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Abstract

The mammalian hippocampal formation (HF) provides neuronal representations of environmental
location, but the underlying mechanisms are unclear. We report a class of cells with spatially
periodic firing patterns composed of plane waves (or bands) drawn from a discrete set of
orientations and wavelengths. The majority of cells recorded in parasubicular and medial
entorhinal cortices of freely moving rats belonged to this class. Grids cells form an important
subset, corresponding to hexagonal configurations of bands, and having the most stable firing.
Occasional changes between hexagonal and non-hexagonal firing patterns imply a common
mechanism underlying the various spatial patterns. Our results indicate a Fourier-like spatial
analysis underlying neuronal representations of location, and suggest that path integration is
performed by integrating displacement along a restricted set of directions.

Place cells in the hippocampus represent the animal’s location by firing in discrete
environmental locations(1), whereas grid cells are active in multiple locations that form a
hexagonally symmetric array covering the entire environment(2), and are found in one of the
main inputs to the hippocampus(3, 4), the medial entorhinal cortex (mEC)(2, 5), and also in
pre- and parasubiculum (PaS)(5). The spatially periodic firing of grids cells may provide the
spatial metric for the hippocampal cognitive map(6, 7), with place cell firing thought to
reflect a summation of grid cell inputs(8-11). However, it is unclear how the hexagonal
symmetry is generated, whether it represents an entirely unique pattern or one end of a
continuum, and whether it is required for spatial representation or reflects other properties
such as stability(12) or coding efficiency(13). To examine the spatial periodicity of cells in
the parahippocampal region, we recorded 351 cells from superficial layers (11 and 111) of the
medial part of dorsocaudal mEC (5 implants) and adjacent PaS (2 implants) in 7 adult male
rats while they foraged for food in a square enclosure (1.3m?; fig. S1). From visual
inspection, many of these showed the regular hexagonal pattern characteristic of grid cells
(26% passed the standard “gridness” measure(2); Fig. 1A), but a surprisingly large portion
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of other cells (44%) had stable multi-peaked patterns lacking grid cells’ hexagonal
symmetry (Fig. 1B,C).

Two-dimensional Fourier spectral analysis was used to identify cells whose spatial firing
patterns showed significant spatial periodicity(14), being predominantly composed of a
small number of Fourier components (i.e. periodic spatial bands with different wavelengths
and orientations which sum to produce the firing rate map; Fig. 1F). A cell was categorised
as spatially periodic if its strongest Fourier component exceeded a significance level of
P<0.05 calculated from spatially shuffled data (fig. S3). Overall 70% of cells were spatially
periodic (Fig. 1E, all cells in fig. S12). Of these, 37% were grid cells, usually described by
three significant Fourier components oriented at multiples of 60° to each other and having
similar wavelengths (Fig. 1F-G, figs. S4-S6). The remaining spatially periodic cells were
described by a superposition of one to four significant Fourier components with a greater
range of orientations and wavelengths (Fig. 1G upper in red, figs. S5-S7). Many cells with
one or two significant Fourier components (e.g. Fig. 1C, fig. S7) were reminiscent of the
band cells postulated as inputs to grid cells in some computational models(12, 15), see also
Refs(11, 16, 17).

We further examined the properties of the spatially periodic non-grid cells in order to
determine whether they could provide a consistent metric for an environment comparable to
the grid cells. First, we looked at the stability of their firing patterns in familiar
environments, between successive trials on the same day and between trials on different
days. Spatially periodic non-grid cells were significantly more stable than chance (r=0.45
within and 0.44 across days). However, grid cells were even more stable than spatially
periodic non-grid cells and both were superior to non-spatially periodic cells within the same
day and across days (Figs. 1A-D & 2A). The greater spatial stability of grid cells relative to
spatially periodic non-grid cells corresponded to a greater stability in the orientations of their
Fourier components (Fig. 2B), suggesting a causal relationship between the two.

A small number of spatially periodic cells (11%) changed their firing patterns between trials
in the same environment, changing from grids to non-grids or vice versa (table S1, fig. S8).
Figure 2C shows an example of a cell whose firing pattern changed from grid-like to band-
like (while a simultaneously recorded grid cell remained a grid cell, see fig. S9 for further
details). We ruled out the possibility that such transitions could reflect the unidirectional
drift of the grid-like pattern by using a sliding time-window spatial autocorrelation analysis
(fig. S10). The fact that spatially periodic cells can change their firing pattern (e.g. between
grid-like and band-like) across trials suggests that they are drawn from a continuous
population whose differing firing fields reflect different combinations of a small set of
elemental periodic band-like inputs.

A significantly larger number of spatially periodic cells (32%) changed their firing patterns
between grids and non-grids when animals were moved between different environments (a
1.3m? square enclosure and a 1m diameter circular enclosure; Fig. 2D, table S1), although
the majority did not change category (Figs. 2E-F). When they occur, these transitions
between firing patterns correspond to changes in the combination of periodic band-like
inputs driving firing. They do not reflect any of the simpler transformations previously
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reported for grid cells after environmental manipulations (rotations and translations(18),
rescaling(19) or expansions(20)). This suggests that the subset of periodic band-like inputs
that drives the firing of a given spatially periodic cell can change over time, and that the
shape or size of the environment can influence the composition of this subset.

Next we asked whether the population of spatially periodic cells within the same animal are
all composed from the same basic set of band-like components. The spatially periodic cells
in each animal all tend to have Fourier components clustered around a small number of
orientations. As expected, grid cell components were aligned(21) and oriented at 60° to each
other (Fig. 3A-G, Rayleigh vector Ry=0.58+0.14 for clustering modulo 60°, P<0.01). This
clustering in grid cells was corroborated by a clustering of the angular separation of
neighbouring components within each cell around 60° (Fig. 3H, Rayleigh vector Rp=1.1,
P<0.001, N=163). The orientations of components of spatially periodic non-grid cells tended
to align with the orientations of components of grid cells (Fig. 3A-G, fig. S5; mean
correlation coefficient 0.54+0.08, P<0.01 from shuffled data), but included a wider range of
relative orientations (Fig. 3I).

In some cases, grid and non-grid spatially periodic cells differed by a ~30° shift in the
orientation of only one of their Fourier components (Fig. 4A,C). Furthermore, two
simultaneously recorded subsets of grid cells were observed with orientations rotated by
~30° to each other and different wavelengths (Fig. 4B,D, all cells in fig. S6). The 30°
orientation difference may reflect a self-organised selection of band-like inputs, which can
lead to stable coexistence of two subpopulations of grids oriented at 30° from each
other(12).

Finally, we asked whether there were differences in the proportions of grid and spatially
periodic non-grid cells in both anatomical regions investigated. Although the overall
percentage of all spatially periodic cells in mEC was lower (156/239, 65% in mEC; 89/112,
79% in PaS), the proportion of grid cells was much higher in mEC (75/156 or 48%) than in
PaS (16/89 or 18%) despite the close anatomical proximity of these regions (fig. S1). This
supports the notion that these two regions, with very distinct afferent and efferent
connectivity(b, 22, 23), can both generate spatially periodic cells, albeit with major
differences in the prevalence of pure 60° symmetry. In both regions, cell firing shows strong
theta modulation: 67% of all spatially periodic cells were theta-modulated in PaS (mean
frequency 9.2+0.1Hz; 65% of all cells were theta-modulated), and 56% in mEC (with
similar mean frequency; 47% of all cells were theta-modulated), pointing to a common
characteristic of spatially periodic cells regardless of their anatomical location (fig. S11).

The abrupt increase in the proportion of grid cells as one goes from PaS to the adjacent mEC
suggests that mEC has micro-circuitry or anatomical inputs organized to prefer components
at 60° angles, which in turn provides the most stable inputs to the hippocampus. In contrast,
PasS, with a higher proportion of spatially periodic cells, but more varied and less stable
firing patterns, receives its major afferents from the hippocampus and heavily projects to the
superficial layers of mEC(22, 24), which may imply that it needs more flexible circuitry to
adjust to the hippocampal feedback, or that it represents an intermediate stage in
constructing stable grids from periodic bands.

Science. Author manuscript; available in PMC 2015 September 21.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Krupic et al.

Page 4

The range of spatially periodic firing patterns reported here could reflect a common process
of self-organisation acting on inputs from putative periodic band cells(12, 15). The most
stable outcome of such a process will be hexagonal grids(15), while mixtures of orientations
organised at multiples of around 30° and 60° can also be stable(12) and may support multi-
scale representation(7, 25). What could be the mechanism underlying the putative periodic
band-like inputs? The predominantly theta-modulated firing of the spatially periodic cells is
reminiscent of the idea that theta rhythmicity controls the scale of spatial
representations(26—-28) and suggests that interference between theta oscillations integrates
self-motion information along specific directions to produce band-like firing patterns which
drive grid cell firing(11, 15, 16). These band cells might correspond to phase modulated
firing from “theta cells” in the septohippocampal circuit(17) or they could be generated via
one dimensional ring attractors(12, 29). In the alternative attractor model(7, 30, 31)
recurrent interactions between grid cells produce a grid-like firing pattern across a sheet of
cells, which translates into grid-like spatial firing as the animal moves. Interestingly, other
“Turing” patterns are also possible in this model, including stripes(30, 32). It is unclear
whether our non-grid patterns could be Turing patterns. If they could, our simultaneously
recorded grid and non-grid cells could reflect a single large Turing pattern, including grids
in some areas and non-grids in other areas. In this model, transitions between grid and non-
grid patterns would correspond to a shift of the whole firing pattern across the sheet of cells.
However, at first glance, this model would not predict a small set of common orientations
for the disparate grid and non-grid parts of the pattern, and could not account for firing
patterns changing in some cells but not in other simultaneously recorded cells.

In summary, the firing patterns of the majority of cells recorded in parasubicular and medial
entorhinal cortices showed a stable spatial periodicity described by a weighted sum of a
small number (up to four) of elemental periodic band-like components. The components
within each animal are drawn from a discrete set of orientations and wavelengths. Grid cells
correspond to hexagonal configurations of band-like components and form the most stable
sub-set of spatially periodic cells. Our results suggest that path integration is performed by
integrating displacement along a restricted set of directions, mediated by planar periodic
representations (bands) of differing scale along each direction, and that a common
mechanism of self-organisation of band-like inputs underlies the formation of all spatially
periodic cells in the parahippocampal region.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Spgatial periodicity of neuronal firing patterns. (A-D) Firing rate maps (top row), trajectory
(black) with spike positions (red) (second row), spatial autocorrelograms (third row) and 2D
Fourier spectrograms (bottom row) for two successive trials of the same cell in a 1.3x1.3m?
enclosure. (A-C) Spatially periodic cells. The cell in (A) qualifies as a grid cell, the cell in
(B) fires in an irregular grid, (C) has a more band-like firing pattern. (D) A non-spatially
periodic cell. Peak firing rate, gridness and maximum Fourier power shown (top left of the
corresponding plots). Rate map stability between trials is indicated above. (E) Distribution
of cell types in dorsal mEC and adjacent PaS. Left: all cells, divided into spatially periodic
(SPC) and non-spatially periodic (nonSPC) cells. Right: spatially periodic cells only, divided
into grid cells (GC), conjunctive grid cells (conj. GC), SPCs with a head-direction correlate
(HD) and other SPCs. (F) Two dimensional Fourier analysis. Left: the centred two
dimensional Fourier spectrogram of the rate map shown in (A, left), with significant Fourier
components shown at the sides with corresponding wave vectors (white arrows). Right: the
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spectrogram shows the power corresponding to plane waves (wave vector k) at (Ix, ly) from
the centre. The periodic bands in the plane wave are oriented perpendicular to the wave
vector k and their wavelength is inversely proportional to its length. (G) Distribution of the
number of significant Fourier components across spatially periodic cells (non-grid cells in
red, grid cells in black).
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Figure 2.
Stability of spatially periodic cell firing. (A) Rate maps of grid cells, GC, were more stable

than spatially periodic non-grid cells, nonGC, and both were superior to non-spatially
periodic cells, nonSPC, both between sessions on the same day in the same environment
(left, GC:r=0.54+0.02 (mean * s.e.m.), nonGC: r=0.45+0.02, nonSPC: r=0.21+0.03,
P(GC>nonGC)=0.015, P(GC>nonSPC)=0.65e-012, P(honGC>nonSPC)=1.69¢e-010, paired
t-tests, one-tailed) and across days (right, GC:r =0.53+0.03, nonGC:r =0.44+0.04, nonSPC: r
=0.18+0.03, P(GC>nonGC)=0.049, P(GC>nonSPC)=1.39e-005,
P(nonGC>nonSPC)=3.14e-004; paired t-tests, one-tailed). (B) Fourier polar component
stability mirrored rate map stability inter-session (left, GC>nonGC: r=0.73+0.04> r=
0.51+0.03, P=3.24e-005, paired t-tests, one-tailed) and inter-day (right: 0.70+0.06 vs.
0.47+0.07, P=0.015, paired t-tests, one-tailed). Occasionally, cell firing altered between
grid and non-grid patterns between trials, (C), in the same environment or (D), in different
environments. More often, the structure of grids, (E), and spatially periodical non-grids, (F),
was maintained across environments.
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Fig. 3.

Or%entations of significant Fourier components within each animal. (A-G) Histograms of the
orientations of significant Fourier components of the spatially periodic cells recorded in
each animal (in a 1.3x1.3m?2 enclosure; non-grid cells in red; grid cells in black). (A-B) cells
in PaS; (C-G) cells in mEC (A: r1682; B: r1738; C: r1728; D: r1709; E: r1737; F: r1739; G:
r1710). Distribution of the relative orientations of Fourier components of all grid cells, (H),
and all spatially periodic non-grid cells, (1).
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Fig. 4.

Dig:‘ferent subsets of spatially periodic cells co-exist within the same animal. (A)
Simultaneously recorded grid cell (top) and spatially periodic non-grid cell (bottom) with
one Fourier component misaligned between the two (r1738). (B) Simultaneously recorded
grid cells of different scale and orientation (r1737). Left to right: firing rate map, spatial
autocorrelogram, 2D Fourier spectrogram with peak firing rate, gridness score and
maximum Fourier power indicated on the top left of the corresponding plots. (C) The
orientations of the significant Fourier components in (A) superimposed (colours as in (A)).
(D) The mean orientations of the significant Fourier components (Fig. S6) in (B) (colours as
in (B)). (E) Wavelength distribution of Fourier components of simultaneously recorded grid
cells with the same orientations as the cell in (B), top (red) and the cell in (B), bottom (blue).
The mean wavelength for each module is indicated above. Their ratio is ~1.57.
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