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ABSTRACT

Animals require cognitive maps for efficiently navigating in
their natural habitat. Cognitive maps are a neuronal represen-
tation of their outside world. In mammals, place cells and grid
cells have been implicated to form the basis of these neuronal
representations. Place cells are active at one particular location
in an environment and grid cells at multiple locations of the ex-
ternal world that are arranged in a hexagonal lattice.

As such, these cell types encode space in qualitatively differ-
ent ways. Whereas the firing of one place cell is indicative of
the animal’s current location, the firing of one grid cell suggests
that the animal is at any of the lattice’s nodes. Thus, a popu-
lation of place cells with varying parameters (place code) is re-
quired to exhaustively and uniquely represent an environment.
Similarly, for grid cells a population with diverse encoding pa-
rameters (grid code) is needed. Place cells indeed have varying
parameters: different cells are active at different locations, and
the active locations have different sizes. Also, the hexagonal lat-
tices of grid cells differ: they are spatially shifted, have different
distances between the nodes and the sizes of the nodes vary in
their magnitude. Hence, grid codes and place codes depend on
multiple parameters, but what is the effect of these on the repre-
sentation of space that they provide?

In this thesis, we study, which parameters are key for an accu-
rate representation of space by place and grid codes, respectively.
Furthermore, we investigate whether place and grid codes pro-
vide a qualitatively different spatial resolution.

OVERVIEW

The research is presented in the form of articles; two accepted
papers and two manuscripts. The complete articles are included
as single chapters, each preceded by a brief summary and a clar-
ification of my specific contribution. In addition, the following
paragraphs provide a brief overview of the organization of the
thesis.

In the introduction, we recapitulate the spatial behavior of an-
imals, which suggests that they have cognitive maps, and the
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neuronal basis of spatial representations in mammals. In par-
ticular, we review experimental results on place and grid cells.
Then we state our research questions.

In the first paper, grid codes and place codes that represent a
one dimensional environment, called linear track, are compared
(chapter 2). We show that a typical grid code outperforms a
place code. Specifically, we derive optimal parameter regimes
for both codes. For place codes, the analysis reveals that the res-
olution is optimized by a population of place cells with constant
sizes, and that varying sizes are not advantageous. For grid cells,
however, the different spatial scales of the hexagonal lattices can
substantially improve the coding accuracy. We demonstrate that
nested grid codes, where the spatial periods are staggered, offer
the highest resolution.

These nested grid codes have a resolution that scales expo-
nentially in the number of neurons, rather than linearly as for
place codes. Therefore, even for small population sizes, nested
grid codes offer substantially more resolution. Neuronal repre-
sentations with unimodal tuning curves, like place codes, are
abundant in the brain and encode various stimulus spaces with
varying dimensions. We generalize the nested coding strategy
to codes that represent spaces of arbitrary dimensions and verify
the better scaling properties for this case too. This suggests that
nested, periodic neuronal representations could also be used for
other stimulus variables than space 3.

In all the preceding articles the neurons are statistically inde-
pendent in their firing. In chapter 4, we treat grid codes and
place codes with noise correlations. As we point out, noise cor-
relations do not affect the qualitative scaling of the resolution.

In the last study, we derive the optimal characteristics for grid
codes representing a planar environment. These optimal charac-
teristics are then compared to the measured properties of grid
cells. We point out the similarities, and argue that the grid code
indeed appears to be optimized for its presumed task: accurately
encoding space (chapter 5).

Finally, these results are discussed jointly and some future re-
search questions are stated.



CONTENTS

Introduction 1
1.1 Space and spatial behavior 1
1.2 The neuronal representation of space 4
1.2.1  Place cells 6
1.2.2 Head-direction cells 8
1.2.3 Grid cells 8
1.2.4 Summary 10

1.3 Aim of this thesis 11
1.3.1 Neural coding theory 12
1.3.2 Optimal coding hypothesis 15

Grid cells outperform place cells 17

2.1 Summary 17

2.2 Reference 18

Exponential accuracy of nested codes 53

3.1  Summary 53

3.2 Reference 54

The effect of correlations on grid codes 61

4.1 Introduction 61

4.2 Methods: Population coding model with noise cor-
relations 62
4.2.1  Population coding model 62
4.2.2  Fisher information 63

4.3 Results 64

4.3.1  Place code 64

4.3.2 Nested grid code 66
4.4 Conclusion 66

The entorhinal cortex of rodents harbors an optimal
grid code for space 69

5.1 Summary 69

5.2 Reference 69

Discussion and Conclusions 91

Xi



xit | CONTENTS



1 INTRODUCTION

Ich bin. Aber ich habe mich nicht.
Darum werden wir erst.

Ernst Bloch, [10].

We start by describing certain spatial behaviors of animals,
which indicate that they possess cognitive maps of their envi-
ronment. As we will then show, in mammals these maps are
believed to be supported by place and grid cells. Studying the
spatial resolution of such maps, formed by populations of place
or grid cells, is at the heart of this thesis. In particular, we in-
vestigate the characteristics of place and grid cells that affect the
resolution of such spatial representations.

1.1 SPACE AND SPATIAL BEHAVIOR

Philosophers position themselves in different paradigms re-
garding the matter of space. Some regard it as an entity in it-
self, others as a framework for holding relations among entities
or as an apriori structure waiting to be filled by a posteriori
experience [68, 103]. While classical Physics resided in three-
dimensional space, Einstein transferred it to the continuum of
space-time [85]. Similarly, in Mathematics space came a long
way from Euclid’s elements, via Descartes” analytic geometry to
non-Euclidean geometries and finally, the notion of topological
spaces [133].

Here, however, we take a much more pragmatic stance. Space
is merely considered as the physical arena of our behavior, where
we live in, navigate through, plan, and defend ourselves [103].
Most animals are motile and their abilities to move in space are
astonishing. For instance, many types of open-ocean predatory
fish choose their foraging strategy as either Brownian or Lévy
motion depending on the abundance of food. When food is
scarce animals move according to Lévy flights, a class of random
walks with jumps distributed like a power-law. Then the trajecto-
ries of animals remind of fractal curves. It has been argued that
such movements are the most efficient ones for catching patchy
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prey that occurs in low concentrations. Brownian motion, on the
other hand, feeds the animal well enough when food is abun-
dant [61].

Another staggering ability beside foraging is exemplified by
the behavior of digger wasps, which was eloquently described
by Gallistel [46]:

“Digger wasps dig nest burrows in which they lay an
egg. They cover the burrow entrance with pebbles,
making it all but invisible, then fly off in search of
insect prey. They sting their prey to paralyze it, carry
it back to the burrow, open the burrow, drag the prey
inside, exit the burrow and close it up again. The
larva that hatches from the egg eats the paralyzed,
still living prey.”

How can digger wasps remember the location of their invisible
nest? Tinberger and Kruyt established that the configuration of
landmarks near the nest guides the wasp, rather than a sensory
trace. If such landmarks, like pine cones and sticks are moved
together, the wasp looks for the nest at the corresponding point
in the moved configuration, rather than at the unaltered location
of the nest [46]. In order to remember these features wasps sys-
tematically orbit around their nest to update their visual mem-
ory about the goal location, before leaving to catch prey [151].
Yet, such a “snapshot” of a goal relative to landmarks is a map,
which more specifically, if it is stored in the brain, is called cog-
nitive map [46, 103, 137]. With this notion in mind, the wasp’s
behavior can be summarized by stating that the wasp forms a
cognitive map of the nest’s neighborhood that is later used to
find the nest [46]. Such behavior is widespread among animals,
including mammals. And as one might expect, not just the close
vicinity of the nest is captured in a cognitive map, but the large-
scale environment as well [46, 89, 90, 103, 137]. This navigation
strategy is called piloting [46].

As we have seen for digger wasps, when animals pilot, they
orient themselves according to comparisons of their current en-
vironment to spatial memories. The salient cues, which are deci-
sive for storing snapshots and comparing those to the current en-
vironment, vary of course from species to species. Typical land-
marks can be mundane objects like pine cones, sticks, or larger
objects like trees, hills or gas stations, but also the stars, the sun,
odor traces or geomagnetic field lines [103]. For instance, pi-
geons are capable of orienting based on both the position of the
sun and their magnetic sense [103].
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Navigation is not solely based on orienting according to land-
marks, however. A standard taxonomy of navigation classifies
the strategies of animals into piloting and dead reckoning [46, 110].
Dead reckoning is a complementary strategy of integrating speed
and heading-direction over time, such that the current position
can be known from a past position plus the movements after-
wards [36, 46, 110]. Desert ants can return directly after foraging
over hundreds of meters through unfamiliar, seemingly identi-
cal territory. Bees are even adept of homing after kilometers of
tortuous flights [143]. The internal position estimate can be the
result of counting steps, as in desert ants [149], or of integrat-
ing optic flow, like in honeybees [34, 130]. Another name for
dead reckoning is path integration, and mammals also employ
this method, as shown by their ability to head home straightly
after a circuitous route [36, 92]. Meticulously controlled experi-
ments demonstrated that they achieve this by integrating head-
direction and speed. Mammals have a vestibular organ that mea-
sures angular and linear acceleration by the semicircular canal
system and the otoliths, respectively [143]. These signals are
supported by somatosensory information and motor efference
copy [35, 92, 110, 143]. Together they allow the mammal’s brain
to internally compute its position. As one might expect, similar
mechanisms can be used when navigating towards a goal rather
than the nest [37]. However, path integration is, due to its na-
ture of adding up small motion increments an inherently noisy
process [7, 38]. As such, especially for long-range navigation,
it has to be supplemented by other non-self-generated signals
that correct the errors in the internal representation, like land-
marks, etc. [36, 143]. Bees, for instance, return to Lévy flights,
when they have completely lost track of their hive — which is the
most efficient search strategy to find their hive [115], because
from a random position the hive can be considered as ”scarcely
distributed”, as the prey for for predatory fish.

So far we have seen ethological observations about how ani-
mals navigate through physical space and how navigation is sup-
ported by cognitive maps that are updated by both self-motion
signals and sensory cues. As the examples indicate, the impor-
tance of spatial memory for spatial behavior cannot be under-
estimated. Where these maps reside in the brain was not ad-
dressed, however. Thus in the next section we will have a look at
this topic and from now on focus on mammals. We will mostly
concentrate on rats, as they are the predominating experimental
model system for mammalian spatial cognition [36].

3
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1.2 THE NEURONAL REPRESENTATION OF SPACE

A broad corpus of anatomical, physiological, and lesion evi-
dence supports the hypothesis that the hippocampus and adja-
cent structures are involved in the representation of space [36,
88, 96, 103, 110]. The hippocampal formation is a compound
structure that encompasses the hippocampus proper as well as
the dentate gyrus and the subiculum. Superficial layers of the en-
torhinal cortex (EC) project to the hippocampal formation, while
deep layers receive hippocampal feedback ( [141, 148], figure 1).
These structures receive multimodal sensory input, including
head-direction and proprioceptive signals [141].

Two fundamental observations brought the hippocampus to the
forefront of research about space and more generally memory [110]:

e In 1971 O’Keefe and Dostrovsky found cells, basically in
the middle of the rodents” brain, far away from all sensory
areas that had an obvious correlate. These cells have a high
elevated firing rate at one location and are practically silent
elsewhere. For this reason they are called place cells [102].

¢ In humans lesions of the hippocampus, and more broadly
of the temporal lobe, cause severe loss of recent declarative
memory." Lesioned subjects, like H.M., fail to transfer con-
tent from their short-term memory to the long-term mem-
ory — they suffer an anterograde amnesia [119].

Both insights had a profound impact on theories of the hip-
pocampus, each inspiring one of the prevailing theories: On the
one hand, that place cells are the building blocks of the cognitive
map [103], and, on the other hand, that the hippocampus asso-
ciates episodes to form memories, which are transferred to the
cortex [31, 73, 80, 128]. Similarly to humans, the spatial mem-
ory of rats is impaired, when their hippocampus is lesioned [94].
The human hippocampus has also been implicated in naviga-
tion, as for instance the hippocampi of London’s taxi drivers are
significantly larger than those of controls [79], and place cells in
humans have been reported by brain imaging [78] and physio-
logical recordings [33]. As we will see in the next section, place
cells indeed provide a spatial map, and their memory compo-
nent cannot be disregarded [32, 99, 103].

1 Memory can be divided in declarative and procedural memory. While proce-
dural memory keeps skills learned through practice, declarative memory holds
facts, events, knowledge and episodes. Thus, another name for declarative
memory is episodic memory [110, 128].
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Figure 1: Illustration of the hippocampal formation and parahip-

pocampal region in the rat. A: Lateral (left) and caudal (right)
views of hippocampal formation and parahippocampal re-
gion in the rat. The hippocampus proper comprises the den-
tate gyrus (DG; dark brown), CA3 (medium brown), CA2
(not indicated), and CA1 (orange); together with the subicu-
lum (Sub; yellow)) it is called hippocampal formation. The
parahippocampal region consists of the presubiculum (PrS;
medium blue), parasubiculum (PaS; dark blue), and the en-
torhinal cortex, which has a lateral (LEA; dark green) and a
medial (MEA; light green) part, the perirhinal cortex (A3s;
pink and A36; purple) and the postrhinal cortex (POR; blue-
green). The dashed lines in the left panel mark the planes of
two horizontal sections (a,b) and two coronal sections (c,d).
These sections are depicted with the same color code in B. C:
A nissl-stained horizontal cross section (expanded from Bb).
The cortical layers are labeled with Roman ciphers. For the
layers in the hippocampus the following abbreviations are
used: gl, granule cell layer; [uc, stratum lucidum; ml, molec-
ular layer; or, stratum oriens; pyr, pyramidal cell layer; rad,
stratum radiatum; slm, stratum lacunosum-moleculare. Fig-
ure reprinted with permission from [141].
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1.2.1  Place cells

Place cells in the hippocampus proper and dentate gyrus typ-
ically code a single location in the environment by a high fir-
ing rate when the animal is at that location, and remain silent
elsewhere [102, 103]. For a place cell, the region of space that
corresponds to active firing is called the place field. The centers
of place fields are distributed all over the experimental environ-
ment ( [146], Fig. 2a) and the diameter of place fields increases
along the dorsoventral axis of the hippocampus from values of
20cm up to at least 10m [70]. In larger environments, a single
place cell sometimes exhibits more than one place field [74, 107].

3 e

(b)

Figure 2: (a) Firing maps of 80 simultaneously recorded pyramidal
and inhibitory neurons of the rat hippocampus. Each panel
represents the spatial firing rate of one cell, averaged over
the whole recording session within a quadratic box. High
firing rates are depicted in red, medium rates in yellow and
low firing rates in blue. Inhibitory cells show rather spa-
tially unspecific firing and have high firing rates all over
the environment. The centers of the place fields are dis-
tributed all over the environment. Reprinted with permis-
sion from [146]. (b) The trajectory of a foraging rat within
a circular arena is depicted in black. The spatial positions
of spikes from two grid cells in red and green are shown.
Both units were extracted from one tetrode recordings and
are therefore anatomically close. Both cells exhibit multiple
firing fields that are arranged like a hexagonal lattice. Their
lattices are similar, yet spatially translated; they represent dif-
ferent spatial phases. Figure generated from publicly avail-
able data (http://www.ntnu.no/cbm/moser/gridcell, [55]).

Already a moderately large population of place cells, like the
ones depicted in Fig. 2a, can be used to accurately reconstruct
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the rat’s position [146]. The firing of place cells is determined
by both allocentric cues [101] and idiothetic variables [103, 140].
All this merely implies a correlation of place cell firing and posi-
tion. Indeed, the causality has not been proven conclusively, but
sophisticated experiments suggest that the firing of place cells
appear to mirror the internal position estimate of the rat.?

Place cell firing is stable in familiar environments [41, 95]. Fur-
thermore, it has been pointed out that the spatial representation
of place cells could be innate, as neurons with place cell activity
appear just days after rat pups open their eyes [72, 145]. How-
ever, place cells do not simply form a spatial map: firstly, the fir-
ing rate of place cells is contextually modulated.3 Secondly, the
spatial map that place cells provide is not topographic, i.e. the
proximity relationships of place cells change drastically across
environments.# Thirdly, path integration and external cues com-
pete for updating the place map in the case of a contradictory sit-
uation.> All these findings emphasize the spatial memory aspect

2 For instance, Kubie et al. tested this hypothesis by a task in which rats have to
pause at an unmarked, fixed site to obtain a food reward [71]. This task was
carried out in a circular environment with certain, controlled distal cues. Dur-
ing the experiment the distal cues were systematically moved in a continuous
fashion. It was observed that the rats paused at, apparently, random positions
within the circular environment - not at the learned, fixed site. Earlier Fenton
et al. had determined, how distal cue configurations influence the firing of the
place cells [40]. From this understanding and the changes of the distal cues
during the experiment the authors could precisely predict the pause locations
of the animal. Hence, the position estimate of the hippocampus appears to
be closely related to the rat’s estimate [71]. Conclusive experiments, maybe
along the lines of optogenetic methods that allow to selectively alter the state
of neurons and circuits [91], should soon shed more light on this issue.

3 Their firing rates can alter significantly after small modifications of the envi-
ronment, like changing the color of a wall [25, 75]. This has been called rate
remapping. They can even be responsive to odors in odor discrimination tasks
or training rules [25]. As such, this could be important for associating locations
with certain stimuli and therefore allow episodic memory [25, 31, 32].

4 Completely different place cells can be active even in similar environments
with different distal cues. Even if a cell has a place field in both environments
the peak firing rates, and the centers are unrelated. This tendency has been
named global remapping, and can even happen within the same environment,
if salient properties alter drastically [25, 75, 98, 111, 112].

5 In an experiment by Gothard et al. rats had to run from a home location at
the beginning of a linear track to a goal location at the end. They were famil-
iar with the environment. When the length of the linear track was changed
between sessions, it became clear that the rats had home-aligned and goal-
aligned place maps. In all cases, the place cells close to the home, fired at
the same distance from the home and the place cells close to the goal location
fired at the same distance from the goal — despite different track lengths. In
case of large track length changes, a sudden transition from home-aligned to
goal-aligned place cells could be observed somewhere along the linear track.
This indicates that initially path integration drives the firing until external cues
align the place cells firing to the goal location [51, 112]. This frame switching
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of the spatial maps in the hippocampus [25, 41, 57, 58, 64, 65].
Other spatially modulated cells, which on a population level re-
semble an internal compass, are also known and will be pre-
sented next.®

1.2.2 Head-direction cells

A crucial ingredient to the path integration system was found
in the form of head-direction cells [135, 136]. They code the rat’s
heading direction in an allocentric way. These cells exist in sev-
eral brain areas including the postsubiculum and entorhinal cor-
tex. Vestibular and proprioceptive signals generate and update
their firing. Some head-direction cells are additionally tuned
to angular head-accelerations and thus update the activity too.
Their direction preference remains stable over multiple sessions
in the same, familiar environment. Their initial preference how-
ever, depends on allocentric cues, that are mostly visual [134].
One of the more important roles of some head-direction cells is
providing their input to grid cells, cells that we describe next.

1.2.3  Grid cells

In 2004 Fyhn et al. discovered neurons in the most ventral por-
tion of the medial entorhinal cortex (mEC) that exhibited multi-
ple firing fields [45].7 These fields are arranged in a regular,

can occur on the order of a tenth of a second, as it was shown in the teleportation
experiment by Jezek et al. For this experiment rats were extensively trained in
one box with two different light cues that were only presented separately. So
the animal learned two independent place maps. After the learning period of
both environments, the effect of “instantly transferring” the rat from one room
to the other by changing the light stimulus could be studied. Thereby rapid
transitions from the one frame to the other could be observed [65].

One cannot introduce the hippocampus without remarking that when rats
are running, the local field potential (LFP) shows a strong theta rhythm (6-
11Hz). This rhythm might serve as an organizing clock in the hippocampal
formation [20]. For instance, when a rat transverses a place field, the theta
phase of the spikes shifts systematically. The spikes tend to progressively
happen at earlier theta phases — a phenomenon called phase precession [104,
118].

Over the years prior to 2004 much evidence for the existence of spatially mod-
ulated cells projecting to the hippocampus had been accumulated. Anatomi-
cally it was known that head-direction cell signals are relayed to the hippocam-
pus via the mEC [88, 134, 148] and modeling studies suggested that the path
integrator might be located upstream of the hippocampus [87, 140]. Addition-
ally, it had been reasoned that the huge number of independent, unique place
maps that would have to be stored in the hippocampus could severely con-
strain the storing capacity, a problem that could be circumvented by a univer-
sal map that underlies these place maps [103, 124, 140]. Further evidence for
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periodic fashion. The extend of these fields is not confined to
the recording arena: when the enclosure is expanded, cells have
additional firing fields in the novel part [55].%8 The pattern of
these fields resembles a hexagonal lattice or grid, which coined
their name: grid cells ([55], see Fig. 2b). More recently grid cells
have also been found in the pre- and parasubiculum [12].

The firing pattern of grid cells can be characterized by the (fir-
ing) peak-to-peak distance, called spatial period, the field size,
the (angular) orientation of the lattice and the position of one of
the lattice’s vertices, called the (spatial) phase. Grid cells have
many topographic properties. Anatomically neighboring grid
cells share similar spatial periods, field sizes and orientations.
The spatial period grows from about 20 centimeters up to sev-
eral meters along the dorsoventral axis of the mEC [16, 45, 55].
The field sizes grow too and it appears that the ratio of grid field
width to spatial period remains constant [16, 55]. The phases of
anatomically neighboring grid cells are uniformly distributed,
without any apparent topography. Yet, even a modest number
of grid cells covers the entire recording arena [55]. Deeper lay-
ers of the mEC, in particular layer III and V, contain grid cells
too, and their lattice properties are similar across layers [55, 116];
Together these observations suggest a modular organization of
the mEC, which is supported by anatomical findings [19, 147]
— reminiscent to the columnar structure in other cerebral cortex

areas [97].

Crucially, the position of the grid fields is stable across record-
ing sessions in the same environment, while the peak firing rates
of grid fields vary moderately. This suggests that the exact posi-
tion of a grid lattice is determined by allocentric reference points,
and indeed rotating distal cue cards rotates grids accordingly.
Yet, even after cue removal, like switching off the light, the grid

such cells came from experiments; the localized firing of CA1 and CA3 cells
persisted after blocking dentate gyrus input [86] and CA1 place cells remained
to fire in place, even after blocking CA3 [15]. All this pointed to the existence
of spatially modulated cells in the mEC, yet, only faintly modulated cells had
been found earlier [96].

Hence, it was initially reported that the density of grid fields stays the same in
an expanded environment and thus also the spatial period [55]. Later experi-
ments by Barry et al. revealed that rescaling the box leads to a corresponding
rescaling of the grid pattern — these contractions or expansions of the grid pat-
tern were most pronounced at the first exposure to the new shape. When both
the initial and the alternative shapes were known to the animal no rescaling
took place. Interestingly, after a substantial time in the rescaled environment
the grid pattern seems to return to the initial scale. Hence the spatial period
appears to be shaped by an interplay of intrinsic, self-motion estimates and
learned associations to environmental cues [6].

9
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firing pattern persists; leaving the spacing and the average firing
rate unaltered [55].

This robustness of the grid pattern to sensory changes points
to idiothetic signals as the likely mechanism for updating their fir-
ing, which predisposes the grid cells as the path integrator [55].
This claim has not been proven conclusively, but the anatomi-
cal, functional and behavioral knowledge strongly lends strong
support for this interpretation [96]. Homing and spatial search
performance of rats with lesions to the dorsal pole of the mEC
is strongly impaired [108, 131]. Grid cells that are additionally
modulated by idiothetic signals, like running speed and head-
direction, have later been found and were termed conjunctive
cells [116]. They are believed to play a key role in updating the
animal’s internal position estimate, as they combine the current
estimate with the current velocity [88].

For the aforementioned binding of grid cells to allocentric cues
two independent and compatible mechanisms have been sug-
gested: firstly, grid cells might be anchored by feedback from
hippocampal place cells. As place cells have spatial memory
properties it is conceivable that their activity initializes the grid
cells consistently in known environments [88, 96]. Secondly,
there are cells that represent the border of environments and
therefore could serve for anchoring the brain’s spatial represen-
tation.?

Grid cells have also been discovered in mice [44] and more re-
cently in Egyptian fruit bats [150]. For the latter finding the bats
were crawling for food pellets, so these grid patterns are also
planar lattices. Whether bats” grid cells also have three dimen-
sional grids during flight is still unresolved. Furthermore, there
is evidence from fMRI that grid cells are present in humans as
well [27].%°

1.2.4 Summary

The gist of the matter is that grid cells are believed to consti-
tute the path integrator, by integrating head-direction and speed

The firing rate of boundary vector cells is modulated by the shortest distance to
the closest boundary in the environment. The running direction and properties
of the boundary barely have an effect on their firing rate. These cells have been
reported in the subiculum [76]. Cells with similar properties have been found
in the entorhinal cortex too and are called border cells [117, 127]. If one rotates
distal cue cards that serve as landmarks, the spatial representation of these
cells moves as well; thus these cells might be indeed instrumental in anchoring
the firing of grid cells by setting the spatial phase [127].

Finally, like for place cells also grid cells show phase precession in each field
as observed by analyzing pooled data [54] and single-runs [114].
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signals. The firing of the grid cells network might be anchored
to specific landmarks by border cells or hippocampal place cells.
The feedback of hippocampal place cells re-calibrates the entorhi-
nal path integrator in case of accumulated position estimate er-
rors [88, 96].

1.3 AIM OF THIS THESIS

As we have seen, many details about the building blocks of
cognitive maps in mammals have been found. Particularly inter-
esting properties are the hexagonality and the self-similarity of
the grid cell’s firing patterns as well as the the multiple scales of
spatial representation in both place and grid cells. Hence, while
much is known about the cells that encode space, an answer why
particular designs have evolved remains elusive [50]. In light of
these cell properties, three key questions arise:

e How do grid and place cells represent space?

» Which characteristics contribute to the spatial resolution of
such codes?

o Is the population of grid cells, which has been implicated
as the path integrator and therefore should be precise, op-
timized for resolution?

The work presented in this thesis translates these vague ques-
tions into well-defined mathematical problems and studies those.
The first two questions are treated in chapters 2-4, the last one
in chapter 5. In the final part of the introduction we will pro-
vide more details regarding these questions. They are dependent
on each other, as if we do not know how these codes represent
space, we cannot discuss which parameters improve the resolu-
tion.

How do populations of grid cells (grid code) and place cells
(place code) represent space? — apparently in completely dif-
ferent ways. While place cells give sparse responses: if one cell
fires the animal is already as uniquely localized as the place field.
However, if a grid cell fires, then the rat could be in any of the
grid fields. Hence, although grid cells are allegedly specialized
in the representation of space, and place cells have other func-
tions too, naively it appears as if place cells offer a more useful
spatial code than grid cells.

This intuition is plainly wrong, if one considers the population
level. To see this, let us consider a fictive population of binary

1
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place cells. How many different states can 9 neurons provide?
There can at most be 2 - 9 states.™

What about 9 grid cells? Figure 3 shows a particular arrange-
ment of the grid cells that we call nested grid code. As explained
in the figure caption this code with 9 grid cells can have 33 = 27
states. Thus, the same number of binary grid cells can pro-
vide more states. This advantage becomes more pronounced the
more neurons one considers. By the same argument as above
99 place cells can provide at most 198 states, yet 99 grid cells
with, for instance, 3 phases per module can provide a baffling
number of 333 states. Much more states than neurons contained
in the human brain. This simple counting argument shows that
the number of states a population of grid cells can provide can
dwarf those of a population of place cells.

This argument has of course only limited explanatory power
for the brain. Just let us consider one obvious problem. Real
neurons are noisy, in the sense that the identical stimulus con-
dition might elicit a different number of spikes. Grid cells and
place cells are no exception. So what happens if a certain neuron
accidentally fires, or fails to fire? In figure 3 let us assume that
instead of phase 1 in module 1, it is actually phase 2 in module 1
that fires. This noisy code word would correspond to a state that
is almost half the width of the linear track away. But how likely
is that, and what happens under realistic neuronal noise condi-
tions, and what effect do other parameters have? Neural coding
theory offers the tools to rigorously tackle such questions.

1.3.1  Neural coding theory

We alluded to codes a couple of times. Formally, a code is
a rule of translating one signal into another. These signals can
be physical variables, letters, bits, spikes, etc. For instance, our
senses translate physical variables into spike trains. Also be-
tween brain areas signals are transferred and possibly recoded.

By state we mean a vector v = (vy,v3,...,V9) of ones and zeros that signifies
the activity of the 9 neurons at position v. For instance, if vi = 1, the first
neuron is active, and if vi = 0 it is inactive. Now let us assume that these
states are spatially ordered a,b,c,d,.... This means that state a is a neighbor
of b, b of ¢, etc. Because a and b are different states, at least one neuron has
to have a different state: for instance, a3 # b3 meaning neuron 3 is active at
a, but inactive at b or vice versa. So, either neuron 3 turns off or on, when
traversing from a to b. Crucially, each neuron is a place cell. Hence, along this
sequence of positions a,b,c,d,... it can at most only once turn on and only
once turn off, because it has only one place field. Thus, any neuron can at
most twice change its state. Consequently, there can be at most 2 - 9 different
code words.
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Linear track:

Position x

| Clock analogy:

Phases:
1 2 3
Module # 1 @ Hour hand
2 3 1 2 3
@ Minute hand

I
I
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I
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123123123123,23123123123123
Module # 3 : Second hand
I
I
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Module # 2

with coordinates: (blue, blue,red)

Figure 3: Illustration nested coding scheme. Example with three dif-
ferent spatial periods with three discrete phases each. The
different cells with the same spatial period comprise a mod-
ule. For instance, phase 1 of module 1 is active in the first
third of the linear track, phase 2 of module 2 in the second
third, and etc. The first module gives coarse spatial infor-
mation, that is further subdivided by the other two modules.
By themselves the other modules provide ambiguous spatial
information; together they effectively subdivide the linear
track. In particular, each phase of module 1 is subdivided
by the three phases of module 2, and they themselves are
again subdivided by the 3 phases of module 3. All in all
that makes 3% = 27 states. This coding strategy is analogous
to the principle of a clock, where each hand further refines
time. All three hands code a twelve-hour span down to sec-
ond precision.
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Figuring out the code book of these transformations is one of the
major quests of Neuroscience [28, 142].

In the brain many stimulus variables are encoded by popula-
tion codes, where the elicited spikes of many neurons represent
the stimulus in a distributed way. The nobel-prize-winning ex-
ample is the encoding of the edge orientation in images by sim-
ple cells in the visual system [59, 60]. Evidence for similar encod-
ing strategies exists across the brain, from lower and higher sen-
sory areas to motor areas and even in between, as exemplified
by the place and grid cell populations [28, 48, 49, 152]. Neuronal
responses, like the number of spikes, are often noisy in the sense
that the repeated presentation of identical stimuli results in vari-
able spike counts [23]. The stimulus-response function together
with the statistical distribution mathematically define the encod-
ing step of a population. Given a certain population code, like
a place code or a grid code, which translate positions into vec-
tors of spike counts, the spatial resolution of such a code can be
computed [23, 120]. Intuitively, the resolution is the average en-
coding precision of such a code (formally defined in chapter 2).

Within this framework we establish the qualitatively different
scaling of a nested grid code and place codes, despite neuronal
noise. This result is presented in chapter 2 for the linear track
and higher dimensional stimulus variables in chapter 3. There
we show that the resolution of nested grid codes can scale expo-
nentially in the number of neurons, whereas place cells can only
scale linearly in the number of neurons. This framework also
allows us to study multiple other dependencies: What is the
effect of the different spatial scales of place cells? What about
other sets of spatial periods than the nested arrangement? Such
questions are treated in chapter 2.

The first two chapters consider place and grid codes with sta-
tistically independent neurons. The effect of correlations on the
resolution are elucidated in chapter 4.

The remaining key question is whether the grid code in the
medial entorhinal cortex is optimal for encoding space. In the
following section we introduce a principle that has been put for-
ward as a theoretical model for the connection between function
and form.
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1.3.2  Optimal coding hypothesis

Form follows function.

Louis Henry Sullivan.

As noted in a recent review article by Simoncelli and Olshausen [125],
the evolution and development of any neuronal system is hy-
pothesized to be sculpted by the following three factors:

1. "the tasks that the organism must perform,

2. the computational capabilities and limitations of neurons
(this would include metabolic and wiring constraints),

3. the environment in which the organism lives” [125].

The last, ecological factor has a pronounced impact on sen-
sory systems. Therefore, Attneave and Barlow proposed the ef-
ficient coding hypothesis as a theoretical framework for sensory
coding [4, 5]. They observed that an important factor for neu-
ral systems are information bottlenecks, like the optic nerve.
Therefore, from an information theoretical point of view it is
efficient to have a neuronal code that matches the environmen-
tal and neuronal response characteristics. Thus sensory systems
should excel at processing sensory signals that manifest them-
selves most frequently in the environment [4, 5, 125]. Indeed,
the efficient coding hypothesis has been applied to successfully
predict the structure of receptive fields, tuning curves in the
cochlear, and the sparseness of neuronal representations in sen-
sory cortices [2, 3, 77, 105]. However, the efficient coding hypoth-
esis does not mention the accuracy of the coding [125].

Like the third factor, also the first two factors, namely the
task together with computational capabilities exert a dominating
influence on neural systems. In the task of path integration the
challenge has been presented earlier: the neuronal representa-
tion has to store the current position as precisely as possible,
despite neuronal noise. Otherwise small intrinsic deviations of
the position estimate accumulate over time to huge errors and
subsequently render path integration useless. As the accuracy,
presumably, has such a prevailing effect on the path integration
system, we ask if these factors can explain the observed features
of the grid code in the mEC. Taken together, and due to our
emphasis on the accuracy, we call this the optimal coding hypoth-
esis. It was in light of this framework that we ask in chapter 5,
what are the parameters of a grid code that optimize its resolu-
tion. Thereby we formalize the second and third factors in the
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following way (chapter 5 for details). As second factor we con-
sider a fixed number of grid cells with a limited peak firing rate
(power constraint). Furthermore, we require that the size of the
environment is bounded and that the spatial resolution within
this environment should be equally high at all positions. This
is assumed, because a path integration system should be spa-
tially invariant [63]. In that sense, our study design also mirrors
certain ecological factors.

Hence, we investigate the optimality of a population of grid
cells under the constraints just presented. We show which fea-
tures of the grid code endow it with the highest spatial resolu-
tion and compare these optimal properties to the properties of
grid cells in the mEC. This work is presented in chapter 5.
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21  SUMMARY

Rodents possess two neuronal coordinate systems for repre-
senting their position that are known: place cells in the hip-
pocampus and grid cells in the medial entorhinal cortex. While
place cells typically fire at one particular location in space, grid
cells spike at numerous sites that are arranged periodically.

We study the spatial resolution of these two coding schemes
and find that a generic set of modular grid cells* typically outper-
forms even the optimal set of place cells with the same number
of cells, when encoding an interval. A one dimensional interval
can be seen as the abstraction of a linear track. The two dimen-
sional case is treated in chapter 5.

Furthermore, we derive optimal parameter regimes for popu-
lations of place cells (place code) and populations of grid cells
(grid codes) in this one dimensional case. Optimality here refers
to the resolution an ideal observer can achieve. We compute the
resolution analytically by Fisher information and numerically by
maximum likelihood estimation; this study also sheds light on
when and why these measures differ.

For place codes the analysis shows that a heterogeneous pop-
ulation of place cells with varying tuning widths gives no qual-
itative improvement over a homogeneous population. In partic-
ular, the resolution is maximized by a constant optimal tuning
width. For grid cells, however the different spatial scales can sig-
nificantly improve the coding accuracy. The study of a large set
of grid codes reveals that nested grid codes, where the spatial
periods are staggered, offer the highest resolution. As presented
in the paper there are also parameter regimes, where grid codes
offer only poor spatial resolution.

As specified in the paper. Basically generic means that the spatial periods
are uniformly picked random numbers, which are smaller than the size of the
environment.

17
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Abstract

Rodents use two distinct neuronal coordinate systems ima&st their position: place
fields in the hippocampus and grid fields in the entorhinalecorWhereas place cells
spike at only one particular spatial location, grid cells fat multiple sites that corre-
spond to the points of an imaginary hexagonal lattice. Wdyshow to best construct
place and grid codes, taking the probabilistic nature ofralespiking into account:
which spatial encoding properties of individual neuronsfeothe highest resolution,
when decoding the animal’s position from the neuronal pajah response? For grid
codes, the periodic pattern of firing fields introduces amibigs in the position esti-
mate. The solution to this problem requires grid cells wiffedent spacings, and the
spatial resolution crucially depends on choosing the nigtibs of these spacings across
the population. We compute the expected error in estimakiagoosition both in the
asymptotic limit, using Fisher information, and for low kpicounts, using maximum
likelihood estimation. Achieving high spatial resolutiand covering a large range of
space in a grid code leads to a trade-off: the best grid codepatial resolution is
built of nested modules with different spatial periods, am&de the other, whereas
maximizing the spatial range requires distinct spatiaiqusr that are pairwisely in-
commensurate. Optimizing the spatial resolution predwgtsgrid cell properties that
have been experimentally observed. First, short lattieeisgs should outnumber long
lattice spacings. Secondly, the grid code should be sailitasi across different lattice



spacings, so that the grid field always covers a fixed fraatiothme lattice period. If
these conditions are satisfied and the spatial “tuning slifieg each neuron span the
same range of firing rates, then the resolution of the grie¢ @aily exceeds that of the
best possible place code with the same number of neurons.

1 Introduction

An animal’s position and heading in world coordinates iss@#d in coordinated neural
firing patterns within different subnetworks of the braingshnotably the hippocam-
pus, subiculum, and entorhinal cortex (O’Keefe and Dostkgy1971; O’'Keefe, 1976;
Taube et al., 1990b,a; Fyhn et al., 2004; Hafting et al., 2@8@&cara et al., 2010). In
rodents, these subnetworks have evolved at least two cliséipresentations for encod-
ing spatial location: in the hippocampus proper, placesdet only at a single, specific
location in space, whereas in the medial entorhinal come&), grid cells build a
hexagonal lattice representation of physical space, suahetach cell fires whenever
the animal moves through a firing field centered at a cellifipdattice point.

How accurately can an animal determine its location usirgaiithese two distinct
encoding schemes for space? Most neurons in cortex spégularly and unreliably
(Softky and Koch, 1993; Shadlen and Newsome, 1998) and icellse hippocampal-
entorhinal loop are no exception (Fenton and Muller, 1998igkr et al., 2010). As
the animal moves through space, it spends only a brief momesdch firing field of
a grid cell or the firing field of a place cell, eliciting no madien a handful of unre-
liable spikes: grid cells, for instance, often spike onlycerr twice during a single
pass through a firing field (Reifenstein et al., 2010). Heroepoth codes precise
information about position can only be gained from a popoitabf grid and place
cells, respectively. If all grid cells share the same lattength scale the same pattern
of spikes across the population corresponds to differesgtions in space, leading to
catastrophic errors in estimating position. How differtaitices can be combined to
resolve the ambiguity introduced by the multiplicity of fig fields is crucial for navi-
gation and might explain the variation of the spatial pesialbng the dorso-ventral axis
for the mEC (Brun et al., 2008).

The goal of this paper is to answer the question of how gricesahould be con-
structed and relate these to the resolution of populatiaeso Single-peaked place
fields are analogous to the tuning curves for orientationismial and motor cortices,
for which the questions of neuronal coding and optimal tgnundths have been inves-
tigated extensively (Paradiso, 1988; Seung and Somp@lia9©3; Brunel and Nadal,
1998; Zhang and Sejnowski, 1999; Pouget et al., 1999; Bethgk, 2002; Brown and
Backer, 2006; Bobrowski et al., 2009). Theoretical stadia the coding properties
of grid cells (Burak et al., 2006; Fiete et al., 2008) haveltdedh the spatial range
encoded by populations of grid cells, without assuming aflieix noise model. Here,
our focus will neither be on the spatial range, nor on how-gke firing patterns arise
(Fuhs and Touretzky, 2006; McNaughton et al., 2006; Burgéss, 2007; Kropff and
Treves, 2008; Burak and Fiete, 2009; Remme et al., 2010;afil Hasselmo, 2010;



Mhatre et al., 2010), nor how grid fields can lead to place sie(@fuhs and Touret-
zky, 2006; Solstad et al., 2006; Rolls et al., 2006; Franeius., 2007; Si and Treves,
2009; Cheng and Loren, 2010). Rather we extract generahaigns about grid and
place cells from experimental findings and relate theseaaekolution of population
codes. In addition to comparing grid and place codes quintty, we derive optimal
parameter regimes for both codes. Using the hypothesis¢haibnal populations code
efficiently (Attneave, 1954; Barlow, 1959), we can then mpkedictions about grid
cell properties in the mEC.

The comparison will be carried out in the framework of Pomssite coding for the
position of an animal along a one-dimensional path, typicallinear track (Hafting
et al., 2008; Brun et al., 2008). A place cell is characteribg a single firing field
with a given spatial center and width; for grid cells, one mweas the spatial period and
phase of the regularly spaced lattice of firing fields. Themammeters define families
of tuning curves for population models of spatial coding.s&hon maximum likeli-
hood decoding, we estimate the distortion, or average,amroecovering the animal’s
position. Asymptotically, given enough neurons and a lamgugih time to observe the
firing rate, the distortion becomes analytically calcuéaldllhe Cramér-Rao bound states
that the inverse of the Fisher information yields the minimachievable square error,
provided the estimator is unbiased; furthermore, maximuatihood decoding attains
this bound (Lehmann and Casella, 1998). In the context ofahguopulation coding,
many authors have calculated the Fisher information (FPeoati988; Seung and Som-
polinsky, 1993; Brunel and Nadal, 1998; Zhang and Sejnowis)®9; Pouget et al.,
1999; Eurich and Wilke, 2000; Wilke and Eurich, 2002; Betkgal., 2002; Brown and
Backer, 2006). However, it is also known that no such esomaill attain the lower
bound if the neurons have Poisson spike statistics and {ected number of spikes
is low even when a neuron is firing at its maximal rate (Bethigal.e2002). In other
words, if the product of the firing ratg,.x and the time window" for counting spikes
obeysfmaxI’ =~ 1, the Fisher information greatly exaggerates the true ajpasolution
of the population code. If one takes the time window for reatlto be one cycle of the
on-going7 — 12 Hz theta rhythm during movement, the natural time-scalgfat and
place cells is short compared to the typical firing rates @séhcells. Under these con-
ditions, the asymptotic error and the true error can divesgethat the parameters for
an optimal grid or place code are only to be found numericatgximum likelihood
decoding is computationally expensive, so we treat the ehpepulations encoding a
one-dimensional stimulus in detail. Multiple stimulus @nsions correspond to a prod-
uct space in the mathematical sense; under ideal conditio@®rrors across stimulus
dimensions add. Hence, studying the one-dimensional céideewllustrative for how
general grid codes should be constructed, as we will discuss

Some of the results here have been presented in a briefeatMathis et al. (2010).



2 Grid Code Schemes

The place code is a classical instance of a population codlsdiiVand McNaughton,
1993), wherein each position in space is represented bycthwty of a large number
of place cells (Fig. 1a) with intersecting place fields. Tkhedf well-localized place
fields forms a dense cover of the explored space, so thattbésmultaneously active
place cells yields an accurate estimate of the animal’sipasiAdditional precision in

estimating the position can be gained from the spatial grafilhow individual place
cells map position into a firing rate—the place cell’'s “tupicurve” (Paradiso, 1988;
Seung and Sompolinsky, 1993; Zhang and Sejnowski, 199%)y E@dels considered
cells with single fields and a standard tuning curve for eagh ¥et the width of the

place fields grows along the dorso-ventral axis (Kjelstrigd.¢2008), and ventral CA3
cells are more likely to have more than one place field (Ldutgeal., 2007; Fenton
et al., 2009). As we will show, both of these properties caprowe the resolution, but
only marginally.

e
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Figure 1: Firing patterns for a place and grid cell. (a) A plaell spikes only when the
animal is within a single region of space called the placelfi@lack lines depict the
trajectory of a rat in a square arena. The superimposed tschahlrk the rat’s location
when this CA1 cell in hippocampus fired a spike. Figure adaptam (Jeffery, 2008)

with permission. (b) In contrast, a grid cell from entorHicartex fires at multiple

spatial locations, which form a hexagonal lattice. Threghmgoring firing fields span a
nearly equilateral triangle. Figure adapted from (Hafeén@l., 2005) with permission.

A grid code, in contrast, is harder to read out. The firing ahgle grid cell (Fig. 1b)
implies that the animal could be at any one of a range of diffefocations, without
specifying which one. A clear-cut estimate of position baes possible by taking into
account the properties of neighboring grid cells, each atlvis characterized by a
regular lattice of locations at which the cell fires. For rindagring grid cells, the lattices
share similar spatial periods and orientations, but argalyaranslated (Hafting et al.,
2005; Sargolini et al., 2006; Doeller et al., 2010). A singjliel cell thus signals the spa-
tial phase of the animal’s location relative to the latti€aking a subset from the local



grid cell population that spans all phases is tantamounistwetizing the spatial phase
and forms the basis for defining a grid module: an ensembleatglls that share the
same lattice properties, but have different spatial phaSlesg the dorsolateral axis of
the mEC, the typical spatial period grows from values of ath20 centimeters up to
several meters (Fyhn et al., 2004; Giocomo et al., 2007; Btuad., 2008), while the
ratio of grid field width to spatial period remains constadafting et al., 2005; Brun
et al., 2008).

The range and precision of the grid code’s representatigpade crucially depends
on how the spatial periods of different modules are arrantyethe most extreme case,
the combination of spatial periods could yield a populatiode with a high resolution,
but a short range, or vice versa. Many grid codes will haveedhigroperties, imply-
ing no hard trade-off between range and precision, but wedinsipare and contrast
two radically different grid coding schemes: in the firsg gpatial periods themselves
span a wide range, effectively subdividing space; in thesecthe spatial periods are
similar, yet incommensurate, so that the phases representiee population response
are unique for each position across a wide range of space.iN\@&iithe first scheme
the ‘nested interval scheme’, illustrated in Figure 2a. dma that the spatial periods
A; are ordered); > A\, > ... > \;. For each\;, assume that there and grid cells
that share this spatial period, but have lattices that aifeedirelative to each other.
The M cells will represent the equidistant phageg /M with j € {0,1,..., M — 1}.
Such a grid codes positions smaller thanprecisely and effectively in a step-by-step
fashion: Modulel only provides coarse information about the position edimnaith
a resolution of\; /M. Module 2, although itself ambiguous within the ranée )\, |,
adds resolution within each of the subintervals of length\, /M. Likewise, module
3 adds further precision and so forth. An analog clock worlkesgshme way: within a
twelve-hour span, the minute and second hand are ambigeowss. While the hour
hand could, in principle, encode the time of the day down torasecond precision,
there is a limit to the angular resolution of the human eyesnehs the combination of
all hands is easy to read. Similarly, the nested intervadisehcan resolve the position
with high accuracy, even though the individual modulesegithck spatial precision or
lack spatial range. Unlike the clock, the periodsre not necessarily integer multiples
of each otheri.e. \; 1 \;_1. In this case, the range, which is the longest distance that
is unambiguously coded by the modules, can be much largerttielargest spatial
period\;. Extending the range beyond the largest spatial periockig&ely idea behind
the ‘modular arithmetic scheme’ (Fiete et al., 2008), whecthe alternative to nested
interval coding.

Consider two one-dimensional modules with spatial perictiand17. One can
represent each module as a ciréle whose circumference matches the period. Geo-
metrically, spatial positions are mapped onto the prodtittese two circles, whichis a
torus7? = S* x S'. The mapping of spatial position is unique up to the point kit

I1: [0,00) — T? 1)
z +— (mod (z,12), mod (z,17))

closes in on itself for the first timeé,e. min,-(II(z) = I1(0). As the integerd2 and
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Combined Module:
A=lcm(A1,A2)

Linear track:

Phases: I

Module # 1: ! :g 3

Modu|e #2: M
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Module # 3: =m2eSem23.123 Module 2: A2

|
Position x with
coordinates: (blue, green, red)
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Figure 2: (a)Nested Interval Scheme Example with three clearly different spatial pe-
riods and three discrete phases each. The first module greeseacspatial information,
that is further refined by the other two modules. By themsethie other modules pro-
vide ambiguous spatial information on the range, togetiey éffectively subdivide the
unit interval. (b)Modular Arithmetic Scheme. The two periodic variables depicted
by the circles with different spatial periods and A, can lead to an elongation of the
coding range. Geometrically this can be seen by considerpeyticle wandering with
the same increment in each variable on the Cartesian profitioe two circles, which
is a torus. The trajectory of this particle will close aftengithlcm(A;, Az), the least
common multiple as described in the text.

17 have no common divisor, the period284 = 12 - 17, the least common multiple of
the two spatial periods.This principle is illustrated in Figure 2b. By induction,en
can show that the range of a sequence of spatial pefibds\,, ... A} is given by the
least common multiple of this sequenieei(A;, Ao, ... \p).

At best, an ideal, noiseless grid code with integer pericas drange that is the
product of the spatial length scales (Fiete et al., 2008)malschange in the periods,
however, can lead to a dramatic reduction in the range: &aite, changing the pe-
riods from12 and17 to 12 and 18 reduces the range fro@v4 to merely36, the least
common multiple ofl2 and18. In general, for two positive real numbers representing
the spatial periods, the combined period is given by:

oo z/ygQ
lem(z,y) = qn-z z/yeQwithe =2 .y, (2)
for m,n € N, without common divisor.

!In contrast to the watch example, the two periods should ag¢ la common divi-
sor. Since a second divides a minute and a minute divides an dctandard analog
watch does not represent more than the maximal 12-hourgerio



This function is highly discontinuous. For every pair ofipés (A1, \2) € Q, one can
find an arbitrarily close pair of rational spatial periodgiwan arbitrarily largdcm. In
contrast, within any vicinity A1, \2), a smallest least common multiple exists.

An even more severe problem than the sensitivity of the réumggs. For the spatial
periods from the example above, = 12 and\, = 17, changing the modular coordi-
nates from(0, 0) to (1,0) implies a jump in position frond to 85, which is almost half
of the range. Small errors in the phase can thus lead to hugfakes in the position
estimate. Choosing more closely spaced periods limits tagnitude of the such an
error, yet a unit step in any one coordinate represents tisltfie position by at least
one spatial period.

In principle, the grid lattice need not be regular, nor negdiccell share the same
lattice spacing with other grid cells. We will not consideetmost general case here,
but make the prior assumption of both periodicity and modiylatwo features that
could facilitate the downstream read-out of the neurong@lugettion’s response. We
will construct both nested interval and modular codes bymimg from the space of
different possible spatial periods in several ways:

1. Deterministic Ensembles:Given N cells, assign an equal number of cells to a set
of modules whose spatial periods are defined as followstirsgawvith an initial
module with spatial period = 1, let each successive module have a smaller
period, such thak,,; = s\,, wheres < 1 is a constant contraction factor. The
set of spatial periods forms a geometric sequence. Suchcgdds consist of
nested intervals, by design, and are unsuited for modulanaetic.

2. Stochastic Ensembles:For N cells, a divisorL|N is chosen randomly. Then
the spatial periods are drawn identically from one of twdrihstions: in the first
case, from the uniform distributiojd, 1]; in the second case, from the uniform
distribution[(1 — A) - s, A + (1 — A) - §, wheres is a random shift variable,
and A a random amplitude, both drawn uniformly frojfy 1]. Either case is
applied in70% or 30% of the realizations, respectively. The second case results
in more densely spaced spatial periods, all of which lie iith(1 — A) - s of the
period with length4, which tends to favor decoding based on modular arithmetic.
In general, drawing from the stochastic ensemble can yieddia periods that
fit either the nested interval or modular arithmetic schethe; resulting grids
embody generic modular codes consisting of periodicallced tuning curve
peaks.

The choice of spatial periods for the grid affects both thegeaand the resolution of
the code. In the absence of noise, a well-designed grid codkl simultaneously
span large distances and discriminate fine differences sitipo; however, intrinsic
variability introduces trade-offs between these two proee of the code. While the
modular arithmetic scheme does not require closely spgusthsperiodsa priori, the
close spacing becomes important in the presence of noisecetlthe nested interval
and the modular arithmetic schemes become distinct if asistgithat the spatial range
in the latter scheme be robust. We now submit both schemés ttcial test: can one
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reliably estimate the position by counting the spikes frofimide set of neurons within
a limited time window? We start by contrasting the resolutid grid and place codes
for populations of neurons.

3 Population Coding Model

We consider a population @f stochastically independent Poisson neurons (similar to
Paradiso, 1988; Seung and Sompolinsky, 1993; Salinas anoti994; Bethge et al.,
2002; Pouget et al., 2003; Huys et al., 2007, for instandeg. fifing rate of each neuron
depends on the one-dimensional positioon the unit intervalX = [0, 1]. A priori,
each position is equally likely, resulting in a flat priBfz) = 1.

The firing rate of neuron is described by its tuning curvgy;(z)},<n. Given a
positionz € |0, 1], the conditional probability of observing thg-dimensional spike

patternK = (ky, ..., ky) € NV in a time interval of lengti is:
. T a;(z))F
P(K|x) = | | Poissotik;, T - ai(z)) = [ [ % cexp(=T - ag(z)).  (3)
i<N i<N

The maximal firing ratef,,,., = max,cx<n(;(x)) is assumed to be constant across
the population. Periodic tuning curves(x) correspond to grid codes, whereas single-
peaked, aperiodia;(x) correspond to place codes.

The tuning curves of place cells are taken as Gaussian &unsctiith centers dis-
tributed equidistantly ovek = [0, 1]:

IR
%) With 0 < i < N, 4)

Oéz(.%') - fmaw - €Xp <_

The free parameters are the maximal firing rgte., the tuning widthr, and the num-
ber of neuronsV. Figure 3a illustrates this family of tuning curves fdr = 12 cells
with tuning widtho = 0.1.

In contrast, the tuning curves for grid cells are defined a®g@e functions with

G : : (=34 mod (3+z,1))?

aussian-like bumps of the typep (— 53 ) Here mod (z, \) stands

for the remainder after dividing by the spatial period.
To construct a family of grid cell tuning curves, we vary tipasal periods and the

spatial phases. Each spatial per{od},. ;, defines a grid module; each of thenodules

containsM = N/L equidistantly arranged phases within its periodic dombdence,

for each module\;, with 0 < i < L, there are equidistant spatial phaggs= LA

M
0 < j < M per module\; and tuning curves:

(% + mod (3 +x— soj,Ai)V)

o (5)

Oéi,j(x) = fmax - €xXp <_

Figure 3b illustrates a grid code fa2 cells with two spatial periods. After fixing
fmae @nd N, the only remaining free parameter for the place code isphéa tuning
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Figure 3: Families of tuning curves. (a) Family of place ¢etling curves: Different
colors represent different cells. Tuning curveslafplace cells withc = 0.1 and
maximum firing ratef,,... = 3. (b) Family of grid cell tuning curves for two different
spatial periods: Different colors represent differentscéluning curves ot 2 grid cells
with spatial periods\; = 0.32 and)\, = 0.83, 6 phases per module and maximum firing
rate f,,.. = 3. In this model, the tuning width of the grid cells scales wtik spatial
period, as suggested by experimental data (Brun et al.,)2008

width o, whereas for the grid code the set of spatial periptls ..., A} needs to be
specified.

Both coding schemes should enable real-time readout ofat® positionwhile
it is moving. During active exploration of the environmefit- 12 Hz theta oscilla-
tions course through the parahippocampal loop, actingZestgeber (Buzsaki, 2006).
Within this natural time-frame of roughliy = 80— 140 ms, the maximal expected spike
count of a grid or place cell is generally low. With measuredlpfiring rates of place
and grid fields in the range df) — 30 Hz (Hafting et al., 2005; Leutgeb et al., 2004),
fmae - T =~ 1 — 4 within one theta cycle. For our analysis, we chodsg, - T = 3.
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By observing the spike counts from a populationd6fneurons, one can build an
estimatorz of the positionz. The average mean square error is (Salinas and Abbott,
1994; Bethge et al., 2002):

X =E( = /0 * - P(K|z)p(x)dz, (6)

KeNN

The 2 error generally depends on the estimator For instance, given a particular
population responsg, the most likely stimulus that gave rise to it is

Iwe (K) = max.ejo, P(z|K), (7)

which is known as the maximum likelihood estimate (MLE). Tdoeresponding mean
maximum likelihood estimate square error (MMLE) is defined %, = E ((:z: — iMLE)Q).
We compute the MMLE as described in the appendix by MontecQadthods. As the
MMLE is numerically expensive to compute for large popuwatsizes, we compare it
against a reference that can be computed analytically. Tdoémum likelihood esti-
mate is both statistically efficient and consistent (Lehmand Casella, 1998), which
means that3,; » asymptotically approaches the mean asymptotic squane(&t) for

an increasing number of independent, identically distadui.i.d.) observations:

Xap =E(1/J(2)), (8)
as shown in (Bethge et al., 2002). Hefer) stands for the Fisher information
J(z) =E ((2 ln(P(K|x))) 2) : 9)
or

However, for low numbers of spikes and a single observatnohlew spike counts, the
true x* can exceed? ;, as reported by Bethge (Bethge et al., 2002) for the minimum
mean square error. For this reason we will empldy; as a practical benchmark that
gives us scaling rules for grid and place codes and furthesnmvestigate how a pop-
ulation code can be cleverly constructed so that maximueiilikod decoding of the
population response comes close to this benchmark, evémorealistic spike counts.

The Fisher information (9) for a population model with indaedent, Poisson neu-
rons has a simple structure (compare Paradiso, 1988; Sewuh8ampolinsky, 1993,
for instance):

N
T(0a; 0
JPopulation model Z a / I) 9 (10)
i=1
so that the asymptotic error is
(= T(0as(2)/02)?\
e [ (Z e > da. a1
i<N !

This quantity only depends on the tuning curves and theirdiesivatives. Following
the tradition of comparing neuronal codes on the basis dfisiger information (Zhang
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and Sejnowski, 1999; Eurich and Wilke, 2000; Wilke and BEurig002; Brown and
Backer, 2006), we will ask: based on the error measy#es, andx?, can a grid
code outperform a place code? In particular, which spaéiebps should be present in
the grid code? What should the width of the firing field be reésto the spatial period?

3.1 Average Fisher Information and Asymptotic Resolution

For the families of place code (PC) and grid code (GC) tununges defined by equa-
tions (4) and (5), the Fisher information (9) of a single eeljiven by

(l’ - N11)2 ($ - N11)2
(]PC,i(I) - Tfmaw . T . eXp —T (12)
and
(=% + mod (5 +z—p;,\))°
JGC’,ij(xa 90]) - Tfmax : 0_4 :
A d (2 — i \i))?
o (_( s+ mod (3 +o - W)Y 13)
207

For the Fisher information of a population of cells, withr) = .. Ji;(x), Jensen’s
inequality implies:

) L 1

ra /0 J(x) = fol J(x)dx' (14)
The closer/(x) comes to being a constant, so that it is independent of thiéqros,
the tighter the inequality. Therefore, the asymptotic ersoeasy to calculate in the
following limits: For place codes, when the equidistantimigcurves tile the full range
densely; or, for grid codes, when the phase-shifted tunimgss tile each spatial period
densely.

In these limits, the Fisher information for the populatiggpeoachesV times the
average Fisher information per cell. The asymptotic esaimply the inverse of the
Fisher information conveyed by the population. For the @leade, we first compute
the average Fisher information for a tuning curve centeted=g0, 1] and then average
over all possible centers

— Lol (x — c)? (x —¢)?
Jpc = /0 /0 FnaaT e (— 572 ) dxdc. (15)

V2 1 1
= frmaz1 ( . erf<\/§g> +4 - exp <_ﬁ> —4>

v 27TfmaxT
K F
o

foroc < 1 (16)

This result (Brown and Backer, 2006) shows that the avelrégieer information of
one place cell is inversely proportional to the tuning width-the narrower the tuning
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curve, the better (Fig. 4a); this finding coincides with tlesult for stimuli that are
not restricted to a compact subsetl®f (Zhang and Sejnowski, 1999). If the tuning
curves for place cells cover the spf@n1] sufficiently densely and uniformly, then the
resolution of the place code, as measured by the MLE, wilt@ggh the Cramér-Rao
bound (N - E)_l. For fixedV, the tuning width cannot be reduced indefinitely while
maintaining uniform coverage of the unit interval. Indeéat, fixed N and for any
e > 0, there will be as(¢) > 0 and subintervalg’ C [0, 1] of fixed lengthl, such that
forall o < o(e) andx € K: Jpen(z) < e. By Jensen’s inequality (14)%, => 1,
and hence  ;(PC, N) — oo for o — 0. This means that there is an optimsafor
finite ensembles. For instance, fdr = 100, the smallest asymptotic error is attained
for o &~ 4.1-107?, leading to a resolution of%; ~ 6 - 10~°. This value is used as a
benchmark for comparison with grid codes.

In general, a population of place cells will have

2

N

- 1 1

JPC,NO(fmazT' E U_%fmamTN<O__>a (17)
i=1 '

if we do not assume that all tuning curves have equal widtlsolme cases, place cells
have multiple peaks, although the average number peaksss t one (Leutgeb et al.,
2007; Fenton et al., 2009). If there aygpeaks per place cell, and the tuning widths are
optimized, then the Fisher information at best scalds a&) in the number of neurons.

If the tuning widths are not simultaneously scaled, in castirthe Fisher information
scales linearly inV.

By comparison, the spatial map of a grid cell has multiplenps, by definition. If
the Fisher information for each bump scalegas, just as in a place cell, and there are
A~ bumps in the unit interval, then the mean Fisher informaitiomgrid cell scales as
(Ao)~". This is indeed correct, as the following more formal argntshows. For the
mean Fisher information of a grid cell, we have to averagd-thkeer information (13)
over all possible spatial phasgs Due to periodicity, it suffices to average over phases
from 0 to the spatial period.

_ 1 A 1
Jac = 3 / / Jao(z, p)dzde. (18)
o Jo

For A < 1, fol Joc(z, o)de ~ 2 - ff Joo(z,0)dz, because of the periodicity of
Jao(z, ) in z. Hence,

_ 2fmaxT A/2 2 2
JGC ~ h\ /0 ; exp (_Tﬂ) dx
maxT
~ 2T f , (29)
Ao

for o < A. The derivation of the exact formula is given in the appendike tuning
width o can be expressed as a product of the spatial periadd the relative tuning
width per spatial period, which we call the area ratio We define the tuning curve’s
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width by the firing rate relative to the maximum firing rate.f1&> (/... delineates a
firing field, then the following relationship holds:

o — A (20)

- 2y/log(1/5?)

Consequently, we havé;c ~ f;’;—TAT In Figure 4a, the average Fisher information
of a grid and a place cell are compared. Both parameters pttéakperiod and the
tuning width, are expressed in terms of the normalized dtistange and are varied
betweern) and1. Whereas the average Fisher information of a place celvisrgely
proportional to the tuning widtlr, the average Fisher information of a grid cell is
inversely proportional to the square of the spatial pefiods the tuning curve width

o narrows, the mean firing rate in a place code decreases, ageigrid cell maintains

a constant mean firing rate aschanges, by construction. On a per spike basis, the
scaling of the average Fisher information withs identical for place cells and grid
cells.

By rescaling the lattice length scalethe local resolution of a grid cell population
can improve. Yet periodicity also introduces ambiguityclsthat a typical neuronal
response for a single grid cell maps on®y \ | possible values of. Adding neurons
with shifted tuning curves of the same spatial period andsictaning the population
response still leads to ambiguity. So the error made in dagochn be large, even
though the Fisher information indicates otherwise. Indded)\ < 1, the expected
error approaches the variancexobver the uniform distribution on the intervi, 1]:

Xig = 1/Jac ~ 1/)? < E ((x —2)*) =1/12. (21)
Hence,x%; can be much less that,; -, for instance; the asymptotic estimate falls far
short of what can realistically be achieved using any decddee solution lies in using
different length scales in parallel, which allows one tolekghe higher resolution at
short length scales. This observation also emphasizett8MASE analysis has to be
supplemented by numerical studies of the MMLE for grid codes

3.2 Modular Codes, Self-Similarity, and Power-Law Scaling

As pointed out above, the asymptotic error (AE) may neverdigeaed by maximum
likelihood estimation (MLE) or any other estimator, as algrode’s periodicity causes
ambiguity, even in the absence of noise: if we consider thmuladion response as a
code word, there will be distinct stimuli that give rise te tame code word. Therefore,
we will now construct a class of grid codes, called nested goides, that will contain
no recurring codewords for stimuli on the interyal 1]. For such codes, MLE can
attain the asymptotic error, as we show later.

A nested modular code consists of dividing the populatioiY afeurons intd. sub-
groups ofM; neurons, whose tuning curves are periodic on the same lscgtb)\;.
Each subgroup is calledraodule. The range of stimuli that such a nested grid code
represents is at least as long as the longest lattice leegtarsax();), and possibly
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Figure 4: (a) Average Fisher Information versus spatiaigoek and tuning widtho,
both normalized to the unit spaf, 1|. The average Fisher information of a grid cell
Joc scales as\~2, whereas the average Fisher information of a place.Gell scales
aso~!. Foro ~ 1, the tuning curve becomes wider than the stimulus spacdinig#o

a more rapid fall-off in the average Fisher information o filace cell tham—!. (b)
Mean maximum likelihood estimate square erxdy; , and mean asymptotic square
error x% for a grid code on an one dimensional unit interval with twodules of
M = 25 neurons each. We use Monte Carlo methods to comptite,, whereas
the analytical Fisher information is used for the asymptesitimate. The first module
is non-periodic and comprises 25 equidistantly arrangegs&an tuning curves with
tuning widtho = 1/ (5v/2) and a 10 Hz peak firing rate, integrated o¥er 1 second.
This corresponds to a peak spike count of 10, much larger than- 7' ~ 1 in Bethge
et al. (2002). The second module also comprises 25 equidisranged cells with
tuning curves that are periodically extended versions efttiming curves of the first
module with spatial period,. The numerically determineg?,; . closely follows the
asymptotic error given by the inverse Fisher informatigp, for spatial periods of
Ay > 0.18. This is roughly10 - 1/1/Jy, that is, 10 times the square root of the inverse
Fisher information of module 1. If the periodicity of the nemodule falls below the
typical range of errors made by the first module, the Fistermation ceases to capture
the MLE error.

much longer. But for simplicity takewax();) > 1, as some of the ideal, modular grid
codes with optimal resolution derived below will have a ratigat is exactlynax()\;).
Furthermore, we make treepriori assumption that each module can be read out indi-
vidually, i.e. that a spatial phase relative to the length séalean be determined from
the population response of this module. According to Eq),(t® Fisher information
of a given module scales as u
Ji ~ o) (22)

in which (o;) is the average width parameter for the tuning curves in thduieo
(cf. appendix for the precise equalities). Within one sggieriod, the grid cells code
position the same way place cells do. Hence, as is the capéafe cells, the optimal
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tuning width scales as
Ai

N~ L 23
(o) ~ 11 (23)
So the Fisher information for the module scales as

02 MZ-Q

when the tuning curve widths are optimized. Héfgis a constant, which we write
using a power of two for later convenience. Summing over abuies, the Fisher
information of the grid code can be written as:

- M?

Joon =CF Y (25)

o<i<L—1 't

Within any grid code, the spatial periods can always be ediso that\, > \; >
- > Ar_1. In a nested grid scheme, two types of error can occur durgegding.

Imagine a grid code with two modules and periodgs> ;. The module with the
shorter spatial scal®, refines the representation at the coarser skglsuch that the
period )\, “discretizes” the period, —note that we do not assume thgtis an integer
multiple of ;. If Z is an estimate of the positionbased on modulg,, then there is
a finite probability thatz — x| > A;. In such an event, which we call a discretization
error, the module with period; cannot improve the estimate of The second type of
error is the local error, which is less catastrophic and isnoed by the inverse of the
Fisher information.

To limit the probability of a discretization error per modub less tharm, we will
insist that

D(G)/ﬁ < A1 <A (26)

whereD(¢) is a safety factor. This safety factor can be computed fraaptiobability
distribution of the deviation between the (efficient) estiext: and the true value;,
based on the population spike count from a single module.hénaisymptotic limit
(M; > 1andf,,..T > 1), this probability distribution can be modeled by the Lagla
approximationp(z — &) oc exp [—(z — #)*J;/2]; hence,

D(e) = V2erfc™ (e). (27)

For instance, a safety factdr(e) = 4 guarantees that the discretization error prob-
ability is less thanl0~%. Given such a constraint, the Fisher information (25) is imax
mized when the lower bound in (26) is attained. This implied t

i = Ao <H %MJ) . (28)

Defining]\Z = /C1/D(€e)M;, the population Fisher information (25) becomes

C1D(e) 172
JacN = 2 > 1M (29)

0<i<L—1 j<i
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Maximizing the Fisher information in Eq. (29) for integ&f; subject to the constraint
S M; = N leads to

M; ~ NJ/L, (30)

aslong ad. <« /C,/D(e)N. For instance, if/C,/D(e) ~ O(1), then the condition
for M; ~ N/L readsN/L > 3. Otherwise,M; = 3 for: < |N/3] and M, = 0 for

i > [N/3] leads to the maximal Fisher information. Therefore, we &hassign an
equal numbend/ of grid cells to each grid module, so that all modulessg&similar.
As a corollary, the area ratig, between mean field width and the spatial period should
be constant across modules. This prediction is consistghtexperimental data from
Brun et al. (Brun et al., 2008). The experimentally deteedimnatid of field width to
period isr,4 = 0.3. This ratio remains approximately constant along the deesural
axis of mEC, even as the spatial peribdaries.

For constanil/, eq. (26) indicates that the sequence of length scalslsould form
a geometric progression. In this case, the populationtsdfimformation becomes:

M2C? Ca~ M2CEDMPE -1
Joon =—5+- ) M'= - —
MDY, ZO A M2 -1
C1D(e) s~ \N/M

Hence, the Fisher information for a nested grid code obeyswe@plaw in the num-
ber of neurongV for fixed module sizel/. Such a coding scheme, therefore, outper-
forms a place code that scales at besiV&s which happens when the tuning width
scales asV 1.

We need to resort to numerical simulations to test whethegry, as given by
Eqg. (31), reliably predicts the true error in decodingrom the neuronal response
measured over short time windows. Figure 4b reveals thagttoe in the maximum
likelihood estimate is close to the asymptotic error, aglas the safety factab(e) is
sufficiently large.

In summary, for a modular grid code to achieve high spatisbltgion, the grid
lattices should form a geometric progression in the spagailods, and each module
should be self-similar. Only relatively few distinct sdtphases are needed at each
length scale, but they should generally number at leasethféhe number of encoded
phases is low, the spatial tuning width should be broad tarerthat the animal’s posi-
tion is uniformly and isotropically represented, even whbgerving only a finite subset
of neurons.

2Experimentally defined as the median of the set of pairwigkfigld to grid field
spacings.
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4 The Spatial Resolution
of Maximum Likelihood Decoding

Within a fixed time windowl’, neurons will fire a finite number of spikes, yielding a
population vectors” of spike counts. As the animal moves, this time window needs t
be short to create a running estimate x, which will rely omyadiew spikes. Maximum
likelihood (ML) decoding requires performing numericaladations (cf. appendix)
and returns the most likely positiangiven K. Such estimates will be subject to both
local and global errors; the Fisher information only préslibe local error in the limit
as fna I — oo. Therefore, the ML erron?,, . may diverge from the asymptotic
error x4, and the optimal parameter settings will change. We will Méeto study
both grid codes for which the spatial periods are asymthyioptimal and grid codes
drawn from random ensembles. Randomly selecting the $pati@ds will reveal how
generic the properties of good grid codes are.

4.1 Maximum Likelihood Decoding—Simulation Results

We calculated the spatial resolution by maximum likelihooethods, again for a pop-
ulation of 100 grid and place cells, respectively, afid..7 = 3. To examine the error
made in reading out the place code, we varied the widtfithe tuning curves.

The simulations show that the mean maximum likelihood efrgy;; ) of a place
cell diverges substantially from the mean asymptotic sgjearor (% ;) for small tun-
ing widths sigma, i.e. for narrow place fields (Fig. 5a). Imtjgailar, the spatial width
that minimizes the asymptotic error is ten times smallen & width that minimizes
the MLE.

The grid codes do not differ in the relative tuning width oé thpatial firing rate
profiles, but in the number of spatial periods and the lengties that describe the
grid lattice spacing. Asymptotic theory (section 3.2) peeslthat these length scales
should form a geometric sequence. By choosing the largatasperiod\; to be unity
and then creating grid codes characterized by differeits&br the successive periods,
we investigate the concordance between the maximum libetirerror (MMLE) and
the asymptotic error (Fig. 5). If the modules are nested abttie contraction factor
0.5 < s < 1, the MLE approaches the asymptotic error. For factors0.5, the MMLE
exceeds the asymptotic error; the asymptotic error keepedsing forever, whereas
the MMLE will eventually increase. The MMLE is not convex,wever, ins. When
the contraction factor is close to an even divisor of unity, suchas 1/2,1/3, .., the
MMLE diverges more strongly from the asymptotic error. Irciswexceptional cases,
all modules attain a maximum close:to= 1, which, by the periodicity of the tuning
curves, can be wrapped around to join the maximum-at0. In these cases, positions
close to the boundaries of the unit interval, i.e., eitheselto zero or close to one, elicit
similar patterns of spikes. Mistaking a position- ¢, wheree < 1, for a position close
to 1 — ¢, however, corresponds to a huge error. Hence, the MMLE isdrigMoreover,
as the contraction factor becomes smaller, fewer interateanodules remain. These
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Figure 5: Mean maximum likelihood estimate square erxdy () and mean asymp-
totic square error (%) of place code and histogram of MMLE of grid codes with
100 neurons,f,,..7=3. (a) Double logarithmic plot of the mean maximum likeliab
estimator square erroy3,; » as a function of the spatial width compared with the
mean asymptotic square ernpf . for place code comprising)0 cells andf, ... T = 3.

(b) The mean maximum likelihood estimate square exfpy ., for geometric progres-
sions of grid lattice spacings with contraction factpicompared to the mean asymp-
totic square erroi? . The factors determines the spatial periods &s= s~ for

1 <7 < 10. Each module comprisd$ equidistantly arranged spatial phases.

modules with intermediate lattice spacings allow maximikelihood estimation to
correct for errors in the spatial phase represented by eoaredules. For < 1/2,

the increasing lack of compensation for errors causes the Kl rise, whereas the
asymptotic error becomes ever smaller. Additionallys as 0, any contraction factor
becomes close td/n for somen — these are the exceptional cases mentioned above
that have high MMLE. Note that these exceptional cases candided by taking\; to

be slightly larger than unity.

Hence, for grid codes whose modules are staggered in a geosequence, the
resolution is much higher than in a place code (Fig. 5). srbsult, however, generic?
In other words, if one were to randomly put together a gridecadth different spa-
tial periods, would the resolution still be higher? To anstés question, we created
randomly sampled grid codes as described in section 2, fachmie estimated the
MMLE. The histogram in Figure 6 shows the distribution of MEk for the ensem-
ble. The grid codes’ MMLE can then be compared to the MMLE Fa& optimal place
coding scheme with the same number of neurons, depicted ashed reference line
in Figure 6. Some grid codes are worse than the optimal plade:cchoosing a nar-
row span of spatial periods leads to poor spatial resolytibnthe second highlighted
example in Figure 6).

Closely spaced spatial periods should confer upon the gdd the ability to uniquely
represent an extended range of positions, going far beywndlrtit interval (Fiete et al.,
2008). Nonetheless, here we compare not the ranges ofatiffgrid codes, but the
ability of the codes to resolve positions within the fixedtunterval. For some grid

18



120 e

100

R
w ]

Spatial Periods

Lo

|
0.0 0.5 1.0

=N W

Number of Realizations

X3 g Grid Code

104 103 102 10~1! 100

2
XMLE

Optimal x3,;  Place Code

—
3
3
gl
3
=)
—
3
o

Figure 6: Histogram of mean maximum likelihood estimateasgerror (x3,; ;) for
grid codes withl100 neurons,f,,..7=3. Histogram of MMLE for885 simulated grid
codes, which were randomly drawn according to the methodritesl in section 2,
and contrasted with the optimal place-code MMLE depicted dashed line. The inset
shows the spatial periods of the three example grid codegdhesponding MMLE for
these examples is marked on the histogram by a vertical Nioge that closely spaced
spatial periods, such as in exampldead to poor spatial resolution.

codes, the unit interval corresponds only to a fraction effthl theoretical range.

Around three-quarters of the randomly drawn grid codes theteer MMLE than
the best place code; hence, it is likely that a generic gritecone with unrestricted
range, will lead to a higher spatial resolution than the p&ste code.

What common properties do the better grid codes have? Onéekéyre is that
their spatial periods span a large range. For Figure 7, weeblirthe smallest and
largest period of each grid code in the ensemble, and ddpdtighest resolution for
each binned pair ahin; )\;, max; \;. The resolution increases both in the direction of
smallermin; \; and, to a lesser degree, in the direction of langex; \;. Each grid
code is determined by the spatial periods of its modulesurEi@a depicts the set of
spatial periods for the ten best grid codes in the randonmelniee As suggested by the
asymptotic analysis, the grid codes with the lowest MMLEéavcommon that the
smallest spatial perioghin; \; is close to zero. In many cases, the largest spatial period,
max; );, hearly covers the entire unit interval represented by thdec The random
sampling of spatial periods was unbiased: ahiori distribution of spatial periods is
almost uniform (Fig. 8b). In the best grid codes, the smailbatial periods are overrep-
resented. Selecting the hundred spatial periods from teegoil codes in the sample
strongly shifts the distribution of spatial periods to tbesér range (Fig. 8b).

Unlike the asymptotic error, which monotonically decreaath the smallest spa-
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Figure 7: Mean maximum likelihood estimate square ergf () as a function of the
minimal and maximal spatial period. After dividing the Sphperiods into bins, the
smallest MMLE present in the random ensemble of grid codesl@-coded for each
combination of smallest and largest spatial period. Thelteshow that grid codes
with similar smallest and largest spatial periods resudtiarge MMLE. Decreasing the
smallest period, while keeping the largest period fixedygjly improves the resolution;
in contrast, keeping the smallest period fixed and incregtbia largest period leads to a
smaller improvement. The highest resolution is obtainedmitihe smallest and largest
period are far apart.

tial period, the MMLE reaches an optimum. In the randomly gkeah ensemble, going
belowmin; \; ~ 1072 typically confers no advantage. A direct comparison betwee
MMLE and the asymptotic error is shown in Figure 9. In someesaghe MMLE is
much higher than the asymptotic error; throughout all cages MMLE never drops
below 10~ 7 relative to the unit interval, whereas the asymptotic ecaor be orders of
magnitude lower. One should note, also, that determimgigenerating sequences of
grid modules using Eq. (26) yields a considerably lower MMhB&N even the lowest
MMLE's in the random ensemble that we tested.

5 Discussion

The neural representation of position in world coordin&edways subject to distortion
due to the noisy, spiking nature of neurons. Just as phqtbgrg an athlete in motion
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Figure 8: (a) Spatial periods of samples with highest mearimmam likelihood es-
timate square errorg,; ;). Scatter plot of spatial periods af) best grid codes in
simulations and their corresponding MMLE, arranged fronaksto large MMLE. (b)
Distribution of spatial periods with highest mean maximukelihood estimate square
error (x3,; ). Histogram of the spatial periods in all simulated grid e®énd of the
100 samples with the lowest MMLE. The overall distribution hassubstantial pref-
erence, whereas the distribution of th# spatial periods from the best grid codes is
strongly skewed.

rules out a long shutter time, capturing the instantaneossipn as an animal explores
its environment precludes averaging over long times—ndanathether single neurons
fire at labeled positions (place cells) or at triangulaidatpoints in space (grid cells),
noise will limit the resolution an animal needs to orieneitand navigate.

By considering stochastic models for neuronal populatimeshave shown that grid
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Figure 9: Comparison of mean maximum likelihood estimateasg error {2,; ;) and
mean asymptotic square errgr(,) for grid codes. Double logarithmic plot of MMLE
vs. asymptotic error for grid code plotted against the sesakpatial period. Smaller
periods refine the unit interval more, yielding better sgatesolution. The asymp-
totic error decreases, on average, quadratically as thienmm spatial period becomes
smaller, serving as a lower bound for the MMLE. Grid modulest tare not properly
nested lead to a much higher error than predicted asymaligticFurthermore, the
lower bound is no longer tight fanin; A\; < 10~2. No generic grid code from the ran-
dom ensemble achieved an MMLE lower thEim®, even though the asymptotic error
values drop td 012

cells can achieve higher spatial resolution than any plesaiftangement of the same
number of place cells. We computed the resolution for bothragpschemes by decod-
ing the most likely position in space from the number of spikeross the population
within a short time window. The average divergence betwéenrue and estimated
position is bounded from below by the inverse of the averagbdf information, an
analytically calculable measure of the asymptotic localicg precision: whereas the
average Fisher information scales inversely with the tymindth for place cells, it
scales inversely with thsguare of the tuning width for grid cells. Grid cells gain this
advantage by firing at multiple locations in space; placéscel contrast, inherently
exhibit 'sparser’ neuronal discharge. But for a grid codsitow improved spatial reso-
lution over a place code, the grid lattices must be strasdigiarranged; many randomly
constructed grid codes are actually worse than the best plades.

Distortion theory predicts how good grid codes should bestroisted. First, grid lat-
tices should exist at different spatial scales, yet shogdtle scales should predominate.
Each scale constitutes an independent module, comprisidgells with a common
spatial period\; but different spatial phase offsets (Hafting et al., 2005 ,ifistance).
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After constructing an ensemble of grid codes by randomlyisng )\;, we found that
good grid codes strongly skewed the distribution\gé to small values, such that larger
spatial periods are fewer, yet still present: the full sgatinge and the largest spatial
period were typically of the same length scale and not anrarflenagnitude apart.
Brun et al. recorded the spatial periods of different grid cells alomg dlorsoventral
axis of the mEC; the histogram of spatial periods is simitait$ skew (Brun et al.,
2008). Some grid cells had spatial periods of more thameters on a8 meter linear
track. The typical lattice spacing of grid cells grows aldhg dorsoventral axis, yet
reported grid cells were recorded along the first 75% of tkis éBrun et al., 2008),
implying that longer length scales may yet be found, paldity if it becomes feasible
to record from rodents foraging on a football field. Our tretmal results also predict
that the spatial periods should be plastic and adapt to thedalength scale in the lo-
cal environment to achieve high spatial resolution. Indeed lattices in mEC rescale
when a familiar enclosure is artificially expanded or shrbgla moderate factor, such
that the relative positions of landmarks is maintained {Bat al., 2007).

Secondly, achieving high spatial resolution with a fixed benof grid cells favors
scaling the size of the firing fields with the spatial periodhad grid module; further-
more, we can predict the ratio of firing field width to the sphpieriod. A grid module
with spatial period\; consists of several grid cells, whose spatial latticeslaifeesl rel-
ative to each other. Hence, a grid code represents the Igplagise in firing field-sized
bins, yielding a discretized phase.

If one only distinguishes whether a cell is active or not, ohserves the following:
Given M grid cells that tile the rang#), 1) in a non-overlapping manner, the phase
resolution is at leasthp = 1/M. If the next module recursively tiles each phase of
the preceding module intd/ bins, such a scheme would have a resolutio@ﬁgy N/M,
whereN is the number of cells. The highest spatial resolution ishied by trading off
the number of spatial periods per module with the numberidfrgodules.

For discrete encoding, three grid cells per module are jaati the firing field of
each grid cell covering one-third the spatial period. Eaduuate associated with one
spatial period will be perfectly nested inside another mediesting naturally gives
rise to a strongly skewed distribution of spatial periodsadimear scale.

Some of the conclusions from the binary coding case coreidaibove carry over
to the continuous coding case, in which one discerns betwédgrent firing rates.
Maximizing the Fisher information of the population codeeals that the grid code
should still stagger the modules’ spatial periods in a gegomprogression\,,.; =
sA\,. The contraction factor in the geometric series \,;,/\; depends on the relative
resolution of each module and hence crucially on the numibegurons per module and
the peak firing rate. As having more modules at the expensbadgs per module is
advantageous, the ratio of field width to spatial period &hba comparatively large; in
fact, the optimal ratio will approach the minimum allowedthg number\/ of distinct
phases. The ideal numbef is no longer necessarily three, but rather depends on the
tolerable level of risk for catastrophic error during deiogd The greaten/, the lesser
this risk.
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The design principles for grid codes were derived from adgtiptheory, which
assumes that the time window for observing the neuronallptipo’s response is suf-
ficiently long. While the (asymptotic) Fisher informatiogveals how the error scales
with tuning curve parameters (Zhang and Sejnowski, 1998yBrand Backer, 2006), it
could severely underestimate the true error (Bethge é&2@02). We, therefore, pursued
a systematic comparison between the asymptotic theoryhentiue maximum likeli-
hood error, which was evaluated numerically by simulathegrieuronal response over
short time windows. For instance, one can construct a grile eath two modules for
which the asymptotic error goes to zero, as one lets the sstalpatial period become
infinitely small. An analysis of the mean maximum likelihoador (MMLE), however,
revealed that the minimal spatial period is, in fact, bowhdgkewise, the asymptotic
error systematically underestimates the optimal tunindtivior a place code. Yet the
MMLE also confirmed some of the scaling properties of gridegredicted by the
Fisher information. For instance, the resolution of gride® still scales exponentially
in the number of neurons, implying that grid codes are sopeoi place codes, even
under realistic conditions.

Our analysis suggests that even with noisy, spiking griscéde roughlyl 0> neu-
rons in the mEC (Mulders et al., 1997) should be able to endegl@animal’s position
in space with exquisite precision. Four factors limit thieetive resolution:

e The smallest spatial period cannot be arbitrarily small.
¢ Not all neurons in mEC contribute to encoding the position.

¢ A realistic decoding mechanism will not achieve the resotubf an ideal ob-
server.

e A putative decoder network may not have access to the whaleneiole of grid
cells.

If we read out the spikes within one cycléof the ongoing theta oscillation while a
rodent is running near its peak speed of about 150 cm/s orearlinack, the minimal
spatial period has to be bounded by;,, > 7'/vyq.. =~ 20 cm. Otherwise, the animal
will traverse multiple grid lattice points within a singlledta cycle. The spatial resolu-
tion for an ideal grid code scales with the square of the sefieriod. Moreover, the
spatial resolution will increase with the square root ofrtlienber of neurons that share
this spatial period, but the effective number might be laas tgross anatomy suggests.
While place cells in the dentate gyrus and area CA3 of hipppes are targets of layer
Il of MEC, such neurons will presumably not be strongly catee to all neurons in
mMEC, but just to a few. In general, a downstream neuron thetddes” the animal’s
position might only have access to a restricted number af ¢gll inputs; predicting
the size of grid fields also required us to assume that the auwibgrid cells is fi-
nite. Several theoretical models propose that the ensefimblgof grid cells gives rise
to single, isolated place fields in hippocampus by supetiposi(Fuhs and Touretzky,
2006; Solstad et al., 2006; Rolls et al., 2006; Franzius.e2@07; Si and Treves, 2009;
Cheng and Loren, 2010); arbitrary or all-to-all connectibetween grid and place cell
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layers, however, often give rise to multiple firing fields (Sad et al., 2006). The aver-
age of measured firing field to period ratios lies aroQrsdBrun et al., 2008), which is
consistent both with the theoretical prediction and thedtlyesis that each place cell in
DG and CA3 is strongly innervated only by a small subsampigriaf cells from each
grid module along the dorsoventral band (Solstad et al.6 00

A key assumption in this analysis was that the spike courgyg alPoisson distribu-
tion. The fine temporal pattern of spike trains in both plawggrid cells is anything but
Poisson, as ongoing hippocampal-entorhinal-corticatmg imprint their structure on
the timing of spikes (Deshmukh et al., 2010; Quilichini ef2010; Bragin et al., 1995).
These rhythms might, indeed, be essential for generateghtially localized firing
fields in these cells (Burgess et al., 2007; Hasselmo et@7;Burgess, 2008; Remme
et al., 2010; Geisler et al., 2010). For instance, Getlet. correlate the frequency
shift between intrinsic firing and the 7-12 Hz theta osaitiatin the local field potential
with the size of the firing field in CA1 of hippocampus. Likewjghe spatial period
and neural resonance properties correlate along the darsalaxis of the mEC (Gar-
den et al., 2008; Giocomo et al., 2007). We used the time sfdlee theta oscillation
to define the time window in which to count spikes, but disddhe fine structure of
spike timing within this time window. Rapid oscillationsdgly average out in the sum
that represents the probability of the spike count. Theiléetaemporal structure of
hippocampal place cell firing can be captured by multiplyanginearly convolving the
oscillations with the spatial tuning curve (Itskov et aD08); repeated traversals of the
firing field are accompanied by different phases of the agailhs, which adds to the
variance of the spike count. Preliminary analysis of lingack data (Hafting et al.,
2005) for grid cells indicate that the spike counts gengiaié close to Poisson (Kluger
et al., 2010), notwithstanding the fact that the fine temigiracture is not Poisson. For
place cells, Fenton and colleagues (Fenton and Muller, )1f98 that place cells fire
even more variably than would be predicted by a Poisson mdiuelexcess variance
is attributable to attention (Fenton et al., 2010) or notiapsignals that modulate the
firing rate, but not the location of place cell firing (Leutgetbal., 2005; Jackson and
Redish, 2007). The spatial resolution of a place code sheuffér when the position
signal is conflated with other signals, providing one mo@so® why the grid code
in MEC might be better suited for integrating path inforraatthan the place code in
CAL. Both place cells and grid cells encode position not amtpe firing rate, but also
in the timing of spikes relative to the ongoing theta ostitla (O’Keefe and Recce,
1993; Hafting et al., 2008). A temporal phase code at thdesicgjl or population level
is potentially more precise in resolving spatial locatibart counting spikes; decoding
such a code, however, was beyond the scope of this study.

Estimating the most likely spatial location relies on haviall knowledge of the
place and grid field firing rate profiles at each location. fer@rid code, the lattices
need not be perfectly regular to achieve high spatial réieiuVWhat is required is sim-
ply a disjunctive union of intervals at successively fineatsg scales; the periodicity
of the intervals is irrelevant. For instance, applying &liént lateral shifts to different
firing fields of within one module would disrupt the periodycibut not change the
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resolution. Moreover, the existence of modules, definedibpapulations of neurons
whose grid fields have the same spacing, is not truly requhesch grid cell can pos-
sess its own lattice spacing, drawn from the entire contimotipossible length scales.
As long as all length scales are densely represented, maxiikelihood decoding of
the population response will be highly accurate and sultpelctw error.

On the other hand, both periodicity and modularity are @ufdr the ‘modular
arithmetic scheme.” The spatial range, defined as the mawidistance that is uniquely
represented by the set of all modules, is unbounded in thenabf noise, leading to
the remarkable property that a huge spatial range, on ther @fdkilometers, could
be supported by modules witk’s ranging from thirty to seventy centimeters (Fiete
et al., 2008). To extend the spatial range beyond the maxiguignperiod, Fieteet
al. proposed that the spatial periods should not be multiplesaoh other nor, more
generally, have common divisors. Such a constraint can tigfisd aptly by a set
of close spatial periods; indeed, the largest spatial ramfiebe obtained when the
periods cluster near the maximal period. In the presenceisénthough, narrow spatial
periods make the grid code excruciatingly prone to erralileg to a dramatic loss of
spatial resolution. In principle, these problems can beanrae by adding redundancy,
using modules with very low errors and fine correction alidponis, yet this is a non-
trivial challenge. In addition, the grid modules should lghly stable over time for
such computations to be feasible. Experimental resulisanel that the spatial periods
rescale in response to changing the geometry of the envenhferdikman et al.,
2009) or the context (Fyhn et al., 2007), and in general exhitigh variability between
trials (Brun et al., 2008; Kluger et al., 2010; Reifenstdimale 2010). While variability
may greatly diminish the effective spatial range of a gridesahe local resolution can
still be sufficiently high, as we have shown. In this intetpt®n, the entorhinal cortex’s
function is tolocally represent the animal’s position with high resolution, gsgnid-
based coordinate maps that are continually reset and atdibby landmarks or spatial
memory via the hippocampus (McNaughton et al., 2006).

Grid coding maintains its advantage over place coding ewdmngher-dimensional
stimulus spaces. For a grid cell encoding more than one kigwlimension, the average
Fisher information of the population scales.)as’ in each dimension. Indeed, if the
tuning curve is separable into its individual components. (idimensions), then the
Fisher information of grid cell is simply related to the Feslinformation of a place cell
with a comparable tuning curve width:

1
A 0
Jac ~ -Jpc,
1
0 by

In general, the Fisher information is a matrix, which is diagl in simple cases. The
more general case, for tuning curves that are periodic dtramplattices in more than
one dimension, is treated by Mathis et al. (2011a,b).

Given that the grid code can be orders of magnitude better tina place code,
based on the mean maximum likelihood error (MMLE), why arthlmmdes used? Hip-
pocampus may have ten times as many neurons as medial ealarbrtex (Mulders
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et al., 1997), but achieves the same spatial resolutiomdas these arguments. Yet
grid codes and place codes may well serve different purp@sgsrhinal cortex draws
on head-direction and velocity inputs (Sargolini et al Q&) integrating over the path
of motion. Grid lattice representations of the externalldi@are well suited for dead
reckoning during navigation. As the hippocampus is esakiati forming new episodic
memories (O’Keefe and Nadel, 1978), we speculate that glalis are needed for
associating specific events with specific locations. Syoapasticity and long-term
potentiation occurs between pairs of cells, so that if thediof a single cell already
represents a unique location, synapses can easily adaps ttmhjunction of location
and sensory information. A distributed representatiorooétion, as in a grid code, is
less suited for forming such associations.
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Appendix: Annalytical derivation and numerical meth-
ods

Fisher information of grid and place cell

The average Fisher information of a place celf, was defined in equation (15), which

stated: Lo , )
Jpc = / / fmazT (z _40) exp (— (@ _26) ) dxzde. (32)
o Jo o 20

Here the details of the computation are given. The innegnadefrom (32) can be
simplified by applying integration by parts.

C

[ e (Y ae [ e () ()] -
b () - e (2)
N g (erf(c\;—%l) - erf(ﬁ)) ,
(33)

In order to obtain (32) one has to integrate the result over|0, 1]. For the first two

1
terms of (33): Since- exp(— L) is a primitive for ;% - exp(— ) we obtain:

202

or () e ()] (o))
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and for the second part again by integration by parts:

o [ (et e ()

\/% V2 - (/ 1 —erf(s)der/ﬁ eff(S)d3>

T 0

=\r-2- /ﬁo erf(s)ds
0

N [s -erf(s) + —=exp (—52)] Of
() () )
(Yo ey () .

Summing (34) and (35) the average Fisher information of eeptzll (32) is:
— V2r 1 1
JPC:fmaxT‘ ( erf(\/_0_> +4'€XP <_ﬁ> —4]. (36)

The second and third term together behave like a staircastidn that is zero for
largecs and quickly approaches4 for small values. The first term is the leading term,

where erf ﬁ ~ 1 for o < 1. Hence, e the average Fisher information scales és

for smallo. The other terms change the behavior slightly, contribdtterad to the curve
foro > 0.1in Fig. (4a). This result is reported in the main text (Eq.){16
The average firing rate of a place cell can be calculated ks\®]

__ 1,1 (z — c)?
fPC - /0 /0 fmax exp <_ 252 ) dl’dC, (37)

Analogously to the average Fisher information this integaa be computed by:

1 l—c
frc = ﬂafmax/ /fg exp (—t*) dtdc
0 _ ¢

:@afmax/1@< () rert( ;)

= fmaz (\/_aerf (\/_a) + 207 - exp (—%) — 202) , (38)

where the last equation followed from (35).
Next, we present the computation of the average Fisherrirdtion of a grid cells
Jac, as defined in equation 18, which stated:

/ / Joo(x, o) dzdp. (39)




Due to the periodicity of/gc(x, ¢) in z, Jsc need only be integrated over one half
of the periodic domain, followed by multiplication witky \. Furthermore, for small
periods averaging over different phases is not necessgayn aue to the periodicity.
Hence, for small\, the case we are actually interested in is:

2 fna T [P 2 x?
Joc = / / Jao(z, p)drdp ~ f — / p exp (—@) dx (40)
0

The last integral can be computed by similar means as above:

/’\/2 —r —x x? P
— . —ex x
o 02 02 P\ 7202

~(on(£2))

—x .T /2 1 A/2 IQ
= |z e ‘ﬁ ) +§' h exp | gg7 ) 4

-\ \/_ )
—A vam A
Thus Eq. (39) becomes
S V2 A 1 A2
JG'C = fmamT ( erf( \/_O_) ? exp <—@> . (42)
. . _ TA')\ .
In terms of the area ratio, from Eq. (20),.e. o 205 we can write
- —1
Jao = fmas T 2/ —4mlog(B)erf og(8) ) _ 8log(h) exp log(5) .
T4 - >\2 A TA T124
—f(r.8)
(43)

For the parameters we are interestediia, 5 = 0.05 andr, < 0.5 the right
term is negligible, and the first term is effectively constarfor 4 < 0.5. Therefore,
Joo x fm” (Eq. (19)).

Here We derived an approximation for small spatial peridas.larger spatial peri-
ods, there will be boundary effects when averaging over pla¢ia periods. However,
numerical comparison actually showed that the derived @itarfor J- gives a good
approximation, even for spatial periods close to one.

For the grid cell, the average rate is defined by:

A 1
foc =3 [ [ ate.g)asde (44)
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with o being the firing rate as defined in equation (5), but with gpathase,. Anal-
ogously to the average Fisher information this value cangmpecximately computed

by:

A A
- 2 2 2 2V 2 frnaa 2V20
fGC’ ~ X /2 fmax Cexrp (_x—) dxr = #/Qﬂ €TP (_tQ) dt
0 0

202

:mjfmamaerf< A ): P L. ( —1og</3>>. (45)

A 2v/20 . 2\/—210g(ﬁ)er ra

Whereas,the average firing rate for a place cell is chaiaeteby linear growth in
o, the average firing rate of a grid cell remains constant fanging spatial periods,
because the firing field size is determined by the spatiabdeiihis manifests itself in
that the average Fisher information per average firing edle Wwith the inverse square
of A ando for grid and place cells, respectively.

Monte Carlo Integration and MMLE

The mean maximum likelihood error (MMLE) is best computedNdgnte Carlo in-
tegration. Each set of parameters governing a grid or plade determines a joint
probability distributionP (K, x), from which we realized samplés;, K;);<;<r With
R > 10°. From these realizations, we compute:

R
1 N R
XiLE ~ = Y (21— Enre(K)® = Rane(R). (46)

=1

The right hand side converges Wi% towards the MMLE. The Monte Carlo integra-
tion is stopped if:

IXhrLe(R) — Xape(R+10%)] < 1.001 - X3,,5(R + 10%). (47)

In other words, convergence is said to be reached reachendl thbg;,, . changes by
less thanl0~2 over the lasti0, 000 iterations. A similar convergence criteria was used
in (Bethge et al., 2002). As an additional test, we corroteothe error estimates by
bootstrapping methods.
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E; NESTED CODES REPRESENT
CONTINUOUS VARIABLES WITH EX-
PONENTIAL ACCURACY

31 SUMMARY

Population codes that are based on neurons with unimodal
tuning curves are abundant in the mammalian brain. The most
prominent locations are the hippocampus, the visual, auditory,
somatosensory and the motor system [48, 59, 60, 66, 77, 102].
These codes have been studied extensively [8, 9, 11, 14, 17, 93,
106, 109, 120, 153], often with special emphasis on how the accu-
racy of the population code depends on the tuning width. In a
seminal paper Zhang and Sejnowski (1999) showed that for ra-
dial symmetric tuning curves the optimal tuning width is solely
related to the number of dimensions of the signal [153]. How-
ever, common to all these coding schemes is that the Fisher in-
formation scales linearly with the number of neurons.”

In chapter 2 we point out that a nested grid code can give
rise to a qualitatively different scaling for encoding a one dimen-
sional variable like space. Building on this work we generalize
the design of a nested grid code to stimulus spaces of arbitrary
dimension and prove that such a code can offer a Fisher infor-
mation that scales exponentially in the number of neurons. In
particular, we give a general construction of how to periodify
any unimodal tuning curve to an arbitrary affine lattice. We
show how the Fisher information of this constructed periodic
population code is related to the population of unimodal tuning
curves. This connection is then used to provide an argument
for the scaling that is independent of the specific tuning curve
shape.

In chapter 2 we show that for certain parameter regimes the
Cramér-Rao bound, given by the Fisher information, cannot be
attainable by an ideal observer. Here a formula is presented for
how the nesting should be devised, based on the explicit noise
level of the first module, in order to be attainable by an estimator.
This formula is corroborated by numerical simulations.

This linear scaling can be improved to quadratic scaling in the case of a one
dimensional stimulus as pointed out in the paper presented here.
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Collective computation is typically polynomial in the number of computational elements, such as
transistors or neurons, whether one considers the storage capacity of a memory device or the number of
floating-point operations per second of a CPU. However, we show here that the capacity of a computa-
tional network to resolve real-valued signals of arbitrary dimensions can be exponential in N, even if the
individual elements are noisy and unreliable. Nested, modular codes that achieve such high resolutions
mirror the properties of grid cells in vertebrates, which underlie spatial navigation.

DOI: 10.1103/PhysRevLett.109.018103

The brain encodes many stimulus variables, such as
the position of an object, the orientation of an edge,
or the frequency of a sound, with high precision.
Multidimensional stimulus spaces are represented by joint
activity across neurons, each of which fires noisy, unreli-
able spikes. Yet, despite the stochastic nature of neuronal
discharge, the nervous system achieves a highly efficient
representation of the outside world [1].

The simplest representation of a continuous stimulus
variable is a one-to-one map onto a neuronal firing rate.
Given unreliable spikes, however, a labeled line code
across different neurons is more robust and efficient [2].
The place code for spatial position in the hippocampus is
an instance of such a labeled line code. One drawback of
such a code is that the resolution only scales linearly in the
number of neurons [2—4].

A place code can be improved upon by using a cascade
of self-similar, periodic representations at different scales,
as depicted in Fig. 1. Each successive level refines the
representation at the previous coarser scale, such that the
overall resolution scales exponentially in the number of
neurons, as we show in this Letter.

Neuronal coding of sensory information at multiple
scales occurs in many brain areas [5] and arises naturally
in the theory of sparse coding [6]; we show here how the
dense coding at multiple scales found in the entorhinal
cortex and related areas, where each neuron has multiple
firing fields, can be highly efficient, even though the firing
rate of a single neuron no longer maps onto a single
stimulus, but to many possible stimuli.

We consider N statistically independent neurons encod-
ing a compact but possibly high-dimensional stimulus
space, normalized to [0, 1]P. For simplicity, each stimulus
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the Creative Commons Attribution 3.0 License. Further distri-
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the published article’s title, journal citation, and DOI.
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is assumed to be equally likely. Each neuron’s response is
characterized by the number of spikes k; emitted within a
time 7 after stimulus onset. The neuron’s mean firing rate
depends on the stimulus x through its tuning curve );(x).
The number of spikes is stochastic, so that observing a
response K = (ky, ..., ky) across the population of neu-
rons has a probability

N
P(Klx) = [T Pilkim;(x)). (1)
i=1
(a) (b)
10 — 1
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5+ \ /7 .
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FIG. 1 (color online). Example of nested modules. (a) All
modules, except for the coarsest one, have periodic tuning curves
Q;(x — ¢;). A module consists of a set of tuning curves with the
same period but different phases c;. The spatial period for
modules 2 and 3 are A, = 0.45 and A; = 0.3, respectively. In
each module, we highlight a single tuning curve by a solid line to
show the period. Shifted but otherwise identical tuning curves
are dashed. Nested modules successively refine the representa-
tion of the stimulus. Periodicity implies that the map from
stimulus to population response is not one-to-one within a single
module. Only the ensemble response provides a unique repre-
sentation of x. (b) A unimodal tuning curve €} in two dimen-
sions, shown at the top, can be rescaled and periodically
extended using Eqs. (5) and (6). The periodic tuning curves
Qr in the lower panel is based on a rectangular lattice I' spanned
by v; = A(1,0) and v, = A(0,1)/, with A = 1/2. For this
lattice, a fundamental domain U is depicted.

Published by the American Physical Society
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We ask how accurately an ideal observer can deduce the
stimulus x from K. For this purpose, we use the Fisher
information matrix J with components

Jup) = /'alnP(K, x) dInP(K, x)

P(K, x)dK, (2
ey, PKK @)

where a, B € {1, - - -, D}. The Cramér-Rao inequality [7]
relates the inverse of J to the covariance matrix 2 of any
unbiased estimator X of the encoded stimulus x,

S(Rlx) = J(x)~L 3)

Let us first consider a population of neurons with tuning
curves {);(x) such that each has a single peak of width o
Suppose the tuning curves differ only in the center c; of the
peak, so that },(x) = Q(x — ¢;). A single tuning curve has
Fisher information Jq (x). For the stochastic population
model in Eq. (1), the Fisher information Jq(x) for the
population is simply the sum

——def il
a3 Jo = | Jalx = e)ole)de.
i=1

[0.1

where p(¢) = ¥V | 8(¢ — ¢;) is the density of the centers.

Assume that the centers ¢; are uniformly distributed in
[0, 1]7, so that the tuning curves cover the entire stimulus
space. As the centers become increasingly dense with
increasing N, the Fisher information Jq (x) becomes inde-
pendent of the specific stimulus x and scales linearly in the
number of neurons

Jo = NKq(o, 7, D) %)

for some function K [3,8,9]. If the stimulus space were
not compact, but instead encompassed all of RP, then
Kq ~ P72 [3].

The linear scaling of Eq. (4) in N can be dramatically
improved by switching to a nested modular code, in which
each module consists of a subpopulation of M periodic
tuning curves, as in Fig. 1. Each module is associated with
a unique spatial period.

We first compute the Fisher information for a single
module that has periodic tuning curves, such that M = N.
Any unimodal tuning curve Q(x) on [0, 1]P can be periodi-
cally extended. Let I' C R? be a nondegenerate, affine
point lattice [10]

D
F=u+Zkava fork, €7, u, v,ERP, (5
a=1

such that (v,) =,=p is a basis for R? and u a center. Let
U C RP be a fundamental domain of this lattice. Then there
is a canonical coordinate transformation ®: U — [0, 1) in
terms of an invertible matrix T and a vector w, such that
® = —w + T. One defines the periodic extension of () as

Qr: RP — R, x> Qo®d(kxmodl). (6)

This definition is illustrated in Fig. 1(b) and is independent
of the particular representation (or translational shift) for U.

A family of shifted, periodic tuning curves on the lattice
I' constitutes a module and is associated with Fisher infor-
mation J 1. We now relate Jq r to the original Jq. Under
the inverse map ® !, the transformed tuning curves have
centers ¢} = ®!(c;) € U. Therefore,

Tar® = Y Jo o+ ) = [ Jo o+ ohp'(elde,
i=1

where p/(¢) = ¥ | 5(¢ — ¢!). By changing the variables
in the Fisher information [7] and using the periodicity of
D((x + ¢) mod I') on U, we get

Tor@) — [U TIo(®(x + )T'p/(@)dg

T f Jo(@(x + @)p'(p)deT!
U

In the last step, we interchanged the multidimensional
integration and matrix multiplication, as 7 and its trans-
pose T’ are independent of ¢. Under the map ®, we obtain

Jar@ =1 [ | Jale+ ) o)

N [
= 1(3 Jole + )1 = TTa@. ()
i=1

Thus, we have derived the following rule: Jq r(x) =
TJo(x)T'. For an orthogonal lattice I" defined by v, =
A,e, on the canonical basis (e,);=,<p of R?, each entry
in the Fisher information matrix is rescaled by (A, A B)_l
under this transformation. If the original Fisher informa-
tion matrix is diagonal, then so is Jq (x). Therefore,
rescaling the periodic tuning curves by a factor of 2 quad-
ruples the Fisher information, but at the cost of introducing
ambiguity—the value of x can only be recovered modulo
the lattice I'. Resolving this ambiguity requires a multi-
scale representation consisting of multiple modules span-
ning different spatial periods.

How should these different spatial periods be chosen?
Suppose there are L modules with spatial periods
{A,..., A.}, arranged in decreasing order from the
longest period to the shortest, as in Fig. 1. Each module
has M = N/L tuning curves, and each tuning curve within
a module is associated with a different phase shift.

The easiest case to analyze is the one in which the
lattices I';, are orthogonal [11], the rescaling is uniform
in each dimension, and the tuning curve () is radially
symmetric. In such a case, a module on lattice I'; has a
Fisher information matrix Jor,(x) = A;?Jq, and radial
symmetry implies that Jo = JI is diagonal and propor-
tional to the identity matrix I [3]. To ensure that the first
module represents x € [0, 1]° unambiguously, we treat
this module as a special case and make it aperiodic;
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FIG. 2 (color online). (a) Grid codes (GC) outperform place codes (PC), regardless of the number of stimulus dimensions. A
population of N = 3 X 10° neurons is divided into one, two, or three modules, according to Eq. (8). The neurons’ tuning width is fixed
as o = 2. (b) The Fisher information for a neuronal population with M = 10° neurons per module and D = 3. For a nested modular
code with L modules, the Fisher information grows exponentially in N = L - M, whereas it is linear in N for a place code. (c) The error
of the estimator that minimizes (x — £)? for place and grid codes in D = 3 dimensions, based on sampling the stochastic response 1200
times. Each module comprises M = 8% equidistantly spaced cells. The lattice lengths for different modules are scaled according to
Eq. (8), with a safety factor C = 20. The Cramér-Rao bound of Eq. (10) is tight for both the grid and place codes. (d) When the lattice
lengths contract more strongly than allowed by Eq. (8), such that C = 1, the error fails to improve in a nested modular code. Although
the Fisher information predicts an error even lower than in (c), the uncertainty derived from the first module’s response is larger than
the lattice length scale of the next finer-grained module, so that adding modules with finer spacing does not improve the resolution.

i.e., the first module is a place code with the same tuning  information for the nested population is J Qr,-T, =

width that a periodic module with A = 1 would have. Jor,r,I with
Within the first module, the expected error in an un- ’
biased estimate of x asymptotically approaches 1/+/J, T = L) o« JK
according to Eq. (3). This error sets a lower bound on the QL 1; A2 Z‘i C20—=1)
period of the next module that refines the representation of
x. Hence, each A, should obey If we take only the last term in the series and substitute
L = N/M, we see that
CAy
A = —, 8 - JN /M
S ®) Torr, > S )

where C is a safety factor, such that 1 K C< \/7 For fixed module size M, the Fisher information scales
For a C larger than unity, the next module can correct  exponentially in the number of neurons N. Such a coding
for the error in the previous module. The Fisher  scheme, therefore, outperforms a single module that only
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scales linearly in N. Note that this scaling is independent
of the dimension D.

As a concrete example, we consider a set of tuning
curves with Poisson noise, centers c;, tuning width
o, and period A, as given by Q;(x) = fimax
exp(h X0 {cos[2m(x, — ¢;0)/A] = 1} [12]. If the
number of neurons per period A is M >> 1 and the centers
are uniformly distributed, the module’s average Fisher
information is given by

MAT* f T
Ao

J= K (oK (oH)] (10)
where K, (x) = exp(—1/x)I,(—1/x) and I,(x) is the nth
order modified Bessel function of the first kind. In
Fig. 2(a), the Fisher information for a large population of
N = 300000 (place) cells is plotted for stimulus dimensions
D =1 to 10. Dividing the population into separate grid
modules according to Eq. (10) with C = 20 leads to a
much higher Fisher information—orders of magnitude,
irrespective of the dimension D of the stimulus space.
Figure 2(b) underscores the key finding of this Letter: the
Fisher information grows exponentially in the number N of
encoding neurons. The place code, in contrast, is linear in V.
To corroborate these analytical results, we sampled the
response K and estimated the minimum mean square error
based on the posterior probability distribution p(x|K) [13],
as shown in Figs. 2(c) and 2(d). These simulations show that
the Cramér-Rao bound is tight as long as the grid codes obey
the constraint in Eq. (8). For place codes, it is known that on
short time scales [14], or for low numbers of neurons [9], the
Cramér-Rao bound will not be tight, so that the Fisher
information underestimates the error in decoding the signal.
The same will hold true for grid codes. However, when N >
M > 1 and the expected number of spikes at the center of
each tuning curve is appreciable, a nested modular code
leads to an error that scales as M~V/M,

Note that we assume that the firing of neurons is
uncorrelated. Whether this assumption holds in cortex is
a matter of fierce debate [15]. The Fisher information
deteriorates with increasing noise correlations, but its scal-
ing in N does not, at least not for the correlation strengths
measured by Ecker ef al. in cortex.

Periodic tuning curves have been found in entorhinal
cortex of rodents—coined grid cells ([16]; see Supple-
mental Material [17]). This unexpected discovery has in-
spired theorists to explore the combinatorial capacity of
modular periodic codes and how they might be used in the
brain [18]. In some cases, the stimulus space is intrinsically
periodic—orientation and color hue are but two examples.
But when the space of stimulus x is infinite instead of
periodic, different spatial periods can be combined to
encode a much larger range of x uniquely than would
otherwise be possible [19]. Indeed, the exponential range
that can result confers a relative precision that is also
exponential [20]. This Letter, in contrast, shows that the

absolute precision in x can be exponential in N. Precision
is of paramount importance for path integration, for which
the mammalian brain is thought to use grid cells [21].
Interestingly, the periodic lattices for neighboring grid
cells share similar spatial periods and orientations, but
are spatially translated relative to each other [16].
Moreover, along the dorso-ventral axis of the entorhinal
cortex, the typical spatial period of the lattice grows from
roughly 20 cm to several meters, while the ratio of grid
field width to spatial period remains constant [22]. Our
theoretical analysis indicates that these grid cell properties
may endow the brain with a highly accurate representation
of space; the same principles might be used for represent-
ing other continuous, high-dimensional stimuli.
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4 THE EFFECT OF CORRELATIONS
ON GRID CODES

The material presented in this chapter is the core of an unfin-
ished manuscript. Due to small gaps in the current version of the
manuscript the material is presented abbreviated, yet cohesive.

4.1 INTRODUCTION

In chapter 3 the favorable scaling properties of nested grid
codes have been demonstrated. There the individual noisy el-
ements are assumed to be statistically independent. A type of
statistical dependence among neurons that has been observed in
the cortex are correlated response fluctuations (noise correlations).
According to a widely believed hypothesis these correlations of
a pair of neurons are caused by random fluctuations of neurons
that are presynaptic to both [29, 121]. The strength of these noise
correlations in cortical neurons has been reported to lie between
0 and 0.3 [22, 29, 47, 47, 113, 126, 154]. These measurements are
from visual areas, and to our knowledge the noise correlations
in the entorhinal cortex have not been determined so far.

Such correlations can have a strong effect on the coding preci-
sion of population codes — and nested grid codes are no excep-
tion. In the theoretical study of this chapter we investigate the
effects by extending the framework from chapter 3. In particu-
lar, we determine the effect of noise correlations on the popula-
tion’s Fisher information. As the basic building block of nested
grid codes is given by a module, we can start by studying place
codes. This case has often been considered in the literature; for
families of unimodal tuning curves it has been reported that re-
ducing the correlations improves the resolution of the popula-
tion code [1, 29, 30, 122, 123, 144]. As we will demonstrate, this
tendency is correct for nested grid codes too.
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4.2 METHODS: POPULATION CODING MODEL
WITH NOISE CORRELATIONS

The model presented here, is an extension of the work by
Ecker et al. on correlated unimodal tuning curve families [30,
123]. As this chapter generalizes the statistically independent
model of chapter 3 the terminology is the same.

4.21  Population coding model

Assume that we have N neurons encoding a one-dimensional
circular variable x € [—m, 7). The response of neuron i is given

by:
Yi(x) = Qi(x) +mi(x). (4-1)

Here Q;(x) is the tuning curve of the i-th neuron and n; is the
trial-to-trial variability. For simplicity, assume that this variabil-
ity follows a multivariate normal distribution with zero mean
and covariance matrix Q(x).

As in the example of chapter 3, let the tuning curves be given
by von Mises functions:

Qi(x) = famax - exp (1/07 - (cos(2m/A; - (x — 1) — 1)) . (4.2)

Thereby fiax stands for the peak firing rate, o the tuning
width, A; for the spatial period, and c; for the angular preference
of the tuning curve.

We assume a modular structure of the population comprising
L modules of M neurons each, so altogether that means N =
L - M. Within each module the period A; is identical, and the
angular preferences are equally spaced, i.e.

27 A 2 (M — 1)\
ci €10, Ml,..., (M )l}. (4.3)

In the example considered in chapter 3, the neurons are inde-
pendent and Poisson statistics governs their firing, so that each
Ni(x) is normally distributed with mean zero and variance Q;(x).
Here we treat the more general case with a non-trivial correlation
structure. More specifically, we assume that the correlation factor
between two neurons ri; is independent of the stimulus. In this
case, the covariance matrix can be written as a product [30]:

Qi (x) = VQi(x) - 15 - 1/ Qj(x). (4-4)
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For the correlation coefficients ri; we will assume the follow-
ing. Within each module, each cell’s tuning curve has a spatial
phase ci. We let the correlation coefficient between two cells de-
pend on the difference in spatial phase. This is motivated by the
functional organization of the cortex ([30], also see discussion).
Mathematically, for any two neurons with phases c; and c;j, their
correlation coefficient is given by the following function:

rij =c (—m+ (ci —¢j+m) mod 27)) + 845(1 —¢(0)). (4.5)

Here 6;; is the Kronecker delta, and c is a monotonously de-
creasing function. In particular, we will use c(t) = co-exp (—2),
with T = 1. For the correlations across modules we will as-
sume that they vanish. Hence, for grid codes, the correlation
coefficient matrix and also the covariance matrix Q have a block-
structure.” Figure 4 illustrates the block-structure of the correla-
tion coefficient matrix (ri;).

4.22 Fisher information

For the outlined model the Fisher information can be written
as a sum [30, 69, 123]:

J(x) = Jmean (%) + Jeov(x) (4.6)

with the following individual parts:

Jmean () = (Q/(x)'Q(0) 1 Q'(x) (47)
Jeov(®) = 3Tr ((Q'IQ))?). +8)

Thereby Q)" and Q' are the derivatives with respect to the stim-
ulus variable x. The names of these quantities derive from the
fact that J;nean depends on the changes of the mean firing rate
Q' and J.ov depends on changes of the covariance structure Q’.

In the following we study how the Fisher information changes
with the defined noise correlation structure. Thereby, the effect
of the scaling parameter Q’ on the Fisher information of the
population is of chief interest.

If the indices are canonically arranged, which we assume from now on. By
canonically we mean that the first M indices belong to the first module, the
next M indices to the second module, etc. And within each module we assign
the index according to growing phase-preference starting with phase 0.
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Figure 4: The correlation matrix for a grid code with N = 300 neurons
and 3 modules of 100 neurons each. The parameters are
T = 1and cp = 0.25. The indices are canonically arranged,
as explained in the main text. Each neuron is perfectly corre-
lated to itself, therefore the correlation coefficient is 1 along
the diagonal. The correlations between modules are zero,
so there are three blocks of non-zeros and zeros elsewhere.
These blocks are all identical, as the definition of r; (Eq. 4.5)
does not depend on the spatial periods. Due to the equidis-
tantly arranged phases within each module and a periodic
stimulus space, it follows that these blocks are circulant ma-
trices, i.e. for the first module: v = 15,0 = T100-|i—j,0
fori,j €{0,1,...99}

4.3 RESULTS

We will vary the population size N and the correlation peak cg
and then compute J. For the simulations, we set the peak rate to
frmax = 20 Hz and the tuning width to 0 = V2/2. Qualitatively
these choices are not important, as long as there are enough
neurons to cover the space given o and the peak spike count is
larger than one (compare to chapter 2).

4.3.1  Place code

We know that in the absence of correlations, the Fisher infor-
mation grows linearly in N (chapter 3). For rising correlation
amplitude co the Fisher information decreases, yet still grows
linearly with N (Figure 5 a). This effect can be explained by con-
sidering the two components Jmean and Jcov individually, as
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Figure 5: Fisher information for population codes with correlations.

We evaluated the Fisher information at position x = 0. a:
The total Fisher information ] for a population of N place
cells with correlation peak c(. For zero-correlation the Fisher
information grows linearly in N. For larger correlation coef-
ficients the Fisher information falls, but eventually grows lin-
early in N, as indicated by considering the two components
of ] individually, see subfigure b. b: The same simulation,
but the two parts of the Fisher information Jmean and Jcov
are shown separately in solid and dashed lines, respectively.
The mean term saturates for increasing correlation peak co,
but the covariance term grows linearly and is in fact inde-
pendent of the correlation peak cg. ¢: Fisher information for
grid code without inter-module correlation. The total Fisher
information ] for a population of L modules and correlation
peak cp. Each module contains M = 200 neurons. Even
for increasing correlation, the population Fisher information
still grows stronger than linearly. The stronger the correla-
tion coefficient becomes the smaller the contraction factor
C/+/] becomes, and therefore the smaller the growth. d: The
same simulation, but the two parts of the Fisher information
Jmean and Jcov, are shown separately in solid and dashed
lines, respectively.

Number of modules L
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shown in Fig. 5 b. While the former saturates, the latter grows
linearly in N, independently of the degree of correlation. This
result is well known, e.g., see Shamir and Sompolinsky [30, 123].

4.3.2 Nested grid code

Let us see how the results just presented for the place code
affect grid codes. With increasing peak correlation c¢o, each mod-
ule provides a lower Fisher information. As described in chap-
ter 3, in order for the Fisher information to be

attainable the spatial period should depend on the resolution
of the next coarser module. This is the same for modules with
intrinsic correlation. All that changes is the “allowed” spatial
period — accordingly the spatial periods should obey:

Aest = Cf?“ (4.9)

with safety factor C and Fisher information of first module ] (See
chapter 3, Eq. 8 and discussion thereof).

Thus, the population Fisher information of a grid code, de-
spite still growing exponentially, grows more slowly in N for
rising co. Figure 5 ¢ and d, depict the Fisher information of a
grid code with up to 5 modules and M = 200 neurons per mod-
ule.

4.4 CONCLUSION

We demonstrated that, although noise correlations within mod-
ules reduce the Fisher information of each module, the exponen-
tial scaling of nested grid codes is not qualitatively affected. As
presented, this follows from the linear scaling of place codes de-
spite noise correlations.

The spatial phases of grid cells appear to be randomly dis-
tributed [55]. This is in strong contrast to the clustered arrange-
ment of orientation preference in the visual system of macaques,
for instance, where neighboring cells have similar tuning orienta-
tions [21]. Neighboring cells are also more likely to be connected
and to receive common input [13, 21]. Thus it has been shown
that the cells with similar preferences also have higher noise cor-
relations [29]. For this reason, the effect of limited range cor-
relations is often studied [30, 123], and motivates the function
Eq.4.5 in our study. Larger values of the decline parameter T in
Eq.4.5 make the correlation values less dependent on the stimu-
lus preference. For randomly distributed grid cell phases larger
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values of T might be more appropriate. Numerical simulations
suggest that almost constant correlation values (t large) are less
detrimental on the Fisher information than limited range corre-
lations (data not shown).

As pointed out in chapter 2 the Fisher information only pro-
vides a bound to the resolution of a grid code. For certain cases,
like low firing counts per cell, too small spatial periods, etc. this
bound is not attainable by maximum likelihood decoding. For
nesting in accordance with Eq. 4.9 the attainability is guaranteed
by considerations of the posterior distribution (see chapter 3 and
5). Nevertheless, the results should be corroborated by numeri-
cal simulations of the maximum likelihood estimator.

Here we assumed that the noise correlations of two neurons
in different modules vanish. Given that different modules have
different spatial periods and that these modules are spatially sep-
arated this assumption appears reasonable [19, 55, 147]. Incor-
porating such correlations was beyond the scope of this study,
because the approach of determining the periodicity of the finer
module based on the uncertainty of the coarser one is bound to
break down, if there are correlations between the two modules.
In such a case the Fisher information of the coarser module itself
depends, due to the correlations, on the periodicity of the finer
one. To resolve this, a new approach is needed, or numerical
simulations have to be done. Two observations motivate further
work in this direction. Firstly, recent findings seem to undermine
the earlier finding about the spatial distance between grid cells
of different scales [132], which would make noise correlations
between such cells more likely. Secondly, from a coding theoret-
ical point of view, the effect of these correlations is particularly
interesting. The crux of nested grid codes is the specialization of
different modules on different scales. This can only be exploited
if the scales are sufficiently independent. Shedding light on how
independent they have to be would be very interesting.?

Finally, one upshot of many earlier studies is that for large, het-
erogeneous populations of unimodal tuning curves, i.e. families
with varying tuning widths and peak firing rates, reducing the
correlations does not improve encoding accuracy[30, 123, 144].
Grid cells are also highly heterogeneous in their firing rates and

For the practical implications of this transition, it is necessary to determine the
level of noise correlations in grid cells. Reliably measuring spike correlations,
however, is technically challenging [29]. From the reasons given in Ecker et
al. the control for internal variables (e.g. short-term memory [24]) and diffi-
culty of single-unit isolation due to low signal-to-noise ratio of extracellular
recordings in the entorhinal cortex (E Mankin, personal communication) are
particularly valid for grid cells.
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tuning parameters [55, 56], and it would be interesting to study
the effect of heterogeneity for grid codes as well.



ES THE ENTORHINAL CORTEX OF
RODENTS HARBORS AN OPTIMAL GRID
CODE FOR SPACE

51 SUMMARY

In chapter 2 we show that the optimal grid code on the lin-
ear track has nested spatial periods, and that the tuning curves
should be self-similar. In this manuscript these two results are
generalized to 2D environments.

Maybe the most prominent property of the population of grid
cells is that their firing fields are hexagonally arranged. This is
especially interesting as hexagonal or almost hexagonal patterns
occur throughout nature. Often these arrangements could be
motivated by optimality principles. We will show that the hexag-
onal lattice offers a higher spatial resolution than a quadratic lat-
tice. More specifically, we prove that for unimodal tuning curves
the optimal grid cell has a hexagonal periodicity rather than a
quadratic one.

These findings are compared to data from the Moser lab, Trond-
heim and together with other predictions discussed in the light
of experimental findings.

5.2 REFERENCE

This work was done under the supervison of Martin Stemmler
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Abstract

Natural selection pressures animals to use their resources efficiently. For the brain this signifies
that neuronal representations are optimized for performance. Path integration in mammals is
based on maps that have to be highly precise. A map that has been hypothesized to be formed
by grid cells. For this reason, we investigate the system of grid cells in the medial entorhinal
cortex under the assumption that this population encodes space with the highest accuracy.

The population of grid cells has curious, yet unexplained characteristics: every cell has multiple
spatial firing fields that are arranged like a hexagonal lattice, and these patterns come in dif-
ferent phases and scales. We will show that all these features contribute to the unprecedented
precision of such a population code and are indeed an optimal configuration.



1 Introduction

For an animal to survive, reproduce, and thrive it has to efficiently navigate through its hos-
tile environment. This ability is supported by a precise mental representation of space. Many
species can indeed precisely keep track of their position, as exemplified in homing experiments.
Even after circuitous detours they can home to their nest in a direct way [43, 17, 57, 19]. Mam-
mals also master this task called path integration, and meticulously controlled experiments
demonstrated that they achieve this by integrating head direction and speed [43, 18, 19].

Anatomical, physiological, and lesion evidence have implicated the hippocampal formation
in path integration. More specifically the grid cells in the medial entorhinal cortex (mEC) are
the prime candidate [47, 19, 41, 45], as these cells exhibit spatially modulated firing, receive
self-motion signals and keep responding similarly despite experimental manipulations, like
turning the lights off [30, 53].

The spatial firing pattern of a grid cell resembles a hexagonal lattice [24, 30]. Yet, at a single cell
level, the individual firing fields are indistinguishable [49] and it is therefore the population of
grid cells that matters for encoding space. Anatomically neighboring grid cells respond in a
spatially shifted way, so that they correspond to different phases of the same lattice, the lattices
have inter firing field distances (spatial period) ranging from 30cm to multiple meters that
grow along the dorso-ventral axis [30, 10]. Layer three grid cells are additionally modulated by
speed and head direction [53, 45].

Hence, this population has a couple of curious properties, most strikingly the hexagonal peri-
odicity and the multiple scales are puzzling, and while much is known about how the mam-
malian brain encodes space, an answer why this particular design has evolved remains elu-
sive [26]. The optimal coding hypothesis successfully predicts the structure of receptive fields,
tuning curves in the cochlear, and the sparseness of neuronal representations in sensory cor-
tices [3, 4, 1, 2, 48, 38]. We investigate the optimality of a population of grid cells (grid code).
More specifically, we will derive which features of the grid code endow it with the highest
spatial resolution and compare this optimal grid to the properties of grid cells in the mEC.

Other theoretical investigations have mainly studied how grid-like firing patterns arise [22, 41,
12,32,11, 50, 64, 42, 26, 13], or how grid fields give rise to place fields [22, 55, 51,21, 54, 14]. The
coding properties of grid cells have received less attention with the notable exception of [20,
56]. Fiete and colleagues interpreted the grid cell activity and emphasized that by modular
arithmetic the spatial range can be much longer than the longest spatial period.

We determine the optimal parameters for encoding space with a network of grid cells and
compare these values to experimental parameters derived from recordings by the Moser lab,
Trondheim. We will show that optimal coding explains the distribution of spatial periods, that
they cluster, the size of grid fields, that the size scales with the spatial period and the hexago-
nality. Furthermore, we will derive that the optimal grid code has a qualitatively remarkable
scaling property: the resolution scales exponentially in the number of neurons and thereby
offers unprecedented computational benefits for navigation.



2 Materials and Methods

2.1 Theory
2.1.1 Population model

We consider a population of N cells that respond in a stochastic fashion to a stimulus, corre-
sponding to 2D (planar) position = (71,22) € B C R% Thereby B is the environment of
the animal. The firing rate of each cell is given by its tuning curve €2;(z). We will assume that
the neuronal response is the spike count K = (kg,--- ,ky) € NV, and that it is stochastically
dependent on the firing rate of each cell.

Generally, we try to formulate our results as universally as possible and therefore simply de-
note the stochastic relationship between K and = by some function P,

P(Klz) = P(K,Qi(z)). 1)
More specifically, we consider independent Poisson firing,

(ki
P(K,Qi(x)) Hexp Qll(f!) . (2)

For the tuning curves ;(z) we mainly work with the general case of functions that are at least
twice continuously differentiable (C%). We often simply assume that these functions are uni-
or multimodal. By unimodal we mean that the function has a single, global maximum on its
definition domain. Multimodal on the other hand means that the function has multiple peaks.

We will also deploy rotationally symmetric tuning curves, i.e.,

2
Q(l‘) = fmacT - @ (W) ) 3)

with mean peak spike count f,,,,, 7" and a monotonically decreasing function ®(s) with peak
®(0) = 1. The expression |v|| denotes the Euclidean distance, ||v|]] = /v 4+ v3. The tuning
width o scales the tuning curve, while leaving the shape unchanged. A Gaussian tuning curve
corresponds to the special case ®(s) = exp (—s/2).

2.1.2 Decoding, Fisher information & Cramer-Rao inequality

The population of neurons encodes the position in a noisy manner. To investigate how precise
the representation is, one looks at the performance of a suitable estimator. Due to the stochas-
ticity of the firing, any estimator will make errors, when decoding the position; an estimator z
is a method for calculating an estimate of the position based on the noisy spike count K. At a



fixed position z, for each realization the spike count K can be different and hence the estimate
Z(K (z)). This variability can be assessed by the properties of the posterior distribution p(z|z),
being the probability distribution of estimates given a fixed position . The more precise a
population code is the more narrow this distribution will be.

For measuring the precision of the posterior we consider the second moment of the posterior,
which is the mean square error [52, 7]:

C=E(e—23) =3 /B o — 2(K)|? - P(K]|z)de, )

KeNN

The x? error generally depends on the estimator #. For instance, given a particular population
response K, the most likely stimulus that gave rise to it is

imee(K) = maxgep P(2|K), 6)

which is known as the maximum likelihood estimate (MLE). The corresponding mean maxi-
mum likelihood estimate square error (MMLE) is defined as x2,; ; = E ( (z — a1 E)Q). As the
MMLE is numerically expensive to compute for large population sizes, we compare it against a
reference that can be computed analytically. The maximum likelihood estimate is both statisti-
cally efficient and consistent [35], which means that x3,;  asymptotically approaches the mean
asymptotic square error (AE) for an increasing number of independent, identically distributed
(i.i.d.) observations, which is given by

Xag =E(1/J(x)), (6)

as shown in [7]. Here J(x) stands for the Fisher information

J(z)=E ((8‘1 1n(P(K]m))>2> . )

The Cramér-Rao bound gives a limit to the accuracy of any read-out mechanism and is there-
fore useful for studying the accuracy of stochastic population codes. According to the Cramér-
Rao inequality the Fisher information matrix bounds the covariance matrix of any unbiased
estimator [35] at position x:

]E((x—JAJ]V[LE)Z |.%’) > J(.%‘)_l. (8)

For matrices such an inequality means that the difference is positive definite, which in this case,
due to symmetry, is equivalent to the difference matrix possessing only positive eigenvalues.

As we are dealing with navigation in arbitrary planar environments the error should be equal
in each direction for an orthogonal basis, as trading accuracy in one direction for another one
is not advantageous. From now on we will always pick the canonical basis, i.e. z = (x1,z2) =
z1(1,0) + 22(0,1). In these coordinates the mean square error is given by the sum over the



individual components: x* = x2, + x3,.

The i, j-th component of the Fisher information matrix is given by:

g 0 0
J(U)(x) =K <8:Ei In P(K|z) - 87:!:] In P(K!x)) : ©)

The goal x,, = Xa, translates into J(z) being a diagonal matrix with equal entries.

As a concrete example, we consider a module of tuning curves with Poisson noise, centers ¢;,
tuning width o, and spatial period ), as given by

2
Qz(x) = fmax - €Xp (;2 Z {COS [27r(33a - Ci7a)/)‘] - 1}> ) (10)

similar to [44]. If the number of neurons per period A is M > 1 and the centers are uniformly
distributed, the module’s average Fisher information is given by:

MA47? fraxT - exp(—2072)

J(u) _ a2

Li(o7?) - To(07?), (11)

with i = 1,2, where I,,(s) is the nth order modified Bessel function of the first kind. The non-
diagonal values of the Fisher information vanish [39].

2.1.3 Periodification and planar lattices

For studying the lattice-type dependence let us consider the two equidistant planar lattices: the
hexagonal and the square lattice (Figure 1). A planar lattice is a discrete subgroup of the plane
R?, and can therefore be generated by linear combinations with integer coefficients of two basis
vectors.

These lattices can be used to construct periodic tilings of the plane and therefore qualify to
underlie a grid code. In the following we outline a basic construction for the periodification of a
unimodal tuning curve given a certain lattice and will later show that under certain assumptions
a grid code based on the symmetries of a hexagonal lattice has a higher population Fisher
information and therefore offers more spatial resolution.

Let I' C R? be a planar point lattice [34]:
2
I'=> kava for ko €Z; vy €R, (12)
a=1

such that (va);<,<, is a basis for R?. For the quadratic and hexagonal lattice it holds that the
length of the basis vectors is equal ||v1||2 = ||v2||2 and that the angle between £v1, v; respectively
is 90° and 120°.
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Figure 1: Equidistant planar lattices. A: Hexagonal lattice I's generated by basis vectors v;
and vy of equal length and angle 120°. The shaded area labeled by Dg depicts a fundamental
domain for this lattice. B: Quadratic lattice I" generated by basis vectors v; and vy of equal
length and angle 90°. The shaded area labeled by D depicts a fundamental domain for this
lattice.

The orbit of a point z in R? is the set of elements of R? to which z can be moved by the elements
of I"and is denoted by I'v = {g + x | g € I'}. A fundamental domain of a lattice I is a connected
subset D C R? that has the property that the orbits of D under the lattice operation fulfill
I'D = R? and that it contains exactly one point from each orbit, i.e. Tz N D = z forall z € D.
Let I'g stand for the hexagonal lattice with fundamental domain being the regular hexagon Ds
(Fig. 1). For the quadratic lattice we pick a square centered around a node as fundamental
domain.

Let D be a fundamental domain of lattice I and let Q(x) be a tuning curve. With the canonical
inclusion ¢ : D — R? one can define the periodic extension of {2 as

Qr : R? - RT, x> QoulzmodT). (13)

Here s mod I' means congruent modulo the lattice T, so an element z € R? is mapped to the
unique element of the same orbit in D. The definition is illustrated in Fig. 2 and is analogous
to the construction of wallpapers, where each motif is placed at any lattice point to define a
pattern. Here the restriction of the tuning curve to D is the motif.!

Having defined the periodic function 1, we want to focus our attention on the Fisher informa-
tion for a population of such neurons. A family of shifted, periodic tuning curves Qr(z — ¢;) =

!This construction yields a function, which everywhere but possible at the boundary of the fundamental domain,
has the same differentiability class (C*) as the initial tuning curve Q2. At the boundary it is at least continuous and
can also be smoothed. As a one-dimensional subset of D, the boundary can be neglected when computing the
Fisher information.
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Figure 2: A unimodal tuning curve (2, shown on the left, can be rescaled and periodically
extended using Egs. (12)-(13). The periodic tuning curves Qr in the middle and right panels
are based on a rectangular lattice I" spanned by v; = A-(1,0)" and v2 = A- (0, 1)’. For the middle
panel the spatial period is A = 1/2, whereas for the right panel A = 1/4.

e 2 . . . . . .
Q (Mig‘“’d”) on the lattice I" with different centers ¢; constitutes a module and is associ-

ated with a Fisher information J}!.. As we assume that all neurons are statistically independent
the Fisher information is given by summing over the contributions from all individual cells,

o M
T (@) = Jop(z — ). (14)
i=1

In the limit of large population with uniformly distributed centers ¢ € D this finite sum fulfills

% - I () — /D Jop(z — w)dsa' —0 (15)

for M — oo. As this difference is already tight for decent neuron numbers, we will from now
on consider the Fisher information of the average cell, which is defined as

Jor(@) = /D Jor (2 — 9)dg (16)

For the following theorem let us assume that the initial unimodal tuning curve is radially sym-
metric. As a first step to compute the Fisher information, we note that

0
al'i

(I)/(aj) : fmazT . 2(13710_; Ci) . (17)

In P(K|z) = % InP(K,s)

s=Qr(z) '



Together with the definition (9) of the Fisher information this yields

ij 4(x; — ¢;)(xj — ¢4
T @) =12 A= ONE G g1y
8 2
. E <lnP(K,s) ) -P(K,Qr(z)). (18)
I% 0s s=Qr(z)
=N ([lz—c[?)

Note that for i # j this function is odd in ¢ around z. As Eq. (16) shows, the population
Fisher information is given by averaging these individual contributions over the fundamental
domain,

T w) = /D T (@~ ). 19)

Therefore, as the fundamental domains are symmetric one gets that Js(zwr) (x) =0fori # j. The
diagonal entries are all identical and the trace of the Fisher information matrix becomes

« () = S e = | act? P ('”C;;””Q))Q~N<||:c—so||2>d¢

=F(lz—¢ll*)

(20)

We will use the notation Br(c) = {z € R? | |x — ¢||2 < R} for the closed ball of radius R with
center c.



3 Results

3.1 Theory

To analyze the Fisher information of a grid code, we start by focusing on its basic building
block: the module, a population of grid cells that share the same lattice, but are spatially shifted
and represent different (spatial) phases. For a single module we show that the key parameter
for improving the resolution is the spatial period of the lattice. In order to harness a small
spatial period for a module, the ambiguities of an individual module have to be excluded by
the other modules. We will show that this is best done in a nested fashion, which suggests that
there should be a progression of grid sizes across modules. Such a code with multiple scales
qualitatively changes the scaling behavior of the Fisher information.

Finally, we derive that for a wide range of tuning shapes the Fisher information is maximized
by arranging the peaks on a hexagonal lattice rather than on a quadratic lattice. Furthermore,
we study the optimal tuning width for such a module. All the model predictions will then be
compared to measured characteristics of grid cells.

3.2 Module scaling

For a large number M of phases that densely cover the fundamental domain, the Fisher infor-
mation of a single module, and therefore the spatial resolution, is independent of the particular
location. Thereby, the Fisher information scales like [39]:

M- F(o
Jmodule X T()a (21)

with tuning width o, spatial period A and F a function of the tuning width. Crucially, for a two
dimensional, rotational symmetric tuning curve at the center of the lattice, this function satu-
rates for small widths and is generally bounded [63, 9, 39]. Hence, as the number of neurons is
also bounded, the only parameter significantly changing the Fisher information is the spatial
period. Indeed, for maximizing the Fisher information the spatial period has to be minimized
(Fig. 3a).

As such the smaller the spatial scale the higher the spatial resolution, which is intuitively clear,
as rescaling the tuning curves increases their slopes and therefore the ability to discriminate
between neighboring locations. Yet this also introduces multiple periods and therefore large
scale ambiguity - the value of x can only be recovered modulo the lattice I', which is illustrated
by the posterior distribution of a single module in figure 3b. In the realm of periodic tuning
curves resolving this ambiguity requires a multi-scale representation, consisting of multiple
modules spanning different spatial periods, and the key questions is, how should these spatial
periods be picked?



300 T
c
o
§ 200 B T E )\ Q(Ii‘A\[LE‘I)
o) 21 It
e 9
< 100+ o
~ P(Zypp|r)
0 I I
0.25 0.5 0.75 1.0 0 0.5 1
Spatial period A Position estimate

(a) (b)

Figure 3: (a) Average Fisher information for a module over the spatial period A. The peak firing
rate is 1Hz, and three different tuning widths o are depicted in different gray shades. The Fisher
information grows unboundedly for decreasing spatial period, highlighting the advantages of
those. (b) Illustration of one-dimensional MLE-posterior P(Zy/g|z) for a grid module with
spatial period A. The distribution of estimates Z /7, for an animal located at = is shown. Such
an estimator can make two types of errors: catastrophic and local ones. The latter are well
described by the Fisher information J of the module as shown in (a) and can be captured by
Q(Z|x) x exp(— ‘E;f‘Q )- Yet, although Q(Z|z) describes the local errors well, it fails to account
for catastrophic errors that stem from the inherently periodic nature of the tuning curve: simply
put if z is a MLE of = than so is  + A, a value that is possibly far from = and therefore results
in a catastrophic error. Mathematically this can be seen by assuming s = Zy/1g(K), then by
definition max, P(z|K) = P(s|K). Due to the periodicity of all tuning curves, it holds that
P(s|K) = P(s+ A|K), so also s + A is an estimate and similarly s + & - A for all £ € Z. Although
a module with a small spatial period localizes the position better, as can be seen by the Fisher
information, it also introduces catastrophic errors — making such modules impractical per se.
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Figure 4: (a) Posterior of two modules as well as the combined grid code. The combined poste-
rior is given by the product of the two module posteriors, due to the vanishing probability of far
outliers for module I, these values are also highly unlikely for the product. Consequently this
grid code combines the strong localization of module II with the coarse localization of module
I, and thereby achieves almost the local discrimination of module II. This effect breaks down for
too small spatial periods: (b) The periodicity of module I is larger than the uncertainty of the
first module, and therefore the product posterior also has outliers with high incidence, yielding
a performance worse than in (a). This suggests that there is an optimal spatial period for the
second module, something that is confirmed by panel (c). (c) Mean square error x2,; ; of com-
bined modules for different spatial periods of the second module X (solid red) and X%\/f g of
the first module separately (dashed line). For large enough A, the second module improves the
accuracy of the population until for values below 0.55 the error grows and eventually falls back
to the level of a single module. (d) Nested interval scheme: Example with three different spatial
periods with three discrete phases each. The first module gives coarse spatial information, that
is further subdivided by the other two modules. By themselves the other modules provide am-
biguous spatial information on the range; together they effectively subdivide the unit interval.
This coding strategy is analogous to the principle of a clock, where each hand further refines
time. All three hands code a twelve-hour span down to second precision. Note that due to the
high noise in grid cells, the periods are not divisors of each other like in the clock example.
11



3.3 Nested arrangement outperforms all others

This question can be approached by starting with two modules. For this consideration let
us fix the spatial period \; of the first module and consider a slightly smaller spatial period
A2 < A for the second module. Due to the smaller spatial period of the second module the
Fisher information is larger and therefore the two modules together encode the position more
precisely (Fig. 4a). Decreasing the spatial period Ay will further increase the Fisher information
and seemingly continue to further improve the performance without bound. But this is not
the case, if Ay becomes smaller than the typical uncertainty of the first module, then there will
be no further improvement and eventually even a deterioration (Fig. 4b). Consequently there
is a smallest optimal spatial period for the second module given by the coarseness of the first
module — this can be seen by the error of the full posterior (Fig. 4c). The uncertainty of the
first module is, according to the Cramér-Rao bound, given by a multiple of the inverse Fisher
information, i.e.r \/% with safety factor C. The spatial period A, is then given by \/%, where
we denote the Fisher information of the first module by J; &« M; - F(o;). Subsequently the
second module has the following Fisher information:

MQ-F(O'Q) Ml-MQ-F(O'l)~F(O'2>
)\2 X C2 .
2

Jo (22)

By induction one arrives at the conclusion that all the modules should have nested spatial pe-
riods, where each module further subdivides the preceding ones (Fig. 4d). This intuition has
been corroborated by analytical considerations and numerical simulations [40, 39]. Such an
arrangement of spatial periods, termed nested coding scheme, yields the highest possible res-
olution for the population of stochastic grid cells and obeys a qualitatively remarkable scaling
property: the resolution scales exponentially in the number of neurons. For seeing this, let us
assume that there are L modules, then Eq. 22 generalizes to

L

Jp o< [ Mi - F(ov), (23)
i=1

which for equally sized modules becomes proportional to M* = MNM with N = L- M
being the number of neurons in all modules together. So the Fisher information scales expo-
nentially in the number of neurons N. As a side effect such a code dwarfs a population of
cells with spatially localized firing, like place cells, which scales only linearly in the number of
neurons [40, 39], and thereby highlights the merits of multiple spatial scales in grid cells. The
fact that the largest spatial period A\ in our model has the length scale of the encoded domain
makes a couple of predictions. Firstly, the relevant behavioral range should be on the order of
the largest spatial period A;. Secondly, to use the capacity fully, A\; including all other spatial
periods should adopt to the currently relevant environment of the animal. More generally, the
nested coding scheme predicts that the spatial periods of grid cells cluster in multiple discrete
groups, and that they should form a geometric progression \; = \; - const'. This implies in
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particular that there should be more small spatial periods than large spatial periods present —
two predictions that will be discussed in light of the experimental data.

The optimality of these codes has been derived by considerations of the Fisher information and
the posterior distribution. In the literature it has been argued that the Cramér-Rao bound, given
by the Fisher information is not attainable for low spike counts and small cell numbers [7, 62, 6].
Two conditions that do not apply for the mEC. The attainability of the Cramér-Rao bound by
ML-estimation of nested grid codes has been shown [40, 39].

3.4 Self-similarity and area ratio

From the Fisher information of the jth module (23), one gets for the full Fisher information

L
J=> C-
=1

with certain constants Cj. A priori each module could have a different number of phases M;
and tuning widths o;, as long as the following constrains are fulfilled: The overall neuron
number is constant ) |, M; = N and each module contains enough phases and wide enough
tuning widths to cover the fundamental domain. By similar means as in [40] for 1D grid codes,
one can show that under these constraints the Fisher information is maximized by having ap-
proximately the same neuron number per module and consequently, for covering reasons [40],
similar relative tuning widths o.

!
M; - F(oy), (24)
1

This constancy of field size to grid size has been pointed out early on in recordings [30, 10],
and can also be appreciated in the inset of figure 5. But what range for ¢ would one expect?
In coding theory it is well established that for two dimensional stimulus spaces the Fisher
information becomes independent of the tuning width for small values and plateaus [63, 9];
Figure 5 depicts the Fisher information per neuron for a typical tuning curve. The data from
the largest environments so far, the 18 m long linear track, [10] have been reanalyzed. The
relative tuning width of each recorded grid cell has been estimated and is plotted — these
values are distributed within the top 80% —100% region of the Fisher information (Fig. 5). There
is also a notable trade-off: although smaller spatial tuning widths yield a slightly higher Fisher
information per neuron, more neurons are needed to cover the domain and therefore fewer
modules exist. But it is the number of modules L that massively improves the resolution.

3.5 Lattice dependence: Hexagonal tops quadratic

Any given radially symmetric tuning curve can be periodically extended to either a rectangular
lattice or a hexagonal lattice. But do these choices affect the Fisher information of a module?
This question is settled by the following result.

Theorem 3.1. Consider the set I of all planar lattices, whose fundamental domain D has constant area.
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Figure 5: The Fisher information (Eq. (11)) per neuron with tuning curve given by Eq. (10),
fmazT = 1 and spatial period A = 1. The Fisher information, shown in black, plateaus for small
tuning widths o, and considerably decreases for large 0. The relative tuning width of grid
cell firing patterns on the linear track [10] has been determined and the distribution of values,
as well as their average, are shown in red. All experimental widths are close to the peak of
the Fisher information. The average measured width along the dorso-ventral axis remains
constant, as illustrated in the inset. Each average has been computed from three sets, which
were determined according to the recording location of the cells. As the grid sizes increase
along this axis [10], this establishes that the relative tuning width is independent of the spatial
period.
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Let T'¢ be a hexagonal lattice with fundamental domain Dg of same area. We assume without loss of
generality that D is symmetric around the x-and y-axis. Let Q(z) = fuaxT - P (‘x i ) be a C?-radially

symmetric tuning curve that has the property that F(r), as defined above, is non-increasing for r > R
for a certain R, with the property that the fundamental domain is longer than 2R, i.e. Br(0) C DN Ds.

The periodically extended tuning curve Qr for any lattice I' of this set is associated with a population
Fisher information that obeys:
Jar < Jors-

Proof. We have to show that the eigenvalues of Jq r,; are larger than or equal to those of Jq 1.
These are diagonal matrices with equal terms along the diagonal, therefore it suffices to show
this for the traces of the Fisher information matrix. Without loss of generality let us consider

x = 0. Eq. (20) asserts for the trace tr (JQF ) [p F(|l¢ll?)de, an integral that we can split

into contributions of phases with either Bz(0) U (D — Bg(0)) = D as follows:
(%) = [ FlelDdo+ [ FlelP)ae. 25)
Br(0) D—-Br(0)

By definition F(s) is non-increasing on D — Bg(0) and therefore we get by T6th’s theorem of
the sums of moments[60, 46, 29] that:

/ Flol?)dp < /  F(elPde. (26)
D—Br(0) De¢—BRr(0)

Since F(s) is identical on D N Br(0) = D N Br(0) = Br(0) this establishes the result. O

So far we derived optimal properties for the grid code, in particular nesting, self-similarity,
and hexagonality. While the latter have already been discussed nesting will now be checked,
in light of published data.

3.6 Predictions and Experimental Observations

We pointed out that the spatial periods should form geometric progressions. This prediction
can only be tested by simultaneously recording at multiple sites along the dorso-ventral axis
of one animal in a large environment. The jumps that are predicted by the nested arrangement
have indeed been observed in a preliminary fashion for two modules in Barry et al. [5], and
more rigorously at the SfN conference by Stensola et al. [58]. When pooling over multiple
animals and sessions, we expect a strongly skewed distribution, with many more short than
long spatial periods. These characteristics are indeed mirrored in the distribution recorded by
Brun et al. [10] that is depicted in Fig. 6a.
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Figure 6: (a) The distribution of estimated spatial periods from the spatially modulated neurons
running on the 18 m long linear track are shown [10]. Brun et al. have determined the spatial
periods by different methods, either by taking the minimum, or median of the pairwise peak
to peak distances in the firing map, or by the distance of the first peak in the autocorrelation
(acor). Different methods were employed, as each rat traversed the track only a few times
and the estimation of firing rates was therefore unreliable [10]. Nevertheless, the tendency of
few large spatial periods and many small spatial periods can be appreciated. (b) In Mathis
et al. the spatial resolution of grid codes with randomly sampled sets of spatial periods was
computed [40]. It was noted that although this sampling had no preference in spatial periods,
the 100 spatial periods from the grid codes with the highest resolution is significantly skewed
— the distribution of these best grid sizes is shown in red. The space in this analysis was
normalized. The measured grid periods by Brun et al., when normalized by the length of the
track show a similar trend [10].
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4 Discussion and Conclusion

This paper demonstrated that the parameters of grid cells in the medial entorhinal cortex favor
a high spatial resolution. In particular, the optimal grid code is nested with spatial periods
obeying geometric progression laws and comprising self-similar tuning curves, and hence con-
stant relative tuning width across modules. Thereby our theory provides a normative justifica-
tion for the properties of grid cells.

A more quantitative prediction of, for instance, the ratios of spatial periods was beyond the
scope of this study for a couple of reasons. Firstly, there is a lack of knowledge about the
number of grid cells, their tuning curves, firing variability, correlation structure, etc. These
uncertainties could in principle be mediated by providing a range for the predicted ratio, yet
there is a more decisive factor: the neuronal decoder is not known, we therefore studied grid
cell networks by a more general, information-theoretic measure: the Fisher information and
the Cramér-Rao bound. This makes our results more general, but qualitative in nature.

Other studies and models have reported physiological correlates of grid firing map properties [27,
13, 22, 31]. For instance, the h-current is correlated with the grid size along the dorso-ventral
axis [25]. Thereby, these studies provide a mechanistic explanation for grid cell properties. In
that light it is remarkable to note that either the optimal parameters exist “by accident” or that
these parameters co-evolved with their physiological correlate.

Optimal quantizers for 2D signals (analog-digital-converters) have hexagonal cells, i.e. the
code words are arranged on a hexagonal lattice and, for encoding each analog value, is as-
signed to the closest lattice point. [28, 46]. A proof for this theorem is based on Fejes T6th’s
theorem of the sum of moments, that has also been used in the proof for the optimality of the
hexagonal lattice for grid cells in this paper, and that proved to be groundbreaking for packing
and covering problems [60, 61]. In this paper we proved the advantage of hexagonal lattices
over quadratic ones. Although in earlier studies the perfect hexagonal regularity has always
been emphasized [30], recently minor, yet significant deviations have been pointed out and the
structure has been described as elliptic grid patterns [59]. Furthermore, Krupic et al. have re-
ported that the majority of cells with high spatial information might not be classical grid cells,
but are cells with fewer than three dominant Fourier components, giving rise to band-like cells,
and even non-periodic spatial cells [33]. In this paper we stressed that nesting is the key fac-
tor for the high resolution, rather than minor changes in tuning widths, peak firing rates, etc.
Even further, it is the presence of the multiple scales that empowers nested grid codes with
the remarkable exponential scaling, not periodicity. In a nested code the peaks could be dis-
tributed between different cells of one module, destroying the periodic structure, but leaving
the combinatorial resolution of the population code intact. Therefore, it is important to realize
that our assumption that the individual tuning curves are periodic cannot be weakened and
therefore not be explained by optimal coding. Similarly, the assumption of modularity cannot
be dropped, i.e. that modules of shifted grid cells with the same spatial periods exist. One
can devise a nested scheme, where each module comprises only one cell with a random phase,
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with only small spatial frequency variations between the modules, that due to the higher num-
ber of modules performs like a nested modular grid code. Such non-periodic or non-modular
schemes might be harder to generate with the known models of grid cells [26, 13], and less
aesthetic. They could, nevertheless, offer the same spatial resolution.

Investigators of path integration in mammals have emphasized the detrimental effect of noise
in the self-motion signals on the accuracy. Path integration is therefore not feasible over longer
distances and has to be complemented by other strategies, most crucially by orienting based
on landmarks [19]. These behavioral observations are also underpinned by the physiological
result that the grid pattern changes and even disappears minutes after inactivating the hip-
pocampus [8], which provides an input that has been implicated to anchor the grid map to
salient spatial cues [30, 41].

Other studies on the coding properties of grid cells have suggested that with modular arith-
metic the spatial range of the grid code can be much longer than the longest spatial period [20,
56]. This idea crucially depends on reliable, static and global grid patterns, as otherwise the
range boost arising from the interference patterns across the multiple cells cannot be exploited.
Experimental findings like fragmentation of grid maps in small compartments [16], realign-
ment of grid maps across different mazes [23] and global remapping [37, 36] challenge this
requirement. These experimental findings have, however, motivated our assumption that the
grid code optimizes the resolution and therefore supports path integration and the metric rep-
resentation locally — within the range of the largest spatial period. As it has also been sug-
gested by other authors these reliable and precise local charts are part of the atlas that forms
the manifold like representation of the outside world [15]. The coordinate transformations in
this atlas or initializations of the grid map within each compartment could be stored in the hip-
pocampus [41].

Finally, from a solely coding theoretical point of view it is interesting to note that both the
nested coding strategy and the modular arithmetic strategy for grid cells [20, 56] provide un-
precedented coding accuracy for noisy, neuronal representations. Yet, while the latter relies on
a network based, error-correction mechanism to achieve exponential scaling, no such mecha-
nism is required for nested grid codes to achieve that feat [39]. In any case, as Sreenivasan and
Fiete remark, it is indeed to be expected that other instances of such combinatorial codes will
be discovered in the brain.
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6 DISCUSSION AND CONCLUSIONS

Essentially, all models are wrong,
but some are useful.

George Edward Pelham Box

In this thesis we study the resolution of neuronal representa-
tions of space.’ In particular, the place cell ensemble (place code)
in the hippocampus as well as the grid cell ensemble (grid code)
in the medial entorhinal cortex (mEC) of mammals are investi-
gated.

Let us start with place cells. In chapter 2 we show, for homoge-
neous place codes, that the Fisher information increases linearly
with the number of neurons. Thereby, homogeneous refers to
a population of neurons with identical tuning curves and tun-
ing widths. This result is well known for general populations of
neurons with unimodal tuning curves [14, 39, 82, 144, 152, 153].
Even inhomogeneous populations of place cells, with varying
tuning widths and slightly more than one field per cell, scale the
same way as a homogeneous place code (chapter 2). Hence, the
observed gradient of place field sizes in the hippocampus [70] is
not improving the coding precision, if the neurons spike in a sta-
tistically independent fashion. This condition is crucial, as we re-
view in chapter 4 that in the presence of high noise correlations,
inhomogeneous populations are less affected than homogeneous
ones. It has indeed been argued that there are considerable noise
correlations among place cells in the hippocampus [152]. Differ-
ent scales could therefore help to mend the spatial resolution,
despite correlations. Another, more speculative explanation is
functional: it was pointed out in the introduction that the hip-
pocampus is not solely specialized on space, but is also crucial
for episodic memory. Different sizes of place fields might be
useful for learning associations to relevant behavioral items [67].

Contrarily, the multiple scales can substantially improve the
resolution of a population of grid cells. In chapter 2 and 3 we
show this for an arrangement we call nested grid code. In such

Here resolution is defined as the accuracy of a maximum likelihood decoder
and the Fisher information provides a bound for this accuracy. See chapter 2
or 3 for details.
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a code, grid cells with different spatial phases are arranged in
modules of the same spatial periods. These modules have stag-
gered spatial periods such that each module further refines the
representation of the subsequent module. Thereby, we derive
how the optimal spatial period of the refining module can be
computed from the noise model of the subsequent module. Such
a nested grid code can have a resolution that scales exponentially
in the number of neurons, while a place code can only scale lin-
early in the number of neurons. Thus, a nested grid code can be
orders of magnitude more precise than a place code (chapter 2
and 3). We demonstrate that these scalings remain unaltered
if one introduces noise correlation between neurons of the same
module. As pointed out in chapter 4 the effect of noise corre-
lations between modules was beyond the scope of the current
approach, and simulations of estimators as utilized in chapter 2
should be used to elucidate this case.

Yet, it is not simply the multiple scales that endow nested grid
codes with exponential scaling. There are many arrangements
of the spatial periods that are worse than the best place code of
the same number of neurons. For instance, if the spatial periods
are all close to each other (chapter 2). Thus, the appropriate
nesting of the multiple scales is crucial. By “appropriate” we
mean according to the uncertainty of the coarser modules, as
defined in (chapter 2 and 3). Yet, although nested grid codes
stand out among many other arrangements of spatial periods
by their high resolution, some characteristic properties of these
nested grid codes are not necessary for this feat. On the one
hand, the resolution of these codes is robust to perturbations of
the firing maps, like different peak firing rates at different fields,
Fano factors of the spiking around one, variable tuning widths,
etc. Such robustness is desired for any code, especially for codes
in biological systems, where many parameters are highly vari-
able. On the other hand, as pointed out in chapter 5, one can
find spatial codes that have non-periodic tuning curves, or have
only one phase per module, and still achieve similar resolution
levels like nested grid codes. Thus, periodicity and modularity
are not necessary implications of optimality.

Among the periodic and modular grid codes, however, nested
grid codes are optimal. For these nested grid codes we could
show that it is best to have an equal amount of neurons per mod-
ule and that the tuning curves are self-similar across modules.
These findings are important, as they appear to be reflected in
the properties of grid cells in the mEC ([6, 16, 55, 132], chapter 5).
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We could also show in chapter 5 that the hexagonality® of grid
cells improves the spatial resolution of a grid code. Altogether
our results provide a normative justification for the properties of
grid cells along the lines of the optimal coding hypothesis.

That certain configurations of grid cells provide more spatial
information than place cells has also been pointed out by other
authors. Guanella and Verschure reported that the resolution
of small populations of grid cells is higher than that of small
populations of place cells. In particular, they noted the impor-
tance of different scales [53]. Fiete and colleagues, on the other
hand, argued that the spatial range of the grid code can be much
longer than the longest spatial period [18, 42]. Thus, these au-
thors claimed that rats could path integrate over much longer
distances than the longest spatial periods of the grid cell popu-
lation. When these papers were published this had been seen
as an important problem, as prior to 2008 the largest spatial pe-
riod that has been observed was smaller than one meter. Later
recordings from environments that were actually substantially
larger than the then known periods revealed much longer spa-
tial periods. Periods of at least more than 50% of 18m the linear
track were found [16] and the upper limit has still not been de-
termined. As we demonstrate in chapter 2 grid codes that boost
the spatial range are prone to catastrophic errors, because the
spatial periods are close to each other with respect to the range.
Recently Sreenivasan and Fiete suggested an error-correction
mechanism that can hamper these catastrophic errors [129]. This
mechanism consists of a feedback loop to the population of grid
cells. They assume that this network is actually path integrating,
so that at each moment the network represents a current posi-
tion that is updated by small motion increments. The aforemen-
tioned loop provides a position signal to the grid cell ensemble.
In each cycle, this signal is based on the position before the mo-
tion update and thereby localizes the novel spatial estimate of the

Guanella and Verschure calculated the resolution of small populations of grid
cells with different lattice types. They observed for a specific case that hexag-
onal lattices give a lower error than quadratic lattices and mention that this
follows from to the fact that the hexagonal packing is the densest of all circle
packings ([53], note that their terminology is different from ours). As such that
means that the effective spatial period of hexagonal lattices is smaller than that
of square lattices. In chapter 5 we show that even if the density is controlled,
i.e. the same number of fields per area is considered, a hexagonal arrangement
gives at least as much information as a quadratic arrangement for the same ra-
dial symmetric tuning curve. Intuitively, this holds because among all regular
tilings of the plane with tiles of the same area, the hexagonal tiling can hold
the largest inscribed circle. Both results are based on the same mathematical
theorem by Téth [138, 139], which also implies that the optimal quantizer for
2D signals (analog-digital-converter) discretizes space with hexagons [52, 100].
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population of grid cells after the motion update. Thereby, it obvi-
ates other estimates that are far from the previous position and
consequently exclude catastrophic errors. This feedback mech-
anism is inspired by the the entorhinal-hippocampal loop [129].
In chapter 2 we had not only argued that the spatial represen-
tation in the initial model is susceptible to noise, but also that
the range is also highly variable with respect to the spatial peri-
ods. This problem carries over to the model with error-correction
and makes it dependent on reliable, static and global grid pat-
terns. A requirement that is challenged by experimental obser-
vations like the fragmentation3 of grid maps, even within small
compartments [26], realignment of grid maps across different
mazes [43]* and global remapping [75, 112].

Our assumption that the grid code optimizes the resolution
rather than the range and therefore allows path integration lo-
cally has been motivated by these findings. Furthermore, as
we review in the introduction, path integration in mammals ap-
pears only to be feasible over relatively short distances [36]. In
particular, the aforementioned fragmentation of grid patterns in
multi-compartmental environments suggests that the mEC en-
codes space by a collection of regular sub-maps [26]. This di-
vision of the environment into sub-maps is remarkable, as it
points to a manifold-like representation of the outside world [25].
The anchoring of the individual coordinates for each sub-maps
might be stored in the hippocampus [25, 88], and the transforma-
tion between these coordinates could happen by computations
within the entorhinal-hippocampal loop. This system appears
to allow the animal a highly flexible and adaptive spatial repre-
sentation, that can always be optimized for the current task and
environment at hand. Revealing how this mechanistically works
is one of the major objectives for understanding navigation in
mammals.

When Derdikman et al. recorded in environments consisting of multiple com-
partments the spatial firing pattern of grid cells, which had been identified
in open-field environments, ceased to be hexagonal. More specifically, in the
hairpin maze, which is a “stack of interconnected, zig-zagged compartments of
equal shape and orientation” [26] the grid cell firing patterns were fragmented
by the compartment boundaries, and each compartment had its periodic pat-
tern. The experiment suggests that the mEC encodes space by collection of
regular sub-maps [25, 26].

Fyhn et al. observed that during rate remapping the grid patterns of grid cells
remained unaltered. During global remapping the phases of these patterns
shifted and/or the grid orientations changed. Crucially, these changes were
consistent, so that grid cells recorded from the same tetrode were subject to
similar changes. Sometimes also small changes of the spatial periods were
observed [25, 43].
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From now on we will provide an outlook to related research
questions.

OUTLOOK

One upshot of many earlier population coding models with
correlation structure is that for large, heterogeneous populations
of unimodal tuning curves, i.e. families with varying tuning
widths and peak firing rates, reducing the correlations does not
improve encoding accuracy [30, 123, 144]. Grid cells are also
highly heterogeneous in their firing rates and tuning parame-
ters [55, 56], and it would be interesting to study the effect of
heterogeneity for grid codes as well.

Throughout this thesis we consider a firing code and assumed
that there is a fixed time scale that governs how many spikes
each neuron elicits given its spatial firing rate modulation. This
time scale is inspired by the periods of the theta rhythm, which
has been suggested as the Zeitgeber in the hippocampus ([20],
chapter 2). One could incorporate finer time scales in the popu-
lation coding model, which are indeed present in the hippocam-
pus and the medial entorhinal cortex, like the gamma rhythm or
phase precession [20, 104]. For instance, Reifenstein et al. show
that for a single grid cell the resolution is about 80% higher, if
one considers the theta phase of the individual spikes rather
than the spike count [114]. Phase precision could therefore po-
tentially also enhance the resolution of a population of grid cells.

In chapter 2 we argue that the time scale of the theta rhythm is
sufficiently short and the velocities sufficiently low that we can
as a first approximation consider an immobile animal. This is of
course a huge simplification, and moving animals, as well as the
precision of the encoded trajectory, could be studied next. For
instance, by similar methods to the ones employed by Huys et
al. [62].

A major difficulty of navigation studies in mammals is that,
although much is known about the cell types that encode space
and, as we also discus in this thesis, spatial maps that are formed
by these neurons, it is unclear how these maps mechanistically
give rise to action [36]. One avenue to be taken by modelers
would be to suggest how the homing vector can be computed
from the path integration system. As this system is, presumably,
given by the network of grid cells, one can ask what is necessary
to compute the homing vector of the population activity of grid
cells. More generally, we discuss in chapter 5 the importance
of the specific decoder on the resolution of the grid code. To
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provide more quantitative predictions about the grid code, it
would be important to learn more about the decoder itself, i.e.
the computations that are done with grid cells.



BIBLIOGRAPHY

[1]

[2]

[3]

[4]

[5]

[9]

[10]

[11]

LF Abbott and P Dayan. The effect of correlated variability
on the accuracy of a population code. Neural Computation,
11:91-101, 1999.

JJ Atick. Could information theory provide an ecological
theory of sensory processing? Network: Computation in
neural systems, 3:213—251, 1992.

J] Atick, Z Li, and AN Redlich. Understanding Retinal
Color Coding from First Principles. Neural Computation, 4,

1992.

F Attneave. Some informational aspects of visual percep-
tion. Psychological Review, 61(3):183-193, 1954.

HB Barlow. Sensory mechanisms, the reduction of redun-
dancy, and intelligence. In The mechanisation of thought
processes, volume 10, pages 535-539, London, 1959. Her
majesty’s Stationary Office.

C Barry, R Hayman, N Burgess, and K] Jeffery. Experience-
dependent rescaling of entorhinal grids. Nature neuro-
science, 10(6):682—4, June 2007.

S Benhamou, JP Sauve, and P Bovet. Spatial Memory in
Large Scale Movements : Efficiency and Limitation of the
Egocentric Coding Process. |. theor. Biol, 145:1-12, 1990.

P Berens, AS Ecker, S Gerwinn, AS Tolias, and M Bethge.
Reassessing optimal neural population codes with neuro-
metric functions. Proceedings of the National Academy of Sci-
ences, February 2011.

M Bethge, D Rotermund, and K Pawelzik. Optimal short-
term population coding: when fisher information fails.
Neural Computation, 14:2317-2351, 2002.

E Bloch. Tiibinger Einleitung in die Philosophie I. Suhrkamp
Verlag, Frankfurt am Main, 1963.

O Bobrowski, R Meir, and E Yoninina. Bayesian Filtering
in Spiking Neural Networks: Noise, Adaptation, and Mul-
tisensory Integration. Neural Computation, 21:1277-1320,
2009.

97



98

| Bibliography

[12] CN Boccara, F Sargolini, VH Thoresen, T Solstad, MP Wit-
ter, EI Moser, and MB Moser. Grid cells in pre- and para-
subiculum. Nature neuroscience, 13(8):987—994, July 2010.

[13] PC Bressloff. Pattern formation and visual cortex. Les
Houches Lectures in Neurophysics, 2005.

[14] WM Brown and A Bédcker. Optimal neuronal tuning for
finite stimulus spaces. Neural computation, 2006.

[15] VH Brun, K Otnass, S Molden, HA Steffenach, MP Wit-
ter, MB Moser, and EI Moser. Place cells and place recog-
nition maintained by direct entorhinal-hippocampal cir-
cuitry. Science (New York, N.Y.), 296(5576):2243-6, June
2002.

[16] VH Brun, T Solstad, KB Kjelstrup, M Fyhn, MP Witter,
EI Moser, and MB Moser. Progressive Increase in Grid
Scale From Dorsal to Ventral Medial Entorhinal Cortex.
Hippocampus, 18:1200-1212, 2008.

[17] N Brunel and JP Nadal. Mutual Information, Fisher In-
formation, and Population Coding. Neural Computation,

10:1731-1757, 1998.

[18] Y Burak, T Brookings, and I Fiete. Triangular lattice
neurons may implement an advanced numeral system to
precisely encode rat position over large ranges. arXiv:g-
bio/0606005v1, 93106:4, June 2006.

[19] A Burgalossi, L Herfst, M von Heimendahl, H Forste,
K Haskic, M Schmidt, and M Brecht. Microcircuits of
functionally identified neurons in the rat medial entorhi-
nal cortex. Neuron, 70(4):773-86, May 2011.

[20] G Buzsaki. Rhythms of the Brain. Oxford University Press,
USA, 2006.

[21] DB Chklovskii and AA Koulakov. Maps in the brain: what
can we learn from them? Annual Review of Neuroscience,
27:369—92, January 2004.

[22] MR Cohen and WT Newsome. Context-dependent
changes in functional circuitry in visual area MT. Neuron,
60(1):162—73, October 2008.

[23] P Dayan and LF Abbott. Theoretical Neuroscience: Compu-
tational and Mathematical Modeling of Neural Systems. MIT
Press, 2001.



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Bibliography |

L De Almeida, M Idiart, A Villavicencio, and ] Lisman.
Alternating predictive and short-term memory modes of
entorhinal grid cells. Hippocampus. doi 10.1002/hipo.22030,
May 2012.

D Derdikman and EI Moser. A manifold of spatial maps in
the brain. Trends in Cognitive Sciences, pages 1—9, October
2010.

D Derdikman, JR Whitlock, A Tsao, M Fyhn, T Hafting,
MB Moser, and EI Moser. Fragmentation of grid cell maps
in a multicompartment environment. Nature neuroscience,
12(10):1325-32, October 2009.

CF Doeller, C Barry, and N Burgess. Evidence for grid
cells in a human memory network. Nature, 463(7281):657-
61, February 2010.

K Doya, S Ishii, A Pouget, and RPN Rao. Bayesian Brain
Probabilistic Approaches to Neural Coding. MIT Press, 2007.

AS Ecker, P Berens, GA Keliris, M Bethge, NK Logothetis,
and AS Tolias. Decorrelated neuronal firing in cortical mi-
crocircuits. Science (New York, N.Y.), 327(5965):584—7, Jan-
uary 2010.

AS Ecker, P Berens, AS Tolias, and M Bethge. The Effect
of Noise Correlations in Populations of Diversely Tuned
Neurons. Journal of Neuroscience, 31(40):14272-14283, 2011.

H Eichenbaum. A cortical-hippocampal system for declar-
ative memory. Nature reviews. Neuroscience, 1(1):41-50, Oc-
tober 2000.

H Eichenbaum. Hippocampus: mapping or memory? Cur-
rent biology, 10(21):R785-7, November 2000.

AD Ekstrom, M] Kahana, JB Caplan, TA Fields, EA Isham,
EL Newman, and I Fried. Cellular networks underlying
human spatial navigation. Nature, 425:184-187, 2003.

H Esch and ] Burns. Distance estimation by foraging hon-
eybees. The Journal of Experimental Biology, 199:155-62, Jan-
uary 1996.

AS Etienne. The control of short-distance homing in the
golden hamster. In Cognitive Processes and Spatial Orienta-
tion in Animals and Man, Vol. I, Experimental Animal Psychol-
ogy and Ethology, pages 233—-251. Nijhoff, Boston, 1987.

99



100

| Bibliography

[36] AS Etienne and KJ Jeffery. Path integration in mammals.
Hippocampus, 14(2):180-92, January 2004.

[37] AS Etienne, R Maurer, ] Berlie, and B Reverdin. Navigation
through vector addition. Nature, pages 161-164, 1998.

[38] AS Etienne, R Maurer, and F Saucy. Limitations in the
Assessment of Path Dependent Information. Behaviour,
106(1/2):81-111, 1988.

[39] CW Eurich and SD Wilke. Multidimensional Encod-
ing Strategy of Spiking Neurons. Neural Computation,
12(7):1519-1529, July 2000.

[40] AA Fenton, G Csizmadia, and RU Muller. Conjoint Con-
trol of Hippocampal Place Cell Firing by Two Visual Stim-
uli II. A Vector-field Theory that Predicts Modifications
of the Representation of the Environment. ].Gen.Physiol.,
116(August):211—221, 2000.

[41] AA Fenton, WW Lytton, JM Barry, PP Lenck-Santini,
LE Zinyuk, S Kubik, ] Bures, B Poucet, RU Muller, and
AV Olypher. Attention-like modulation of hippocampus
place cell discharge. Journal of Neuroscience, 30(13):4613—25,
March 2010.

[42] IR Fiete, Y Burak, and T Brookings. What Grid Cells Con-
vey about Rat Location. Journal of Neuroscience, 28(27):6858
— 6871, 2008.

[43] M Fyhn, T Hafting, A Treves, MB Moser, and EI Moser.
Hippocampal remapping and grid realignment in entorhi-
nal cortex. Nature, 446(7132):190—4, March 2007.

[44] M Fyhn, T Hafting, MP Witter, EI Moser, and MB Moser.
Grid cells in mice. Hippocampus, 18(12):1230-8, January
2008.

[45] M Fyhn, S Molden, MP Witter, EI Moser, and MB Moser.
Spatial representation in the entorhinal cortex. Science
(New York, N.Y.), 305(5688):1258-64, August 2004.

[46] CR Gallistel. Insect Navigation: Brains as Symbol-
Processing Organs. In S Sternberg and D Scarborough,
editors, Brains as Symbol Processors: The Case of Insect Navi-
gation, volume 4, pages 1—51. MIT Press, 2 edition, 1998.

[47] T] Gawne and ] Richmond. How independent are the mas-
sages carried by adjacent inferior temporal cortical neu-
rons? Journal of Neuroscience, 13(7):2758-2771, 1993.



Bibliography |

[48] A Georgopoulos, A Schwartz, and R Kettner. Neu-
ronal population coding of movement direction. Science,
233(4771):1416-1419, September 1986.

[49] ED Gershon, MC Wiener, PE Latham, and BJ Richmond.
Coding Strategies in Monkey V1 and Inferior Temporal
Cortices. Journal of Neurophysiology, 79(3):1135-1144, 1998.

[50] LM Giocomo, MB Moser, and EI Moser. Review Computa-
tional Models of Grid Cells. Neuron, 71(4):589—-603, 2011.

[51] KM Gothard, WE Skaggs, and BL McNaughton. Dynam-
ics of mismatch correction in the hippocampal ensemble
code for space: interaction between path integration and
environmental cues. Journal of Neuroscience, 16(24):8027-40,
December 1996.

[52] RM Gray and DL Neuhoff. Quantization. IEEE Transaction
on Infromation theory, 44(6):2325-2383, 1998.

[53] A Guanella and P Verschure. Prediction of the Position of
an Animal Based on Populations of Grid and Place Cells:
A Comparative Study. Journal of Integrative Neuroscience,

6(3):433-446, 2007.

[54] T Hafting, M Fyhn, T Bonnevie, MB Moser, and EI Moser.
Hippocampus-independent phase precession in entorhi-
nal grid cells. Nature, 453(7199):1248-52, June 2008.

[55] T Hafting, M Fyhn, S Molden, MB Moser, and EI Moser.
Microstructure of a spatial map in the entorhinal cortex.
Nature, 436(7052):801-6, August 2005.

[56] AVM Herz, C Kluger, A Mathis, and M Stemmler. Vari-
ability of grid cell firing on a trial-to-trial basis. In Ninth
Gottingen Meeting of the German Neuroscience Society, pages
T26-15C, 2011.

[57] J] Hopfield. Neural networks and physical systems with
emergent collective computational abilities. Proceedings of
the National Academy of Sciences, 79:2554—2558, 1982.

[58] J] Hopfield. Neurodynamics of mental exploration. Pro-
ceedings of the National Academy of Sciences, 107(4):1648-53,
January 2010.

[59] DH Hubel and TN Wiesel. Receptive fields and functional
architecture of monkey striate cortex. Journal of Physiology,
195(1):215—43, March 1968.

101



102

| Bibliography

[60] TN Hubel, DH and Wiesel. Receptive Fields of Single
Neurons in the Cat’s Striate Cortex. Journal of Physiology,

148:574-591, 1959.

[61] NE Humphries, N Queiroz, JRM Dyer, NG Pade,
MK Musyl, KM Schaefer, DW Fuller, JM Brunnschweiler,
TK Doyle, JDR Houghton, GC Hays, CS Jones, LR Noble,
V] Wearmouth, EJ. Southall, and DW Sims. Environmental
context explains Lévy and Brownian movement patterns
of marine predators. Nature, 465(7301):1066—1069, June
2010.

[62] QJM Huys, RS Zemel, R Natarajan, and P Dayan. Fast pop-
ulation coding. Neural Computation, 19(2):404—441, 2007.

[63] JB Issa and K Zhang. Universal conditions for exact path
integration in neural systems. Proceedings of the National
Academy of Sciences, 109(17):6716—-6720, 2012.

[64] ] Jackson and AD Redish. @ Network Dynamics of
Hippocampal Cell-Assemblies Resemble Multiple Spatial
Maps Within Single Tasks. Hippocampus, 17:1209-1229,
2007.

[65] K Jezek, E] Henriksen, A Treves, EI Moser, and MB Moser.
Theta-paced flickering between place-cell maps in the hip-
pocampus. Nature, 478(7368):246—9, October 2011.

[66] RS Johansson and JR Flanagan. Coding and use of tactile
signals from the fingertips in object manipulation tasks.
Nature reviews. Neuroscience, 10(5):345-59, May 2009.

[67] MW Jung, SI Wiener, and BL McNaughton. Comparison
of Spatial Firing Characteristics Ventral Hippocampus of
the Rat. Journal of Neuroscience, 74(12):7347-7456, 1994.

[68] I Kant. Kritik der reinen Vernunft. Suhrkamp-Taschenbuch
Wissenschaft, Frankfurt am Main, 14 edition, 2000.

[69] SM Kay. Fundamentals of Statistical Signal Processing: Es-
timation Theory. Prentice Hall, Upper Saddle River, New

Jersey, 1993.

[70] KB Kjelstrup, T Solstad, VH Brun, T Hafting, S Leutgeb,
MP Witter, EI Moser, and MB Moser. Finite scale of spa-
tial representation in the hippocampus. Science (New York,
N.Y.), 321(5885):140—-3, July 2008.



[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

Bibliography |

JL Kubie, A Fenton, N Novikov, D Touretzky, and
RU Muller. Changes in goal selection induced by cue con-
flicts are in register with predictions from changes in place
cell field locations. Behavioral Neuroscience, 121(4):751—763,
2007.

RF Langston, JA Ainge, J] Couey, CB Canto, TL Bjerknes,
MP Witter, EI Moser, and MB Moser. Development of the
spatial representation system in the rat. Science (New York,
N.Y.), 328(5985):1576-80, June 2010.

C Leibold and R Kempter. Memory Capacity for Se-
quences in a Recurrent Network with. Neural Computation,
18:904—941, 2006.

JK Leutgeb, S Leutgeb, MB Moser, and EI Moser. Pattern
separation in the dentate gyrus and CA3 of the hippocam-
pus. Science (New York, N.Y.), 315(5814):961-6, February
2007.

S Leutgeb, JK Leutgeb, CA Barnes, EI Moser, BL Mc-
Naughton, and MB Moser. Independent codes for spatial
and episodic memory in hippocampal neuronal ensembles.
Science (New York, N.Y.), 309(5734):619—23, July 2005.

C Lever, S Burton, A Jeewajee, ] O’Keefe, and N Burgess.
Boundary vector cells in the subiculum of the hippocam-
pal formation. Journal of Neuroscience, 29(31):9771-7, Au-
gust 2009.

MS Lewicki. Efficient coding of natural sounds. Nature
neuroscience, 5(4):356—63, April 2002.

EA Maguire, N Burgess, JG Donnett, RS] Frackowiak,
DF Frith, and ] O’Keefe. ~Knowing Where and Get-
ting There: A Human Navigation Network. Science,

280(5365):921-924, May 1998.

EA Maguire, DG Gadian, IS Johnsrude, CD Good, ] Ash-
burner, RS Frackowiak, and CD Frith. Navigation-related
structural change in the hippocampi of taxi drivers. Pro-
ceedings of the National Academy of Sciences, 97(8):4398-403,
April 2000.

D Marr. Simple Memory: A Theory for Archicortex.
Philosophical Transactions of the Royal Society of London,
262(841):23-81, 1971.

103



104

| Bibliography

[81]

[87]

[88]

A Mathis, AVM Herz, and M Stemmler. How Good is Grid
Coding versus Place Coding for Navigation Using Noisy,
Spiking Neurons? Frontiers in Computational Neuroscience.
Conference Abstract: Bernstein Conference on Computational
Neuroscience, 4(2010):3389—3389, 2010.

A Mathis, AVM Herz, and M Stemmler. Optimal Popula-
tion Codes for Space: Grid Cells Outperform Place Cells.
Neural Computation, 9(24):2280-2317, May 2012.

A Mathis, M Stemmler, and A Herz. How good is grid cod-
ing versus place coding for navigation using noisy, spiking
neurons? BMC Neuroscience, 11(Suppl 1):020, 2010.

A Mathis, MB Stemmler, and AVM Herz. Exponential Scal-
ing of Nested Neuronal Representations. Front. Comput.
Neurosci. Conference Abstract: BC11 : Computational Neuro-
science & Neurotechnology Bernstein Conference & Neurex An-
nual Meeting, 2011.

T Maudlin. Philosophy of Physics: Space and Time. Princeton
University Press, Princeton, 2012.

BL McNaughton, A Barnes, ] Meltzer, and ] Sutherland.
Hippocampal granule cells are necessary for normal spa-
tial learning but not for spatially-selective pyramidal cell
discharge. Experimental Brain Research, 76:485-496, 1989.

BL McNaughton, CA Barnes, JL Gerrard, K Gothard,
MW Jung, JJ Knierim, H Kudrimoti, Y Qin, WE Skaggs,
M Suster, and KL Weaver. Deciphering the hippocam-
pal polyglot: the hippocampus as a path integration sys-
tem. The Journal of Experimental Biology, 199:173-85, Jan-
uary 1996.

BL McNaughton, FP Battaglia, O Jensen, EI Moser, and
MB Moser. Path integration and the neural basis of the
‘cognitive map’. Nature reviews Neuroscience, 7(8):663—78,
August 2006.

R Menzel, K Geiger, L Chittka, ] Joerges, and ] Kunze. The
knowledge base of bee navigation. The Journal of Experi-
mental Biology, 146:141-146, 1996.

R Menzel, U Greggers, A Smith, S Berger, R Brandt,
S Brunke, G Bundrock, T Plu, F Schaupp, E Schu, S Stach,
J Stindt, N Stollhoff, and S Watzl. Honey bees navigate
according to a map-like spatial memory. Proceedings of the
National Academy of Sciences, 102(8), 2005.



Bibliography |

[91] G Miesenbock. Optogenetic Control of Cells and Circuits.
Annual Review of Cell and Developmental Biology, 27:731-758,
2011.

[92] ML Mittelstaedt and H Mittelstaedt. Homing by Path In-
tegration in a Mammal. Naturwissenschaften, 67, 1980.

[93] MA Montemurro and S Panzeri. Optimal Tuning Widths
in Population Coding of Periodic Variables. Neural Compu-
tation, 18:1555-1576, 2006.

[94] RGM Morris, P Garrud, NP Rawlins, and ] O’Keefe. Place
navigation impaired in rats with hippocampal lesions. Na-
ture, 297, 1982.

[95] EI Moser, E Kropff, and MB Moser. Place cells, grid cells,
and the brain’s spatial representation system. Annual Re-
view of Neuroscience, 31:69—-89, January 2008.

[96] EI Moser and MB Moser. A Metric for Space. Hippocampus,
18:1142—-1156, 2008.

[97] VB Mountcastle. The columnar organization of the neocor-
tex. Brain, 120:701—22, April 1997.

[08] RU Muller and JL Kubie. The Effects of Changes in the
Environment Hippocampal Cells on the Spatial Firing of.
Journal of Neuroscience, 7(7):1951-1968, 1987.

[99] L Nadel. The hippocampus and space revisited. Hippocam-
pus, 1(3):221—9, July 1991.

[100] DJ Newman. The Hexagon Theorem. IEEE Transactions on
Information Theory, 28(2):137-139, 1982.

[101] ] O’Keefe and N Burgess. Geometric determinants of the
place fields of hippocampal neurons. Nature, 381, 1996.

[102] ] O’Keefe and ] Dostrovsky. The hippocampus as a spatial
map: Preliminary evidence from unit activity in the freely-
moving rat. Brain research, 34:171-175, 1971.

[103] ] O’Keefe and L Nadel. The Hippocampus as a cognitive map.
Oxford University Press, 1978.

[104] ] O’Keefe and ML Recce. Phase relationship between hip-
pocampal place units and the EEG theta rhythm. Hippocam-

pus, 3(3):317-30, July 1993.

105



106

| Bibliography

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

BA Olshausen and D Field. Emergence of simple-cell re-
ceptive field properties by learning a sparse code for natu-
ral images. Nature, 381(13), 1996.

M A Paradiso. A Theory for the Use of Visual Orientation
Information which Exploits the Columnar Structure of Stri-
ate Cortex. Biological Cybernetics, 58:35—-49, May 1988.

E Park, D Dvorak, and AA Fenton. Ensemble Place Codes
in Hippocampus: CA1, CA3, and Dentate Gyrus Place
Cells Have Multiple Place Fields in Large Environments.
PloS one, 6(7):e22349, January 2011.

C Parron and E Save. Evidence for entorhinal and parietal
cortices involvement in path integration in the rat. Exper-
imental brain research. Experimentelle Hirnforschung. Expéri-
mentation cérébrale, 159(3):349-59, December 2004.

S Pouget, S Deneve, JC Ducom, and PE Latham. Narrow
versus wide tuning curves: What's best for a population
code? Neural Computation, 11(1):85-90, January 1999.

AD Redish. Beyond the Cognitive Map: From Place Cells to
Episodic Memory. MIT Press, February 1999.

AD Redish, FP Battaglia, MK Chawla, AD Ekstrom, JL Ger-
rard, P Lipa, ES Rosenzweig, PF Worley, JF Guzowski,
BL McNaughton, and CA Barnes. Independence of Firing
Correlates of Anatomically Proximate Hippocampal Pyra-
midal Cells. Journal of Neuroscience, 21(RC134):1-6, 2001.

AD Redish, ES Rosenzweig, JD Bohanick, BL Mc-
Naughton, and CA Barnes. Dynamics of Hippocampal
Ensemble Activity Realignment : Time versus Space. Jour-
nal of Neuroscience, 20(24):9298-9309, 2000.

DS Reich, F Mechler, and JD Victor. Independent and re-
dundant information in nearby cortical neurons. Science
(New York, N.Y.), 294(5551):2566—8, December 2001.

ET Reifenstein, R Kempter, S Schreiber, MB Stemmler, and
AVM Herz. Grid cells in rat entorhinal cortex encode phys-
ical space with independent firing fields and phase pre-
cession at the single-trial level. Proceedings of the National
Academy of Sciences, pages 16, April 2012.

AM Reynolds, AD Smith, R Menzel, U Greggers,
DR Reynolds, and JR Riley. Displaced honey bees per-
form optimal scale-free search flights. Ecology, 88(8):1955—
61, August 2007.



Bibliography |

[116] F Sargolini, M Fyhn, T Hafting, BL McNaughton, MP Wit-
ter, MB Moser, and EI Moser. Conjunctive representation
of position, direction, and velocity in entorhinal cortex. Sci-
ence (New York, N.Y.), 312(5774):758-62, May 2006.

[117] F Savelli, D Yoganarasimha, and J] Knierim. Influence of
Boundary Removal on the Spatial Representations of the
Medial Entorhinal Cortex. Hippocampus, 1282:1270-1282,
2008.

[118] R Schmidt, K Diba, C Leibold, D Schmitz, G Buzsédki, and
R Kempter. Single-trial phase precession in the hippocam-
pus. Journal of Neuroscience, 29(42):13232—41, October 2009.

[119] WB Scoville and B Milner. Loss of Recent Memory After
Bilateral Hippocampal Lesions. The Journal of Neurology,
Neurosurgery and Psychiatry, 20:11-21, 1957.

[120] HS Seung and H Sompolinsky. Simple models for read-
ing neuronal population codes. Proceedings of the National
Academy of Sciences, 90(22):10749—-53, November 1993.

[121] MN Shadlen and WT Newsome. The variable discharge
of cortical neurons: implications for connectivity, compu-
tation, and information coding. Journal of Neuroscience,
18(10):3870-96, May 1998.

[122] M Shamir and H Sompolinsky. Correlation Codes in Neu-
ronal Networks. NIPS, 15:277-284, 2001.

[123] M Shamir and H Sompolinsky. Implications of neu-
ronal diversity on population coding. Neural Computation,
18(8):1951-86, August 2006.

[124] PE Sharp. Complimentary roles for hippocampal versus
subicular/entorhinal place cells in coding place, context,
and events. Hippocampus, 9(4):432—43, January 1999.

[125] EP Simoncelli. Natural image statistics and neural repre-
sentation. Annual Review of Neuroscience, 24:1193—216, 2001.

[126] MA Smith and A Kohn. Spatial and temporal scales of
neuronal correlation in primary visual cortex. Journal of
Neuroscience, 28(48):12591—-603, November 2008.

[127] T Solstad, CN Boccara, E Kropff, MB Moser, and EI Moser.
Representation of geometric borders in the entorhinal cor-
tex. Science (New York, N.Y.), 322(5909):1865-8, December
2008.

107



108

| Bibliography

[128] LR Squire. Memory systems of the brain: A brief history
and current perspective. Neurobiology of Learning and Mem-
ory, 82(3):171—7, November 2004.

[129] S Sreenivasan and IR Fiete. Grid cells generate an analog
error-correcting code for singularly precise neural compu-
tation. Nature neuroscience, 14:1330-1337, September 2011.

[130] MV Srinivasan, S Zhang, M Altwein, and ] Tautz. Honey-
bee Navigation: Nature and Calibration of the "Odometer".
Science, 287(5454):851-853, February 2000.

[131] HA Steffenach, M Witter, MB Moser, and EI Moser. Spatial
memory in the rat requires the dorsolateral band of the
entorhinal cortex. Neuron, 45(2):301-13, January 2005.

[132] H Stensola, T Stensola, T Solstad, K Froland, MB Moser,
and E Moser. Modular organization of grid scale. SfN
abstract, 726.15/YY6, 2011.

[133] ] Stillwell. Mathematics and its History. Springer, New York,
and edition, 2002.

[134] JS Taube. The head direction signal: origins and sensory-
motor integration. Annual Review of Neuroscience, 30:181—
207, January 2007.

[135] JS Taube, RU Muller, and JB Ranck. Head-direction cells
recorded from the postsubiculum in freely moving rats.
I. Description and quantitative analysis. Journal of Neuro-
science, 10(2):420—35, February 1990.

[136] JS Taube, RU Muller, and JB Ranck. Head-direction cells
recorded from the postsubiculum in freely moving rats. IL
Effects of environmental manipulations. Journal of Neuro-
science, 10(2):436—47, February 1990.

[137] EC Tolman. Cognitive maps in rats and men. Psychological
Review, 55(4):189—208, July 1948.

[138] GF Téth. Sum of Moments of Convex Polygons. Acta Math-
ematica Academiae Scientiarum Hungaricae, 24:417-421, 1973.

[139] LF Téth. Lagerungen in der Ebene, auf der Kugel und im Raum.
Springer, 2nd edition, 1972.

[140] DS Touretzky and AD Redish. Theory of rodent naviga-
tion based on interacting representations of space. Hip-
pocampus, 6:247-70, January 1996.



[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

Bibliography |

NM van Strien, NLM Cappaert, and MP Witter. The
anatomy of memory: an interactive overview of the
parahippocampal-hippocampal network. Nature reviews.
Neuroscience, 10(4):272-82, April 2009.

C van Vreeswijk. What is the neural code? In L van
Hemmen and TJ Sejnowski, editors, 23 Problems in Systemic
Neuroscience. Oxford University Press, 2006.

R Wehner and M Srinivasan. Path integration in insects.
In KJ Jeffery, editor, The Neurobiology of Spatial Behaviour.
Oxford University Press, Oxford, 2003.

SD Wilke and CW Eurich. Representational Accuracy
of Stochastic Neural Populations. Neural Computation,
189:155-189, 2001.

T] Wills, F Cacucci, N Burgess, and ] O’Keefe. Develop-
ment of the hippocampal cognitive map in preweanling
rats. Science (New York, N.Y.), 328(5985):1573—6, June 2010.

MA Wilson and BL McNaughton. Dynamics of the hip-
pocampal ensemble code for space. Science (New York,
N.Y.), 261(5124):1055-8, August 1993.

MP Witter and EI Moser. Spatial representation and the ar-
chitecture of the entorhinal cortex. Trends in Neurosciences,
29(12):671-8, December 2006.

MP Witter, PA Naber, T van Haeften, WC Machielsen,
SA Rombouts, F Barkhof, P Scheltens, and FH Lopes da
Silva. Cortico-hippocampal communication by way of par-
allel parahippocampal-subicular pathways. Hippocampus,
10(4):398—410, January 2000.

M Wittlinger, R Wehner, and H Wolf. The ant odometer:
stepping on stilts and stumps. Science (New York, N.Y.),
312(5782):1965—7, June 2006.

MM Yartsev, MP Witter, and N Ulanovsky. Grid cells with-
out theta oscillations in the entorhinal cortex of bats. Na-

ture, 479(7371):103—107, 2011.

] Zeil, A Kelber, and R Voss. Structure and function of
learning flights in bees and wasps. The Journal of Experi-
mental Biology, 199:245-252, 1996.

K Zhang, I Ginzburg, BL McNaughton, and TJ Sejnowski.
Interpreting neuronal population activity by reconstruc-
tion: unified framework with application to hippocampal

109



110 | Bibliography

place cells. Journal of Neurophysiology, 79(2):1017-44, Febru-
ary 1998.

[153] K Zhang and T Sejnowski. Neuronal tuning: to sharpen
or broaden. Neural Computation, 11(1):75-84, 1999.

[154] E Zohary, MN Shadlen, and WT Newsome. Corre-
lated neuronal discharge rate and its implications for psy-
chophysical performance. Nature, 1994.



ACKNOWLEDGEMENTS

This paper has proved to be
controversial.

Anonymous reviewer.

First and foremost, I would like to thank my supervisors, An-
dreas and Martin. When I had just started working with them,
they gave me, a topologist, a guided tour of the fascinating world
of Neuroscience and granted me the freedom to explore ever
since. I am thankful for their enthusiasm, scrutiny and guid-
ance. It was a pleasure to work with them. Recently I learned
that Martin is a high-energy physicist by training, a term that
also describes his personality quite literally.

I am grateful to Mark Hiibener for his contributions in the
TAC meetings.

The Herz lab and all the neighboring labs were a great place
to work, discuss and learn. With Eric, I shared a table which
was too long for a time which was unfortunately too short — als
Berliner Original mufite er frith ebendahin zuriickkehren. Later
came Dinu, and our “night shifts” were essential for finishing
this thesis and some parts of the manuscripts it contains. Grazie
a Gio for bringing this IXTEX-classicthesis-design to my attention.
I also want to extend my thanks to all other former and current
members of the Herz lab.

Thanks as well to all other colleagues in the BCCN, the GSN
and the Biocenter. In particular, I highly appreciated the di-
rect and unembellished discussions with Christian, his style of
bouncing around ideas was very refreshing. Furthermore, thanks
to Axel for our swift collaboration.

Over the past few years, also many scientists outside of Mu-
nich also had an impact on me. Thanks to the members of
the Center for Neurobiology and Behavior, Columbia University
and the Computational Neuroscience Lab, Tsinghua University
for their hospitality during my brief summer visits. The confer-
ences and summer schools I attended were highly informative
and captivating. In particular, I would like to thank Dave Re-
dish for all he told me about the hippocampus.

I am grateful to all proof readers of various parts of the thesis:
Alex, Alvaro, Audrey, Chun, Dinu and Felix.



12 |

Last but not least, I would like to thank my family and my
adorable fiancée for all their love and support through all these
years.



PUBLICATION LIST

A Mathis, AVM Herz, and M Stemmler: “The Resolution of Nested
Neuronal Representations can be Exponential in the Number of Neu-
rons”. Physical Review Letters, 109 (1), 018103, 2012.

A Mathis, AVM Herz, and M Stemmler: “Optimal Population
Codes for Space: Grid Cells Outperform Place Cells”. Neural Com-
putation, 24 (9):2280-2317, 2012.

A Mathis, M Stemmler, and AVM Herz: “The Entorhinal Cortex of
Rodents Harbors an Optimal Grid Code for Space”, in preparation

A Mathis, AVM Herz and M Stemmler: “The Effect of Correlations

on Nested Grid Codes”, in preparation

A Kammerer, A Mathis, M Stemmler, AVM Herz, C Leibold: “A
Physiologically Inspired Model for Global Remapping in the Hippocam-

pus”, in preparation

Conference Contributions:

A Hartz, M Stemmler, A Mathis and AV Herz (2012) “Finite Size
Effects in Grid-Cell Attractor Models for Spatial Navigation”. Front.
Comput. Neurosci. Conference Abstract: Bernstein Conference, Munich.

AJ Kammerer, A Mathis, Stemmler M, AV Herz and C Leibold
(2012) “A Physiologically Inspired Model for Global Remapping in the
Hippocampus”. Front. Comput. Neurosci. Conference Abstract: Bernstein

Conference, Munich.

J Nagele, D Patirniche, A Mathis, M Stemmler and AV Herz (2012)
“Grid cells discharge with less variability than place cells”. Front. Com-
put. Neurosci. Conference Abstract: Bernstein Conference, Munich.

FM Kempf, A Mathis, M Stemmler and AV Herz (2012) “Neural
Representation of Space: Relation between one- and two-dimensional
Environments”. Front. Comput. Neurosci. Conference Abstract: Bernstein

Conference, Munich.

A Mathis, A Herz and M Stemmler (2011) “How grid codes opti-
mally encode space”. Society for Neuroscience Conference, Washington.



114

A Mathis, A Herz and M Stemmler (2011) “Exponential Scaling of
Nested Neuronal Representations”, Front. Comput. Neurosci. Confer-
ence Abstract: Bernstein Conference, Freiburg.

A Mathis, A Herz and M Stemmler (2011) “Optimal Distribution of
Spatial Periods for Grid Cell Ensembles on Finite Space”. gth Gottingen
Meeting of the German Neurscience Society.

D Patirniche, A Mathis, M Stemmler, A Herz (2011) “A Parametric
Free Method for Estimating High Dimensional Tuning Curves”. 9th
Gottingen Meeting of the German Neuroscience Society.

A Herz, C Kluger, A Mathis, M Stemmler (2011) “Variability of
Grid Cell Firing On a Trial-To-Trial Basis”. gth Gottingen Meeting of the
German Neuroscience Society.

A Kammerer, A Mathis, M Stemmler, A Herz, C Leibold (2011)
“A Physiologically Inspired Model for Global Remapping in the Hip-
pocampus”. Computational Neuroscience Meeting CNS*2011, Stockholm.

A Mathis, M Stemmler, A Herz (2010) “How Good is Grid Cod-
ing versus Place Coding for Navigation Using Noisy, Spiking Neu-
rons?” Front. Comput. Neurosci. Conference Abstract: Bernstein Confer-
ence, Berlin.

C Kluger, A Mathis, M Stemmler and A Herz (2010) “Movement
Related Statistics of Grid Cell Firing”. Front. Comput. Neurosci. Confer-
ence Abstract: Bernstein Conference, Berlin.

A Mathis, M Stemmler, A Herz (2010) “How good is grid coding
versus place coding for navigation using noisy, spiking neurons?” Com-
putational Neuroscience Meeting CNS*2010, San Antonio.

A Mathis, M Stemmler, A Herz (2010) “How good is grid cod-
ing versus place coding for navigation using noisy, spiking neurons?”
AREADNE Research in Encoding and Decoding of Neural Ensembles, San-
torini.



EIDESSTATTLICHE ERKLARUNG

Ich versichere hiermit an Fides statt, dass die vorgelegte ku-
mulative Dissertation von mir, wo nicht anderweitig gekennze-
ichnet, selbstindig und ohne unerlaubte Hilfe angefertigt ist.
Die Beitrdge zu den Manuskripten waren wie folgt:

Die Erstellung der Veroffentlichung “A Mathis, AVM Herz,
and M Stemmler: Optimal Population Codes for Space: Grid
Cells Outperform Place Cells. Neural Computation, accepted
February 7, 2012” unterlag folgender Arbeitsteilung: AM, AH
and MS conceived and designed the research. AM performed
research. AM, AH and MS discussed the results and wrote the
paper.

Die Erstellung der Veroffentlichung “A Mathis, AVM Herz,
and M Stemmler: The Resolution of Nested Neuronal Repre-
sentations can be Exponential in the Num- ber of Neurons. PRL,
accepted, April 18, 2012” unterlag folgender Arbeitsteilung: AM,
AH and MS conceived and designed the research. AM per-
formed research, MS did numerical simulation of estimator er-
rors in Fig. 2c/d. AM, AH and MS discussed the results and
wrote the paper.

Die Arbeit zum Manuskript “A Mathis, M Stemmler, and AVM
Herz: The Entorhinal Cortex of Rodents Harbors an Optimal
Grid Code for Space, preprint” unterlag folgender Arbeitsteilung:
AM, AH and MS conceived and designed the research. AM per-
formed research. AM, AH and MS discussed the results. AM
drafted the current state of the manuscript.

Miinchen, Juni 2012

Alexander Mathis

Hiermit bestatigen die Mitautoren die von Herrn Mathis ange-
gebenen Beitrage zu den einzelnen Publikationen.

Miinchen, Juni 2012

Martin Stemmler Andreas Herz



	Cover
	Abstract
	Contents
	1 Introduction
	1.1 Space and spatial behavior
	1.2 The neuronal representation of space
	1.2.1 Place cells
	1.2.2 Head-direction cells
	1.2.3 Grid cells
	1.2.4 Summary

	1.3 Aim of this thesis
	1.3.1 Neural coding theory
	1.3.2 Optimal coding hypothesis


	2 Grid cells outperform place cells
	2.1 Summary
	2.2 Reference

	3 Exponential accuracy of nested codes
	3.1 Summary
	3.2 Reference

	4 The effect of correlations on grid codes
	4.1 Introduction
	4.2 Methods: Population coding model with noise correlations
	4.2.1 Population coding model
	4.2.2 Fisher information

	4.3 Results
	4.3.1 Place code
	4.3.2 Nested grid code

	4.4 Conclusion

	5 The entorhinal cortex of rodents harbors an optimal grid code for space
	5.1 Summary
	5.2 Reference

	6 Discussion and Conclusions
	Bibliography
	Acknowledgements
	Publication list
	Eidesstattliche Erklärung

