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Entorhinal-hippocampal circuits in the mammalian brain are cru-
cial for an animal’s spatial and episodic experience, but the neural
basis for different spatial computations remain unknown. Medial
entorhinal cortex layer Il contains pyramidal island and stellate
ocean cells. Here, we performed cell type-specific Ca’* imaging
in freely exploring mice using cellular markers and a miniature
head-mounted fluorescence microscope. We found that both
oceans and islands contain grid cells in similar proportions, but island
cell activity, including activity in a proportion of grid cells, is signifi-
cantly more speed modulated than ocean cell activity. We speculate
that this differential property reflects island cells’ and ocean cells’
contribution to different downstream functions: island cells may con-
tribute more to spatial path integration, whereas ocean cells may
facilitate contextual representation in downstream circuits.
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E ntorhinal-hippocampal neuronal circuits are crucial for
spatial and contextual representation, navigation, and epi-
sodic memory (1, 2). In the entorhinal cortex (EC), grid cells (3),
which have hexagonal periodicity of their spatial firing pattern,
are most strongly represented in layer II of the medial entorhinal
cortex (MECII) (4). These, and other spatially modulated cells
in EC, as well as place cells in hippocampus, are thought to
together underlie the brain’s “GPS” in spatial functions.

Recently, in EC layer II, we and other groups have identified two
different types of excitatory neurons populations. Hexagonally
arranged clusters (islands) composed of CalbindinD-28K (Calbindin)
and Wolfram syndrome 1 (Wfsl)-positive pyramidal cells (island
cells; 40%) are surrounded by Reelin-positive stellate cells (ocean
cells; 60%) (5-7). Whereas ocean cells project to the dentate gyrus
(DG) and CA3, island cells project to both CAl inhibitory in-
terneurons, as well as (weakly) to the CA1 excitatory cells (5).

Given this clear morphological, genetic, and anatomical di-
chotomy of ECII excitatory cells, we wondered whether they differ
in their activity patterns. To date, few studies have investigated the
relationship between anatomy and spatial coding in EC; thus, there
is very little known about how ocean cells and island cells differ in
their coding of space. In previous literature, it has been suggested
that specific types of spatially modulated cells, particularly grid cells,
may be differentially contributed by the two cell types; however, this
remains controversial in the literature (8, 9) owing to the difficulty
of directly monitoring island and ocean cells during behavior. Here,
we are able to selectively monitor the Ca®* dynamics of either island
or ocean cells in freely exploring mice and, in doing so, resolve
whether both populations contain grid cells and, if so, whether their
spatial coding properties differ or not. A dichotomy of activity
properties in island and ocean cells gives insight into how different
downstream spatial functions in hippocampus arise.

Results

To study ocean cells, we make use of the fluorescent calcium
sensor GCaMP6f (10). We injected retrogradely transported
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adenoassociated virus (AAV)2/5-Syn-GCaMP6f virus into the
dorsal DG of WT C57BL6 mice (Fig. 14). Because ocean cells
but not island cells project to the DG (5), GCaMP6f expression
in the MEC was restricted to the Reelin-positive ocean cell
populations (Fig. 1C and Fig. S1). To study island cells, we
injected AAV2/5-Syn-DIO-GCaMP6f virus into the superficial
layer of MEC of Wfs1-Cre transgenic mice (5) (Fig. 1B). Because
Cre expression in the EC of these mice is specific for island cells
(5), GCaMPo6f expression in the MEC was restricted to the
Calbindin/Wfs1-positive island cells (Fig. 1D and Fig. S1). For
both cohorts of mice, we implanted a microendoscope probe
(11) into dorsal MEC and performed Ca®* imaging using a
miniaturized, head-mounted fluorescence microscope as the
mice freely explored a square arena (100 x 100 cm) (Fig. 1 E and
F). We monitored somatic Ca®* dynamics in three Ocean-
GCaMPof mice (177, 180, and 198 = 555 cells in total) and three
Island-GCaMPo6f mice (196, 196, and 199 = 591 cells in total), as
each animal ran freely for 90 min in a familiar open field (Fig. 1
E-H). Post hoc analyses confirmed that imaging occurred in
dorsal MEC of all ocean and island mice based on stereotaxic
coordinates (Fig. 1/ and Fig. S2), that the MEC laminar structure
and hippocampal structure were preserved (Fig. 17 and Fig. S2),
that cholinergic inputs into the MEC were preserved (Fig. S3),
and that there was no inflammation reaction in the dorsal MEC
regions (Fig. 1 J and K, and Fig. S3).

Both ocean and island mice had neurons with a spatially periodic
Ca®* event pattern during exploration (Fig. 2.4 and B, and Fig. $4)
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Fig. 1. Specific labeling of ocean cells and island cells by GCaMP6f. (A) Labeling method of ocean cells by GCaMP6f. Injection of AAV2/5-Syn-GCaMP-6f into DG of
WT mice and implantation of the microendoscope into MEC. (B) Labeling method of island cells by GCAMP6f. Injection of AAV2/5-Syn-DIO-GCaMP-6f into MEC
and implantation of the microendoscope into MEC. (C and D) Parasagittal sections of EC visualized with GCaMP6f-labeled ocean cells (C) and island cells
(D) (green) and immunostained with anti-Reelin (blue) and anti-CalB (red). (E and F) Stacked image of imaging from field in MEC of ocean cells (E) and island cells
(F) through the microendoscope. (G and H) Relative fluorescence changes (AF/F) for four ocean cells and island cells. (/) Parasagittal sections of MEC of micro-
endoscopy implanted animal immunostained with anti-NeuN (green) and DAPI (blue). (J and K) Ipsilateral (J) and contralateral side (K) of parasagittal sections of
dorsal MEC of microendoscopy implanted animal immunostained with anti-NeuN (green), anti-Iba-1 (red), and DAPI (blue). (L) Ipsilateral side of parasagittal
sections of dorsal hippocampus of implanted animal immunostained with anti-NeuN (green) and DAPI (blue).

that resembled grid firing patterns seen from neuronal spiking.
Oceans and islands also contained spatial cells (Fig. 2 C and D, and
Fig. S5)—cells whose activation patterns encoded statistically sig-
nificant spatial information about the mouse’s location in the arena
(Materials and Methods). We define a grid cell based on calcium
events analogous to grid cells defined based on neuronal spiking
and observed that island and ocean cells had no difference in grid
score distribution (Fig. 2E) (P = 0.58, Kolmogorov—Smirnov test).
We determined the proportion of neurons with a gridness score
significantly above chance levels in both groups of mice (Fig. 2F and
Materials and Methods) and found no difference in the proportion of
grid cells in islands and oceans (Fig. 2F; P = 0.92, x* test). We
further evaluated the robustness of calcium-detected grid cells by
studying the orientation (Fig. 2G and Materials and Methods) and
the spacing (Fig. 2H and Materials and Methods) of the observed
grid cells, and found that the grid cells showed (i) a mean spatial
orientation of 8.27° to the borders and (if) discrete grid spacing
(with peaks at 49, 71 cm, for a ratio of 1.45), both of which resemble
known properties of grid cells based on neuronal spikes (12-14).
We next sought a functional difference between island and ocean
cells. We observed that more island cells tend to be active when the
animal is running fast compared with slow, whereas ocean cells do
not show this tendency as much (Fig. 3C) (Fig. 3 A and B, example
traces of ocean and island animal behavior, with cell activity raster
plots). To quantify this, we calculated the correlation between
normalized population activity and normalized animal speed, across
all animals (Materials and Methods and Fig. S6) for both island and
ocean populations and found that the percentage of island cells
active was correlated with animal speed (Pearson correlation co-
efficient = 0.63, P < 10_50), whereas this correlation was
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significantly lower for ocean cells (Pearson correlation coefficient =
0.27, P < 10™° Fisher r-toz transform: P < 10™°, z = 36.9).

To examine the speed modulation of single cells, we determined
the correlation between the rate of calcium transients and animal
speed for each cell (Materials and Methods). Regression analyses
showed positive correlations in nearly all entorhinal cells (972/1,142
cells = 85%; Fig. 3D), confirming a known property of MEC cells in
general (4, 15). However, when the cell type identity of each in-
dividual cell is taken into account, we noticed that island cells had
steeper (positive) regression slopes of calcium event rate vs. animal
speed than ocean cells (Fig. 3D). To quantify the difference in speed
modulation in island cells vs. ocean cells, we developed a simple
speed modulation calculation that is robust to nonlinear modulation
relationships: if a cell had significantly more calcium events during
fast movement (animal speed > 10 cm/s) than during slow movement
(<5 cmy/s, but >2 cmy/s to filter out quiet awake behavior state), then it
was said to be significantly speed modulated (Materials and Methods).
We found that islands had significantly more speed-modulated cells
(135/590 cells = 23%) than oceans (4/544 cells = 1%) (P < 107, »*
test; Fig. 3E). This was true also for the grid cell subpopulations in
both islands (19/64 cells = 30%) and oceans (0/59 cells = 0%) (P =
53 x 1076, > test). Thus, although both islands and oceans of
MEC contain grid cells, they are differently speed modulated.

Discussion

A controversy exists in the literature about whether grid cells in
MECII are predominantly ocean (8) or island cells, or both (9).
Although these studies succeed in simultaneous spatial charac-
terization and morphological characterization of individual cells,
there remain several limitations. First, to obtain mechanically
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Fig. 2.
(gray) with calcium event positions (red) (first row), calcium event heat maps (se
field. Maximum Ca®* event rate and gridness scores shown above figures. (C and
cell. (E) Distribution of grid scores in oceans and islands (n = 555 ocean cells; n
(G) Distribution of grid orientation angles to the open-field border, mean angle
48.8 and 70.8 cm for a ratio of 1.45 (n = 62 grid cells).

Entorhinal oceans and islands both contain grid cells. (A and B) Two ex

stable whole-cell patch in vivo, a linear track behavior in virtual
reality is often used instead of freely moving behaviors. Second,
whole-cell patch and juxtacellular recordings in vivo are techni-
cally challenging recording techniques and unfortunately yield
lower numbers of cells. Attempts have been made to use com-
putational classifiers from these methods to try to classify cells
from large-scale recordings (8) but remain indirect measures.

To address this controversy, we directly monitored the calcium
activity of hundreds of entorhinal cells in a cell type-specific
manner, in freely moving animals. Awake in vivo calcium imag-
ing has been implemented previously in EC (16, 17), but thus far,
only in head-fixed virtual linear track systems, without identifi-
cation of neural type. We overcame the technical difficulty of
directly and separately monitoring the activity of island and
ocean cells from freely behaving mice in a 2D open space by
combining a cell type-specific GCaMP-labeling method with the
use of a miniaturized endoscope. This technique has recently
been successfully implemented in other deep-brain structures
such as the hypothalamus (18, 19), and in the hippocampus (11).
Our implant followed the transverse fissure to minimize damage,
and although there was damage in the cortex overlying the MEC,
we detected no inflammation reaction in the area (Fig. 1 J and
K). We were able to record from ocean and island cells that had
calcium activity in a spatially periodic pattern during behavior,
whose spatial period varied discretely (ratio = 1.45), and ori-
ented 8.27° to the borders of the open field, which recapitulate
known properties of grid cells (12-14). Overall, 11% of all cells
recorded from dorsal MEC showed statistically significant grid
activity, a percentage that corresponds well to the recent litera-
ture estimates in mice (ref. 8 showed ~11% grid cells, and ref. 20
showed ~15% grid cells). Through the large scale (n = 1146 cells
in total) endoscopic monitoring, we show that grid cells (n = 125/
1,146 cells in total) in dorsal MECII exist in comparable proportions
in both the DG/CA3-projecting ocean and CAl-projecting island
cell populations.
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Prior electrophysiological recordings had suggested that grid cell
activity is generally modulated by speed (4, 15). However, our re-
sults show this is much stronger for a specific subpopulation of grid
cells, those within islands. Moreover, by comparison, DG and CA3-
projecting ocean cells are much less modulated by an animal’s
current speed. The fact that island cells are more theta modulated
than ocean cells (6) may be another aspect of island cells being
more speed modulated than ocean cells, because theta has a close
relation to animal moving speed (21, 22). Crucially, our implant
methodology has no damage to cholinergic inputs to MEC (Fig.
S3), which are important for the generation of these theta oscil-
lations (23, 24). Thus, although both islands and oceans of MEC
contain grid cells and other spatial cells, island cells are more active
during increased animal movement speed, whereas only a very
small percentage (1%; Fig. 3E) of ocean cells behaves that way.

Beyond the grid cell subpopulation, CAl-projecting island cells
as a whole appear more intimately related to an animal’s current
locomotor state. In fact, island cells make up 95% of the ~10% of
MECII excitatory cells that show significant speed modulation
according to our calculations. Downstream of island cells, CAl
cells fire more while the animal moves fast (25), and so island cells
may be one source of speed-modulated information to CAl.

Animals keeps track of their spatial position by integrating self-
motion information, a process called “path integration” (26, 27).
In theoretical models of place representations, speed information
is used for spatial updating in path integration computations (27—
29). We speculate that island cells provide speed-modulated
information to downstream path integration. Path integration
computation may occur downstream in hippocampal circuits (27,
28), but it is more likely to occur in entorhinal circuits (30-32). If
the latter mechanism is the case, one would expect island cell
projections to other entorhinal circuits. Indeed, entorhinal island
cells project to the contralateral MEC superficial layers (figure S5
of ref. 5). On the other hand, ocean cells are much less modulated
by an animal’s movement speed. DG and CA3, downstream of
ocean cells, are important for contextual learning (33-36), and
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Island cells are more speed modulated than ocean cells. (A and B) Two example behavior sessions: each showing the movement of the animal over

time (top two rows, showing running position and running speed) compared with the population activity of either ocean cells (A) or island cells (B) over time
(bottom two rows, showing percentage of cells firing, and calcium activity raster plot). (C) Mean percentage of neurons firing at different running speeds,
across all animals, for island and ocean. Data are represented as mean + SEM. (D) Distribution of regression line slopes for individual ocean and island cells.
(E) Percentage of single cells in oceans and islands that are significantly speed modulated (n = 544 ocean cells; n = 590 island cells).

the ocean cell activity patterns may be well suited as an input for
this function. We speculate that the entorhinal islands and
oceans, despite both possessing spatially modulated cells such as
grid cells, are differently speed modulated to subserve different
downstream functions: island cells may contribute more to spa-
tial path integration, whereas ocean cells may facilitate contex-
tual representation in downstream circuits.

Materials and Methods

Animals. All procedures relating to mouse care and treatment conformed to
Massachusetts Institute of Technology’s Committee on Animal Care (CAC)
and NIH guidelines. Animals were individually housed in a 12-h light (7:00 AM
to 7:00 PM)/dark cycle. For studies of Ocean-GCaMP6f mice, we used WT
male C57BL/6 mice, adults aged 36, 36, and 36 wk at the time of imaging. For
studies of Island-GCaMP6f mice, we used the previously developed Wfs1-Cre
transgenic male mice [Kitamura et al. (5)] maintained in the C57BL/6 back-
ground (Jackson Lab; main RBRC03751), adults aged 24, 36, and 56 wk at the
time of imaging.

Histology and Immunohistochemistry. Mice were transcardially perfused with
4% (vol/ivol) paraformaldehyde in PBS. Brains were then postfixed with the
same solution for 24 h, and brains were sectioned by using a vibratome. For
immunohistochemistory (IHC), sliced tissue sections were incubated in 0.3%
Triton-X PBS with 5% (vol/vol) normal goat serum (NGS) for 1 h. Primary
antibodies were then added to a 5% (vol/vol) NGS, 0.3% Triton X in PBS
solution and incubated overnight at 4 °C. Primary antibodies were as follows:
WEFS-1 (Proteintech Group; 11558-1-AP; 1:500), CalbindinD-28K (Abcam;
ab11426; 1:1,000) (SWANT; 300; 1:1,000), Reelin (MBL International; D223-3;
1:250), ionized calcium binding adaptor molecule 1 (Iba1) (Wako; 019-19741;
1000), NeuN (Millipore; MAB377; 1,000), and vesicular acetylcholine transporter
(VChAT) (Frontier Institute; VAChT-Rb-Af1000-1; 1,000). After rinsing with PBS
three times for 15 min each, sliced tissue sections were subsequently incubated
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with Alexa Fluor 405-, Alexa Fluor 488-, Alexa Fluor 546-, or Alexa Fluor 633-
conjugated secondary antibodies (Invitrogen; 1:500). Sliced tissue sections
were then washed in PBS three times for 15 min and mounted in VECTASHIELD
medium on glass slides. Some sections were stained by DAPI or Nissl (1:500).
Acetylcholinesterase (AChE) staining was performed by acetylcholinesterase
rapid staining kit (MBL International). The IHC was not performed on
GCaMPe6f signal from AAV2/5-Syn-GCaMP6f or AAV2/5-Syn-DIO-GCaMP6f.

Preparation of AAV. The AAV2/5-Syn-DIO-GCaMP6f was generated by and
acquired from the University of Pennsylvania Vector Core, with a titer of 1.3 x
10"® genome copy per mL. The AAV2/5-Syn-GCaMP6f was generated by and
acquired from the University of Pennsylvania Vector Core, with a titer of 1.5 x
10"® genome copy per mL.

Stereotaxic Surgery. Stereotactic viral injections and microendoscope implan-
tations were all performed in accordance with Massachusetts Institute of
Technology’'s Committee on Animal Care guidelines. Mice were anesthetized
using 500 mg/kg Avertin. Viruses were injected by using a glass micropipette
attached to a 10-pL Hamilton microsyringe through a microelectrode holder
filled with mineral oil. A microsyringe pump and its controller were used to
control the speed of the injection. The needle was slowly lowered to the target
site and remained for 10 min after the injection. For virus injections of island
cells, unilateral viral delivery into the right MEC of the Wfs1-Cre mice was
aimed at coordinates relative to bregma: anteroposterior (AP), —4.7 mm;
mediolateral (ML), +3.35 mm; dorsoventral (DV), —3.30 mm. Wfs1-Cre mice
were injected with 200 nL of AAV2/5-Syn-DIO-GCaMP6f. One month after
injection, microendoscopes were implanted into the dorsal part of MEC of the
Wfs1-Cre mice aimed at coordinates relative to bregma: AP, -5.1 mm; ML,
+3.36 mm; DV, —2.50 mm. For virus injections of ocean cells, unilateral viral
delivery into the right DG of the WT mice was aimed at coordinates relative to
bregma: AP, —2.0 mm; ML, +1.3 mm; DV, —2.05 mm. WT mice were injected
with 150 nL of AAV2/5-Syn-GCaMP6f. One month after injection, we implanted
(direct implant; no suction) microendoscope probes (1-mm diameter) into
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the dorsal part of the WT mice aimed at coordinates relative to bregma:
AP, =5.1 mm; ML, +3.36 mm; DV, —2.50 mm. The probe was targeted to
dorsal MEC while avoiding the transverse sinus, following the transverse
fissure to reduce damage to the overlying cortices (Fig. 52).

One month after the implantation, the base plate for miniaturized mi-
croscope camera was attached above the implanted microendoscope in the
mice. After experiments, all animals were perfused, and post hoc analyses
were examined to determine actual imaging position in MEC of all animals
(Fig. S2).

Behavior and Imaging. All behavior experiments took place during the ani-
mals’ dark cycle. Island and ocean mice were habituated to human experi-
menters as well as the experimental room for 3 wk following implant
surgeries. Open-field runs were done in a random order on a 100 x 100-cm
dulled black surfaced open field without walls under dim light, with prom-
inent visual cues within 50 cm on all sides of the box. The open field was
raised 50 cm from the ground and had no walls. Ca®* imaging in the open
field lasted 60-100 min to collect a sufficient number of Ca®* transients to
power our statistical analyses. The open-field surface was cleaned between
sessions. Immediately before and after imaging sessions, the mouse rested
on a pedestal next to the open field.

Behavioral Analysis and Ca* Events Detection. The animal's position was cap-
tured by a camera via infrared light-emitting diodes (LEDs) attached to the
animal. Calcium event maps were made on this high-resolution spatial map,
whereas event rate HEAT maps were made by computationally binning the
behavioral arena into 50 x 50 array of bins, each of which covered a 2 x 2-cm
area. Smoothed rate maps were constructed with each pixel boxcar averaged
over the surrounding 5 x 5 pixels with a Gaussian smoothing kernel ¢ = 2 pixels.

For presentation purposes (Fig. 2 and Figs. S4 and S5), smoothed rate
maps were constructed with each pixel boxcar averaged over the sur-
rounding 10 x 10 pixels with a Gaussian smoothing kernel ¢ = 2 pixels.

Calcium events were captured at 20 Hz on an Inscopix miniature micro-
scope, time stamped to the start of the behavioral recording by the turning
on of an LED that is fixed to the animal, at the beginning of the session, and
turning off of the LED at the end. The calcium movie was then motion
corrected in Inscopix Mosaic software. The Mosaic software parameters used
for motion correction were as follows: correction type: translation and ro-
tation; reference region with spatial mean (r = 20 pixels) subtracted, inverted,
and spatial mean applied (r = 5 pixels). Finally, it was processed by custom-
made code written in Image) [dividing each image, pixel by pixel, by a low-
passed (r = 20 pixels) filtered version], a AF/F signal was calculated, and a
spatial mean filter was applied to it in Inscopix Mosaic (disk radius = 3).

Two hundred cell locations were carefully selected from the resulting
movie by principal component analysis-independent component analysis
(PCA-ICA) [300 output principal components, 200 independent components
(ICs), 0.1 weight of temporal information in spatiotemporal ICA, 750 itera-
tions maximum, 1E-5 fractional change to end iterations] in Inscopix Mosaic
software, and the ICs were binarized with a threshold equal to one-half
of the maximum intensity. Regions of interest (ROIs) were constructed very
small to minimize overlap between ROIs, with width equal to one-half the
width of the binarized 1Cs. ROIs that were too elongated (if its length
exceeded its width by more than two times) were discarded.

Fig. S7 visualizes these ROIs captured from the ICs for one example ocean
mouse and one example island mouse.

Calcium traces were calculated at these ROIs for each processed movie, in
Imagel. Calcium events were detected by thresholding (>3 SDs from the AF/F
signal) at the local maxima of the AF/F signal.

Gridness Score Calculation. Gridness scores were calculated for all cells that
had more than 100 events while the animal moved at >2 cm/s.

For each cell, gridness was calculated from the spatial autocorrelogram,
which was calculated based on Pearson’s product-moment criterion applied
to the smoothed rate map (defined above):

NEAX, Y)A(X =13,y = y) = ZAX, Y)ZA(X =70, ¥ — 7y)
\/nZax,y)? - (Za(x, y))z\/nm (x—ﬂ:,(,y—ﬂ:y)2 - (Z/I(x — Ty, Y — ry))z

where A(x,y) is the average rate of a cell at location(x, y), and r(zy, ) is the
autocorrelation between the fields with spatial lags of 7, and z,. The sum-
mation is over n pixels in A(x,y) for which Ca®* event rate was defined for
both A(x,y) and A(x —zy,y —1y).

The central peak was cut out from the autocorrelogram. A series of circular
masks in unitary increments from 8 pixels bigger than the central peak to 8 pixels

r(tty)=
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smaller than the edge of the autocorrelogram was made. The Pearson
coefficient was calculated between the mask and its 60° and 120° rotations on
one side, and the mask and 30°, 90°, and 150° rotations on the other. A score
was calculated based on the difference between the average of the two
groups. The gridness score was defined as the maximum of these score, across
all masks. All cells’ calcium event times were shuffled 50 times according to
Langston et al. (37) for a total of ~10,000 shuffles per animal. Significant
gridness scores were determined above the 95th percentile of all shuffles for
each animal.

Grid Spacing. Analysis of grid spacing closely followed that of Stensola et al. (12).
Individual fields were defined in the spatial autocorrelogram as neighboring bins
with correlation above a set criterion (one-quarter of the maximum correlation).
From the center field of the autocorrelogram, the three closest fields defined
three axes for further analyses. Grid cells in which the minimal interaxis angle
was smaller than 30° or exceeded 90°, or the grid spacing between pairs of axes
exceeded a ratio of 2, were discarded. Grid scale was expressed as the arithmetic
mean from the centers of mass of the three closest fields, to the center field.

Grid Orientation. Analysis of grid orientation closely followed Stensola
et al. (13). Individual fields were defined in the spatial autocorrelogram as
neighboring bins with correlation above a set criterion (one-quarter of the
maximum correlation). From the center field of the autocorrelogram, the
three closest fields defined three axes for further analyses. Grid cells in which
the minimal interaxis angle was smaller than 30° or exceeded 90°, or the grid
spacing between pairs of axes exceeded a ratio of 2, were discarded. For
each cell, for each of the three axes, the angle to the nearest wall (in de-
grees) was calculated as follows:

A=45-abs([X mod90] —45),

where A is the angle of the axis to the nearest wall, and X is the angle of axis
to an arbitrary wall.

The grid orientation was defined as the minimum offset (Anin) across the
three axes, for each cell.

Kernel Density Estimate. Analysis of kernel smoothed density estimates of grid
orientation and spacing closely followed Stensola et al. (12): 100 points
equally spaced were used to cover the range of data, and the function

f(x) =% > K(x-x)
i=1

was defined where x;, ... x, are the samples, and K is a Gaussian kernel with
bandwidth o.

Spatial Information. The tracked positions were sorted into 5 x 5-cm spatial
bins, and the calcium event rate of each entorhinal cell was determined for
each bin. The bins that had animal occupancy <50 ms were considered un-
reliable and discarded from further analysis. Without smoothing, the spatial
information rate in bits per second was calculated for each cell according to
the following:

ﬂ.
Information rate = i4ilog, =,
ZP: i 92 2

where J; is the mean calcium event rate of a unit in the jth bin, 1 is the overall
calcium event rate, and p; is the probability of the animal occupying the ith bin
for all i. All cells’ event times were shuffled 50 times according to Langston
et al. (37). Cells with significant spatial information were determined
above the 95th percentile of all shuffles for each animal.

Cell Population Speed Modulation. The first 40,000 frames of each behavior
session, sampled at 20 Hz, were taken to analyze speed modulation of cell
activity, so that each animal was analyzed for the same behavioral time.
Animal speed vs. population activity correlation was calculated for each
recording session, which was binned into time bins of 500 ms that recorded
whether a calcium event occurred or not. Population activity, defined as
the percentage of active cells out of total cells at every time bin, was
calculated, and average speed during each time bin was calculated for
each animal.

Each animal’s speed time series was normalized by its mean speed and SD.
Each animal’s population activity time series was normalized by its mean
population activity and SD. On the one hand, all three ocean animals’ nor-
malized speed time series were amalgamated together as a long time series
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to yield a long time series T,, and all three ocean animals’ normalized
population activity time series were amalgamated together as a long time
series to yield a long time series P,. A Pearson correlation coefficient p,
was calculated between these amalgamated series. On the other hand, all
three island animals’ speed activity time series were amalgamated to-
gether as a long time series to yield a long time series T;, and all three
island animals’ population activity time series were amalgamated together
as a long time series to yield a long time series P;. A Pearson correlation
coefficient p; was calculated between these amalgamated series. Finally, po
and p; were compared for ocean vs. island to quantify how their speed
modulation differ.

To visualize these correlations in islands and oceans, the series T, vs. P, and
T; vs. P; were used to plot ocean and island respectively, in Fig. S6.

Correlation of Instantaneous Cell Calcium Event Rate vs. Animal Speed. The
instantaneous rate of calcium event of each individual cell was determined
from the number of calcium transients that occurred in the 1-s time window
place symmetrically around that time bin (time bins sampled at 20 Hz, as
stated before). Linear regression analysis was performed on the instanta-
neous calcium event rate vs. the animal running speed for each individual cell,
to yield the distribution of regression slopes (Fig. 3C).

Individual Cell Speed Modulation. The criteria to determine whether a single
cell was “significantly speed modulated” was the following: “slow” move-
ment was defined as animal running <5 cm/s (but >2 cm/s to filter out quiet
awake behavior state). “Fast” movement was defined as the animal running
>10 cm/s. One hundred events were randomly chosen from the set of Ca®*
events of the given cell, the speed at which the animal was running during
the occurrence of this calcium event, was recorded, and the number of
events occurring at fast and slow movement was determined. To compare
the speeds during spiking to the speed statistics of the animal’s behavior, we
next picked 100 500-ms random time intervals from the behavioral experi-
ment. The speed at which the animal was running during the occurrence of
this event was recorded, and the amount of time spent at fast and slow
movement was determined. This entire procedure was repeated 500 times
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for each cell, and an average number of events at fast and slow movement,
and time in fast and slow movement was calculated.
Based on these averages, we compared the following proportions:

n t;
fast Vs fast

. ’
Ntotal tiotal

where ny is the average number of calcium events in category x, and
Niotal = N slow + Nfast, @nd ty is the amount of time the animal spent in cate-
gory X, and tiotal = tstow + tfast-

A cell was significantly speed modulated if it had significantly more cal-
cium events per unit time spent in fast movement than in slow movement
(i.e., N fast/Niotar is significantly different from and greater than tg,s /tiotal @s
determined by a XZ test, P < 0.05, with Bonferroni correction).

To visualize the speed modulation between island and ocean cells as
defined in this way, we calculated a “speed modulation index” for each
individual cell in the following way:

Nfast

n
Index = —t}"ta' ,
fast

tiotal

The index takes the propensity of the cell to be active during “fast” move-
ment and normalizes it to the proportion of time the animal spends during
“fast.” We presented the distribution of speed indices in Fig. S8 for island
and ocean cells.
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