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Transformation of spatial representations
along hippocampal circuits

Bérénice Gandit,"? Lorenzo Posani,®> Chun-Lei Zhang,’ Soham Saha,'> Cantin Ortiz,"? Manuela Allegra,’-¢*
and Christoph Schmidt-Hieber'47.*

SUMMARY

The hippocampus is thought to provide the brain with a cognitive map of the external world by processing
various types of spatial information. To understand how essential spatial variables such as direction, po-
sition, and distance are transformed along its circuits to construct this global map, we perform single-
photon widefield microendoscope calcium imaging in the dentate gyrus and CA3 of mice freely navigating
along a narrow corridor. We find that spatial activity maps in the dentate gyrus, but not in CA3, are corre-
lated after aligning them to the running directions, suggesting that they represent the distance traveled
along the track in egocentric coordinates. Together with population activity decoding, our data suggest
that while spatial representations in the dentate gyrus and CA3 are anchored in both egocentric and allo-
centric coordinates, egocentric distance coding is more prevalent in the dentate gyrus than in CA3,
providing insights into the assembly of the cognitive map.

INTRODUCTION

Neuronal activity in the hippocampus is thought to provide the brain with a cognitive map of its spatial surroundings. This map is constructed
from the collective firing of spatially modulated neurons that fire spikes at one or more specific locations in the environment.! What type of
spatial information is required to build this cognitive map? During navigation, the spatial firing of place cells is anchored in a global, “allo-
centric” coordinate system centered in the outside world.” The allocentric representation of an environment can be modulated by its bound-
aries: for example, when the environment is narrowed from open 2-dimensional surroundings to a linear track, the presence and location of
place fields become increasingly dependent on the running direction.®" However, to make use of visually identified spatial landmarks, addi-
tional information about their position relative to a body-centred, egocentric coordinate system is required to compute one’s own position in
world-centred coordinates.”

Egocentric and allocentric information is thought to be conveyed to the hippocampus by distinct input sources.” The lateral entorhinal
cortex (LEC) represents information relative to external cues in egocentric coordinates, whereas the medial entorhinal cortex (MEC) processes
information about self-motion in an allocentric coordinate system.®” While both LEC and MEC project to the dentate gyrus and CA3, indi-
vidual layers of the entorhinal cortex show specific projection patterns to hippocampal subregions, such that these information streams will be
differentially available along the hippocampal circuit.'” It is therefore conceivable that ego- and allocentric coordinates are differentially pro-
cessed and represented within hippocampal subregions.

This view is consistent with the parallel map theory, which posits that the cognitive map is constructed from distinct contributions from
different hippocampal subregions, with the dentate gyrus using navigation-relevant landmarks and downstream subregions processing in-
formation relative to local positional cues.'® Recent work has shown that ego- and allocentric coordinates are both processed in CA1 to build
spatial representations with allocentric coordinates prevailing in a familiar environment.”" However, how ego- and allocentric information is
processed upstream of CA1 is poorly understood.

To address this question, we perform single-photon widefield microendoscope calcium imaging from hippocampal subregions of mice
freely navigating along a narrow linear track, and compare neuronal activity between the dentate gyrus and CA3. In both the dentate gyrus
and CA3, spatial activity maps are decorrelated in different running directions, indicating that spatial representations in both subregions
depend on the direction of travel. Spatial representations in the dentate gyrus, but not in CA3, are highly correlated after aligning them
to the direction of travel, suggesting that distance covered on the track is represented in egocentric coordinates in this subregion. Together
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Figure 1. Experimental approach for in vivo Ca®* imaging in the dentate gyrus and CA3 in freely moving mice

A) Schematic of the microendoscope (Doric lenses, efocus) allowing electronic focusing.

B) Schematic of a mouse implanted with a microendoscope to perform in vivo Ca®* imaging through a GRIN lens.

C) (top) Schematic of the experimental setup illustrating a mouse freely navigating along a linear corridor in outbound (OUT) and inbound (IN) running directions.

D) Schematic of the implant of the 0.5 mm diameter GRIN lens in the dentate gyrus.

(

(

(

(bottom) Trajectory of an example mouse along the 60-cm linear track.

(

(E) Representative confocal image of the GRIN lens position above GCaMPéf-expressing neurons in the dentate gyrus. The dotted lines indicate the GRIN lens

position and the imaged region. gcl: granule cell layer.
(F) Representative maximum projection of GCaMPéf-expressing granule cells during an in vivo recording session. FOV: field of view.

(G) Same as D but for CA3.

(H) Same as E but for CA3. pyr: pyramidal layer.

(I) Same as F but for CA3.

with the decoding of population activity, our results indicate that while spatial representations in the dentate gyrus and CA3 are anchored in
both egocentric and allocentric coordinates, they evolve from conjunctive coding with a higher prevalence of egocentric representations in
the dentate gyrus to a higher contribution of allocentric coding in CA3.

RESULTS

Single-photon microendoscope calcium imaging from the dentate gyrus and CA3 of freely navigating mice

To explore how the hippocampus constructs a representation of space, we recorded neuronal activity from the dentate gyrus or the CA3 re-
gion using microendoscope single-photon calcium imaging in freely navigating mice (Figures 1A-1C). We first implanted a gradient-index
(GRIN) lens above the dentate gyrus (Figures 1D-1F and S1) or CA3 (Figures 1G-11 and S2). We then recorded neuronal population activity
as the mice spontaneously navigated back and forth along a linear track during 10-min sessions over multiple days (Figure 1C). The 60-cm
linear track was enriched with visual cues (e.g., playing cards) on the walls and Lego bricks at both ends of the track (Figure 1C). This approach
allowed us to record neuronal activity from the dentate gyrus and CA3 in freely navigating animals (Figures 1F and 11) and the bidirectional
nature of the animals’ movements allowed us to disentangle allocentric and egocentric representations in hippocampal neurons.

Spatial representations are modulated by the direction of motion and built using distance coding in the dentate gyrus

To determine how spatial activity is modulated by the running direction, we split the neuronal activity according to the direction of the an-
imal’s movement (Figures 2A, 2B, S3, 54, and S8-510). We compared spatial activity maps for the same running directions by splitting laps into
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Figure 2. Spatial representations are modulated by the direction of motion and built using distance coding in the dentate gyrus

(A) Representative imaging session showing animal position and motion direction along the linear track, and representative fluorescence traces extracted from
regions of interest (ROls) of an example recording session in the dentate gyrus. The black tick marks indicate detected activity events during running periods. The
purple and green vertically shaded regions highlight inbound or outbound running directions.

(B) Spatial activity maps for three example cells across laps in inbound (left), outbound (middle) and flipped outbound running directions (right). Each colored line
represents the spatial activity map of the example cell for a single lap crossing.

(C) Left: Spatial population vector (PoV) correlation matrices for inbound (top) and outbound (bottom) running directions in the dentate gyrus (DG). PoV
correlations were computed for each spatial bin in the even lap crossings (x axis) with each bin in the odd lap crossings (y axis), including only spatially
modulated cells. Right: Spatial PoV correlation matrices for same (left, SAME odd-even), different (middle, IN-OUT) running directions and flipped outbound
(right, IN-flipped OUT) running direction in the DG, including only spatially modulated cells.

(D) Correlations between mean spatial activity maps across recording sessions within the same direction (SAME even-odd), different directions (IN-OUT) and
between inbound and flipped outbound directions in the DG, including only spatially modulated cells (spatial correlation: SAME even-odd, 0.402 + 0.034;
IN-OUT, —0.193 + 0.093; FLIP, 0.243 + 0.084; Mann Whitney U test: SAME odd-even vs. IN-OUT, p = 7.649e-06; IN-OUT vs. FLIP, p = 5.921e-03; SAME odd-
even vs. FLIP, p = 5.725e-01; Kruskal Wallis test with Bonferroni correction, p = 1.246e-05).

(E) Same as C but including all cells.
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Figure 2. Continued

(F) Same as D but including all cells (spatial correlation: SAME even-odd, 0.192 + 0.036; IN-OUT, —0.096 + 0.057; FLIP, 0.175 £ 0.048; Mann Whitney U test:
SAME odd-even vs. IN-OUT, p = 6.150e-04; IN-OUT vs. FLIP, p = 5.041e-03; SAME odd-even vs. FLIP, p = 1.000e+00; Kruskal Wallis test with Bonferroni
correction, p = 0.000). Bars represent mean + SEM. Dots represent the mean correlation value for all cells in a recording session colour-coded by animal (DG,
spatially modulated cells, n = 21 sessions from 5 animals, including 99 cells; all cells, n = 23 sessions from 5 animals, including 365 cells). ns, not significant; *,
p < 0.05; **, p < 0.01; ***, p < 0.001.

odd and even traversals and computing map correlations between even and odd laps for a given direction (IN (odd-even) and OUT (odd-
even); Figures 2C and S9). The dentate gyrus showed a pronounced correlation for spatial activity maps in the same direction (between IN
(odd-even) and OUT (odd-even); Figure 2D). We then computed correlations between spatial activity maps for traversals in the same direction
and spatial activity maps for traversals in opposite directions and found a lower correlation in opposite directions (Figure 2D; p < 0.01). Com-
parable results were found whether we included only spatially modulated cells (Figures 2C and 2D) or all cells (Figures 2E and 2F). These find-
ings indicate directional discrimination in the dentate gyrus, as the spatial activity maps for the two opposite running directions were almost
completely decorrelated.

While spatial representations were decorrelated between different running directions, we found that population vector correlations were
high when one of the running directions was reversed (Figures 2A, 2C, and 2E). This observation suggests that space is represented relative to
the starting point of a track traversal, indicating that spatial activity is tuned to the distance covered by the animal rather than to allocentric
positional coordinates. To quantify this observation, we measured correlations between spatial activity maps for traversals in opposite direc-
tions after reversing the order (“flipping”) of the maps for the outbound direction. We found that the dentate gyrus showed substantial cor-
relations between flipped maps that were comparable to the correlations observed between maps for the same running direction (Figure 2D;
p > 0.05). The same result was obtained when all cells, both spatially modulated and unmodulated, were included (Figure 2F; correlation
value: p > 0.05). This finding is consistent with the notion that neuronal activity in the dentate gyrus encodes the distance traveled along
the track in either running direction.

Spatial representations are modulated by the running direction in CA3 and are built using position coding

To investigate whether spatial representations are also modulated by the running direction in downstream hippocampal subregions, we re-
corded neuronal activity from CA3 under the same experimental conditions as for the dentate gyrus (Figures 3A, 3B, and S4). We first
compared spatial activity maps for the same running directions. Similar to the dentate gyrus, CA3 showed a pronounced correlation for spatial
activity maps in the same direction (between IN (odd-even) and OUT (odd-even); Figures 3C and 3D). We then computed correlations be-
tween spatial activity maps for traversals in the same direction and spatial activity maps for traversals in opposite directions and found a lower
correlation for traversals in opposite directions (Figure 3D; p < 0.01). Comparable results were found for both spatially modulated and un-
modulated cells (Figures 3C-3F).

To determine how directional spatial representations evolve from the dentate gyrus to CA3, we directly compared the two hippocampal
subregions by first measuring the spatial decorrelation (i.e., the reduction in correlation). No significant difference was observed between the
dentate gyrus and CA3, regardless of whether only spatially modulated cells (Figure 3G) or all cells (Figure 3H) were included. Moreover, we
quantified the proportion of spatially modulated cells, which was similar in both subregions (Figure S6A). Overall, these results indicate that
both the dentate gyrus and CA3 show directional spatial representations of the linear track.

Finally, we measured correlations between spatial activity maps for traversals in opposite directions after reversing the order (“flipping”) of
the maps for the outbound direction. In contrast to the dentate gyrus, the correlation of the flipped maps in CA3 was lower than the corre-
lation in the same direction, regardless of whether only spatially modulated cells (Figure 3D) or all cells (Figure 3F) were included in the analysis
(p <0.01in both cases). We then defined a measure of distance coding by subtracting the correlation value of the maps in opposite directions
from the correlation values of the flipped maps and found that when only spatially modulated cells were selected, the measure of distance
coding was not significantly different between the two hippocampal subregions (Figure 3I; p > 0.05). However, when all cells were selected,
the measure of distance coding was significantly more pronounced in the dentate gyrus than in CA3 (Figure 3J; p < 0.05). Taken together,
these results indicate that, at the single-cell level, spatial activity in the dentate gyrus, but not in CA3, appears at equivalent locations in
egocentric coordinates during track crossings of a linear track in different directions, suggesting that they represent the distance covered
by the animal from its starting point.

Dentate gyrus and CA3 are selective for running direction

Activity in the dentate gyrus has been reported to be highly selective for the environmental context.'”"® We wondered whether such
selectivity would also be reflected by overall changes in activity across running directions. We first quantified the activity levels and
found that they were comparable between the dentate gyrus and CA3 (Figure S5A; p > 0.05). To assess whether the dentate gyrus
and CA3 show selective activity for different running directions within the same environment, we quantified the relative differences
in event rates during runs in one direction vs. the other, without accounting for the spatial modulation of individual neurons. We found
that directional selectivity was comparable in both hippocampal subregions (Figure S5B; p > 0.05). To explore whether directional selec-
tivity within each subregion was higher than chance, we computed the expected selectivity from a shuffled version of the experimental
dataset (bootstrap). We found that in both the dentate gyrus and CA3, the selectivity from the experimental dataset was higher than the
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Figure 3. Spatial representations are modulated by the running directions in CA3 and are built using position coding

(A) Representative imaging session showing animal speed and motion direction along the linear track, and representative fluorescence traces extracted from
regions of interest (ROIs) of an example recording session in CA3. The black tick marks indicate detected activity events during running periods. The purple
and green vertically shaded regions highlight inbound or outbound running directions.

(B) Spatial activity maps for three example cells across laps in inbound (left), outbound (middle) and flipped outbound running directions (right). Each colored line
refers to the spatial activity map of the example cell for a single lap crossing.

(C) Left: Spatial population vector (PoV) correlation matrices for inbound (top) and outbound (bottom) running directions in CA3. PoV correlations were computed
for each spatial bin in the even lap crossings (x axis) with each bin in the odd lap crossings (y axis), including only spatially modulated cells. Right: Spatial PoV
correlation matrices for same (left, SAME odd-even), different (right, IN-OUT) running directions and flipped outbound running direction in CA3, including
only spatially modulated cells.

(D) Correlations between mean spatial activity maps across recording sessions within the same direction (SAME even-odd), different directions (IN-OUT) and
between inbound and flipped outbound directions in CA3, including only spatially modulated cells (left, spatial correlation: SAME even-odd, 0.581 + 0.037;
IN-OUT, —0.070 + 0.073; FLIP, 0.025 + 0.064; Mann Whitney U test: SAME odd-even vs. IN-OUT, p = 3.926e-08; IN-OUT vs. FLIP, p = 2.752e-01; SAME odd-
even vs. FLIP, p = 5.074e-09; Kruskal Wallis test with Bonferroni correction, p = 5.863e-11).

(E) Same as C but including all cells.

(F) Same as D but including all cells (spatial correlation: SAME even-odd, 0.333 + 0.025_; IN-OUT, 0.095 + 0.033; FLIP, —0.090 + 0.039; Mann Whitney U test:
SAME odd-even vs. IN-OUT, p = 5.849e-06; IN-OUT vs. FLIP, p = 3.111e-03; SAME odd-even vs. FLIP, p = 6.012e-09; Kruskal Wallis test with Bonferroni correction,
p = 1.198e-10).

(G) Spatial decorrelation, quantified as the difference between spatial correlations within the same direction (even-odd) and between different directions
(inbound and outbound) in the DG (0.595 + 0.110) and CA3 (0.629 + 0.087), including only spatially modulated cells. No differences have been found
between the two hippocampal subregions (DG vs. CA3: Mann Whitney U test, p = 0.739).

(H) Same as F but including all cells: DG (0.287 + 0.079) and CA3 (0.239 + 0.038). No differences have been found between the two hippocampal subregions (DG
vs. CA3: Mann Whitney U test, p = 0.624).

(I) Quantification of the difference between spatial correlations within the flipped (inbound-flipped outbound, FLIP) and different (inbound-outbound, IN-OUT)
directions in the DG (0.436 + 0.174) and CA3 (0.096 =+ 0.134), including only spatially modulated cells. No statistically significant differences were found between
the two hippocampal subregions (Mann Whitney U test, p = 0.106).

(J) Same as H but including all cells in the DG (0.271 + 0.100) and CA3 (—0.185 + 0.069). The difference between the spatial correlations within flipped (FLIP) and
opposite (IN-OUT) directions was significantly higher in DG than in CA3 (Mann Whitney U test, p = 0.001). Bars represent mean + SEM. Dots indicate the mean
correlation value for all cells in a recording session colour-coded by animal (DG, spatially modulated cells, n = 21 sessions from 5 animals, including 99 cells; all
cells, n = 23 sessions from 5 animals, including 365 cells. CA3, all cells, n = 31 sessions from 3 animals, including 527 cells; spatially modulated cells, for D, | n = 30
sessions from 3 animals, including 156 cells, for G, n = 27 sessions from 3 animals, including 152 cells). ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

expected shuffled selectivity (Figure S5C; p < 0.05). Overall, similar to the directional modulation of spatial representations in the den-
tate gyrus and CA3 (Figures 2 and 3), these results reveal that both hippocampal subregions are selective for running direction based on
overall changes in activity.

Transformation of population codes for distance and position from dentate gyrus to CA3

Our analysis of spatial correlations of “flipped” maps indicates that in the dentate gyrus, but not in CA3, individual neurons produce spatial
maps consistent with an egocentric spatial representation, encoding the distance that the animal has traveled from its starting point rather
than its allocentric position along the track. However, despite a low egocentric map correlation at the single-cell level in CA3, traveled dis-
tance could still be represented in activity as these neuronal populations could employ different encoding schemes to jointly represent po-
sition and distance traveled. For example, separate coding schemes could be used to encode traveled distance in different running direc-
tions, resulting in low spatial “flip” correlations despite a high discriminability of different running distances.

To evaluate the extent to which egocentric and allocentric coordinates are represented in the two hippocampal subregions, we iso-
lated population activity vectors from the first and the last third of the track and labeled them according to both position and distance
traveled (Figure 4A). We then used a linear decoder to predict the value of these labels from the population activity in a cross-validated
decoding scheme.'” To ensure that the two variables were independently assessed, the decoder for one variable was run on a balanced
training set that did not favor either value of the second variable. To do so, the position decoder (divided into two conditions labeled as
0 and 1) was trained on a balanced mix of distance conditions (labeled as start and end) for each of the two position values: (0-start + 0-
end) vs. (1-start + 1-end) - and vice versa for the distance decoding analysis (Figure 4A). Our decoding analysis revealed that information
about both egocentric distance and allocentric position were decodable in the dentate gyrus, with a higher decoding performance for
egocentric information, consistent with the findings on single-cell spatial directional remapping (Figures S5 and 4B; p < 0.05). Interest-
ingly, despite the low flipped spatial correlation in CA3, we found that CA3 neuronal activity represented both variables, with a pref-
erence for the allocentric position coordinate (Figure 4B; p < 0.01). To qualitatively compare the two hippocampal subregions, we also
measured the Delta decoding performance by computing the difference between egocentric and allocentric variables (Figure 4C). Our
decoding results suggest that on a linear track, the dentate gyrus and CA3 encode both egocentric distance and allocentric position
information, with a higher decoding performance for egocentric distance information in the dentate gyrus and a higher decoding per-
formance for allocentric information in CA3. Furthermore, while egocentric representations are absent in CA3 at the single-cell level,
egocentric information can be decoded at the population level suggesting that the dentate gyrus and CA3 employ different coding
strategies for egocentric distance.
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Figure 4. Transformation of conjunctive population codes from more egocentric coding in the dentate gyrus to more allocentric coding in CA3

(A) Schematic of the different labeling of the neural data used for the decoding analysis of allocentric position (left) and egocentric traveled distance (right). In the
two cases, the neural data is the same but the label is changed according to different behavioral correlates.

(B) Decoding performance obtained by the analysis in A for activity in the two recorded regions (mean decoding performance: DG, egocentric distance, 0.60 +
0.02 SEM; allocentric position, 0.54 + 0.015 SEM; p = 0.015; CA3, egocentric distance, 0.64 £+ 0.012 SEM,; allocentric position, 0.68 + 0.014 SEM; Mann-Whitney
U test, p = 0.009).

(C) Delta decoding performance (difference between egocentric and allocentric variables) in the dentate gyrus and CA3 (DG, p = 0.015; CA3, t-test, p = 0.009).
Bars represent mean + SEM. Dots represent the mean value for all cells in a recording session colour-coded by animal (DG, n = 26 sessions from 5 animals,
including 302 cells; CA3, n = 31 sessions from 3 animals, including 467 cells). Individual significance levels of allo and ego populations in Figure 4B are
computed with one-sample t-test against chance levels of 0.5. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

DISCUSSION

In this study, we explore how dentate gyrus neurons represent spatial position, running direction, and distance, and how this information
evolves in the downstream subregion CA3, providing one of the first descriptions of these representations in two of the major hippocampal
subregions under the same task conditions in freely moving animals. Using single-photon calcium imaging in mice spontaneously running
back and forth along a linear track, we find directionality in dentate gyrus activity, with spatial activity maps for the two opposite running
directions being almost completely uncorrelated. Similar to the dentate gyrus, CA3 shows decorrelated spatial activity maps for running di-
rection. This directional modulation of spatial activity is also reflected in the overall changes in activity across running directions in the two
hippocampal subregions. Furthermore, activity in the dentate gyrus, but not in CA3, shows pronounced correlations of spatial activity
maps after aligning them to the running direction, indicating that the dentate gyrus encodes the distance covered on the linear track in
egocentric coordinates. Consistently, decoding of population responses suggests that hippocampal representations encode both egocen-
tric and allocentric information and evolve from conjunctive coding with a higher contribution of egocentric representations in the dentate
gyrus to more allocentric representations in CA3.

Directional modulation of spatial activity and selectivity in the dentate gyrus and CA3

We measured the ability of neuronal populations to discriminate distinct environments by quantifying the correlations of spatial activity maps
across running directions. To promote directional representations, we make use of a narrow linear track, where directional modulation is
known to be particularly pronounced.®” We find that spatial activity maps in the dentate gyrus and CA3 are modulated by the direction of
running of the animal (outbound and inbound), consistent with previous reports.*'>'® Our data indicate that the directional spatial modula-
tion is implemented by changes in the location of the spatial activity, a process known as “global remapping”.
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To assess directional discrimination independently of the spatial modulation of individual neurons, we quantified “directional selectivity”
as the relative difference in activity between the two running directions. Our findings show that this directional selectivity is comparable in the
two hippocampal subregions (Figure S5). This observation is consistent with previous reports of high selectivity for running direction in both
the dentate gyrus and CA3.">'® We show that in both the dentate gyrus and CA3, selectivity is significantly different from that expected from a
bootstrap dataset, suggesting that both the dentate gyrus and CA3 are selective for running direction based on changes in activity.

Hippocampal neurons are known to change the location of their spatial firing fields to represent a novel environment or contextual
changes within a given environment.>*'”"'® During locomotion along a stereotyped trajectory, experience modulates spatial representations
by shifting place field locations according to direction as the environment becomes familiar.* Here, only recording sessions in a familiar envi-
ronment were analyzed and it is conceivable that the spatial representations produced by dentate gyrus and CA3 became directional as the
environment became familiar.

Sources of directional signals

One possible source of directionally tuned inputs to the hippocampus might be head-direction cells that are located in the MEC."” Alterna-
tively, directionally tuned inputs to the hippocampus might be provided by grid cells. Although grid cells are not tuned to a single direction,
they show modulation by head direction in a location-dependent manner.?° Grid cells are most abundant in layer Il of the MEC, and while they
represent only a minority of MEC neurons (10-20%) that project to the hippocampus,'”?'"** the MEC Il projects strongly to the dentate gyrus
and might be the main source of EC inputs to CA3.*?¢ A second type of grid cells might also provide directionally tuned inputs to the hip-
pocampus: a majority of grid cells located in MEC Ill and V show conjunctive coding of position and direction.'? In contrast to the dentate
gyrus, the source of directionally tuned inputs to CA3 remains to be elucidated, as the connectivity patterns between the EC and CA3
vary across species.”"?’~ |t is possible that hippocampal neurons receive multiple sources of inputs, such that the dentate gyrus receives
directionally tuned inputs from grid cells in MEC Il and CA3 receives directionally tuned inputs from conjunctive coding grid cells in MEC Il

In contrast to head-direction cells in other brain subregions, directional tuning is thought not to be a fundamental firing property of hip-
pocampal neurons, but to arise from experience-dependent learning. This notion is based on the variability of directional firing in hippocam-
341631 the modulation of directional firing by different factors such as experience®*'® and the availability of local cues.®” Direc-
tional tuning of hippocampal neurons may therefore arise from inhomogeneous distributions of head direction signals caused by differences
in the positions visited at different head directions, which may then lead to preferential firing in the most frequently encountered running
directions.”’ Related theoretical work has proposed that directional firing can be interpreted as a predictive code arising from repeated visits
to the same running direction.* Thus, directionality might also arise de novo in hippocampal neurons during experience, without necessarily

pal neurons,

requiring a precomputed directional signal as input.

Distance coding in the dentate gyrus

Our finding that spatial activity maps are decorrelated for different running directions in the two hippocampal subregions indicates that the
familiar environment is not represented in a single, allocentric reference frame when encountered in different running directions. However, we
find that spatial activity maps for the dentate gyrus show substantial correlations after aligning them to the direction of running, on the order
of the correlations observed between maps for the same running direction. This finding indicates that the dentate gyrus encodes the distance
covered along the linear track. Notably, this observation is made when all recorded cells are included, but not when only spatially modulated
cells are selected, indicating that neurons that are not apparently spatially modulated play an important role in encoding distance run along
the track to construct spatial representations. Contrary to the dentate gyrus, egocentric distance coding was observed in CA3 at the popu-
lation level but not at the single cell level. In addition, our decoding of population activity indicates that the dentate gyrus encodes both
egocentric distance and allocentric position information, with a higher prevalence for egocentric distance information. These results are
consistent with previous reports of mixed selectivity and multiplexed coding in the dentate gyrus.'***%

At first sight, high directional selectivity and distance coding appear to be contradictory, as distance coding requires neuronal activity at
equivalent distances in both directions of running and would therefore counteract directionally selective firing. We hypothesize that the two
observations can be reconciled by rate changes of the distance-coding, “flipped” firing fields - i.e., the firing fields appear at equivalent dis-
tances but with different firing rates. Thus, a combination of “flipped” rate change signals along with a population of purely directional neu-
rons would allow the dentate gyrus to reconcile high directional selectivity with distance coding.

Some features of spatial representations in the dentate gyrus and CA3 might also indicate a differential response to local and distal cues.
While the spatial activity of individual neurons does not show any obvious association to particular locations, we observe strong and wide-
spread correlations in the spatial activity of the dentate gyrus at the extremities of the track (Figures 2C and 2E) suggesting that a different
spatial code might build a spatial representation at these locations, possibly relying on distal cues. It is conceivable that the presence of the
visual cues on the walls in our experimental paradigm might result in them being perceived as distal cues. This would be consistent with pre-
vious work indicating that dentate gyrus granule cells show less remapping following changes in the same environment than across distinct
environments, probably due to its encoding of distal cues that remain identical in the same environment.?” Further experiments allowing
changes in the availability of local and distal cues are needed to shed light on the roles of spatial cues, egocentric and allocentric spatial in-
formation in building spatial representations in the dentate gyrus and CA3.
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Lack of distance coding in CA3

In contrast to the dentate gyrus, we found a lack of correlations of spatial activity maps in CA3 neurons after aligning the maps to the running
direction, suggesting that CA3 does not encode egocentric distance at the single-cell level. However, our decoding of population activity
indicates that CA3 encodes both distance traveled in different running directions and position information at the population level, with a
higher prevalence for position encoding. This is consistent with previous work showing that spatial representations in CA3 are more stable
than those of the dentate gyrus.”® CAT is known to produce a conjunctive code of egocentric and allocentric information with a higher degree
of allocentric coding observed in familiar environments.'" Itis therefore conceivable that the high prevalence of allocentric coding observed in
CA3 might be due to the familiar nature of the environment.

Despite a low egocentric map correlation at the single cell level, our results suggest that CA3 might implement changes in firing activity at
the population level to encode distance traveled in different running directions that were not detected when spatial map correlations of in-
dividual neurons were analyzed.'® Notably, rate remapping would not have been captured by Pearson correlations that we used to quantify
spatial map correlations at the single-cell level. Consequently, the absence of allocentric coding in the dentate gyrus and CA3 as measured
with single-neuron spatial map correlations does not rule out rate remapping of allocentric activity. It is also conceivable that an allocentric
representation was formed upon the first exposure to the linear track and became directional as the environment became familiar, consistent
with previous work.” This representation might have included shifted spatial fields that would have been detected by our decoder of popu-
lation activity but might have been missed by the single-cell spatial correlations.*

While egocentric representations have been observed in extrahippocampal structures and egocentric to allocentric transformation is
thought to occur upstream of the hippocampus, our results indicate that at least part of this transformation is carried out within the hippo-
campus. Our findings would suggest that the dentate gyrus is the first station along the hippocampal circuits to encode unique episodic
traces while maintaining the integrity of the spatial code for locations.

What is the source of information about distance and position?

While directional signals to the hippocampus might be provided by the MEC, where does information about distance and position originate?
Our results indicate that the dentate gyrus and CA3 may use different coordinate systems to generate a spatial representation of the envi-
ronment. This might be explained by the distinct projection patterns that the two hippocampal subregions directly receive from the LEC and
MEC,*”*° which process both types of information. LEC neurons show egocentric coding of objects® and might convey this information to the
dentate gyrus via the lateral perforant path. In addition, projections from the MEC to the dentate gyrus might also contribute to egocentric
coding in the dentate gyrus since MEC neurons are tuned to distance traveled " and generate a dynamic representation of the animal’s
position during navigation using self-motion information.**** MEC neurons are also sensitive to the distance separating an animal from
an object, leading to the classification of a subpopulation of MEC neurons as “object-vector cells”.*> Consistent with the notion that distance
signals are transmitted from the MEC to the dentate gyrus, the MECII-dentate gyrus pathway has been shown to generate a persistent
representation of the behavioral task performed by the animal suggesting that the MECII-dentate gyrus pathway plays a critical role in the
representation of non-allocentric information. >

Entorhinal cortical projection patterns to CA3 vary across species and the mouse CA3 might receive projections from either EC I1I°° or
EC lI172° Thus, it is possible that the mouse CA3 receives egocentric information via inputs from the LEC Il and allocentric information via
inputs from MEC Ill, possibly from grid cells that exhibit highly dynamic spatial representations and mixed selectivity.*® The duality of these
input sources might explain the difference in the relative prevalence of egocentric and allocentric coding in the dentate gyrus and CA3. Alter-
natively, CA3 might receive inputs from EC Il, whereby egocentric information would be conveyed via LEC Il and allocentric information via
MEC I, possibly via grid cells, which are thought to convey positional information the hippocampus.”*” CA3 also receives projections from the
dentate gyrus, which might also convey distance and position coding information to CA3.“? The multiplicity of input sources to CA3, which
also receives back projections from CA1,°%" might foster the integration of positional and self-motion information and might also explain the
difference in the relative prevalence of egocentric and allocentric coding in the dentate gyrus and CA3.

While conjunctive coding of allocentric and egocentric information in the dentate gyrus and CA3 results from dual inputs conveying both
types of information to each region,'’ changes in synaptic plasticity might also contribute to egocentric and allocentric coding in the two
subregions. Previous work has shown that behavioral timescale synaptic plasticity changes the prevalence of egocentric and allocentric cod-
ing in CA1 by adjusting synaptic weights.'">*** Therefore, it is conceivable that this form of synaptic plasticity might also play a role in chang-
ing the prevalence of egocentric and allocentric coding in the dentate gyrus and CA3. The dentate gyrus and CA3 show distinct synaptic input
organizations such that in the dentate gyrus, the lateral perforant path terminates in the outer one-third of the molecular layer and the medial
perforant path terminates in the middle one-third of the molecular layer, while in CA3 the medial and lateral perforant path both terminate in
the stratum lacunosum-moleculare. As a result, behavioral timescale synaptic plasticity might modulate perforant path inputs differently in the
two regions, and might underlie the difference in relative prevalence of ego- and allocentric information in the two subregions.

24,27,28

Bearing versus sketch maps: The parallel map theory

Our findings provide direct experimental evidence for several theories of how the hippocampus constructs the cognitive map along its circuits.
First, our finding that the dentate gyrus shows a higher prevalence for distance coding supports the view that it is required to align internally
generated spatial representations with external landmarks, as suggested by lesion experiments.”* Second, our finding that CA3 uses a separate
coding strategy to the dentate gyrus to represent distance traveled is compatible with theoretical models in which the place cell population
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generates a cognitive map by the parallel integration of two different input streams of allocentric and egocentric information.”>> Finally, our
experimental data revise the parallel map theory, which predicts that hippocampal subregions contribute differentially to the cognitive map,
with the dentate gyrus constructing primarily a “bearing map” from self-motion and directional cues, whereas downstream subregions construct
a “sketch map” from local positional cues.® Our results add to this theory by providing direct evidence for the distinct roles of the two hippo-
campal subregions in representing space, with the dentate gyrus providing conjunctive coding with a higher contribution of egocentric repre-
sentations, whereas CA3 provides more allocentric representations and then transmits them to CA1, where a global map of space is generated.

Limitations of the study

Some limitations to our study arise from the difficulty in targeting specific cell populations using single-photon widefield in vivo calcium im-
aging. To distinguish granule cells from other dentate gyrus cell types, such as inhibitory interneurons or mossy cells, during the manual veri-
fication of the segmentation of the field of view into regions of interest (ROls) we only selected ROIls consistent with the small and densely
packed cell bodies of granule cells. We cannot rule out that some neurons are adult-born granule cells. However, adult-born neurons repre-
sent a very small proportion of the dentate gyrus neuronal population.”” Moreover, it has been recently demonstrated that adult-born neu-
rons were difficult to target with direct AAV injections into the dentate gyrus.”® Therefore we do not expect that the activity of adult-born
granule cells substantially contributes to our results and conclusions.

In CA3, a lack of specificity in targeting the neuronal population of interest might arise as a result of the placement of the GRIN lens. CA3is
part of a continuous cell layer and is adjacent to CA2. Although the location of CA2 is more dorsal than CA3, the two subregions can only be
formally distinguished through the expression of specific AAV serotypes in CA2. The position of the lens in our CA3 animals suggests that we
are recording from CA3 neurons, but the possibility of a contribution from CA2 cannot be ruled out (Figure S2).

The presence of rewards during a navigation task modulates hippocampal spatial activity through the activation of the dopaminergic cir-
cuit.”” Here, we chose a spontaneous navigation task to explore spatial activity without the reward-driven activation of the dopaminergic sys-
tem. The absence of rewards during a navigation task has been shown to decrease the reliability of CA1 place fields and their stability over

740 \which might explain why the spatial correlation values that we obtained are lower than those reported in previous studies.”*” To

time,
obtain stable spatial representations with our experimental paradigm, we discarded the sessions where mice were first exposed to an envi-
ronment, since previous studies report that spatial representations become more stable as an environment becomes familiar.®"“ Also, while
there is evidence of reward-coding in the dentate gyrus®® and CA1,” the evidence for reward-coding in CA3 is scarce, and the disruption of
the ventral tegmental area modulates CA1 but not CA3 activity® suggesting that the reward-related dopaminergic modulation of CA3 is only
weak. Overall, while the spatial correlations we obtained might have been higher using a rewarded spatial navigation task, our study provides
rare insights into the representation of space in both the dentate gyrus and CA3 during spontaneous exploration without the reward-driven

activation of the dopaminergic system.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

PAAV.Syn.GCaMP6f. WPRE.SV40 Addgene 100837-AAV1
PENN-AAV-CamKII-GCaMP6f-WRPE-SV40 Addgene 100834-AAV1

Deposited data

Analyzed data This paper Available upon request

Experimental models: Organisms/strains

Mouse: C57BL/6J Janvier labs SC-C57J-M4S

Software and algorithms

Suite2p https://github.com/Mouseland/suite2p Pachitariu et al., 2017%°; https://doi.org/10.
1101/061507

Custom Python code https://github.com/neurodroid/haussmeister https://doi.org/10.5281/zenodo.10366829

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact Christoph Schmidt-Hieber
(christoph.schmidt-hieber@uni-jena.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability
® Processed and raw data reported in this paper are available from the lead contact upon request.
e Analysis code is available from https://github.com/neurodroid/haussmeister. A snapshot has been deposited under Zenodo: https://
doi.org/10.5281/zenodo.10366829. The analysis software suite2p®” is available from https://github.com/Mouseland/suite2p.
e Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All procedures were performed in accordance with European and French guidelines on the ethical use of animals for experimentation (EU
Directive 2010/63/EU) after approval by the Institut Pasteur Ethics Committee (CETEA protocol number 160066). Wild-type male C57BL/6J
mice from Janvier labs aged 6 to 39 weeks were used for all experiments. They were housed collectively or individually in a room maintained
at 21C with a 12 h inverted light/dark cycle, in polycarbonate individually ventilated cages, enriched with running wheels, and ad libitum ac-
cess to food and water. A total of 8 mice were used in this study.

METHOD DETAILS

Surgical procedures

Surgery was performed at least 7 days after the arrival of the mice at the animal facility, and was carried out using a stereotaxic apparatus (Kopf
instruments). The mice were anesthetised with isoflurane throughout the surgery (3-4% during induction and 1-2% during the remainder of
the surgery; 2 L/minO2 and 0.2-0.5 L/minO2 respectively). An analgesic solution (buprenorphine, 0.05 mg/kg i.p., Vetergesic) was adminis-
tered at least 30 min before surgery. The incision sites were infiltrated with lidocaine at the start of the procedure. A second analgesic solution
consisting of meloxicam (10 mg/kg s.c., Metacam) was administered before the end of the surgery. The body temperature of the mice was
maintained at 36°C using a heating pad, and their eyes were protected using a hydrating eye gel (Ocrygel). A postoperative analgesic solution
(meloxicam 5 mg/kg) was administered orally in combination with a surgical recovery diet (Dietgel, ClearH20) for 2 days. Recovery of the mice
was monitored for 72h.
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Stereotaxic injections of viral vectors

The skin was first covered with Providone-iodine (Betadine) and then cut using a scalpel blade. A small craniotomy was made over the right
dorsal hippocampus (1.5mm lateral and 1.9mm posterior to Bregmay). An injection of AAV1.Syn.GCaMP&f. WPRE.SV4 (500 nL; 3.4x10"% TU/mL,
Addgene) was given to n = 5 animals with DG implants, n = 1 animal with a CA3 implant and an injection of AAV-CamKII-GCaMPéf-WRPE-
SVA40 (500 nL; >1%10'? vg/mL, Addgene) was given to n = 2 animals with CA3 implants. Mean event rates were slightly higher in mice im-
planted with hSyn than in mice implanted with CamKIl (Figure S6B). The injection was carried out using an oil injection pump and a glass
micropipette at the injection site defined by the following stereotaxic coordinates: DG: 1.9 mm posterior from Bregma, 1.5 mm lateral
from the midline and at 1.7 mm depth from the dural surface; CA3: 1.9 mm posterior from Bregma, 2.0 mm lateral from the midline and
at 2.1 mm depth from the dural surface. Viral vector injection and GRIN lens implantation were performed either simultaneously or separately
to allow expression of the genetically encoded calcium indicator and implantation under visual control. In instances where the injection and
implant were carried out separately, the mice were allowed to recover from the injection for at least 1 day before undergoing subsequent
procedures.

Chronic GRIN lens implantation

To perform in vivo calcium imaging from the dentate gyrus, a Gradient Refractive Index Lens (GRIN lens) was implanted above the granule cell
layer of the dentate gyrus or the pyramidal cell layer of CA3 (Figures 1A, 1B, and 1D-11). GRIN lens implants were performed either simulta-
neously with or up to three weeks after virus injection. Mice were anesthetized (see surgical procedure), and the head position and angle were
closely monitored to target the subregion of interest. Following application of Betadine to the skin surface and local analgesia, the skin
covering the skull was cut with scissors and removed. Following cleaning of the exposed skull with saline solution, all overlying connective
tissue was removed by applying a green and a red activator (Super-bond C&B, Sun Medical) to the exposed skull for 1 min and 30 s each.
A craniotomy was performed (600-900 pm diameter) and the dura mater was removed. First, a stainless steel needle (500 um diameter,
custom-made, Phymep) was lowered down to 1.9 mm for DG and 2.15 mm for CA3, at a rate of 400 um/min. Second, the imaging cannula
was slowly lowered at a rate of 100 um/min into the implant site at the following target coordinates: DG: 1.9 mm posterior from Bregma,
1.5 mm lateral from the midline and at 1.9 mm depth from the dural surface; CA3: 1.9 mm posterior from Bregma, 2.0 mm lateral from the
midline and at 2.15 mm depth from the dural surface. The procedure was performed blindly in n = 1 animal with a DG implant (using
0.5 mm diameter SICL_D_500_80 Snap-in Imaging Cannula, Model L-D Depth range: 0mm-3.46 mm from Doric lenses) or under visual control
of the microendoscope to increase the success rate of the implant in n = 4 animals with DG implants and n = 3 animals with CA3 implants
(using eSICL_D_500_80 Snap-in Imaging Cannula, eFocus, Model L-D Depth range: 0 mm-3.46 mm from Doric lenses; Figures 1D-1l). In
n = 2 animals with DG implants and n = 2 animals with CA3 implants, a focusing ring was screwed around the metal head post attached
to the lens to calibrate the implant depth and increase adhesion to the skull. Metal screws were used to stabilise the position of the
GRIN lens in n = 2 animals with CA3 implants. The lens and protruding metal head post were then stabilised with opaque dental cement
(Super-bond C&B, Sun Medical) in all animals.

To minimize tissue damage caused by optical imaging, we used a GRIN lens with a small diameter (0.5 mm). We found that our values of
activity rates in the dentate gyrus (mean event rate of 0.025 events per second) and CA3 (mean event rate of 0.029 events per second) were
consistent with published work that recorded hippocampal activity using imaging techniques.''*3:¢¢
exclude that some of the tissue damage caused by the lens as well as variability in the lens position (Figures S1-S2) might affect some of

67
>’ However, the authors cannot

the measured parameters.

Behavioral paradigm
Single-photon microendoscope widefield calcium imaging

During the imaging sessions, the microscope head was clipped to the metal ring protruding from the imaging cannula (Snap-in Surface
Fluorescence Microscope Body-L, SFMB_L_458, Doric Lenses in n = 1 animal with a DG implant or eFocus Snap-In Fluorescence Microscope
Body-L, eSFMB_L_458, Doric lenses in n = 4 animals with DG implants and n = 3 animals with CA3 implants). A fiber optic patch cord trans-
mitting LED light and an HDMI cable collecting the digital signal connected the mouse to the microscope (Fluorescence microscope driver,
FMD_L, Doric Lenses). The cable lengths were optimised to allow unrestricted movement of the mouse. To obtain a high spatial sampling of
the physical environment, we chose to expose the animals to a linear track, similar to previous studies.®® The mice navigated freely in a
60 cm-long, 6 cm-wide and 31 cm-high linear track made of PVC and enriched with visual cues: 3 playing cards placed on one wall and a sheet
of paper placed on the opposing wall, pieces of Lego and drawings positioned at each end of the linear track constituted the visual cues. A
plexiglass lid with a linear opening to allow the microscope cables to pass through was placed on top of the linear track. Imaging was per-
formed using Doric Neuroscience studio software and the animal’s behavior was recorded using a camera (Doric, Sony IMX290 sensor) to
allow tracking of the animal’s trajectory. The software triggered the behavioral camera by sending a TTL signal for each frame to synchronise
the two recordings. The exposure duration was 50 ms (20Hz) for 7 mice and 40 ms (25Hz) for one dentate gyrus mouse, and the illumination
power setting was optimised for each animal and imaging subregion, and maintained throughout the experiments.

The imaging field of view (FOV) was first inspected 2-3 weeks following the implant to check for the presence of fluorescent neurons. If
fluorescent signals were observed in the FOV, the mice were handled daily during the week prior to the start of recordings to reduce the
animals’ stress during the experiments (Figures TF-11).
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Navigation on the linear track

The activity of hippocampal neurons was recorded while the mouse navigated back and forth in opposite directions along a linear track
(length: 60 cm). Mice were exposed to the linear track for 4 consecutive days: the first session was considered to be novel and was
excluded from the analysis; subsequent exposures were considered to be familiar and were included in the analysis. During the recording
sessions, mice were exposed to the linear track and recorded for 10 min. Mice explored the environment spontaneously without any
reward. Cells that were recorded in different sessions from the same animals may be the same cells, the sessions are therefore not
independent.

During imaging sessions, mice completed 14.0 £ 1.6 (n = 26 sessions from DG implants) and 15.7 £ 1.3 (n = 31 sessions from CA3
implants) continuous runs (“laps” as defined below) across the linear track (Figure S7A). The running speed was comparable across the three
groups of implanted animals (Figure S7B; DG, 7.893 + 0.205 cm/s; CA3, 8.117 £ 0.159 cm/s). The duration of the imaging sessions was also
comparable between DG-implanted and CA3-implanted mice (Figure S7C; DG, 609.182 + 10.262 s; CA3, 607.118 £+ 6.130 s).

Post-hoc analysis

At the end of the experiments, the animals were perfused with 4% formaldehyde (Sigma) after lethal injection of pentobarbital (150 mg/kg).
The brain tissue was harvested and sectioned at 60 um thick sections using a vibratome (Leica). Cell bodies were stained with Hoechst 33342,
Trihydrochloride, Trihydrate - FluoroPure Grade. Confocal microscopy was used to image the position of the lens in the tissue and the viral
injection sites (Zeiss; Figures 1F-1l).

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral analysis
Analysis of behavioral and imaging data was performed using established procedures in the laboratory,'**%7°
account for the specific characteristics of single-photon widefield imaging as detailed below.

To track the position of the animal, the mice were filmed along the linear track using a camera (Doric, Sony IMX 290 sensor) operating at
the same frame rate as the microscope sensor (typically 20Hz). For each frame captured by the microscope sensor, the acquisition software
emitted a TTL pulse to trigger a corresponding frame capture by the behavior camera. Animal motion was analyzed using the markerless
pose estimation software DeeplLabCut (Mathis et al., 2018). 4 labels (snout tip, left and right ear, tail base) were identified across all
captured frames. The position of the animal was computed as the mean of the coordinates of the 4 labels. “Laps”, i.e., continuous
runs at a speed of >0.5 cm/s in a single direction along the linear track, were identified after low-pass filtering position data at f. =
0.5Hz. Lap definitions were stringent and included only periods of active running to exclude large synchronous patterns of population ac-
tivity observed prior to movement onset in the dentate gyrus, consistent with previous findings.”" Only uninterrupted runs in one direction
that covered at least 70% of the total length of the track were considered as a quantifiable lap. Neuronal activity data were assigned to one
of two directions (“IN” or "OUT"). Neuronal activity data outside of quantifiable laps, including resting periods, were not included in the

with some adaptations to

analysis.

IMAGING DATA PROCESSING

Recordings of neural activity were first motion-corrected in the xy plane to account for artifacts caused by animal movement using an
algorithm built into the Doric Neuroscience Studio software. Segmentation into ROls was performed using a singular value decomposition
algorithm built into the suite2p software.®® The fluorescent signal from the neuropil was subtracted from the extracted fluorescence using the
suite2p software. Quantification of neuronal activity was consistent with previously reported methods.”? “Events’ were defined as regions in
the normalised fluorescence changes (dF/F) exceeding a threshold of mean + 1.0 standard deviations of the overall dF/F signal, a minimum
duration above threshold of 300 ms (which corresponds approximately to the GCaMPéf half decay time’®), and an integral of 50 dF/F x 1s.
Visual inspection of the event detection result confirmed these parameters.'”

Identification of spatially modulated cells

Spatial activity maps were computed using data from continuous running periods. The linear track was divided into 20 spatial bins (3 cm bin
width). The sum of events in each spatial bin was divided by the occupancy of the animal in that bin; spatial maps were smoothed with a
Gaussian filter (sigma = 4 bins).

Spatially modulated neurons were defined as cells that consistently fired at the same location of the linear track across lap crossings in the
same running direction. We identified spatially modulated cells by computing the mean pairwise Pearson’s correlation (r) between spatial
maps across lap crossings. Outbound and inbound lap crossings were analyzed separately. To obtain a null model for the mean correlation
and selectivity, we dissociated the activity for each neuron and spatial position by shuffling the recorded position in blocks of 300 ms and
repeated this bootstrap procedure 10 times. Neurons whose mean correlation value exceeded the bootstrap with a Z score greater than
1.0 in at least one running direction were identified as spatially modulated cells. This approach accounts for both coherence and stability
of spatially modulated cells, as it will not identify a cell as spatially modulated if it fires in a single lap (low stability), or if it fires in different
locations across laps (low coherence), or if it fires sparsely yielding a high mean pairwise correlation by chance (low stability, giving low Zscore
from the bootstrap procedure).
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Spatial correlations and decorrelations

To quantify session-wise correlations between spatial activity maps in the running direction (IN/IN or OUT/OUT), we split the data into two
groups that we defined as “even” and “odd" lap crossings in the same direction of motion. We first computed spatial activity maps for each
cell for even-numbered (“even”) and odd-numbered (“odd"”) laps. We then computed the correlation (Pearson’s r) between spatial activity
maps for even and odd laps for each cell. Finally, we computed the mean of individual correlation values for each session, for either all or
only neurons that were spatially modulated (see above). To quantify session-wise correlations (Pearson’s r) between inbound and outbound
spatial activity maps, we computed correlations as described above using inbound and outbound laps instead of “even” and “odd"” laps. To
quantify distance coding, we measured correlations (Pearson'’s r) between spatial activity maps for lap crossings in opposite directions after
reversing the order (“flipping”) of the maps for the outbound direction. Decorrelation was computed by subtracting the correlation of
different running directions (OUT vs. IN) from the mean of the correlations of the same direction (IN and OUT).

Population vector (PoV) analysis

Population vectors (PoVs) were defined as the collection of event rates of either the population of all spatially modulated neurons or all
cells (including non-spatially modulated cells) measured in a spatial bin. PoV correlations were obtained by computing Pearson’s R between
corresponding PoVs of different running directions (OUT vs. IN) or of the same running direction divided into even and odd lap crossings. PoV
correlation matrices show colour-coded PoV correlations between all spatial bins in one condition and all spatial bins in the other condition.
The PoV correlation matrices were normalised using a convolutional filter using a filter size of 3 pixels. The filter takes 3 values from around the
pixel of interest on a row-by-row basis and then multiplies the values by the corresponding value in the kernel matrix. For illustration purposes
only, we performed a normalisation to the maximum value across each row and discarded 3 and 5 pixels (0.03 cm each) at the beginning and
end of the track, respectively. This was done to increase the contrast of the PoV correlation matrix display.

Rate vector and selectivity

To compute direction selectivity, the event rate for the i-th cell r;was defined as the number of neural events of a cell divided by the amount of
running time in a given direction. For each recording session, the selectivity of the i-th neuron was defined as the normalised difference of the
event rates r of this neuron, computed during inbound and outbound running: |r = rO)/(r! + r°).

For each recording session, the average selectivity index was computed across all neurons to obtain an individual value for the recorded
population. Selectivity is strongly affected by sparsity: neurons that fire very sparsely in time (few events) have a higher chance of being highly
selective. In order to compute the significance of our selectivity values taking into account the different levels of sparsity of the analyzed cell
types (pyramidal neurons in CA3 and granule cells in the DG), we compared the selectivity values obtained from the data with the mean selec-
tivity values obtained from a null model that keeps the activity intact but breaks the direction selectivity by randomly shuffling the inbound and
outbound labels of individual trials. The null model distribution was estimated for each individual session by iteratively shuffling the labels 20
times and computing the selectivity index, as defined above, at each iteration for all cells recorded in that session. Following the iterations, we
calculated the mean of the null model values to determine an “expected” mean selectivity value of individual neurons from that session. We
then compared the difference between the experimentally determined directional selectivity (for DG and CA3) and the expected selectivity of
the cell types.

Decoding of position and distance from population responses

For the decoding analysis, we used custom-written Python scripts and the scikit-learn SVC implementation.”* The neural decoder algorithm
was based on linear classifiers trained on pseudo-simultaneous population activity generated by combining 100 ms-binned neural patterns
recorded from different animals performing the same behavioral task. The decoding algorithm was cross-validated and tested against a null
model with shuffled trial condition labels.

Data labeling

For each session, we labeled the recorded neural data according to the animal’s position along the track (denoted as position) and according
to the egocentric distance traveled in the run event (denoted as distance). For each variable, we defined two classes that were used to train
and test the decoding algorithm. Being L the length of the track, we labeled the data as follows.

Position:

e (0): = position <0.2 L
® (1): = position >0.8 L

Distance:

® (start): = distance <0.2 L
e (end): = distance >0.8 L

To avoid the two variables confounding each other, we balanced the data so that the four combined classes (O-start, 0-end, 1-start, 1-end)
contained the same amount of data. Position decoding was therefore performed by training and testing a decoder to discriminate a balanced
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mixture of distance values in the two position classes: (O-start, 0-end) vs. (1-start, 1 end). Similarly, distance decoding was performed on a
balanced mix of positional values: (O-start, 1-start) vs. (0-end + 1-end). Only data with at least n = 1 neurons showing activity were included
in the decoding analysis.

Cross-validation

All performance assessments were performed using n = 10 cross validation (CV) folds. For each CV fold, we randomly selected 80% of the time
bins of each condition and used them to build pseudo-simultaneous (PS) activity (see below), which was used to train a Support Vector Ma-
chine (SVM) with a linear kernel to classify PS patterns into one of the two conditions. Similarly, the remaining 20% of the trials were used to
generate PS activity, which was used to test the trained SVM. Where a single value was presented, the decoding performance was then as-
sessed as the mean accuracy on the test set over the CV folds.

Pseudo-population

To construct pseudo-populations, we randomly selected 100 ms binned neural patterns from the training and testing trials of all animals and
concatenated them to form a larger pseudo-simultaneous neural pattern. To obtain the training and testing datasets used in the cross-vali-
dation scheme, this procedure was repeated 2N times per condition, where N is the total number of neurons. To increase the signal-to-noise
ratio of the decoder, we used a procedure where the decoder is trained to classify groups of n=3time bins (n = 1 corresponds to standard
single time bin decoding). In practice, this was done at the time of pseudo-population activity generation by sampling and concatenating 3
random time bins for each individual animal, effectively creating pseudo-population vectors of 3N neurons, where N is the total number of
recorded neurons across animals.

Null model and p-value

All decoding performance values were tested against a null model created by shuffling the condition labels of individual trials. After each
shuffle of the labels, the exact same 10-fold cross-validated decoding procedure described above was repeated on the shuffled data. The
p-value of the decoding performance was computing the Z score of the performance of the data compared to the distribution of perfor-
mances obtained by 20 repetitions of the shuffling procedure.

Statistics
Data are presented as mean + SEM across sessions unless stated otherwise. Statistical significance was assessed with the appropriate sta-

tistical test as described in individual figure captions. Information relative to the number of recording sessions, animals and cell numbers
included in the analysis are presented in Table ST and additional information relative to statistics is presented in Table S2.
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