indicated. b, Proportion of recording sites
that had grid cells assigned to 1, more than 1, or more than 2 grid modules (all
‘tangential’ animals; L, left hemisphere; R, right hemisphere). c, Grid spacing for
all grid cells in rat 14147. The same four grid modules were detected at other
recording sites (KSD estimate and green lines/red asterisks on right). See
Supplementary Fig. 17 for a possible fifth module. Top, tetrodes with grid cells
on successive recording sessions. Each row corresponds to one tetrode; dots
indicate sessions with grid cells. d, Similarity matrix showing differences in grid
spacing for all grid-cell pairs in rat 14147 (133 grid cells from 20 sessions after
experience-dependent stabilization30). Cells are ranked with respect to spacing
(top and left, lowest value). Differences are coded by brightness (scale bar). Four
blocks of grid spacing appear as abrupt transitions along the diagonal (black
arrows). e, Boxplot showing dorsoventral (DV) distribution of recording
locations for each module. Red lines, individual medians; grey boxes, 25th–75th
percentile range; whiskers extend to extreme data points that are not considered
outliers; red crosses, individual outlier data points (n 5 176 in this plot). f, Left,
flat map of the medial half of the MEC showing grid cell-containing recording
positions in the same animal as in c. The x axis shows mediolateral position,
y axis shows dorsoventral distance from the dorsal MEC border. Circles
indicate recording locations for individual grid cells. Colour indicates module
identity. Grid cells were recorded over approximately 50% of the dorsoventral
axis and 20% of the mediolateral extent of the MEC (,1,900mm and ,500mm,
respectively). Right, outline of each module (extrapolated from flat map, same
scale).

–100 –50 0 50 100

40

60

80

100

120

140

–100 –50 0 50 100 –100 –50 0 50 100

Rat 14147
n = 176 n = 62 n = 116

a

b d
1.401

M
2
/M

1

M
3
/M

2

M
4
/M

3

S
c
a
le

 r
a
ti
o

Average 

ratio: 1.421

1.429

1.434

1.0

1.2

1.4

1.6

1.8

M1
M2
M3
M4G

ri
d

 s
p

a
c
in

g
 (
c
m

)

Grid orientation (deg) Grid orientation (deg) Grid orientation (deg)

All data sets
n = 16 

1 2 3 4

40

60

80

100

120

140

160

Module

M
o

d
u
le

 g
ri
d

 s
p

a
c
. 
(c

m
)

0

0.2

0.4

0.6

0.8

1.0

M
2
 –

 M
1

M
3
 –

 M
2

M
4
 –

 M
3

N
o

rm
a
liz

e
d

 i
n
c
re

m
e
n
ts

c All animals

Rat 14257 Rat 15708

Figure 5 | Scale relationship between grid modules. a, Scatterplots showing
difference in module grid-scale relationship for 3 animals, each with 4 detected
modules (circles correspond to individual cells, modules are colour-coded).
Spacing and orientation for all three axes are shown. Dashed lines, mean
spacing of each module. b, Mean grid spacing for all modules (M1–M4) in all
animals (animals colour-coded). Note variable module means and scale
relationships across animals. c, Normalized increments in grid spacing (mean
per module) as a function of module pair (M2 2 M1: difference in mean grid
spacing between module with lowest and second-lowest value, etc.). Individual
module pairs are in grey, means across animals are in red. d, Ratios between
successive module means for grid spacing. Individual module pairs in grey,
means indicated by red crosses (values in orange).
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a geometric progression rule. Note that a progression of approxi-
mately 1.42 (

ffiffiffi

2
p

) translates to a near-perfect doubling of the area of
the grid hexagon between modules of successive grid scale.

Grid modules have a discrete temporal organization
When MEC neurons fire in grid patterns, the local network activity is
dominated by the theta rhythm32,33. To establish whether the organi-
zation of this rhythm is modular, we estimated the intrinsic theta
frequency (ITF) of each cell in all eight animals with more than 35
grid cells in 2 or more modules. ITF was defined as the peak frequency
in the theta band of the cell’s spike-time autocorrelogram (Fig. 6). ITF
was not uniformly distributed in MEC. When data were pooled across
animals, there was a weak but significant negative correlation between
ITF and grid spacing (r 5 20.12, P , 0.001), as reported previously32,34.
Within animals, this correlation was not reliable (20.12 6 0.05,
mean 6 s.e.m., P . 0.05 in 6 out of 8 animals), despite widespread
sampling (Supplementary Fig. 19). However, the ITF was more similar
for grid cells from the same module than grid cells from different
modules (Fig. 6b, c). In 7 out of 8 animals, the ITF was more similar
for cell pairs with similar grid scale (,5th percentile of all pairwise
differences in grid scale) than for pairs with different scale (.5th
percentile) (Fig. 6c; ratio of 1.33 6 0.08, mean 6 s.e.m., t(7) 5 4.37,
P , 0.005, Student’s t-test). This comodularity was not caused by
any relationship between grid theta frequency and grid spacing, as

the residuals of the linear regression between ITF and grid spacing
remained more similar for cell pairs with similar grid scale (7 of 8
animals, ratio of 1.26 6 0.10, t(7) 5 2.59, P , 0.05). Taken together,
these observations show that modules of grid cells with similar geo-
metric properties are discrete also with regard to temporal organiza-
tion, and that this temporal organization does not exhibit any strong
linear or monotonic relationship to grid spacing.

Functional independence of grid modules
We have found that grid scale, grid orientation and grid distortion, as
well as temporal organization in the theta frequency range, are deter-
mined independently for different modules of the same grid network.
To address directly the question of whether the modules are also
decoupled in their responses to changes in the environment, we tested
four animals in an environmental compression task known to induce
temporary rescaling in grid cells30.

Grid cells from different modules were first recorded in a familiar
150 cm 3 150 cm environment, then in a novel 150 cm 3 100 cm ver-
sion of the same environment, and then again in the original envir-
onment (Fig. 7a–c). To quantify any rescaling in the compressed
environment, we stretched each rectangular rate map iteratively
in small increments and correlated, for each step, the stretched map
with the overlapping region of the cell’s square map. This yielded
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Figure 6 | Comodularity between grid spacing and theta frequency. a, Theta
modulation in four cells from four grid modules in rat 14527. Left, spatial
autocorrelograms. Right, spike-time autocorrelograms for the same cells. Peaks
(red line) in the theta range were used to calculate each grid cell’s intrinsic theta
frequency (ITF, indicated above each peak). Top inset, close-up of peak
interspike interval (ISI) for each module. b, ITF as a function of grid spacing in
three animals. Circles indicate cells. Mean and s.d. of ITF are shown for each
module. Red dashed lines indicate best linear fits. Note modular appearance of
the theta modulation as well as lack of linear or monotonic relationship
between grid spacing and theta modulation. c, Comparison of average
differences in ITF for pairs of grid cells with similar grid spacing (,5th
percentile of scale differences) and pairs with different spacing (.5th
percentile) (all animals, methods as in Fig. 2d).
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Figure 7 | Grid modules are functionally independent. a, Schematic of the
box-compression experiment. b, Spatial autocorrelograms from individual cells
representing 4 modules in rat 14147. c, Rate maps from 6 grids on 6 different
tetrodes in the box-compression task (rat 14147). Tetrode numbering is
arbitrary. Only configurations A and B are shown. Wall relocation indicated by
grey arrows. d, Left, stretch-correlation curves showing spatial correlation
between the rate map in B and the overlapping part of A for successive
expansions of the map in B. Peak values are indicated by red lines. Best fits are
shown to the right. Note distinct responses of grids in module M1 (TT3, TT4)
as compared to grids in M2–M4 (remaining tetrodes, all with larger grid
spacing). e, Rescaling as a function of module scale. Circles correspond to
individual cells. Concentric rings represent overlapping data points. For clarity,
individual grids are represented by the mean grid spacing of the respective
module. Colour code as in b.
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stretch-correlation curves from which we could define each cell’s
rescaling level as the amount of stretch that gave rise to the largest
correlation (Fig. 7d). The degree of rescaling varied substantially
(from 218 to 110%; mean 6 s.e.m. 5 35.1 6 17.0%; 4 animals, 51 grid
cells). Within individual rats, the distribution of rescaling values was
generally bimodal, with clusters forming near 0% and 100% (Fig. 7e
and Supplementary Fig. 20); cells either rescaled fully with the envir-
onment or did not rescale at all.

The key finding is that simultaneously recorded grid modules
responded independently to the relocation of the wall (Fig. 7c–e
and Supplementary Fig. 20). Grid cells in Module M1, with the smal-
lest grid-scale values, showed only minimal rescaling, with peak
correlations appearing between 218.4% and 21.4% of the stretch
distance. At the same time, grid cells in the larger modules rescaled
completely, such that all fields of the original environment were
maintained, but with reduced grid-field distances in the compressed
direction. Cells that belonged to the same module always responded
coherently (Fig. 7c–e). Taken together, these data provide proof-of-
principle evidence that grid modules can operate independently on
geometric inputs from the same environment.

Discussion
Our understanding of population dynamics in the entorhinal grid
network has lagged behind that of individual grid cells for the very
reason that, until now, experimenters have not been able to collect
data from more than a dozen grid cells in the same animal18–20,30–38. By
increasing this number by an order of magnitude, and by recording
from multiple locations within the same MEC circuit at the same time,
we were able to obtain sufficiently dense cell sampling to show that the
grid-cell population is discretized into functionally independent sub-
populations. Whereas the scale of the grid map was found to increase
topographically from dorsal to ventral MEC when the data were
pooled across animals, as in previous work19,20,30,36, there was no cor-
responding smoothness in individual animals. In every single animal,
the progression of grid scale was step-like. Because step sizes and step
ratios were unique for each animal, the discrete nature of the distri-
bution is masked in the pooled data. Our study further showed that
more than one grid orientation can be expressed simultaneously in the
same animal37, and that discontinuities in grid orientation coincide
with discontinuities in grid scale. The presence of only a single grid
orientation in previous work38 probably reflects limited sampling.
Finally, cell populations with different grid properties were found to
respond independently to changes in the geometry of the envir-
onment, indicating that modules of grid cells can be anchored sepa-
rately to external cues or boundaries. The discrete but interspersed
topography of the grid map, and the apparent autonomy of the mod-
ules, differs from the graded topography of maps for continuous
variables in well-studied sensory systems, such as the orientation
and direction maps of the feline, weasel and primate visual cortex4–11.

The cellular substrate of the grid modules remains to be deter-
mined. The MEC has several architectonic features that might favour
modular operations29, such as the organization of entorhinal neurons
into a mosaic of alternating cytochrome-oxidase-rich and cytochrome-
oxidase-poor clusters39,40 or the segregation of cell groups by bundles of
axons and dendrites from cells in the intermediate and deep layers41.
However, none of these, or other known structural variations29, match
the anatomical distribution of grid modules. First, the number of MEC
clusters formed by bundling or variations in cytochrome oxidase
expression is probably in the order of hundreds, whereas the number
of grid-cell modules, identified within a range that covered up to 50% of
the dorsoventral axis of the MEC, on the medial side, never exceeded 4
or 5. Second, the horizontal band-like appearance of the grid modules,
with detectable clustering in the dorsoventral but not the mediolateral
dimension, is inconsistent with the patchy patterns observed in the
anatomical stains. Finally, grid modules exhibit considerable anato-
mical overlap, cutting across cell layers as well as widespread regions

along both axes of the MEC sheet. The data indicate that grid modules
are partly entangled and raise the possibility that, within the same
anatomical space, there are multiple cell groups with strong internal
connectivity and weak cross-connectivity. How overlapping networks
are segregated remains to be determined, but the invariance of the
average scale ratio, across animals and successive modules, implies a
genetic mechanism, possibly one in which the formation of modules is
determined by self-organizing cortical mechanisms during cortical
development21, at the same time as the variability in actual values for
grid spacing across animals retains a role for experience in calibrating
the grid modules to the external environment. The emergence of grid
patterns from local inhibitory coupling26,42, and the absence of precise
spatial periodicity before the maturation of such coupling43,44, point to
inhibitory networks as a possible component of the mechanism for
developmental segregation of grid modules.

The modular nature of the grid-cell network has implications for
the mechanisms of grid formation. Computational models of grid
cells fall into two main classes—oscillatory interference models and
attractor–network models17,22. Both types of models make predictions
relevant to the functional organization of the grid-cell network. The
interference models suggest that grid patterns emerge from velocity-
dependent beat frequencies in the membrane potential formed by
interference between multiple theta oscillators at slightly different
frequencies24,45,46. Following this idea, increases in grid scale must
be paralleled by proportional decreases in the cells’ theta modulation
frequency. The lack of such a linear relationship across modules does
not support a theta frequency-based mechanism for grid cells and
reinforces the recent observation that grid cells persist in the absence
of theta rhythmicity36. In the second class of models—the attractor
models—the changing location of a moving animal is represented
instead by translation of activity across an array of grid cells arranged
in network space according to their grid phase, with direction and
distance of displacement in this array being proportional to the actual
movement of the animal in the environment21,23,26,42. This proposed
correspondence between velocity of movement and displacement in
the neural sheet can only be maintained if the local network has a
common grid scale and grid orientation, that is if the network is
organized into discrete space and orientation modules. The present
work confirms this prediction. By showing that grid modules with
different spacing and orientation can interact independently with the
environment, the present study further raises the possibility that the
MEC comprises multiple path-integrating grid networks, each opera-
ting at a unique grid scale, possibly as the result of a unique amplifica-
tion of incoming speed signals21.

The modular organization of grid cells may further influence how
information is processed and stored downstream in the hippocampus.
If hippocampal place cells are excited by convergent input from mul-
tiple grid modules, two types of effects can be envisaged. First, con-
vergence of signals from multiple grid modules would prevent
propagation of noise that is uncorrelated across modules, allowing
the hippocampus to estimate location with a precision that exceeds
that of the individual grid modules26,47. Second, such convergence
might facilitate the formation of new and unique representations
for new environments. If converging modules respond independently
to displacement or reconfiguration of the environment, the altered co-
activity may activate a new subset of hippocampal neurons at each
location in the changed environment35. A similarly effective redis-
tribution would not necessarily be seen if the entire grid map
responded coherently. Computational simulations have shown that
convergence of signals from only 2 to 4 independently aligned grid
modules may be sufficient to obtain near-complete remapping in
downstream place cells48. Each change in relative phase and orienta-
tion among a set of grid modules might lead to a unique hippocampal
activation pattern, suggesting that the number of distinct representa-
tions that can be formed is large49,50. By combining input from a small
number of independently operating grid modules, hippocampal cell
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populations may thus acquire the ability to generate discrete repre-
sentations individualized to specific places and experiences, an ability
that may lie at the heart of the contribution of the hippocampus to
episodic and semantic memory formation.

METHODS SUMMARY
Male Long-Evans rats were implanted with a microdrive carrying a single bundle
of 4 tetrodes angled tangentially to the MEC surface (5 rats) or with a ‘hyperdrive’
carrying 12 independently movable tetrodes targeted semi-vertically to wide-
spread regions of the MEC (10 rats). The tetrodes were advanced in small incre-
ments over weeks until large numbers of stable grid cells appeared. Neural activity
was recorded while the rats foraged in 100–220-cm-wide open-field boxes. Cells
were assigned to modules using a k-means clustering algorithm. A complete des-
cription of the materials and methods is provided in Supplementary Information.
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