Abstract representations of space in the mouse dentate gyrus
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Abstract
The hippocampus is known to encode variables that are
relevant for navigation, like the position of the animal.
However, it is unclear whether its neural representation
is the result of an abstraction process or it reflects the
encoding of complex sensory experiences that determine
unequivocally a particular location. To answer this question, we analyzed calcium imaging data from the dentate
gyrus and CA1 of mice freely exploring an arena. Both
the position and the direction of motion of the animal
could be decoded with high accuracy. We then analyzed
the geometry of the neural representations to determine
whether these variables are represented in an abstract
format. The analysis revealed that the direction of movement is abstract when the animal is at the center of the
arena, but not in the vicinity of a wall. These reveals
qualitatively different geometries of the neural representations in these different locations which have been traditionally considered to have different behavioral valence
for the animal. Our study represents a fundamental step
towards the description of an abstract map of space in
the hippocampus.
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Since the proposal of a cognitive map (O’Keefe & Dostrovsky, 1971), the hippocampus has been studied as the main
center for spatial representations. The main focus of the vast
majorities of these studies has been on ’place cells’, i.e., cells
that show a strong response when the animal is in a particular location in an environment. Initially these responses have
been interpreted as an abstract representation of space, since
they aren’t obviously tight to any specific sensory stimulus or
motor response. However, these responses could be due to
the common features of sensory experiences generated at every passage through a particular location. In a recent model,
these correlations have been exploited to generate a spatial
map of an environment using exclusively sensory stimuli and
motor responses (Benna & Fusi, 2019). This raises the question of whether spatial maps are a result of combinations of
sensory stimuli or if the hippocampus maintains an abstract
representation of space, i.e., a representation that allows to
generalize information from one sensory experience to another without re-learning the metrics of the environment.
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Figure 1: Experimental protocol. A virus encoding the calcium indicator GCaMP6m was injected into the dorsal DG in
the DG mice, while a virus encoding GCaMP6f was used for
the CA1 mice. A GRIN lens was then implanted and a baseplate was fixed to the skull of the mice at the desired imaging
plane. GCaMP expression was examined three weeks after
the surgery using a miniaturized microscope (Inscopix, Palo
Alto, CA). b) DG recording site. GCL, granule cell layer; SGZ,
subgranular zone. c) CA1 recording site. The figure has been
adapted with permission from Stefanini et al. (2019).

To test this hypothesis, we took advantage of a dataset
of calcium imaging recordings from mouse hippocampus in
freely moving animals using a mini-endoscope (Inscopix, Palo
Alto, CA). These recordings included neural activity from the
dentate gyrus (DG) and CA1 regions of the hippocampus (Fig.
1). The DG is the first stage of processing of the hippocampal
formation. It has been shown to encode space with high spatial and temporal precision (Stefanini et al., 2019; van Dijk &
Fenton, 2018) and it has been implicated in pattern separation
(Leutgeb, Leutgeb, Moser, & Moser, 2007; Bakker, Kirwan,
Miller, & Stark, 2008; Danielson et al., 2017). While the CA1
is the most studied region in the hippocampus, relatively little

729
This work is licensed under the Creative Commons Attribution 3.0 Unported License.
To view a copy of this license, visit http://creativecommons.org/licenses/by/3.0

↑

the animal position on the time bins when it was moving in one
direction and test it on the time bins corresponding to it moving
in the opposite direction (see figure 2). Vice versa, we could
train the decoder to distinguish two different movement directions in different locations in an environment, as described in
the example cartoon of Fig. 2.
To estimate CCGP we divided the arena in two halves and
focused on two opposite directions of motion (North-South,
East-West). We then trained a linear decoder to discriminate
whether the mouse was in one half of the arena or the other
using time bins corresponding to movement in one direction
and tested it on the rest of the time bins. We followed similar procedures adopted in Stefanini et al. (2019) and used
a support-vector machine (SVM) with a linear kernel and excluded time bins corresponding to immobility. To control for the
possibility that a higher than chance decoding performance
was not due to abstraction but rather to a random displacement of the neural representations across different movement
directions, we compared the decoding performance to a distribution of random models generated by shuffling the original representations of position while keeping the structure of
the data within each condition (see - Bernardi et al. (2018)).
In both DG and CA1 areas of the hippocampus we found a
higher than chance CCGP for position but not for head direction (Fig. 2c). This is a strong indication that some form of
abstraction exists in the way the hippocampus represents the
position of the animal.
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is known about how the DG granule cells represents spatial information. It has recently been shown that both these regions
encode both the position of the animal and the movement direction in a distributed manner (Stefanini et al., 2019). We
leveraged the ability to decode these two variables to study
whether these two variables where represented in an abstract
format.
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To further verify that the effect was not due to the vicinity of
the walls, we looked at the influence of the walls of the arena
on the representation of space and head direction. In order
to maximize the effect, we focused on two opposite walls and
separated the data into direction of motion parallel or perpendicular to these walls and we removed time bins in which the
mouse was close to either of the other two walls (Fig. 3a). We
then looked at pairs of regions elongated along the direction
of the walls, at various distances and equally centered in the
arena. We used data within these regions to estimate CCGP
for movement direction across regions and CCGP for position
(in which area the animal was) across different movement directions. For perpendicular directions of motion, we found a
significantly higher than chance CCGP at all distances from
the wall in two mice. For parallel directions of motion instead
the same was true only when the regions were close to the
center of the arena but not when the animal was close to the
walls. In two mice this effect was even stronger and resulted in
a weakly lower than chance CCGP performance (Fig. 3b-c).

40
20
0

Chance

Head

DG

Pos

Chance

Head

CA1

Pos

Figure 2: The Cross-Condition Generalization Performance
(CCGP) (Bernardi et al., 2018). a) A mouse moving upwards
(left) or downwards (right) through one of two locations highlighted in red and green. The decoder is trained on movement
direction in one location (red, top) and tested on the other location (green, bottom). The CCGP is the performance of the
tested conditions. b) One possible geometry of the neural representation in the case in which both movement direction and
position are represented in abstract format. The performance
of a direction decoder trained on one location and tested on
the other location would be high. c) An example of unstructured geometry whereby decoding movement direction in A
does not generalize well to location B.

A lower than chance performance could be due to an inversion of representations from one side of the arena to the other.
In terms of neural representations, this would that the representations of upward motion in one region would be on the
same side of the hyperplane of the representations for downward motion in the other region of the arena. To verify this
hypothesis we focused on the time bins in which the mouse
was close to the walls of the arena, re-labeled the data for
direction of motion in “wall on left” and “wall on right”, corre-

One way to measure if a variable is represented in an
abstract format is to introduce the Cross-Condition Generalization Performance (CCGP) (Bernardi et al., 2018). This
quantity measures how the neural representation of one variable, for example the animal’s instantaneous position, is stable
across different conditions, for instance across movement directions. Hence, our strategy was to train a decoder to decode
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Figure 3: Egocentric system in the periphery of the arena and
allocentric system in the center. a) Schematic of how the
arena was separated into different regions of interest with a
width of 5 cm, from the closest ones to the center (Center)
to the ones closest to the walls (Wall). Linear decoders were
trained on distinguishing movement direction (either moving
North vs. South, or West vs. East) in one region and were
then tested on a region at the same distance to the center of
the arena. b) The dotted lines highlight regions at different
distances from the center as used in c. c) Decoding performance of movement direction in the different regions of interest. Black dotted lines correspond to a chance level computed
by shuffling the movement direction labels in a way that preserves autocorrelation of the original data (mean ± st.dev.).
Red lines: CCGP for movement direction parallel to the chosen two opposite walls. Blue lines: CCGP for perpendicular
movement directions. (Two-sided Mann-Whitney U test for significance, *** p < 0.001, ** p < 0.01).

Figure 4: Wall side generalizes across different walls in DG
but not in CA1. a,b) Regions of the arena considered in the
analysis of wall side generalization, extending 5 cm into the
arena. We relabelled time bins in which the mouse was moving parallel to a wall depending on which side the wall was on
with respect to the mouse movement direction. b) Schematic
showing a CCGP analysis on wall side. The data while the
mouse was in either of two highlighted regions on one side
of the diagonal was used as train set while the remaining two
regions defined the test set. This was repeated for each combination of two walls. c,d) Decoding wall side performance in
DG and CA1. The gray bars were obtained by reversing the
wall side labels, rolling them over by a random amount and
then training the linear decoders as described above (mean
across different choices of training and test set ± st. dev.).
(Two-sided Mann-Whitney U test, *** p < 0.001, ** p < 0.01).

2011; van Dijk & Fenton, 2018; Kelemen & Fenton, 2010).
However, in our work we observe a different phenomenon in
which spatial representations with qualitatively different intrinsic geometries are in place in different regions of the environment. In particular, our results on the generalization of movement direction across different walls suggests a strong influence of sensory input in the vicinity of a wall. This seems to
be in line with the hypothesis of an anxiogenic value attributed
to the central part of an open field, the exploration of which is
typically associated with a more audacious and fearless emotional state of the animal (Jimenez et al., 2018).
To our knowledge, since the seminal studies of O’Keefe in
the Seventies, our study is the first of its kind in that it attempts
to identify an abstract representation of a map of the environment, i.e., a “cognitive map”. This map may be useful not only
to represent just the animal’s instantaneous position. Indeed,
it may be related to the value associated to different locations
in an environment, a quality strictly related to memory and
apparent in both our data and in previous studies that considered the instantaneous representation of space in relation to
a shock-related location (Kelemen & Fenton, 2010). This map
may therefore have different properties across different behavioral contexts and the ability to decode position from neural
activities may be insufficient to explain these fundamental dif-

sponding to position of the closest wall with respect to the animal, and computed CCGP on this new dataset (Fig. 4a). We
then trained a linear decoder on pairs of adjacent corners and
tested it on the other two (Fig. 4b). In line with our prediction,
CCGP was higher than chance for the two animals for which
we formulated the prediction (Fig. 4c). We repeated the analysis on CA1 and we did not find similar levels of abstraction
(Fig. 4d).
Our results suggest that spatial representations in DG show
some degree of abstraction that allow a decoder to generalize
information across different conditions. This is true in regions
of the arena that are further away from the walls, where presumably an absolute map of the environment is required to
successfully navigate. Our data also show that in regions of
the arena close to the wall spatial representations don’t generalize across walls. We interpret these results as an evidence
that the hippocampus, at least at the level of the DG, represents spatial information in both an egocentric way, i.e., in
relation to the local experience of the animal, and in an allocentric way, i.e., on the basis of an abstract representation of
space. The ability of the hippocampus to rapidly switch among
spatial maps has been observed in other studies (Jezek et al.,
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ferences. By studying the geometry of spatial representations
it is possible to access properties of hippocampal processing
that are important for episodic memory formation.
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