bioRxiv preprint doi: https://doi.org/10.1101/801209; this version posted October 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Hippocampal spike-time correlations and place-field overlaps during

open field foraging

Mauro M. Monsalve-Mercado *1?3 and Yasser Roudi®

1Physik:—Department, Technische Univeritdt Minchen, Munich, Germany
2 Center for Theoretical Neuroscience, Zuckermann Institute, Columbia University, New York, USA

3 Kavli Institute for Systems Neuroscience and Centre for Neural Computation, NTNU, Trondheim, Norway

October 8, 2019

Abstract

Phase precessing place cells encode spatial information on fine timescales via the timing of their spikes. This
phase code has been extensively studied on linear tracks and for short runs in the open field. However, less is
known about the phase code on unconstrained trajectories lasting tens of minutes, typical of open field foraging.
In previous work (Monsalve-Mercado and Leibold, [2017)), an analytic expression was derived for the spike-time
cross-correlation between phase precessing place cells during natural foraging in the open field. This expression
makes two predictions on how this phase code differs from the linear track case: cross-correlations are symmetric
with respect to time, and they represent the distance between pairs of place fields in that the theta-filtered
cross-correlations around zero time-lag are positive for cells with nearby fields while they are negative for those
with fields further apart. Here we analyze several available open field recordings and show that these predictions
hold for pairs of CA1 place cells. We also show that the relationship remains during remapping in CAl, and it is
also present in place cells in area CA3. For CA1 place cells of Fmrl-null mice, which exhibit normal place fields
but somewhat weaker temporal coordination with respect to theta compared to wild type, the cross-correlations
still remain symmetric but the relationship to place field overlap is largely lost. The relationship discussed here
describes how spatial information is communicated by place cells to downstream areas in a finer theta-timescale,

relevant for learning and memory formation in behavioural tasks lasting tens of minutes in the open field.
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1 Introduction

A place cell in the hippocampus exhibits higher firing rates during traversals of specific regions of the environment,
namely its place field (O’Keefe and Dostrovsky, |1971). Together as a population, these place cells form a neural
representation of space from which the position of the animal can be accurately decoded (Wilson and McNaughton,
1993). In addition to this rate code, place cells convey spatial information at a finer time scale through the relative
timing of their action potentials: the spiking activity of the cell population is organized with respect to an ongoing
oscillation in the extracellular potential within the theta range (4-12 Hz) (John O’Keefe and Recce, [1993; Skaggs
et al., 1996 Schmidt et al.,|2009; Colgin, 2013|). More precisely, a cell starts firing at a late phase of the reference
theta oscillation when the animal enters the corresponding place field, progressively moving to earlier phases in
each new theta cycle as the animal traverses the entire place field. The phase of the spike relative to the ongoing
theta oscillation thus signals the position of the animal within the place field.

In a 1D track, phase precession causes the spikes of neurons within a theta cycle to be ordered in the same
order as the place fields would be visited (Skaggs et al., [1996]), thus providing a time compressed representation
of place cell activity (Dragoi and Buzséki, [2006; Melamed et al., |2004); see also Fig. 1 in Jaramillo and Kempter,
2017 and Fig. 2 of Lenck-Santini and Holmes, 2008 for schematic drawings explaining this phenomena. In fact, in
recordings on a linear track, phase precession of two cells with overlapping fields can be used to directly read out
how far apart the fields are from each other. This is because a cell firing early in the theta cycle signals the end
of its place field and a cell firing late in the cycle signals the start, and therefore, spikes from the cells whose place
fields come near the end happen earlier than the ones from a cell whose field is just being entered. The distance
between two place field centers is thus proportional to the average theta phase difference of the respective cells
among the several cycles where the fields overlap (Schmidt et al.,|2009; Feng et al.,|2015). Equivalently, the average
phase difference corresponds to the time lag of the nearest peak to zero in the cross-correlation of their spike times
within theta time scales. Phase precession then encodes spatial relational information between place cells, evident
only over the timescale of seconds that takes for the animal to get from one field to another, into a temporal code
available in the scale of tens of milliseconds, namely in the temporal order of the spikes that the cells emit. Since
plasticity mechanisms such as spike-timing-dependent plasticity operate at milliseconds timescale, this encoding of
the distances in the milliseconds timescale may play a major role in learning and memory consolidation (Gerstner
et al., |1996; Markram et al., |[1997; Bi et al., |1998; Melamed et al., 2004).

Although initially discovered in 1D environments, phase precession was later shown to be present also in open
field two-dimensional recordings (Skaggs et al., [1996; Jeewajee et al., [2014; Huxter et al., [2008). Phase precession
in these studies is similar to the recordings on linear tracks. For instance, as in the 1D case, spikes precess over the
whole range of the theta cycle (approximately 360°) also in 2D (Jeewajee et al.,[2014). In addition, the firing phase
of a cell correlates with different measures of the distance traversed within the field. And more importantly, for
cells with overlapping fields, the shift in the peak of their cross-correlation negatively correlates with the amount
of field overlap, although this depends on the direction of running, it is weaker for runs near the periphery of the
fields and for runs at low speed (Huxter et al., [2008)).
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To analyze phase precession in open field trajectories, past work often focuses on seconds-long high-speed short
segments of the whole trajectory as independent single runs through a cell’s place field, usually defined from the
moment of entry to the field until the next exit. However, natural foraging behaviour in open field environments
usually involves exploration in the order of tens of minutes and on unconstrained trajectories away from stereotypical
straight runs. Spatial learning and memory tasks in the open field typically require several learning trials, lasting
several minutes each, to obtain satisfactory performance levels (Vorhees and Williams, |2014). Similarly, although
place cells usually form rapidly upon exploring a novel environment (Hill, |1978)), it takes several minutes of exposure
to reach a new independent and stable place field code, over which slowly developing plastic changes improve spatial
tuning, field stability over trials, and spatial information content (Frank et al.,|2004; Wilson and McNaughton, [1993)).
All these warrant a better understanding of the properties of the phase code during natural foraging.

In previous theoretical work (Monsalve-Mercado and Leibold, [2017), we make predictions about the correlations
between phase precessing place cells during natural foraging of open field environments and how these correlations
may encode spatial information. This is done by modelling a single cell’s firing pattern as a Gaussian spatial
envelope modulated by an oscillatory component with a frequency slightly higher than theta, and averaging the
correlation between such pairs of place cells over all straight paths crossing the area of overlap between the place
fields. The analysis shows that place cells with high field overlap present no average phase difference with respect to
theta, while cells with less but substantially overlapping fields have an average half a cycle phase difference. In other
words, minutes-long cross-correlations filtered at theta frequency are positive around zero time-lag for cells with
nearby fields while they are negative for those with fields further apart. In the following we refer to this effect as
the phase-distance relationship. In the same study, it was shown that this relationship could be instrumental in the
emergence of grid fields in the entorhinal cortex. Briefly, this phase-distance relationship in the cross-correlations,
combined with spike-timing-dependent plasticity in projections from place cells to a model grid cell, was shown
to induce effective Mexican-hat like interactions between the projections from place cells which then leads to a
hexagonal pattern.

The aim of the current paper is to see whether the main theoretical predictions about the pair-wise cross-
correlations, in particular their relationship to the spatial overlap between the fields holds in real data during
natural foraging. To do this, we analyzed several electrophysiological recordings of hippocampal place cells. We
found that the qualitative features predicted about the cross-correlation holds in the CA1 datasets that we analyzed.
The relationship also persists during remapping experiments in CA1l as well as in data analyzed from CA3. To
further look into the relationship between the phase-distance effect and the timing of spikes with respect to theta,
we also analyzed data from Fmrl-null knockout mice in which place fields appear to be normal but their activities
appear to be less organized with respect to theta. We found that in these cells the cross-correlations remain

symmetric, but the relationship between the cross-correlations and the spatial overlap of place fields is largely lost.
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2 Methods

2.1 Predictions of the model

We model the activity of a population of CA1 place cells for an animal engaged in an open field exploratory task. A
place cell is strongly modulated both in space and time, firing within a localized area of the environment (its place
field), and only periodically in time in accordance with phase precession. We model this as a Gaussian envelope
modulated by an oscillatory component. Mathematically, this is done by writing the firing rate, H,,(¢) of neuron n
at time ¢ and when the animal is at position z(¢) as

—(@(t)—wn)?

H,(t)=ae™ 27  [cos(wt+ ¢n)+1]/2, (1)

where w/(27) is the single neuron oscillatory frequency, x,, is the centre of the place field of neuron n, ¢, is the
oscillation phase, o controls the size of the place field, while a determines the maximum firing rate. Theta phase
precession naturally arises by taking the oscillation frequency w/(27) in Eq. [1| to be slightly higher than the theta
oscillation frequency of 8Hz.

The cross-correlation function of the activity of two cells n and n’ is defined as

oo
Chn(8) = / dt H,,(t) Hy (t — s). (2)
—o0
The cells’ activities contribute the most to the correlation for paths crossing a region of high place field overlap. To
compute the cross-correlations, C,,r, (Monsalve-Mercado and Leibold, 2017) assumed that the time integral in Eq.
could be re-written as an average over straight paths of all possible orientations traversing the midpoint between
the centers of the place fields of neurons n and n’. They showed that for cells with equal peak firing rate and place

field size, and for constant speed and small time lags s, the cross-correlation can be approximated as

Conr(8) = GW (1 + %Jo (%) cos(ws)) ) (3)

where r = |z,, — x,/| is the distance between the place field centers, v the speed of the animal, R is the distance
from the place field centre at which the firing rate has decreased to 10%, and .Jy is the Bessel function of the first
kind.

Two important predictions can be inferred from the expression for the correlation function in Eq. [3] that are a

direct consequence of the two-dimensional symmetry of open field exploration:

The correlation is symmetric in the time domain. This can be easily seen by the fact that changing s to —s in Eq.
does not change anything. An important implication is that the oscillatory component of the correlation around
time-lag zero must be in either a peak or a valley. In other words, when filtered in the theta range, cells can be

strongly positively or negatively correlated. This organization is not arbitrary, but results in the second prediction.
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Distance is reflected in the phase of the correlation at time-lag zero. Cells whose place fields are close together (have
high overlap) are positively correlated in the theta range (their correlation is near a peak), while cells whose fields
are further away from each other (little overlap, but still significant) are negatively correlated in the theta range

(their correlation is near a valley).

2.2 Analysis

For each recording session we computed spike train correlations between all cell pairs for the entire duration of
the recording. Only cells with more than a 100 spikes were included in the analysis. Spike trains were considered
isolated events with a 1 ms accuracy, for which the correlation measures the number of coincident spikes for each
time lag with a resolution of 1 ms within a 300 ms range. The correlation is filtered in the theta band (5—12 Hz) and
the analytical signal is obtained from its Hilbert transform. We identify each cell pair with the instantaneous phase
~ of its analytical signal at zero time lag. Only cell pairs were included in the analysis for which the instantaneous
envelope of its analytical signal (not the value of the oscillation) at zero time lag was above a 0.2 threshold in
absolute value.

We define a measure to evaluate the symmetry of the filtered cross-correlation C(s). The symmetry index (SI)
is defined as the normalized square integral of the symmetric part of C' (s) for a specific interval +7 around zero

time lag:

ST= / (C(s) + C(=s))2 ds) [ C2(s) ds (4)

With this definition, the symmetry index, SI, ranges between 0 reflecting total antisymmetry to 1, representing
total symmetry, thus quantifying the degree of symmetry in the filtered cross-correlation.

The distance d between two place fields was computed using the two-dimensional Kolmogorov-Smirnov prob-
ability distance directly from the distributions of spike locations (Peacock, [1983). The Wasserstein distance w is
used to compare the marginal distance distributions, it corresponds to the area between the cumulative probability
distributions. The circular Wasserstein distance A is used to compare the distribution of phases to another distri-
bution with circular symmetry, it corresponds to the minimal distance from all linear Wasserstein distances on an
unfolded circle for all possible starting points on the circle (Rabin et al., [2011)). Circular and circular-linear kernel
density estimations use von Mises and Gaussian kernels with adaptive concentration and smoothing parameters
(Garcia-Portugués et al., 2013).

3 Results

We examined several published datasets of extracellular recordings in hippocampal areas CA1 and CA3 during open
field exploratory foraging. The following datasets were included in the analysis: 2 CA1 sessions from a teleportation
experiment reported in (Jezek et al., 2011), 5 CA1 sessions recorded in the Buzsdki lab (K. Mizuseki et al., n.d.;
Kenji Mizuseki, Diba, et al., [2014} Kenji Mizuseki, Sirota, et al., [2009)) (specifically session ec14.215, ec14.277,
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ecl4.333, ec14.260, and ec15.047 from the openly available he-3 dataset), 16 CA1 sessions from wild-type mice and
16 CA1 sessions from Fmrl-null mice recorded from (Sparks et al., |2017; Talbot et al.,|2018; Dvorak et al., 2018|),
also taken from the openly available hc-16 dataset, 28 CA1 sessions in 3 rats from a remapping experiment reported
in (Schlesiger, Cannova, et al., 2015} Schlesiger, Boublil, et al., 2018) and, finally, 178 CA3 sessions from 7 rats in
11 rooms reported in (Alme et al.,|2014)). Details about the recordings and the experimental settings can be found
in the respective references.

Fig. [JA,B shows an example illustrating the two theoretical predictions. Fig.[[A shows the firing rate map of
3 simultaneously recorded CA1 place cells from (Jezek et al., 2011)). Two possible pairs are shown in the top and
bottom rows for comparison, and to the right of each row we show the respective cross-correlations of their spike
times (Fig. ) The distributions of spike locations for the top pair are significantly closer than those of their
bottom counterpart (Kolmogorov-Smirnov distance d = 0.3 and d = 0.6, respectively). The corresponding cross-
correlations, averaged over approximately 10 minutes of free foraging, exhibit a high degree of symmetry around
zero time lag, with symmetry indices SI = 0.95 and 0.98, respectively; see Eq.[d] for the definition of SI which ranges
from 0 (total anti-symmetry) and 1 (total symmetry). In addition, the filtered correlations in the theta band (blue
traces), show that the top neurons are positively correlated in theta with the phase of the peak v = —9°, while the
bottom neurons are negatively correlated with v = 179°. In the following sections we explore these properties for

different cells and experiments from CA1 and CA3.

3.1  CALl spike-time correlations present a high degree of symmetry

At the population level, we found that 5652 cell pairs (about 47% of total pairs) passed the criteria to be included
in the analysis of CA1 datasets. Overall, we observe a qualitative high degree of symmetry in the filtered cross-
correlations in the theta band, even for ranges of a whole theta cycle (Fig. and ) For each cell pair, we
computed the symmetry index (SI) for intervals between 2 and 60 ms centered at zero time lag, which are relevant
timescales to trigger spike-timing dependent plasticity rules (Markram et al.,|1997). We observe that a majority of
cell pairs present a high degree of symmetry in their correlations (Fig. ), especially for ranges close to zero time
lag. Both the average of SI values and the fraction of cell pairs with a SI higher than 0.9 decrease when the SI is
computed for increasingly larger time lag intervals, with the average SI leveling off to 0.6 for intervals up to 600 ms.

We additionally computed a circular kernel density estimation (CKDE) for the distribution of phases from all
cell pairs. Since identity reversal of cell pairs is equivalent to a mirror transformation in the correlation function, to
avoid ambiguity in the choice of cell-pair phase we include both possible phases for each cell pair in the computation
of the CKDE. This is justified by the high degree of symmetry of a majority of correlations, and randomly choosing
one of the two phases produces qualitatively similar results (not shown). As a result the CKDE displays a mirror
symmetry with respect to the horizontal axis (Fig. [IE).

We found the distribution of phases to be significantly different from uniform (Hermans-Rasson, Ajne, and
Watson tests: p < 0.001 by bootstraping with replacement). Next we wanted to characterize how the distribution

of phases concentrate around 0° and 180°. For this, we computed the circular Wasserstein distance between the
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distribution of phases and a family of biased bimodal delta distributions oriented on the 0 — 180° axis, ad(y) +
(1 —a)d(y — 180°), where the bias parameter «, taking values from 0 to 1, measures how strongly the distribution
is inclined towards 0°. We select from the family the distribution that minimizes the distance, corresponding to
a specific value of . For the CAl dataset, we obtained a bias value of o = 0.54, consistent with a 55% of the
population of phases tending towards 0° (up-phase group), that is the proportion of phases in the interval from
—90° to 90° counter-clockwise. The circular Wasserstein distance from the biased bimodal distribution Ag = 0.08
is a useful measure to compare the bimodality of the distribution of phases across sessions, animals, brain regions,

and experiments.

3.2  The binary phase of the correlation tells apart high- from low-overlapping fields

The second prediction of the model is concerned with the relationship between the phase associated to a cell pair
and the corresponding distance of their place fields, i.e. a phase-distance relationship. As a measure of place field
distance, we compute the Kolmogorov-Smirnov distance between the distributions of spike locations of both fields.
This measure takes values between 0 and 1, and for a pair of two-dimensional Gaussians of equal size increases
linearly with the distance between their peaks and saturates quickly after the overlap is minimal. The KS distance
has the advantage of highlighting regions of substantial overlap while being a more robust measure of distance than
the spatial correlation, distance between the firing rate peaks, and amount of field overlap, all of which result in
qualitatively similar results at the population level (not shown).

We obtained the KS distance for all cell pairs in the CA1 datasets and computed a circular-linear kernel density
estimation for the distribution of phases and distances (Fig. ) The CLKDE shows a qualitative preference for
small and large distances to be clustered around phases of 0° and 180° respectively. To quantify how well the
theoretical prediction explains the observed distribution, we fit a step function with values at 0° and 180° to
determine the critical distance d. that minimizes the circular distance from the data to the step function. We found
that a critical distance of d. = 0.6(1) explains best the distribution. The marginal phase distributions for small
(d < d.) and large (d > d.) distances (Fig. 2B) show a preference for 0° and 180°, with bias parameters of o = 0.60
(59% of up-phases) and o = 0.44 (44% of up-phases) respectively. In addition, the marginal phase distributions
show similar circular Wasserstein distances from a bimodal distribution (Ap = 0.08 for both) as the complete CA1
dataset.

We can gain a different perspective on the separation of distances by their corresponding phases by examin-
ing the marginal distributions of distances for up- and down-phases (blue and orange distance distributions in
Fig. ,C). We compute the Wasserstein distance between the marginal distributions of distances, which measures
the area between the corresponding cumulative probability distributions (Fig. ) It highlights differences in the
concentration of horizontal mass, setting apart distributions mostly representing different regions in the horizontal
axis (distances). We found the two marginal distributions to be significantly different from each other (p < 0.001),
with a Wasserstein distance of w = 0.11.

To test the robustness of the phase-distance relationship we introduce Gaussian noise with standard deviation
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o into the spike times of a single recording session with 30 place cells (from Jezek et al., |2011)). Cell pairs range
from 212 to 100 depending on the noise level, since the theta amplitude of correlations are typically reduced with
the jitter, and the threshold for inclusion of a pair is fixed. In Fig. 2D we show examples of phase distributions
for different noise levels. Except for the case without jitter (o = 0), each distribution is obtained by averaging 30
iterations of noise with the specified o value. Because we expect the bimodality to be lost with noise, in this panel,
we only show the phase distributions without symmetrization with respect to the horizontal axis. For increasing
level of the jitter, o, we also computed the Wasserstein distances between the marginal distributions of place field
distances w, and the circular Wasserstein distance of phase distributions from uniformity A;. They are computed
for o between 0 and 100 ms in steps of 1 ms, and traces are smoothed afterwards with a Gaussian kernel of
5ms standard deviation. w and Ay are normalized to the case where no jitter is present. The relationship is
robust to spike jitter up to standard deviations of around a quarter of a theta cycle. For this range, cell pairs still
present strong phase bimodality and high w. For higher noise amplitudes, phases tend to become more uniformly
distributed as measured by decreasing Ay;. More importantly, phases become disentangled from place field distance
as the difference w between the marginal distribution of distances drops below significant levels. For this jitter
amplitudes the firing rate maps and thus place field distances remain mostly unchanged, implying that the drop in
w is a result of phases and place field distances becoming disentangled. Since high w values could in principle be
present for uniform phase distributions, this result suggests that bimodal phase distributions are required at the
mechanistic level for the organization of place field distances into two independent clusters.

We examined several individual examples from the CA1 dataset to probe the consistency of the phase-distance
relationship among datasets (Fig. . We found the relationship to be present in individual recording sessions. As
an example we present the ec14.215 session of the hc-3 dataset, which has the most cells simultaneously recorded
(60) and yielded the highest number of cell pairs (1239) (top row in Fig. [3)). Data from two of the rats from
the he-13 dataset, namely ec16 (1061 cell pairs) and ecl3 (865 cell pairs), were somehow outliers, which is why
they were left out of the collection of CA1 datasets reported in section [3.1] They presented a strong bias in the
distribution of phases towards 0°, with 72% (« = 0.72) and 76% (« = 0.75) of phases belonging to the up-phase
group respectively. To see the effects more clearly in section we therefore did not include them. However, we
checked that in these two datasets the phases were still well represented by a bimodal distribution (A = 0.09 and
0.10) and the phase-distance relationship was present, although weaker than the rest of the CA1 dataset (w = 0.06
and 0.08, p < 0.001). The relationship was present as well for individual sessions of the data from (Jezek et al.,
2011) (middle row in Fig. [3). Pooled data over the two sessions in two independent rooms shows a clear tendency
for phases to cluster around 180° (o = 0.47, 47% of up-phases, Ap = 0.09). The corresponding separation of
distances by their phases was strongest for the entire dataset (w = 0.17). In addition, we found the relationship
present as well for mice, for which place cells are less spatially specific and phase precession and modulation by
theta rhythms is slightly weaker than in rats (Mou et al., |[2018]); see the bottom row in Fig. |3l Pooled over 4 sessions
in circular and rectangular arenas we found the summary statistics to be in good agreement with the other CA1
datasets (o = 0.64, Ap = 0.09, w = 0.15).
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3.3  The phase-distance relationship is present in independent environments under global remapping

Under global remapping, place cells typically change the location of their place fields when changing environments.
For two environments with independent place cell representations it is possible that cell pairs with highly overlapping
fields in one environment might have low overlapping fields in the other one, for which the theory predicts a change
in the phase of the cross-correlation between and up- and down-phase. We found 8 such pairs recorded from different
tetrodes with a symmetry index higher than 0.8 (an example pair is shown in Fig. )

Although, most cell pairs did not show substantial overlap of their activity in both environments, we found 54
cell pairs with strong overlap and high ST (> .8) in both environments. Among these pairs, 42 remained in the
up-phase group, and 4 remained in the down-phase group. Despite only a small number of cell pairs preserving
their phase-distance relationship in both environments, the relationship was strongly present in both independently
represented environments (Fig. ,C), although with differences in phase bias and distance separation (Room B:
a = 0.64, 64% of up-phases, 57% of pairs with SI> 0.9, wg = 0.09, w = 0.11, Room A: a = 0.59, 59% of up-phases,
61% of pairs with SI> 0.9, wp = 0.10, w = 0.15). Moreover, we observe that the relationship is already in place on
the first exploration of the novel environment, with identical statistics as reported for the more stable subsequent

recordings in room B.

3.4  The phase-distance relationship is present in area CA3

Place cells in area CA3 also show phase precession with respect to the theta rhythm (John O’Keefe and Recce,
1993). We next asked whether the same phase-distance relationship exists as found in CA1l. Overall, pooled data
over 178 sessions from 7 rats in 11 different rooms resulted in 1121 cell pairs included in the analysis. Because the
CA3 representation of space is more sparse than in CA1 (Alme et al., [2014), with only a fraction of recorded cells
active in each individual room, no single session had enough cell pairs for a stand alone analysis. Only 119 out of
the 178 sessions had at least two active cells with more than 100 spikes each to estimate meaningful correlations.
The number of cells in each session ranged from 2 up to 17 cells, with an average number of 8.3 cells per session.
Likewise, the number of cell pairs passing the selection criteria ranged from 1 up to 34, with an average of 9.8 pairs
per session. We therefore had to resort to pooling the data over multiple sessions to perform our statistical analysis.
Over pooled data, we found the distribution of phases to be significantly different from uniform (p < 0.001,
Fig. 7B). More importantly, it was strongly biased towards 0°, with 68% of phases belonging to the up-phase
group (a = 0.69), but still reproducing a bimodal distribution (Ag = 0.10) with a high degree of symmetry (72% of
pairs with a ST > .9). However, unlike most datasets in area CA1 (see the comment on rats ec16 and ecl13 from the
hc-3 dataset in section, the distribution of down-phases could not be concluded to be significantly different from
uniform (p = 0.5, Kolmogorov-Smirnov test), while the up-phase group showed pronounced differences (p < 0.001).
Despite marked differences with the CA1 dataset, the phase-distance relationship was robustly present in area
CA3 (Fig. ,C). The marginal distance distributions were significantly different from each other (p < 0.001, by
bootstraping with replacement), and were similarly distributed as in the CA1 region (w = 0.11, Fig. )
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3.5 The phase-distance relationship is impaired in Fmrl-null mice

Fmrl-null mice are used as a model for fragile X syndrome, exhibiting symptoms of intellectual disability such
as cognitive inflexibility. (Talbot et al., 2018) reports that, although these mice place fields are no different than
wild-type, the timing of CA1 spikes are somewhat less organized by the phase of theta in the knockout mice than
the wild type and also the phase-frequency discharge probabilities of the place cells appear to be less coordinated
in the knockout mice than the wild type. This led us to ask whether the phase-distance relationship is disrupted
in Fmrl-null mice. We found that, as in the CA3 case, the distribution of phases was strongly biased towards 0°,
with 76% of phases in the up-phase group (a0 = 0.77), and was still well-represented by a bimodal distribution
(Ap =0.09, Fig. @A,B), with a high degree of symmetry (64% of pairs with a SI > .9). However, unlike in the CA3
dataset, the marginal distance distributions could not be concluded to be significantly different from each other
(p = 0.07, by bootstraping with replacement, Fig. @A,C). Compared to wild-type mice (bottom row in Fig. , the
Wasserstein distance between the marginal distance distributions for Fmrl-null mice (w = 0.03) is much smaller

than its wild-type counterpat (w = 0.15), indicating a diminished ability to represent disjoint regions of field overlap.

4 Discussion

The precession of hippocampal place cells’ spikes with respect to the theta rhythm is believed to be an important
part of the representation of spatial information in the brain (John O’Keefe and Recce, (1993} Burgess and John
O’Keefe, [1996; John O’Keefe and Burgess, 2005; Moser et al., 2008} Colgin, [2013)), as it encodes the position of the
animal within a field and leads to the ordering of spikes of pairs of neurons in the order the corresponding place
fields are traversed (John O’Keefe and Recce, [1993; Skaggs et al., [1996).

A recent analytic estimation of the pairwise cross-correlation of place cells shows, when filtered in the theta
band, that phase precession endows these cross-correlations with two properties: that they are symmetric in time-
lag, and that they encode the distance between place fields in that zero time-lag is positive for cells with nearby
fields while it is negative for those further apart. Analyzing short, high speed runs from one place field centre to
another, Huxter et al. (Huxter et al., 2008 show results consistent with these properties, although the analytic
calculations have been based on simplified assumptions such as equal size and a perfectly circular shape. In this
paper, we showed that, despite these simplifying assumptions, both properties of symmetry and encoding spatial
information in the cross-correlations are valid in CA1 during tens of minutes of natural foraging in the open field,
in different datasets, during remapping, and even in area CA3.

The theory predicts that the phase-distance distribution should follow a step function with values at 0° and
180°. However, even though the distribution of phases is highly symmetric, we observe a high amount of variance
in the circular dimension. One of the main contributors to this variance, as predicted by theoretical considerations,
are biases in the animal’s trajectory, which do not fully explore every point of the environment from every possible
direction in a uniform way. Besides this and other natural sources of noise, the other main source of variance is

predicted to come from the spread and shape of the spatial distribution of spikes, which distort the two-dimensional
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symmetry assumed by the theory. An important additional mathematical prediction (unpublished), which could
contribute to the observed variance, is a systematic shift in the peak of the cross-correlation of a cell pair when
their fields have largely different sizes. This shift depends non-linearly on the distance between their firing rate
peaks and the ratio of their field sizes, saturating at about an octave of a theta cycle for infinite distance and size
ratio. This shift could be relevant for areas receiving inputs from place cells at different points in the hippocampal
dorso-ventral axis, which show a considerable increase in field size along the axis.

We showed that the phase-distance relationship is robustly present in area CA3. Omne possible caveat, also
valid for the wild type mice analysis, is that since CA3 activity is very sparse, the analysis was only possible on
data pooled over many recordings. It is still possible that the phase-distance distribution might show a different
relationship for single session recordings with a high number of simultaneously active cells. One important difference
compared to area CA1 is the presence of strong recurrent connectivity in area CA3, which could have an effect in the
network coordination and the encoding of space at the population level, even if individual cells are theta modulated
and exhibit phase precession. Further theoretical and experimental work should aim at better understanding
the observed biased distribution of phases, the apparent uniformity of the down-phase group, and the possible
implications these have for the encoding of spatial relationships.

The analysis also revealed that, in contrast to what we observed in wild-type mice, the phase-distance relation-
ship was largely absent for Fmrl-null mice. One possible reason could be that individual place cells seem to be
less organized by the phase of theta in the knockout mice than the wild type and the phase-frequency discharge
probabilities of the place cells are also somewhat less coordinated in the knockout than the wild type (Talbot et al.,
2018). It is interesting to compare the results that we found in Fmrl-null mice in Fig. |§| with that of the jittering
analysis we performed in one of the rat datasets in Fig. [2D. In both the Fmrl-null mice and the rat data with
sufficiently large levels of jittering the phase-distance relationship is lost. However, in the jittering analysis, as the
bimodality of the correlation phase distribution disappears (at a o value somewhere between 20ms and 25ms; see
the polar plots at the top of Fig. ), the relationship between phase and spatial distance is also lost, as testified
by the low value of w as o increases. However, in the knock-out mice despite the disentanglement between the
correlations phases and the place field distance, the distribution of correlation phases is far from uniform. One
possible explanation for this could be that although the coordination of spikes between place cells are lowered in
the knockout mice to a level that the phase-distance relationship is lost, there is still a significant enough level of
theta modulation of the neurons that some structure in the distribution of phases remains. In any case, further
work should address whether this phase code, relevant at behavioural timescales, is needed for long-term memory
formation of independent representations of spatially informed tasks, since knock-out mice present deficiencies when
required to perform discrimination tasks of past events with a spatial component, as opposed to performing as well
as wild-type mice at learning and retaining unchanging spatial information (Radwan et al.,|2016; Kooy et al., |1996;
Krueger et al., 2011)).

Besides the implications that the phase-distance relationship has on navigation (John O’Keefe and Burgess, 2005}
Moser et al., 2008) and sequence coding and learning (Skaggs et al., [1996; Tsodyks et al., |1998; Melamed et al.,
2004)), one of us has previously shown that the relationship between correlations-phase and place field distance plays
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a crucial role in a model of the formation of grid cells (Monsalve-Mercado and Leibold, [2017)). For phase coding to
play this role, it needs to be valid during natural open field foraging, and to have an effect at timescales that are
relevant for synaptic plasticity, which we have demonstrated in this paper. There are a number of ways downstream
areas can be tuned to listen to the information encoded in the correlations on the theta channel. One possibility
is that the architecture and dynamic properties of the receiving network favors responses to this frequency, as it
is the case for some resonant circuits (Stark et al., [2013). Another important way is for single cells to directly
listen to this theta channel. A relevant example are stellate cells in layer 1T of entorhinal cortex (LIIS), which
exhibit inherent resonant behaviour at theta frequencies that is able to amplify the theta component of its input
(Alonso and Klink, 1993; Giocomo et al., 2007; Haas and White, 2002)). Moreover, since subthreshold resonance is
equivalent to a band-pass filter of theta frequencies (Richardson et al., 2003), stellate cells could directly develop
the hexagonal grid cell pattern through Hebbian learning by listening to the phase-distance relationship present in
CA1l. Principal cells in layer II of medial entorhinal cortex (mECII) do not receive direct input from hippocampal
areas, but rather receive relayed input from layer Vb pyramidal cells (LVP), which likewise receive feedback input
from LIIS cells (Witter et al., 2017; Fuchs et al., 2016; Nilssen et al., 2019; Buetfering et al., [2014]). In addition,
pyramidal cells in mECII (LIIP) also exhibit triangular patterns, and communicate with LIIS cells via intermediary
cells. Filtering could be implemented there at the circuit level, with the entorhinal microcircuit LIIS-LVP possibly
interacting with LIIP to generate grid patterns in all or a subset of cells within the circuit.

The theory makes an additional prediction for grid cells in the entorhinal cortex, which show strong phase
precession in each of their firing fields (Hafting et al.,|2008}; Jeewajee et al.,|2014; Climer et al., 2013)). For idealized
grid cells within a module, similar calculations as those reported in Monsalve-Mercado and Leibold, |2017| predict that
averaging over all the firing fields of a grid cell pattern results in a bimodal distribution of phases similar to that of
place cells in the Hippocampus. This is because each field effectively acts as an additional recording session. For grid
cells belonging to the same module, a better measure of field overlap is provided by the spatial offset between the grid
patterns. Previous work has taken steps in understanding the relationship between pairwise correlations between
grid cells and their spatial phase differences. For instance, it has been shown that the absolute amount of spike-
time noise-correlations decreases with the spatial phase difference between pairs of grid cells (Dunn, Mgrreaunet,
et al., 2015; Tocker et al., [2015), making pairs of grid cells with small spatial phase difference exhibit positive
functional connections while those with larger grid spatial phase difference show negative functional connectivity
(Dunn, Mgrreaunet, et al., 2015). More recently it was shown that this relationship between pairwise correlations
and spatial phase difference persists during sleep (Gardner et al., 2019} Trettel et al., [2019). Although Dunn et
al. (Dunn, Mgrreaunet, et al., 2015) did establish that the theta oscillation plays an important role in explaining
the correlated activity of a population of grid cells, the relationship between spatial phase difference and functional
connectivity did not qualitatively depend on phase precession. While these studies do shed light on the relationship
between pairwise correlations and spatial phase difference in grid cells, none of them have focused on correlations at
the theta time scale (theta band filtered correlations) to quantify the relationship between those correlations -which
are highly influenced by phase precession- and the spatial relationship between grid cells’ firing patterns which

would be the key prediction of the analytical results of Monsalve-Mercado and Leibold, 2017 extended to grid cells.
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It would thus be a natural next step to analyze recordings from mEC to see whether the phase coding demonstrated
here for hippocampal place cells also exists for grid cells. This requires obtaining enough simultaneously recorded
cells from the same module.

On the theoretical side, it would be interesting to extend the analysis reported in Monsalve-Mercado and Leibold,
2017|and relax some of the assumptions in the calculations, perhaps by relying on simulations. One may, for instance,
study the relationship between the phase code and the size of the place fields, in particular in cases where the two
place fields are different in size, the cells precess to different degrees, or where there are differences between the
peak firing rates of the place cells, as normally happens in real data. Studying similar effects to this latter point
would be particularly interesting to evaluate in grid cells where the variability in the peak firing rates across fields
have been postulated to play a crucial role in the representation of spatial information (Dunn, Wennberg, et al.,
2017; Kanter et al., [2017; Ismakov et al., |2017]).

Acknowledgements

The authors thank all experimental labs for their efforts in providing the datasets. M.M. is supported by the NSF
NeuroNex Award DBI-1707398 and The Gatsby Charitable Foundation. M.M. and Y.R. were also supported by
the Kavli Foundation, and the Center of Excellence scheme of the Research Council of Norway (Center for Neural

Computation). M.M. thanks Christian Leibold for discussions in the early stages of the project.

13


https://doi.org/10.1101/801209
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/801209; this version posted October 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

References

Alme, C. B., Miao, C., Jezek, K., Treves, A., Moser, E. 1., & Moser, M.-B. (2014). Place cells in the hippocampus:
eleven maps for eleven rooms. Proceedings of the National Academy of Sciences of the United States of America,
111(52), 18428-35. doi:10.1073 /pnas.1421056111

Alonso, A. & Klink, R. (1993). Differential electroresponsiveness of stellate and pyramidal-like cells of medial
entorhinal cortex layer II. Journal of neurophysiology, 70(1), 128-143. Retrieved from http://www.ncbi.nlm.
nih.gov/pubmed /8395571

Bi, G. Q., Poo, M. M., Leibold, C., Schmitz, D., Buzsidki, G., & Kempter, R. (1998). Synaptic modifications in
cultured hippocampal neurons: dependence on spike timing, synaptic strength, and postsynaptic cell type.
The Journal of neuroscience : the official journal of the Society for Neuroscience, 18(24), 10464-72. doi:10.
1523 /jneurosci.2270-09.2009

Buetfering, C., Allen, K., & Monyer, H. (2014). Parvalbumin interneurons provide grid cell-driven recurrent inhi-
bition in the medial entorhinal cortex. Nature Neuroscience, 17(5), 710-718. doij10.1038 /1n.3696

Burgess, N. & O’Keefe, J. [John]. (1996). Neuronal computations underlying the firing of place cells and their role in
navigation. Hippocampus, 6(6), 749-762. doii10.1002/(SICI)1098-1063(1996)6:6(749:: AID-HIPO16)3.0.CO;2-
0

Climer, J. R., Newman, E. L., & Hasselmo, M. E. (2013). Phase coding by grid cells in unconstrained environments:
two-dimensional phase precession. European Journal of Neuroscience, 38(4), 2526-2541. doi:10.1111/ejn.12256

Colgin, L. L. (2013). Mechanisms and Functions of Theta Rhythms. Annual Review of Neuroscience, 36(1), 295—
312. doi:10.1146 /annurev-neuro-062012-170330

Dragoi, G. & Buzsdki, G. (2006). Temporal encoding of place sequences by hippocampal cell assemblies. Neuron,
50(1), 145-157. doi:10.1016/j.neuron.2006.02.023

Dunn, B., Mgrreaunet, M., & Roudi, Y. (2015). Correlations and Functional Connections in a Population of Grid
Cells. PLOS Computational Biology, 11(2), e1004052. doi:10.1371/journal.pcbi.1004052

Dunn, B., Wennberg, D., Huang, Z., & Roudi, Y. (2017). Grid cells show field-to-field variability and this explains
the aperiodic response of inhibitory interneurons. Retrieved from http://arxiv.org/abs/1701.04893

Dvorak, D., Radwan, B., Sparks, F. T., Talbot, Z. N., & Fenton, A. A. (2018). Control of recollection by slow gamma
dominating mid-frequency gamma in hippocampus CA1. PLOS Biology, 16 (1), €2003354. doi:10.1371/journal.
pbio.2003354

Feng, T., Silva, D., & Foster, D. J. (2015). Dissociation between the experience-dependent development of hip-
pocampal theta sequences and single-trial phase precession. The Journal of neuroscience : the official journal
of the Society for Neuroscience, 35(12), 4890-902. doi;10.1523/JNEUROSCI.2614-14.2015

Frank, L. M., Stanley, G. B., & Brown, E. N. (2004). Hippocampal Plasticity across Multiple Days of Exposure to
Novel Environments. Journal of Neuroscience, 24(35), 7681-7689. doi:10.1523/INEUROSCI.1958-04.2004

14


https://dx.doi.org/10.1073/pnas.1421056111
http://www.ncbi.nlm.nih.gov/pubmed/8395571
http://www.ncbi.nlm.nih.gov/pubmed/8395571
https://dx.doi.org/10.1523/jneurosci.2270-09.2009
https://dx.doi.org/10.1523/jneurosci.2270-09.2009
https://dx.doi.org/10.1038/nn.3696
https://dx.doi.org/10.1002/(SICI)1098-1063(1996)6:6<749::AID-HIPO16>3.0.CO;2-0
https://dx.doi.org/10.1002/(SICI)1098-1063(1996)6:6<749::AID-HIPO16>3.0.CO;2-0
https://dx.doi.org/10.1111/ejn.12256
https://dx.doi.org/10.1146/annurev-neuro-062012-170330
https://dx.doi.org/10.1016/j.neuron.2006.02.023
https://dx.doi.org/10.1371/journal.pcbi.1004052
http://arxiv.org/abs/1701.04893
https://dx.doi.org/10.1371/journal.pbio.2003354
https://dx.doi.org/10.1371/journal.pbio.2003354
https://dx.doi.org/10.1523/JNEUROSCI.2614-14.2015
https://dx.doi.org/10.1523/JNEUROSCI.1958-04.2004
https://doi.org/10.1101/801209
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/801209; this version posted October 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Fuchs, E. C., Neitz, A., Pinna, R., Melzer, S., Caputi, A., & Monyer, H. (2016). Local and Distant Input Controlling
Excitation in Layer IT of the Medial Entorhinal Cortex. Neuron, 89(1), 194-208. doi:10.1016/j.neuron.2015.
11.029

Garcfa-Portugués, E., Crujeiras, R. M., & Gonzédlez-Manteiga, W. (2013). Kernel density estimation for direc-
tional-linear data. Journal of Multivariate Analysis, 121, 152-175. doi;10.1016/J.JMVA.2013.06.009

Gardner, R. J., Lu, L., Wernle, T., Moser, M.-B., & Moser, E. 1. (2019). Correlation structure of grid cells is
preserved during sleep. Nature Neuroscience, 22(4), 598-608. doii10.1038/s41593-019-0360-0

Gerstner, W., Kempter, R., van Hemmen, J. L., & Wagner, H. (1996). A neuronal learning rule for sub-millisecond
temporal coding. Nature, 383(6595), 76-78. doi:10.1038/383076a0

Giocomo, L. M., Zilli, E. A., Fransén, E., & Hasselmo, M. E. (2007). Temporal frequency of subthreshold oscillations
scales with entorhinal grid cell field spacing. Science (New York, N.Y.) 315(5819), 1719-1722. doi;10.1126/
science.1139207

Haas, J. S. & White, J. A. (2002). Frequency Selectivity of Layer II Stellate Cells in the Medial Entorhinal Cortex.
Journal of Neurophysiology, 88(5), 2422-2429. doi:10.1152/jn.00598.2002

Hafting, T., Fyhn, M., Bonnevie, T., Moser, M.-B., & Moser, E. I. (2008). Hippocampus-independent phase pre-
cession in entorhinal grid cells. Nature, 453(7199), 1248-1252. doi:10.1038 /nature06957

Hill, A. (1978). First occurrence of hippocampal spatial firing in a new environment. Ezperimental Neurology, 62(2),
282-297. doi:10.1016/0014-4886(78)90058-4

Huxter, J. R., Senior, T. J., Allen, K., & Csicsvari, J. (2008). Theta phase-specific codes for two-dimensional position,
trajectory and heading in the hippocampus. Nature Neuroscience, 11(5), 587-594. doii10.1038/nn.2106

Ismakov, R., Barak, O., Jeffery, K., & Derdikman, D. (2017). Grid Cells Encode Local Positional Information.
Current Biology, 27(15), 2337-2343. doi:10.1016/J.CUB.2017.06.034

Jaramillo, J. & Kempter, R. (2017). Phase precession: a neural code underlying episodic memory? Current Opinion
in Neurobiology, 43, 130-138. doi:10.1016/J.CONB.2017.02.006

Jeewajee, A., Barry, C., Douchamps, V., Manson, D., Lever, C., & Burgess, N. (2014). Theta phase precession of
grid and place cell firing in open environments. Philosophical transactions of the Royal Society of London.
Series B, Biological sciences, 369(1635), 20120532. doii10.1098 /rsth.2012.0532

Jezek, K., Henriksen, E. J., Treves, A., Moser, E. I., & Moser, M.-B. (2011). Theta-paced flickering between place-cell
maps in the hippocampus. Nature, 478(7368), 246-249. doi:10.1038 /nature10439

Kanter, B. R., Lykken, C. M., Avesar, D., Weible, A., Dickinson, J., Dunn, B., ... Kentros, C. G. (2017). A
Novel Mechanism for the Grid-to-Place Cell Transformation Revealed by Transgenic Depolarization of Medial
Entorhinal Cortex Layer II. Neuron, 93(6), 1480-1492. doi;10.1016/J.NEURON.2017.03.001

Kooy, R. F., D’'Hooge, R., Reyniers, E., Bakker, C. E., Nagels, G., De Boulle, K., ... Willems, P. J. (1996).
Transgenic mouse model for the fragile X syndrome. American Journal of Medical Genetics, 64(2), 241-245.
doii10.1002/(SICI)1096-8628(19960809)64:2(241:: AID- AJMG1)3.0.CO;2-X

15


https://dx.doi.org/10.1016/j.neuron.2015.11.029
https://dx.doi.org/10.1016/j.neuron.2015.11.029
https://dx.doi.org/10.1016/J.JMVA.2013.06.009
https://dx.doi.org/10.1038/s41593-019-0360-0
https://dx.doi.org/10.1038/383076a0
https://dx.doi.org/10.1126/science.1139207
https://dx.doi.org/10.1126/science.1139207
https://dx.doi.org/10.1152/jn.00598.2002
https://dx.doi.org/10.1038/nature06957
https://dx.doi.org/10.1016/0014-4886(78)90058-4
https://dx.doi.org/10.1038/nn.2106
https://dx.doi.org/10.1016/J.CUB.2017.06.034
https://dx.doi.org/10.1016/J.CONB.2017.02.006
https://dx.doi.org/10.1098/rstb.2012.0532
https://dx.doi.org/10.1038/nature10439
https://dx.doi.org/10.1016/J.NEURON.2017.03.001
https://dx.doi.org/10.1002/(SICI)1096-8628(19960809)64:2<241::AID-AJMG1>3.0.CO;2-X
https://doi.org/10.1101/801209
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/801209; this version posted October 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Krueger, D. D., Osterweil, E. K., Chen, S. P., Tye, L. D., & Bear, M. F. (2011). Cognitive dysfunction and prefrontal
synaptic abnormalities in a mouse model of fragile X syndrome. Proceedings of the National Academy of
Sciences, 108(6), 2587-2592. doii10.1073/pnas.1013855108

Lenck-Santini, P.-P. & Holmes, G. L. (2008). Altered Phase Precession and Compression of Temporal Sequences by
Place Cells in Epileptic Rats. Journal of Neuroscience, 28(19), 5053-5062. doi;10.1523 /JNEUROSCI.5024-
07.2008

Markram, H., Liibke, J., Frotscher, M., & Sakmann, B. (1997). Regulation of synaptic efficacy by coincidence of
postsynaptic APs and EPSPs. Science (New York, N.Y.) 275(5297), 213-5. doii10.1126/SCIENCE.275.5297.
213

Melamed, O., Gerstner, W., Maass, W., Tsodyks, M., & Markram, H. (2004). Coding and learning of behavioral
sequences. Trends in Neurosciences, 27(1), 11-14. doi;10.1016/J.TINS.2003.10.014

Mizuseki, K. [K.], Sirota, A., Pastalkova, E., Diba, K., & Buzsdki, G. (n.d.). Multiple single unit recordings from
different rat hippocampal and entorhinal regions while the animals were performing multiple behavioral tasks.
CRCNS.org. doi:http://dx.doi.org/10.6080/K09G5JRZ

Mizuseki, K. [Kenji], Diba, K., Pastalkova, E., Teeters, J., Sirota, A., & Buzséki, G. (2014). Neurosharing: large-scale
data sets (spike, LFP) recorded from the hippocampal-entorhinal system in behaving rats. F1000Research, 3.
doi:10.12688/f1000research.3895.2

Mizuseki, K. [Kenji], Sirota, A., Pastalkova, E., & Buzsdki, G. (2009). Theta Oscillations Provide Temporal Windows
for Local Circuit Computation in the Entorhinal-Hippocampal Loop. Neuron, 64(2), 267-280. doij10.1016/J.
NEURON.2009.08.037

Monsalve-Mercado, M. M. & Leibold, C. (2017). Hippocampal Spike-Timing Correlations Lead to Hexagonal Grid
Fields. Physical Review Letters, 119(3), 38101. doi:10.1103 /PhysRevLett.119.038101

Moser, E. 1., Kropff, E., & Moser, M.-B. (2008). Place Cells, Grid Cells, and the Brain’s Spatial Representation
System. Annual Review of Neuroscience, 31(1), 69-89. doi:10.1146/annurev.neuro.31.061307.090723

Mou, X., Cheng, J., Yu, Y. S. W., Kee, S. E., & Ji, D. (2018). Comparing Mouse and Rat Hippocampal Place
Cell Activities and Firing Sequences in the Same Environments. Frontiers in Cellular Neuroscience, 12, 332.
doi:10.3389/fncel.2018.00332

Nilssen, E. S., Doan, T. P., Nigro, M. J., Ohara, S., & Witter, M. P. (2019). Neurons and networks in the entorhinal
cortex: A reappraisal of the lateral and medial entorhinal subdivisions mediating parallel cortical pathways.
Hippocampus, hipo.23145. doi:10.1002/hipo.23145

O’Keefe, J. & Dostrovsky, J. (1971). The hippocampus as a spatial map. Preliminary evidence from unit activity
in the freely-moving rat. Brain Research, 34 (1), 171-175. doi:10.1016/0006-8993(71)90358- 1

O’Keefe, J. [John] & Burgess, N. (2005). Dual phase and rate coding in hippocampal place cells: theoretical signif-
icance and relationship to entorhinal grid cells. Hippocampus, 15(7), 853-866. doij10.1002/hipo.20115

O’Keefe, J. [John] & Recce, M. L. (1993). Phase relationship between hippocampal place units and the EEG theta
rhythm. Hippocampus, 3(3), 317-330. do0i:10.1002/hipo.450030307

16


https://dx.doi.org/10.1073/pnas.1013855108
https://dx.doi.org/10.1523/JNEUROSCI.5024-07.2008
https://dx.doi.org/10.1523/JNEUROSCI.5024-07.2008
https://dx.doi.org/10.1126/SCIENCE.275.5297.213
https://dx.doi.org/10.1126/SCIENCE.275.5297.213
https://dx.doi.org/10.1016/J.TINS.2003.10.014
https://dx.doi.org/http://dx.doi.org/10.6080/K09G5JRZ
https://dx.doi.org/10.12688/f1000research.3895.2
https://dx.doi.org/10.1016/J.NEURON.2009.08.037
https://dx.doi.org/10.1016/J.NEURON.2009.08.037
https://dx.doi.org/10.1103/PhysRevLett.119.038101
https://dx.doi.org/10.1146/annurev.neuro.31.061307.090723
https://dx.doi.org/10.3389/fncel.2018.00332
https://dx.doi.org/10.1002/hipo.23145
https://dx.doi.org/10.1016/0006-8993(71)90358-1
https://dx.doi.org/10.1002/hipo.20115
https://dx.doi.org/10.1002/hipo.450030307
https://doi.org/10.1101/801209
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/801209; this version posted October 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Peacock, J. A. (1983). Two-dimensional goodness-of-fit testing in astronomy. Monthly Notices of the Royal Astro-
nomical Society, 202(3), 615-627. doi:10.1093 /mnras/202.3.615

Rabin, J., Delon, J., Gousseau, Y., Rabin, J., Delon, J., Gousseau, -. Y., & Gousseau, Y. (2011). Transportation
Distances on the Circle. J Math Imaging Vis, 41, 147-167. doii10.1007/s10851-011-0284-0

Radwan, B., Dvorak, D., & Fenton, A. A. (2016). Impaired cognitive discrimination and discoordination of coupled
theta—gamma oscillations in Fmrl knockout mice. Neurobiology of Disease, 88, 125-138. doi;10.1016/j.nbd.
2016.01.003

Richardson, M. J. E., Brunel, N., & Hakim, V. (2003). From Subthreshold to Firing-Rate Resonance. Journal of
Neurophysiology, 89(5), 2538-2554. doi:10.1152/jn.00955.2002

Schlesiger, M. I., Boublil, B. L., Hales, J. B., Leutgeb, J. K., Correspondence, S. L., & Leutgeb, S. (2018). Hip-
pocampal Global Remapping Can Occur without Input from the Medial Entorhinal Cortex. Cell Reports, 22,
3152-3159. doij10.1016/j.celrep.2018.02.082

Schlesiger, M. 1., Cannova, C. C., Boublil, B. L., Hales, J. B., Mankin, E. A., Brandon, M. P.; ... Leutgeb, S.
(2015). The medial entorhinal cortex is necessary for temporal organization of hippocampal neuronal activity.
Nature Neuroscience, 18(8), 1123-1132. doi:10.1038/nn.4056

Schmidt, R., Diba, K., Leibold, C., Schmitz, D., Buzséki, G., & Kempter, R. (2009). Single-trial phase precession in
the hippocampus. The Journal of neuroscience : the official journal of the Society for Neuroscience, 29(42),
13232-41. doi:10.1523/JNEUROSCI.2270-09.2009

Skaggs, W. E., McNaughton, B. L., Wilson, M. A., & Barnes, C. A. (1996). Theta phase precession in hippocampal
neuronal populations and the compression of temporal sequences. Hippocampus, 6(2), 149-172. doi:10.1002/
(SICI)1098-1063(1996)6:2(149:: AID-HIPO6)3.0.CO;2-K

Sparks, F., Talbot, Z., Dvorak, D., & Fenton, A. (2017). Extracellular CA1 spike trains recorded from Fmrl-null
and wild-type mice during free exploration in a variety of environments that include a small and a large box,
a ring, and a circular open field that is either stationary or rotating. CRCNS.org. doi:http://dx.doi.org/10.
6080/K01V5C44

Stark, E., Eichler, R., Roux, L., Fujisawa, S., Rotstein, H. G., & Buzsédki, G. (2013). Inhibition-induced theta
resonance in cortical circuits. Neuron, 80(5), 1263-76. doi:10.1016/j.neuron.2013.09.033

Talbot, Z. N., Sparks, F. T., Dvorak, D., Curran, B. M., Alarcon, J. M., & Fenton, A. A. (2018). Normal CA1 Place
Fields but Discoordinated Network Discharge in a Fmrl-Null Mouse Model of Fragile X Syndrome. Neuron,
97(3), 684-697. doi:10.1016/J. NEURON.2017.12.043

Tocker, G., Barak, O., & Derdikman, D. (2015). Grid cells correlation structure suggests organized feedforward
projections into superficial layers of the medial entorhinal cortex. Hippocampus, 25(12), 1599-1613. doi:10.
1002 /hipo.22481

Trettel, S. G., Trimper, J. B., Hwaun, E., Fiete, I. R., & Colgin, L. L. (2019). Grid cell co-activity patterns
during sleep reflect spatial overlap of grid fields during active behaviors. Nature Neuroscience, 22(4), 609—
617. doi:10.1038/s41593-019-0359-6

17


https://dx.doi.org/10.1093/mnras/202.3.615
https://dx.doi.org/10.1007/s10851-011-0284-0
https://dx.doi.org/10.1016/j.nbd.2016.01.003
https://dx.doi.org/10.1016/j.nbd.2016.01.003
https://dx.doi.org/10.1152/jn.00955.2002
https://dx.doi.org/10.1016/j.celrep.2018.02.082
https://dx.doi.org/10.1038/nn.4056
https://dx.doi.org/10.1523/JNEUROSCI.2270-09.2009
https://dx.doi.org/10.1002/(SICI)1098-1063(1996)6:2<149::AID-HIPO6>3.0.CO;2-K
https://dx.doi.org/10.1002/(SICI)1098-1063(1996)6:2<149::AID-HIPO6>3.0.CO;2-K
https://dx.doi.org/http://dx.doi.org/10.6080/K01V5C44
https://dx.doi.org/http://dx.doi.org/10.6080/K01V5C44
https://dx.doi.org/10.1016/j.neuron.2013.09.033
https://dx.doi.org/10.1016/J.NEURON.2017.12.043
https://dx.doi.org/10.1002/hipo.22481
https://dx.doi.org/10.1002/hipo.22481
https://dx.doi.org/10.1038/s41593-019-0359-6
https://doi.org/10.1101/801209
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/801209; this version posted October 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Tsodyks, M. V., Skaggs, W. E., Sejnowski, T. J., & McNaughton, B. L. (1998). Population dynamics and theta
rhythm phase precession of hippocampal place cell firing: A spiking neuron model. Hippocampus, 6(3), 271—
280. doi:10.1002/(SICT)1098-1063(1996)6:3(271::AID-HIP0O5)3.0.CO;2-Q

Vorhees, C. V. & Williams, M. T. (2014). Assessing Spatial Learning and Memory in Rodents. ILAR Journal, 55(2),
310-332. doi:10.1093/ilar/ilu013

Wilson, M. A. & McNaughton, B. L. (1993). Dynamics of the hippocampal ensemble code for space. Science (New
York, N.Y.) 261(5124), 1055-8. d0i:10.1126 /SCIENCE.8351520

Witter, M. P., Doan, T. P., Jacobsen, B., Nilssen, E. S., & Ohara, S. (2017). Architecture of the Entorhinal Cortex A
Review of Entorhinal Anatomy in Rodents with Some Comparative Notes. Frontiers in Systems Neuroscience,
11, 46. doi;10.3389/fnsys.2017.00046

18


https://dx.doi.org/10.1002/(SICI)1098-1063(1996)6:3<271::AID-HIPO5>3.0.CO;2-Q
https://dx.doi.org/10.1093/ilar/ilu013
https://dx.doi.org/10.1126/SCIENCE.8351520
https://dx.doi.org/10.3389/fnsys.2017.00046
https://doi.org/10.1101/801209
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/801209; this version posted October 16, 2019. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

A d=0.3 0em B

Up-phase group ——

Spike-coincidence count

Theta-filtered pair cross-correlations

-150 Time lag (ms) 150
E
66% o
pairs 90 Phases (y) KDE
+10ms 5652 cell pairs
a
3
<
0 Symmetry Index (S) 1 g
10 8
[N
180° 0° §
Sl average Do
[ e
% SI>0.9
03 L
2 Time lag interval (ms) 60 270° -100 Time lag (ms) 100

Figure 1: Spike-time cross-correlations are symmetric in the theta band. (A) An example illustrating the theoretical
predictions. Two simultaneously recorded cell pairs are shown to have place fields close together (top row, up-triangle mark)
and further apart (bottom row, down-triangle mark). The peak firing rate is shown on the corner of each rate map recorded
on a 60 cm square enclosure. The Kolmogorov-Smirnov distance d between the distributions of spike locations for each pair
is shown above and below their firing rate maps. (B) The corresponding cross-correlations of their spike trains are shown to
the right of each pair. The theory predicts that for the top pair, whose place fields are close together, the instantaneous phase
~ at zero lag of the theta-filtered cross-correlation (blue trace) is close to 0°. For the bottom pair, whose place fields are
further apart but substantially overlapping, the phase is close to 180°. (C) The normalized theta-filtered cross-correlations
(blue traces in A) for all 5652 cell pairs present a high degree of symmetry on theta timescales. Both the up- and down-phase
groups (phases in the intervals from —90° to 90° and 90° to —90° counter-clockwise respectively) independently present a
high proportion of cell pairs with a symmetry index higher than 0.9 (68% and 64% respectively). (D) The symmetry index
(SI) measures the degree of symmetry of the theta-filtered cross-correlations in an interval around zero lag. The histogram
of SI values (top) shows that most cell pairs have highly symmetric correlations on an interval of 20 ms centered at zero lag,
with 66% of cell pairs belonging to the upper 10% (SI > 0.9) range of SI values. A great majority of cell pairs retain a high
degree of symmetry in their correlations for time lag intervals relevant for synaptic plasticity (bottom: the green trace is the
average of SI values for all cell pairs, and the yellow trace is the fraction of cell pairs with a SI higher than 0.9). (E) The
circular kernel density estimation of the distribution of phases shows a distinctive tendency towards a bimodal distribution
oriented on the 0 — 180° axis, although it contains a higher proportion of phases (55%) in the up-phase group.
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Figure 2: The binary phase of the correlation tells apart high- from low-overlapping fields. (A) The circular-linear kernel
density estimation (CLKDE) for the joint distribution of phases and distances shows a clear separation of the data into
two distinct groups in phase-distance space. The two triangular marks denote the two cell pair examples shown in Fig. .
The theory predicts the data should follow a step function with values at 0° and 180°. The fit minimizing circular distance
shows the data is best separated at a critical distance of d. = 0.6(1). The marginal distribution of phases (on top) is
conceptually divided into up-phases (blue) for the interval between —90° and 90° counter-clockwise and into down-phases
(orange) otherwise. The marginal distributions of distances restricted to the up- and down-phase groups are shown to the left
(blue) and right (orange) respectively. (B) The marginal distributions of phases restricted to distances above (top) and below
(bottom) the critical distance show the majority of phases belonging to the down- and up-phase groups respectively. (C) The
cumulative probability functions of the marginal distributions of place field distances reveal differences on their horizontal
concentration of mass, measured by the total area between the curves (Wasserstein distance w). (D) The introduction
of Gaussian spike jitter to a single recording session reveals that the phase-distance relationship is robust for small jitter
amplitudes but it breaks down for higher amplitudes falling within theta timescales that still leave place field distances
invariant. The jitter amplitude is the standard deviation o of Gaussian noise. Phase distributions for different noise levels
(top circular plots, made with 30 iterations of noise each) suggest a tendency for phases to become uniformly distributed
with increasing noise, which is confirmed by their decreasing circular Wasserstein distances from uniformity Ay (blue trace).
Even though place field distances remain invariant, they become disorganized with respect to their associated phase values,
resulting in decreasing w with noise and the loss of the phase-distance relationship. The values of w and Ay are normalized
to the case without jitter.
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Figure 3: Examples from the CAl dataset. Each row shows a different example highlighting the consistency of the
phase-distance relationship. The top row shows a single recording session from animal ec14 of the hc-3 dataset. The
CKDE of phases on the left panel shows clear bimodality, while middle and right panels show how the restricted
marginal distance distributions differ. The middle row shows the results for the teleportation experiment for data
pooled from two sessions in two independent environments and the bottom row shows the same relation present for
mice as well (wild-type control mice, to compare with the results for knock-out mice in Fig. @
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Figure 4: The phase-distance relation remains unchanged during remapping. (A) An example shows firing rate maps
and spike-time cross-correlations for the same cell pair in two independently represented rooms (as in Fig. , tetrode unit
label is shown on the top right corner of the maps). It shows that a cell pair whose fields are close together and whose
spiking activity is highly correlated in a given environment can change to the reverse situation in a different environment.
The example illustrates the possibility for a cell pair to instantaneously change from one phase-distance subgroup to another
under global remapping, while still being part of a stable phase-distance relationship at the population level (B,C). Triangular
marks denote the location of each cell pair in A within their respective phase-distance distributions in panel B.
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Figure 5: CA3 cells show the phase-distance relationship. The phase-distance CLKDE (A) shows a clear separation of the
data into two subgroups, but it differs from area CA1 in that phases are highly clustered around 0° and the distribution of the
down-phase group is close to uniform (B) when pooled over 178 sessions. Yet, the restricted marginal distance distributions
show clear differences (C).
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Figure 6: The phase-distance relationship is impaired in Fmrl-null mice. Unlike in the CA1 and CA3 areas of control
animals, the phase-distance distribution for area CA1 in knock-out mice (A) shows no clear separation of the data
into two subgroups simultaneously both in phase and distance, but rather only a pronounced bimodality of phases
with a strong tendency towards the up-phase group (B), without significant differences in the marginal distribution
of distances (C).
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