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Abstract

Grid cells produce a periodic hexagonal array of firing fields when the rat navigates
on a haizontal 2D surface, and such regularity supports the hypothesis that they encode
distances covered by the animal. This computation is thought to themeural basis for
path integration, and the medial entorhinal corteMEQ, where grid cells are mowgtl
found, is now believed to play a major role for the establishment of a cognitive map in the
brain. However, while grid cells on the horizontal plane are invariant across different
environments (they provide fixed spatial metrics), it is currently notvkmavhether those
distances vary in 3D space. Previous findings suggested that grid cells may be substantially
incapable to perform path integratiom the vertical planeand this thesis aimed to test a
number of hypothesis to explain suahimpairment.These results showhat grid cells are
not affected by experience with 3D locomotiahey are modulated by the orientation of
the locomotion plane and on a climbing wall they display heavily distorted firing patterns
with expanded but fewer fields. Based dhese findings, the hypothesis that the
inconsistency between horizontal and vertical maps may be due to the miscomputation of
instantaneous spee@vas suggestedPreliminary results support the view that the speed
signal carried by speed cells (singhgt level) and LFP theta oscillation (large ensembles)
was substantially reduced suggesting an underestimation of speed during climbing. Put
together these results support the hypothesis that the speed signakplayucial role for
the generation of a redar grid.In the vertical dimensiothe speed signal is reduced and
such impairment drives grid cells to expand and become more irregular. Overall these
results demonstrate that the neural representation of space is therefore not symmetrical

across dimensns but is instead anisotropic.
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1 Overview of spatial cognition

For every freemoving animal, the capacity tiocalizeitself in space is essential.
This is because environments challenge an indivi@ualrvival for a number of reasons,
including predatorsand lack of supplies. Therefore, in order to overcome such threats,
animals need to determine their position as wadl the goal location at any given time and
be capableof drawingan imaginary vector connecting them. If an animal is capable of
doing so, its movements in space will then be both efficient (the shortest path is taken) and
flexible (robust to environmentachanges) and the exhibited spatial behaviour is called
navigation. What makes animals perform navigation is a matter addressed by scientists
ever since the daw of experimental psychology and suehdeavours havéeen termed
spatial cognition. Two setd informationor cuesare used by an animal to orientate itself
in space. Orthe one hand, cues coming from outside the ani@dlody, such as external
landmarks, are used for navigation. They are processed by sensory systems (sight, touch,
smell etc) andare referredto as allotheticcues On the other hand, cues generated from
inside the animal are known as idiothetic, and depend on the whole set of senses
perceiving body movements (vestibular, proprioceptive, motor efference copy. &the
ability to integrate both allothetic and idiothetic information results in optimal navigation.
The following example might hetp explainthis process

It is awell-known experienceto get back home late at night and need to reach a
particular room without turning e lights on. The lack of visual information makes it
challenging but it is eventuallgossible toaccomplish the taskand navigate to the light
switch successfullyThe strategy adopted usually requires one to mentally imagine the
surrounding space and dpte selfposition based on the perception of body movements
(direction, speed). This example shows that-sadition cues can be sufficient to keep track
2F (KS LI GK 2yS KFa GF1Sy GKNRBAdAK &L} OSz I
Ay G SaANI GABRE O 2(RknidaasSd J&fery, 2004 owever, relying on idiothetic
cues only is not accuratdue to error accumulationContinuingwith the émovingin-the-
darké example, it isalso common toexperiencethe feeling of uncertainty aboutones
current positionafter a number of steps ia dark room. However, bumping into objects
(chairs, doors, furnitre) may helpin determiningones current location. Recognizing an
object depends on sensory systems (touch in this example) and, if it is both familiar and
fixed in space, it acts as a landmarksedting position estimate. Therefore, accurate

position issolved by integrating allothetic (when available) with idiothetic cues. How the
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brain computes this is an unsolved question in neuroscience.

Since the dawn of modern ethology, animal navigation has received lots of interest
(Darwin, 1873). However, initigtudies mostly involved behavioural experime(@epard,
1933; ThinudBlanc, 1996)because the neural substrate of spatial cognition could not be
fully addressed until the development of electrophysiolagyivorecording methods. This
technique ultimately led to the discoery of place cells in rodent hippocampash QY SS ¥ S
and Dostrovsky, 19718incethen, a wealth of evidence has been collected showing that
the hippocampus, in concert with a large network of brain areas, performs computations
necessary for spatial cognitioand thus supports navigation. Importantly, thanks to a
number of studies (madsof whichhave beerconducted in rodents), a coherent theoretical
framework on spatial cognition is nowadays at our disposal. However, it should be pointed
out that the majority of evidence consdrom experiments where animals were allowed to
navigate insimple horizontal environments (such as a small square box with a single cue
card). In contrast, the complexity of real environments poses several additional challenges
which the brain must beble to cope with. For instance, natural terrains where animals
move are not just flat horizontal planes but rather a continuum of tilted and irregular
surfaces. Few studigsave specifically explored the functioning ofake neural networks
known for supportingspatial cognitionduring locomotion on nothorizontal sufaces. The
broad question that this thesis aims to answer is whether in the rat brain, the circuits
performing spatial cognition also encode spatial information during movements on the
vertical plane ando see ifsuch representatiosdo not substantialiydiffer from those in
the horizontal. Thiscan be seen as the first step towards the more general investigation of
3D encoding of space in the rodent brain. Preliminary evidence in rats suggested that
movements along gravity dramatically impaired spatiading (Hayman et al., 2011put
several factors could have contributed to the lack of spatial representation on the vertical
plane. Specifically, the aim of this thesis was to test whether facgrsh as previous
experience with 3D locomotion or the orientation of the body relativéhe surface, affect
spatial codingThese questionsvere addressedby raising animals in enriched cages where
rats spontaneously learned how to climb. Timeural activitywas then recordedh a variety
of environments where a number of hypotheses genedatieom previous studiesould be
tested Put together these findings provide relevant insighiato the topic of 3D spatial

representationin the rodent.

The aim of this chapter is to briefly introduce the principles of spatial cognition along
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with the pioneering experiments which addressed this fascinating matter.
1.1. Tolman and the cognitive map

Tolman undoubtedly a pioneer in experimental psycholotgsted rat€spatial skills
in a number of circumstancefolman, 1948)Indeed, inhis most famousdsunbursg
experiment, he trained rats to run from a start box across a circular area and then down a
corridor at the end of which was placed a reward (Bégurel-1A). After severdirials, the
experiment was repeated but the central corridor was blocked and several radiating paths
added (se Figurel-1B). What he observed was a significant preference for the corridor
that pointed towards the same place in the roamwhere the reward had been placed
before. This result supported the hypothesisathrats not only learned the correct
behaviour to perform in order to get the reward, but they developed a more
comprehensive representation of space allowing them no navigate flexibly in it. Given that
rats flexibly adopted the shortest path to reach aagtocation following the change in the
setup, Tolman proposed that rats had an allocentric rik@ representation of the
SYGANRYYSYy(> 6KAOK K $TolDdn,f1948)R order tali@nIndph iti A &S
KR (2 -O8Y lggi idddcentred, and so dependent on the spatial relationships
within the environment NJ (i K S NJ DIy yicN.&. Batigcentred thus anchored to

the subjec® position. This aspect of Tolnfartheory conflictedgreatly with the views of

W

;/

S ¢

Figure 1-1 Sunburst maze designed to assess spatial behaviour of rats.

A G B

i

(A) Configuration of the maze during training. Rats placed at the start of one corridor (S), learned to cross
circular arena and follow the sets of continuous corridors to reach goal location (G).

(B) Configuration of the maze during probe. Among manyocridors, rats chose the one pointing to the
location. Adapted from Tolman, 1948.
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obehaviourisng, the most prominent school of thought in psychology in vogue at that time.
What this theory postulated was that complex behaviours, such as those exhibited by rats
to navigate, are elicited by any form of cue (visual, auditory, kinaesthethic etc) functioning
as astimulus(S)which becomes progressively linked with a precise behaviourgkgonse
(R) aimed to obtain a reward. Therefore, according to behaviourists, spatial behaviour is
generated as a chain of correct responses to environmental stimuli whiehselected
upon adtrial and errok learning proceséThorndike, 1898)

Even though Tolman at the beginning of his career was a behaviourigtolgsitive
mapE theory was broadly in disagreement with the-RS paradigm pstulated by
behaviourism. Indeed, the capacity of rats to perform flexible behaviour clashes with the
fixed SR chain posited by behaviourists. In addition, the motivational state of the animal,
as well as the presence of reinforcements, were not preratpsdor the formation of the
cognitive maps, and these aspects heavily disagreed with the principles of behaviourism.
Moreover, still relevant for the current investigation of spatial cognition is To@nearly
insight of the link between the representah of the space that the animal computes and
GKS tfSINYyAy3I LINRPOS&aSad Ly FINBSYSyd 6AGK
during a spatial experience can be retrieved in a subsequent exposure to the same
environment; therefore, this process is©idught to be dependent on the recalling of
previous memory in the frame of a broad learning mechanism defined by the authors as
Gf FGSy i (Thl@anNp4B)Yy RENB T2 NEZ 20SNItf ¢2fYlFyQa
not just as a new point of viean the debate over spatial cognition, but rather as a broader
rethink of the neural learning processes. Indeed, the investigation of navightdilities
today offers us relevant clues toward the understanding of the mechanisms by which

animals and humas learn.
1.2. The hippocampus functions as cognitive map

After the publication of th&Cognitive maps in rats and me(1948), the issue over
ocognitive map theor§ almost disappeared from the debate among researchers. Partially
this was due to the predomimee of behaviourism and the relative weakness of
experimental results supporting the Tolmanian cognitive map theory. However, a new
epoch in the study of spatial cognition started in the early 1970s when a new generation of
researchers radically changedethhistory of the field. Indeed, seminal studies were
conducted with the aim of elucidating the mechanisms by which the brain supports

navigation. This neurobiological approach was possible following the seminal study by
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Scoville and Milnerl®57) who examned a number of patients with medial temporal lobe

(MTL) lesions, the most famous of which, H.M., underwent bilateral resection of the MTL as

an attempt to cure severe druggsistant epilepsyScoville and Milner, 1957)fter the

surgery, epileptic seizures decreased but H.M. begun exhibiting profound anterograde
memory deftits ¢ i.e. an incapacity to form new memorieg as well as semantic and

spatial deficit{Corkin, 2002; Corkin et al., 199%ubsequent studies revealed a substantial

loss of the hippocampus, even though recent examination showed severe loss of entorhinal
cortex, amygdloid complex and perirhinal cortex as wé@orkin, 2002) This finding

suggested that the hippocampal formation in mammals may be ohehe neural

substrates involved in learning and memory, at least in humans, and this led to a new era

of investigation of the hippocampus in animalengpelling evidence for the hippocampal
involvement for learning and memory came after the discovery of place@dllQ Y SSFS | y R
Dostrovsky, 1971 neurons located iprincipallayer of the hippocampus showing spatially

selective firing whilean animal exploresspace (se€8.2.1for a thaough description of

place cellproperties). Since then the hippocampus and place cells have been extensively
investigated and a flourishing line of research has risen since the publication of the

G1 ALILIROFYLIzA a | /23yAddS alL¥s Ay sKAOK Al
primary role of rodent hippocampus is for spatial memdanh QYSSF¥S | yR bl RSt
According to the authors, the hippocampus is the brain area responsible for spatial
navigation since it hosts the neural representation of the environment, defined by Tolman
OmMpny Vv Fyaix GIAKESS aYOQ2LE & cakcaharenDfdrBevorkLulR vihicié R

study spatial cognition and has been seminal in the field of spatial cognition. A wealth of
d0dzZRASa 02y O02YAlGlIyd 6AGK GKS al ALILIROF YLIza |
using a varietyf tasks, protocols and manipulatiofBay and Schallert, 1996; Eichenbaum

et al., 1990; Jarrard, 1983; Morris, 1981; Morris et al., 1982; Olton and Papas, 1979; Olton

and Samualon, 1976; Olton et al., 1978; Winocur, 1982aken togetherthese results

agreed with the principles of the Tolmanian cognitive map theory, but represented a step
forward for having identified the neural substrate supporting spatial cognition: the

hippocampus.
1.3. Hippocampus and plasticity

The attention that hippocampal research gained grew exponentially during those
years, and particularly the fact that neural substrates of learning and memory could be

investigated. It should aldoe mentioned that pardel to the spatial cognition field, a new
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line of research suggested causal link between the hippocampus and memory: the
discoveryof long term potentiation (LT,HFigurel-2). The seminal studies by Bliss and Lomo

in the 1970s revealed a striking feature of hippocampal circuits, which is that they are
extremely plastic (i.e. adaptable). Bliss and Lomo showed that repetitivefrieighency

train stimdation of the perforant path the bundle of fibres projecting from the entorhinal
cortex to the dentate gyrug induceda long-lasting increased postynaptic responséBliss

and GardneiMedwin, 1971; Bliss and Lomo, 1970; Bliss and L@gmo, 1973; Lomo, 1971a,
1971b) Further studies revealed a number of cellular mechanisms inducing LTP throughout
the hippocampal circui(Bliss and Collingridge, 1993; Brown et al., 1980yilar to LTP, a
related phenomenon, long term depression (LTD) was subsequently discoverdedsee

1-2). This occurs when lefrequency stimulation is applied for a long time such that both
pre-synaptic and possynaptic mechanismsoatribute to the weakening of the synapses
involved(Bear and Abraham, 1996; Citri and Malenka, 2008)
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Figure 1-2 Synaptic plasticity in the hippocampal slice preparation.

A) Schematic representation of the experimental setup for measuring plasticity in a preparation
rodent hippocampal slice. Note the mossy fibres (MS) from DG inputting CA3 pyramidal nens
which project to CA1 via Schaffer collaterals (SC).

B) The strength of synaptic connections is measured as the slope of the field excitatory peghaptic
potential (fFEPSP) across time (min). LTP (left) is induced following 100 Hz stimulation for
(black arrow), whereas LTD (right) is induced following 5 Hz stimulation for 3 minutes (whit
arrow). Note the enhanced response for LTP in contrast to decreased response (LTD). Ada
from Citri and Malenka, 2008.

The overall feature of hippocampal circuits to adapt by strengthening/weakening
reciprocal connections very much resembles the theoretical model proposed by Hebb
(1949). In this seminal work, he hypothesized that the simplest trace of memory in the
brain can be established by the strengthening of synaptic connections between twp cell
so that the presynaptic firing of cell A increases the fi@grobability of the postsynaptic
cell B(Hebb, 1949) This model of neural memory has since then been referred to as

Hebbian plasticity. Three requirements were describedHeb® classical model for the
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establishment of memory, sometimes defined as Habfule: activity dependence (since

the firing activity is required for both the cells), associativity (only cells with a highrap

index are strengthened) and specificifonly the synapses simultaneously active are
strengthened, but not the ones belonging to same cells but forming synapses with other
cells). As proposed by Hebb, this mechanism could foster the coupling of cellular events
taking place in a short time wiogv in light of simple forms of learning, such as the
conditioned responses to stimuli. The model proposed by Hebb was experimentally
confirmed by the seminal studies carried out by Kandel and colleagues who investigated
the neural basis of learning in thenail AplysigKandel and Tauc, 1965a, 1965bhese
authors reported forms of learning dependenih a similar mechanism in which a third cell,

a modulatory interneura, is required for potentiation, a phenomenon referred to as
hetero-synaptic plasticity. Moreover, the subsequent discoveries of LTP and LTD in the
hippocampal circuits by Bliss and Lortiliss and Lemo, 1973)rther confirmed the
Hebbian model and corroborated the hypothesis that synaptic plasticity may contribute to
the establisiment of memory traces in the hippocampus.

In summarygexperimental evidence demonstrated a remarkable degree of plasticity
occurring in the hippocampus, and such feasinave been interpreted as the underlying
biological mechanism for the storage of information. However, it should be pointed out
that sometines the expressiomiearning and memor/is misleadingly associated to the
concept ofdplasticityg, broadly referred toasthe mechanism by which neurons modify
their synaptic connections and/or other relevant properties in response to stimuli (such as
activation, signals etl. It must be noted that memory and plasticity are not synonymous;
indeed, memory is the subje@ faculty of being able to remember past experiences and
efficiently make use of them (learning), whilst plasticity is the neuronal prgpeft
changing features, for instance the currents flowing between cells forming a given eircuit
for an exhaustive review on plasticity and its conttibn to several functions see Citri and
Malenka (2008). Decades of research in the field have demotetrahat plasticity is a
general mechanism of neural circuits, which takes place in several phasesadife span
(neurogenesis, development) and for different processes, such as sensory perception, pain,
reward, motivation, addiction etc. However, plizity has been hypothesized to be a
relevant property allowing the storage of information and thus is thought to explain the
formation of memories at a neuronal level. Indeed, synaptic mechanisms such as LTP and
LTD inthe hippocampus were proposed to plarelevant roles in light of memory

formation. Many findings support this hypothesis and it is now becoming clear how LTP
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and LTD, which have been discovered as cellular electrical responses to artificial
stimulation, occurin vivoin the hippocampus. Thefore, they are the most powerful
models of information storage at a cellular level to help understanding the neurobiology of

memory.
1.4. From the hippocampus to the network

Ever since the pioneering studies conducted by Tolman, the question of how animals
perform navigation has been tightly bound to the investigation of learning and memory.
Indeed, the principles of the cognitive map theory proposedTioyman (1948) strongly
disagreed with thedbehaviourisndé paradigm, according to which behaviour, including
navigation, emerges as a sequence & 8vents acquired duringrial and errog learning
proceses (Thorndike, 1898)The bond between space and memory became even stronger
once the investigation of the hippocampus was commenced. Indaimether the three
following observationsgenerated a coherent theoretical framework in which hippocampal

functioning was crucial for the computation of space and memory

i) the hippocampus was involved in acquiring new memories (H.M.);
ii) neural plasticity obeying Hebbian rules allovibé storage of information;
iii) hippocampal place celfsnctioned like a cognitive map.

Still nowadays, the precise function of the hippocampal system is disputed, with
different schools of thought postulating spatial. wsore declarative processin@ird and
Burgess, 20087ohen and Eichenbaum, 1991; Eichenbaum, 2000; Eichenbaum et al., 1992)
The gquestion of whether or not the hippocampus processes-spmatial information goes
beyond the scopes of this thesis and will not be addressed here. However, decades of
investigaion have largely improved our knowledge of the spatial computation by the
KALILIR OF YLIdzas FyR GKS SFNIeé& KeLRGKSara LINRLR:
mostly confirmed. Indeedit is not just the hippocampus where place cells are mostly
found, butalsoa large network of brain areas centered on the hippocampal formatiah
havebeen shown to contribute to the representation of space. Compelling evidence came
from the discoveries of several functionatigfined celitypes which, similar to placeels,
convey spatiallrelevant information (secalled spatiallymodulated neurons, see.2).
However, differenly to place cells, they do not encode location in space. Indeed, neurons

initially recorded from the possubiculum showed allocentric encoding of head direction
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and for this reason the terndhead direction cellswas coinedRanck, 1984; Taube, 2007;
Taube et al., 1990a, 19900)hese cells play a major role in navigatias they are believed
to act like a compass, provigj aninternal sense of directian

Another fundamental discovery in the field was made in the laboratory of Edward
and MayBritt Moser in the early 2000s. A new functionally defined-tggde was identified
and termeddgrid celf for its periodic hexagonadrray of firingwhichtessellaes acrosshe
whole available spacéyhn et al., 2004; &fting et al., 2005; Sargolini et al., 2008he
spatial period shown by these cells suggested that they perform odometry tkiee
computation of distancaneasuring) and therefore they encode distances trave{Mdser
and Moser, 2008; Rowland et al., 201B)ost recently, yet another functional célipe has
been also identified showg accurate encoding of speed and for this reason they have
been nameddspeed cells (Kropff et al., 2015) The understanding othe neural
mechanisms D spatial representation is now one of the most interesting as well as
investigated questions in neuroscience. The large interest it received ultimately led to the
award of the most prestigious Nobel Prize to Jol®dafe (UCL, London, UK) shared with
Edwad and MayBritt Moser, cedirectors of the Kavli Institute for Systems

Neuroscience Center for Neural Computation in Trondheim, Norway.

To conclude, since the initial discovery of place cells dated 1971 and the subsequent
ohippocampus as a cognitive méheorye dated 1978, a large body of evidence has shown
that an orchestra of brain areas centeradbundthe hippocampus functions in concert
order to representallocentric space as firstly proposed by Tolman (1948) and tl@#adie
and Nadel (1978). In this thesis the teéspatial cognitive systegnwill be repetitively used
to refer to this large system including hippocampal formation and parahippocampal areas
such as presubiculum, parasubiculum etc. In the following chaptiesly the anatomy
(Chapter 2) of this complex network will be overviewed. The following chapter will
summarisethe physiology of the neural calates of spaceQhapter3). At the end, the

limited investigation of the 3D encoding of space will be also summarized (CHapter
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2 Anatomy of the spatial cognitive
system

In the previous chapter a brief introduction to the field of spatial cognitieas
provided, along with the early studies pointing to the hippocampus as the brain area
hosting the Tolmanian cognitive mafTolman, 1948) Indeed, a wealth of evidence
collected in the lasfew decades has clearly shown the importance of the hippgoas
along with many surrounding areas for the establishment of aik&prepresentation of
space useful for navigation. However, the complexity of the network, as well as the
sometimes misleading nomenclature, overall make the comprehension of thesssts
somewhatdifficult. Therefore he aim of this chapter is to describe the anatomy of the

spatial cognitive system

The essential terminology of the spatial system, as well as the connectivity of the
hippocampal formation and parahippocampal coricewill be briefly presented in the
following paragraphs. As reference, the terminology usedaim Strien et al., (20093 the
one adapted throughout this thesis which classifies the whole spatiiem into two main
networks

a) The hippocampal formatiofHF), which includes the hippocampus proper, the

dentate gyrus and the subiculym

b) The parahippocampal region (PHR), which includes the presubiculum,

parasubiculum, entorhinal cortex, perirhinal cortex and postrhinal cortex.

Given that the results presead in this thesis mostly focus on place cells from the
hippocampus, and grid and speed cells from the entorhinal cortex, most attention will be
given to these two brain areas. However, for a thorough anatomical understanding of the
whole spatial cognitivesystem, the following readings are highly recommendg@danaral
and Lavenex, 2006; Amaral et al., 2007; Burwell and Agster, 2008; Neves et al., 2008;
Witter and Amaral, 20049nd the most recent work by van Strien et al., (2009).

2.1 The hippocampal formation

The HF is bilateral structure which occupies the caudal part of the rat briaijute

2-1). While the two HFs are well apart from each other at the most caudal end, they
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progressively converge along the-PA axis until joining together and forming the
hippocampal commissure.

The termdhippocampus was given by the anatomist Arans (Aranzi, 1587who
identified the hippocampal structure and gave this term for #sh@pe which resembles a
seahorse. As mentioned before, overall thE 14 formed by the hippocampus proper (HP),
sometimesreferredto asthe cornu ammoniswhich in turn is formed by 4 subfields named

CAZ14, the dentate gyrus (DG) and the subiculum (SUB).

L/
Ventral

Rostral Caudal Lateral Medial
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Figure 2-1 Anatomy of the hippocampal system.

Overview of the anatomy of the spatiatognitive system from sagittal sections view showingA) rostro-cauda
(same as antereposterior) extent and (B) coronal view showing medio-lateral extent.

Note the HF formed by CA1 (orange), CA3 (light brown), DG (dark brown) and SUB (light yellow). Surrounc
areas form the PHR including EC (medial portion in light green and lateral in dark green), PRE (light bl
PAR (dak blue), POR (turquoise) and perirhinal cortex formed by Broadmann areas A35 (light purple) a
A36 (dark purple). Adapted from van Strien et al. (2009).

2.1.1 Major bundles

The HF possesses a number of large bundles of fiomsecting the structures both
commissurally and with external areas, in particular those forming the PHR. These bundles
are:

a) The alveus: a thin sheet of white matter including both afferent and efferent
projections located in the deepest part of the HHAl #dgether these fibres
collectively form the fimbria, located near the midline under the corpus
callosum, and then becomes the fornix as it leaves the HF to reach the forebrain
(Amaraland Lavenex, 2006)

b) Dorsal hippocampal commissure, formed by afferent and efferent projections to
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PRE, PAR and EC (Amaral and Lavenex, 2006).

c) Ventral hippocampal commissure, which connects both homotopic (same) and
heterotopic fields of the contralatal HH Amaral and Lavenex, 2006).

d) The angular bundle, which is formed by both afferent and efferent commissural
fibres of EC, PRE and PAR along with a number of cortical and subcortical areas.
Importantly, the angular bundle also represents the main cartiza from the

EC to all the septtemporal levels of the HAmaral and Lavenex, 2006)

2.1.2 Laminar arrangement

As stated before, the HF as a whole is formedHrge structures: the DG, the HP
which is divided into three subfields (CAl, CA2, CA3 and-@Ad)the SUB. The common
property shared by these three structures is the laminar arrangement into three identified
layers, representing the crucial different®m the PHR areas-igure2-2). Depending on
the region, the threedyers are labelled differentlfAndersen et al., 1971¥he deepest
layer comprises both afferent and efferent fibres as well as interneurons and it is called the
polymorphous layer (pol) orilas in the DG and stratum oriens (so) in the CA subfields. The
: intermediate layer is the principal cell layer
as is formed by principal celleas well as
interneurons. In the DG, the principal layer
sits on top of the polymorphous layer and is

termed the granular layer, as it is densely

i

47%  packed by granule cells. In the CA subfields
the principal layer mostly contains pyramidal
neurons and hence is termed the pyramidal
layer. Finally, the most superficial layer is
termed the molecular layer in the DG and
SWB, whereas in the HP it forms multiple

sublayers which are most distinguishable in

CA3. They are: the, stratum lucidum,

Figure 2-2 Laminar organization of the HF and
PHR.

Horizontal section (sectionb from Figure 2-1) of  radiatum, which is formed by the apical
the hippocampal system revealing thredayered ) )
organization in HF comparedto the sixlayered one dendrites of the pyramidal neurons

in the PHR. Coloucoded the same way as$igure
2-1. Adapted from van Strien et al. (2009). underneath, and satum lacunosum

receiving afferents from the DG; stratum

moleculare, which is formed by the apical tufts
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of the pyramidal dendritesHigure2-3). Importantly, this is the layer where the fibréeom
the PP lie and synapses with the HP neurons.

Intensive investigation of the HF anatomy has enabled mapping of the connections
taking place between areas inside of the HF (intrinsic connections) as well as brain areas
outside of the HF (extrinsic coactions). In the next paragraphs, a brief overview of the
intrinsic and extrinsic connectivity will be introduced and the functional implications

discussed.
2.1.3 Intrinsic connectivity of HF

The projections connecting areas within the HF are terrdattinsicc and can be
summarized into two large categories: those forming thecabled ctri-synaptic pathwag

and the ones forming the bagkojections in the HF.
2.1.3.1 Tri-synaptic pathway

A large portion of information within the HF is known to travel through the tri-
synapticpathway,a unidirectionalroute from the ECto the HP(Figure2-3). Thefirst step of
the circuitis formed by those axonsdeparting from layer 1l and 1l of the ECand organized

in a large bundletermed the perforant path (PP)which then contactsgranularcellsof the

DG.Here, projectionsfrom the granulecellsof the DGform the mossyfibres (MF)and

target pyramidalcells of CA3.Here, projectionsfrom CA3form the Schaffercollaterals

Polymodal sensory
information

Hippocampus Entorhinal cortex

r— Perforant path to CAl

Schaffer collaterals

/—“‘x Medial

Lateral

Dentate
gyrus

'Associational/
commissul

fibres Mossy fibres Perforant path
to dentate gyrus

Modulatory input

Figure 2-3 Tri -synaptic pathway .

Schematic representation of the connections between EC and HF forming thedyinaptic pathway (PP fron
EC to DG, MF from DG to CA3 and SC from CA3 to CA1). Adapted from Neves et al., 2008.
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(SC)reaching CA1 pyramidal cells. Remarkably this componentof the circuit showsan
interestingtopographicalpattern alongthe transverseaxis.Specificallyan inversegradient
takes place between the proximaldistal axis of the CA3to-CAlconnections:the distal

portion of CA3neuronstarget proximalportion of CAlneuronsand vice versa(lshizukaet
al., 1990; Laurberg,1979; Laurbergand Sarensen,1981) CAlprincipallayeris considered

the output regionof the whole HF, asit integratesdirect (from EC)and indirect signalg(via
the tri-synapticcircuit) and then projectsto severaltarget areasincludingdeep layers(V
and V1) of the ECthus closingthe loop between ECand HF.A large number of axonsfrom

CAlstay within the HF, reachingprincipal layers of the SUB forming what is sometimes
referred to as the fourth connectionof the tri-synaptic pathway. Again, an inverse

topographicalpattern is presenthere, with the proximalneuronsof CAlprojectingto the
distal onesof SUBand vice versa(Amaralet al., 1991; Ishizukaet al., 1990; Naber et al.,

2001;Swansoret al., 1981; Tamamakand Nojyo,1990)
2.1.3.2 Backprojections

The circuit presentedabove is sometimesreferred as the ostandard modeE (van
Strienet al.,2009)andit representsa very simplifiedoutline of HFconnectivity.Indeed,a

numberof backprojectionshavebeenidentified from SURo DG:

a) CA3pyramidalneuronsprojectto the DGhilusandinner molecularlayerwith no
septotemporalgradientobserved(Buckmasteet al.,1993;Laurberg,1979)

b) CAlinhibitory cellsof the stratum radiatumand stratum orienshavebeenfound
to backproject to the samelayersof CA3(Amaralet al., 1991; Laurberg,1979;
Swansoret al.,1981)

c) SUBpyramidalprojectionshave also been identified to input to all CAllayers

(Finchet al.,1983;Jacksoret al., 2014;Kohler et al., 1978)

Moreover,recurrentcollateralconnectionsare widelyfound throughout the HF:

a) In CA3,pyramidal neurons target each other via recurrent collaterals. Such
connectivity shows a particular organizationalong the septotemporal axisin
that each neuron targets cells nearby. The quantity and complexity of such
connectionshas been estimated to be the major source of CA3input itself

(Witter and Amaral,2004) raisingseveralquestionsaboutits putative functions.
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b) In DG,granulecellstarget mossycell dendritesin the polymorphouslayerwhich

backproject to other granule cell dendritesin the molecularlayer (Laurberg,
1979;Laurbergand Sarensen,1981;Segabnd Landis 1974)

c) In CAl,pyramidalneuronsalsoform recurrent collateralsand similarly in CA3
(although less abundan), cells target local neuronsalong the septotemporal

axis(vanStrienet al.,2009)

It appears that thedstandard moded, according to which the flow of information
within the HF travels unidirectionallyails to capture the complexity of the whole circuit.
Indeed, backprojections as well as local collateral circuits, have been found at all levels of

the pathway.
2.1.4 Extrinsic connections of the HF

The projections to the HF that originate outside of it arented extrinsic
connections. It is well known that a substantial part of these connections is represented by
the PHR input from the EC: a large bundle of fibres which is callegénrant pattE (PP)
projects throughout the septtemporal extent of the . In addition, a number of
subcortical structures also reach the HF such as thalamus, basal forebrain, hypothalamus
and locus coeruleugran Strien etl., 2009) The basal nucleus of the amygdaloid complex
targets CAl, CA3 and SUB, whereas glutamatergic, cholinergic and GABAerigc fibres from
the medial septum and diagonal band of Broca {IM8B) are well documented to reach HP
and MEC(Borhegyi et al., 2004; GonzalSmlser and Nolan, 2017; Robinson et al., 2016;
Vandecasteele et al., 201Aelevanto the results of this thesis, many studies have shown
that reciprocal connections from MSBB toHF and PHR are crucial for the generation of
theta rhythm throughout the entire HBuzsaki, 2002; Fuhrmann et al., 2015)

2.1.5 Celltypes of HF

As mentioned before, the HF showsthe typical three-layered laminar organization
(see Figure 2-2 and Figure 2-3) and the distribution of the celktypes follows such an
arrangementln the HPand SUBthe principalcelllayeris populatedby pyramidalneurons.
Consistently these cells show large pyramidatshapedcell bodies and bipolar dendritic
arborisation: apicaltrees extend towards the stratumn radiatum and stratum lacunosum
moleculare(superficiallayer), while the basaltrees project towardsthe stratum oriensin

all CAsubfieldsand in the pyramidallayer in the SUB(Figure 2-4). Fine morphological
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Figure 2-4 Structure of the pyramidal neurons

(A) Examples of pyramidal neurons from neocortex (layer II/1l and V) and HF (CA3, CA1 and SUB). N
the differences in the morphology and size of the cell body, dendritic branches and dendritic tuftd)
Based on synaptic inputs, pyramidal neurons are divided into functional domains: apical tufts usue
receiving excitatory inputs (purple background) and basal and proximal dendrites (green backgrount
(© Schematic drawing of a pyramidal neuron representing the functional domains identified based
synaptic inputs. Adapted from Spruston et al., 2008.

differences are also shown by pyramidal cells acrossHP subfields(Spruston,2008) For
instance, CA2 pyramidal neurons show a characteristicpattern of dendritic branching
which is usedto define CA2borders (Bartesaghiand Ravasi1999; Caruanaet al., 2012)
Moreover,fine differencesalsoexistbetween CA3and CAlpyramidalcells:CAlcell bodies
are smallerand more denselypackedwith the whole dendritic arborisationbeing smaller
(Amaralet al.,1990;Spruston2008)

The principal layer of the DG instead shows a pecukéttype known asd 3 NJ- y dzt

30



[l Presubiculum layers
Il Parasubiculum layers

B MEC layers

.

L M

T T,
/

Figure 2-5 Anatomy of the PHR.

Series of sagittal slices from medial (top) to lateral (bottom), representing MEC, PRE and PAR
corresponding laminar organization (left: parvalbumin staining; right: schematic drawing). Adapted fron
Boccara et al., 2010.
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dendritic trees which protrude out of the DG and project towards the molecular layer
(where the perforant path from EC makes most of its connections in the DG). The granule
cells represent the only population of neurons projecting outside of the DG, and it is the
bundle of thesdibres which form the mossy fibres targeting CA3.

Far more omplicated is the description of a large variety of cell types which go
under the general category ointerneurong. Attempts to classify them into subtypes have
been several (Freund, 2003; Freund and Buzsaki, 1996; Klausberger et al., 2003; Petilla
Interneuron Nomenclature Group et al., 2008; Somogyi and Klausberger, 20d5)ostly
reflect the techniques used to characterize them based on connections, morphalegy,
layer they are mostly found imeurochemical markers and electrophysiological properties
such as thetghase locking. However, it has been estimated that up to 92% otHthe
interneurons are GABAergic neurons which target dendritic trees of pyramida(Meligas
et al., 2001) Other examples of cells described in the literature are basket cells, which
target pyramidal cell bodies and proximal dendri{gsausberger et al., 2002; Tukker et al.,
2013)and axo-axonic cells, which target the pyrédal cell axons at their initial segments
and are likely to further modulate pyramidal neurdmctivity (Klausberger, 2009; Somogyi
et al., 2014). An overview of the functional connectivity between lange projections
from MSDBB and local HF interneuns responsible for theta generation will be provided

ahead in the next chapter.
2.2 The parahippocampal cortices

As mentioned before, the PHR is a large network of brain areas including the EC,
consisting of a medidMECand lateralLECportion, PRE, PAR, P&fRl PORFigure2-5). A
shared property of the PHR network is the typicallapered structure of its cortices which,
in contrast to the thredayered structure othe HF, is used as a criterion to separate SUB
from PRE, and hence draw boundaries between HF and\RIHFStrien et al., 2009)n this
section the general anatomy, cytarchitecture and map of the major connections of the

PRE, PAR aMECwill be summarised
2.2.1 Presubiculum and parasubiculum

The PRE marks the borders between HF and PHR as it is located between the SUB,
retrosplenial cortex and PAR. rBetimes, its dorsal part is referreid as postsubiculum
and it is one region where head direction cells can be recorded ir(Tatse et al., 1990a,

1990b) The PAR is bordered by the PRE, PORMIBEG and its clear differentiation
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between superficial layers (layer Il and Ill) is used as criteria for PRE and PAR distinction
Both PRE and PAR receive projections from a number of areas outside of the PHR

system and most importantly from putatively involved visspatial processing areas,cu

as retrosplenial cortex, anterior thalamic nuclei and visual cofimteworthy, in most of

these areas, the presence of head direction cells as wajridscells has been reported

(Boccara et al., 2010; Finkelstein et al., 201%)addition, PRE and PAR share inputs from

the SUB, and such connections are thought ténsertthe HP pyramidal output into the

whole hippocampal loop. Indeed, PRE and PAR project to many regions of the HF and PHR

such as:

a) layer IIl of theMECwhich receives bilateral projections from P@REaeften et al.,
1997)

b) layer Il ofMECand LECreceived fom all layers of PARHaeften et al., 1997;
Witter and Amaral, 2004)

c) most regions of the HP, including the molecular layer of the DG, receive

connections from the PRBmaral and Lavenex, 2006)

Local assadational connections have also been reported within the PRE and PAR
circuits. PRE layer Il cells from ventral areas project to dorsal ones, whereas deep layers

project to the ventral PRE cells.
2.2.2 Entorhinal cortex

The term dentorhinak was coined to name th structure enclosed by the rhinal
sulcus, and based on the cy&ochitecture it is broadly divided into two subregions, medial
and lateral(Burwell and Amaral, 1998; Witter and Amaral, 2004; Witter et al., 20003
nomenclature roughly follows anatomical positions as ti&Coccupies the rostrdateral
portion of the structure, and theéM[ECthe caudalmedial regionBurwell and Agster, 2008)
Different classifications can be made following different criteria and it is worth mentioning
that based on the connectivity, some authors have divided the EC into six subregions, 4 of
which form theLEGand 2 theMEC(Insausti et al., 1997However, such a detailed level of
analysis goes beyond the scope oistthesis, so throughout this study the EC will be only

subdivided into medial and lateral regions.

2.2.2.1 Laminar organization
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Asa component of the PRH, the EC also shows th@yéred laminar organization
typical of neocortexFigure2-5). The layers are called: i) moleculayer; ii) stellatecell
layer; iii) superficial pyramidaiell layer; iv) lamina dissecans; v) deep pyramidallagr
and vi) polymorph layer(Burwell and Agster, 2008)The density, morphology and
connectivity of the neurons substantially changes across the layers and these differences
are used to mark the layer boundaries.

The moleclar layer is a relatively sparse layer with few interneurons (mostly
GABAergic with projections to the DG) and transverseginted fibres projecting onto
layer Il neurons. The stellatzll layer traditionally takes its name from the most abundant
classof principal cells found here, stellate cefl€link and Alonso, 1993Jthough a recent
study showed that four classes of excitatory neurons faxend in layer Il and they are
ausSttradS FyR LEBNIYARFE OSftta lft2y3a gAGK (g2
OStta¢ | yR aAydSNNFaudhg ét &S 2016/ NontrastRiheé set© 6ff f a ¢
interneurons are found in layer Il and depending on their biochemical markers they are
classified as PV+, SOM+ anHB3A+ neurondmportantly, differential connections occur
between inhibitory and principal neurons, some of which have beepothesized to
support attractor network dynamics for grid cell pattern formati@tuchs et al., 2016The
high density of the neurons in layBrhelps in marking the boundaries to the deeper layer
lll, where sparse mediwsized pyramidal cells are mostly found. Other-tgles located
in layer Ill are fusiform, stellate, horizontal and bipolar cells.

Layer IV is a sparse layer with almost no cells to be found other than a few fusiform
and pyramial cells whose dendritic treereach the fibres in layer Layer Vcontains
multiple cell types such as pyramidal cells, horizontal cells and polymorphid/Amiigsal
and Lavenex, 2006; Gloveli et al., 2001; Hamam et al., 2660Bcting to superficial layers
and forming mostly excitatory asymmetrical synap@@say, 1959pnto pyramidal as well
as stellate cells and interneurorfgan Haeften et al., 2003} recent study revealed that
layer V neurons show different molecular profiles, dendritic trees eodnections and
overall form two distinct sublayers, 5a and @&iirmeli et al., 2015} or instance, only layer
5a neurons have been shown to project to a number of cortical and subcortical brain areas
whereas layer 5b neurons are likely to amtdlly in theMECcircuit. Moreover, differential
input also occurs as only layer 5b neurons have been shown to receive layer 1l stellate cell
projections(Surmeli et al., 2015)mportantly, conjunctive grieby-headdirection cells are
found in layer Il and V of the MEC(Sargolini et al., 200&nd their discoverysupported

early versions otontinuous attrator network models CANM, see€3.2.3.2 (McNaughton
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et al., 2006; Samsonovia@nd McNaughton, 1997)A detailed understanding of the local
circuitry will help in answering several questions concerning the emergence of grid cell
firing.

The structure of Layer VI is substantially less clear, with a large spectrumtgpesl|
found. Similarly to layer V, connections to superficial as well as deeper layer neurons occur
in layer VKAmaral and Lavenex, 2006) addition, it should be mentioned that GABAergic
interneurons have been found to spreadit across all layers of the E&though the vast

majority seem to lie in the superficial laydlsmaral and Lavenex, 2006)
2.2.2.2 Connections betweekC and HF

The EC represents the major source of cortical projections to the HF and for this
NElaz2y Aad a2YSUAYSE tiNBeHSENNER the BEC infelr&es mdtl G S g | ¢
modal information converging from a variety of cortical areas (e.g. parietal, temporal,
prefrontal) which is in turn transferred to the HEanto et al., 2008)By far the largest
bundle fran the EC to the HF is the PP connecting hdBCand LECQo the DG and other
regions of the HFsgeFigure2-3) and such connectivity follows a laminarganization. For
instance, the EC to DG connections make contacts onto different sublayers within the DG
molecular layer, with th& EQ:ontacting the most superficial third of the dendritic tree and
the MECcontacting the middle thirdAmaral and Lavenex, 2006; Amaral et al., 2007)

Similar laminatiorpatterns of projections to the MEC and LE&3 been reported for CA3

Figure 2-6 Tographical organization of the EC -HF connections.

Schematic drawings representing the connections between from EC and HR) @Anatomical subdivision of the
EC into medial portion (MEC, dark green) and lateral portion (LEC, light green). Dashed line indicates the rhi
sulcus. (B) Drawing of a coronal section of the HF indicating the topography and laminar organization of
areas targeted by MEC and LEC. Projections from layer lltbé EC target the HF in a laminar fashion; LEC inp!
reach the molecular layer of the DG and the stratum lacunosumoleculare of CA3, whereas MEC projectio
terminate deeper (same color code as in A). Projections from layer Il of LEC input distal G&id proximal SUB
whereas, layerlll MEC projectionstarget proximal CA1 and distal SUB. Adapted from Burwell and Agster, 200



connections as well, with theEdibres contacting the superficial dendrites of CA3 stratum
lacunosummoleculare andhe MECfibres contactingthe deeper onesMoreover, most of
the afferents to DG and CA3 from bathECand LECoriginate from layer Il while direct
projections to CA1 and SUB depart from layerHiguyre2-6). The latter, in contrast to EC
projections to DG rad CA3, follow a topographicaltheer than lamellar organizatiofFigure
2-6). Layer lll fibres frombECcontact the distal portion of CA1 (closestttee DG) as well as
the proximal SUB (closest to the rhinal sulcus) whereas those fi&@@target proximal
CAl and distal SUBurwell and Agster, 2008PP fibres are thought to form excitatory
synapses onto the dendritic spines of DG granule cells and CA pyramidal cells, and the
majority of them have been shown to be asymmetric and henaitatory (Witter, 2007)
Therefore, the EC signal is transferred to the HF mainly via the PP, and here it is
integrated in a multistep fashion (se€&igure2-3 and 2.1.3.7) in concert with those direct
fibres targeting different subregions of the HF. Even though, as mentioned earlier, a
substantial number of baegrojections exist within the HF (s€el.3.2, the majority of the
information is thought to flow undirectionally towards CA1 and SUB pyramidal layer cells,
where their axons project outside of the HF including back to the EC. The majority of EC
return-projections from HF reach deep layers (layer V "ijd although some fibres have
been shown toalso target layer I(Kloosterman et al.,, 2003; Naber et al., 200Ihe
organization of these back projections EL follows a topographical scheme, in which two
parallel circuits between EC and HF take place simultaneously. Specifically, those CA
regions receivingfferentsfrom MECreturn projections toMEGC whereas those receiving
from LECproject to LEC This segrgation of the inpuoutput connections has been
hypothesized to enable independent and parallel processing of spatial informatidn

non-spatial information(Hargreaves et al., 2005)
2.2.2.3 Intrinsic connectivity

Fine analysis of EC structure also revealed #xistence of three associational
O2yySOiGA2ya 2NBFYAT SR Ay 2-caodolatedal ayif} feémedl £ 2 y 3
medial, intermediate and taral (Dolorfo and Amaral, 1998)his finding suggests that
relevant information in the EC is sirtaheously integrated within each band and
segregated between bands. The associational connections within the band are mediated by
both superficial layers, mostly targeting superficial layers, and deep layers, equally
targeting superficial and deep layerkis associational pattern is maintained from EC to

DG. Thus, different bands of the EC project to differemtr8gions of the D@olorfo and
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Amaral, 1998with the lateral band targeting the most septal DG, the intermediate band
targeting the middle region and the medial band targeting the temporal region. As
expected, thesegregation of these routes is conserved across the entire pathway within
the HF, with local connections within bands but no connections between them. This and
other findingsled to the hypothesis that different computations are achieved within the
hippocampal system and lesion studies support this (laser et al., 1995)Tralitionally,

the dorsal region of the HP has been linked to spatial representélitoser et al., 1995;
hQYSSTFS | yR 5 2eiieth MBughi §patial actvilytimthe ventral HP is well
documented(Jung et al., 1994; Poucet et al., 19%nportantly, the spatial scale gfrid
cellsincreases along the-M extent of MEC and a similar increase occursptace cells
along the ST axis of the HRHafting et al., 2005; Jung et al., 9. Therefore, the
organization of the associational bands between EC and HF correlates with the spatial
tuning of grid and place cells This finding supports the notion that parallel processing
occurs in different regions of the B network, with tle lateral band of the EC mostly
targetingthe dorsal HP where spatial processing is primarily computed. However, it should
be noted that the borders of the bands do not follow the canonical medialateral
borders of the EC. Therefore, itis likelythat ¢ YAE¢ 2F RATFTFSNBy(d Ay T2
possibly following topographical gradients, even though medial and lateralegibns

have been thought to execute different functions.
2.2.2.4 Parallel processing within EC

Consistent with the segregatddnctions hypothesis, medl and lateral entorhinal
corticesdisplay different connectivity. TheEds reciprocally inteconnected with the PER
which is believed to integrate muldiensory information. In addition, piriform and insular
cortex project to theLECas well as the amygdala and other areas involved in olfactory
processingHargreaves et al., 2005; Kerr et al., 2007; Knierim et al., 2Q06)thus now
generally believed that thdtECSy 02 RS &p @i 2fyé = odzi aO2y (i SELdz
including those of emotional valence. This view is consistent with the electrophysiology
data showing poor spatial processing biCneurons (Deshmukh and Knierim, 2011;
Hargreaves et al., 8%; Yoganarasimha et al., 20l )contrast tothe MECwhere a large
number of spatiallymodulated neurons are foun¢Fyhn et al., 2004; Hafting et al., 2005;
Sargolini et al., 2006; Solstad et al., 20@)nsistent with these findings, tMdECreceives
extrinsic projections from different areasompared to LEC Visualprocessing areas,

posterior parietal and cingulate cortices are watllown afferentsto MEC(Kerr et al., 2007,
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van Strien et al., 2009)n addition, the dorsal thalamug and particularly the midline,
dorsolateral and anterior dorsal nuclei project to the lateral and intermediate bands of
the MEC Importantly, these thalamic nuclei are known to host head direction cells (see
3.2.5.] and are thought to represent thiaternal sense of head direction and thus act as a
neural compas¢Peyrache et al., 2015; Taube, 2007; Taube et al., 1990a, 199fitijional
afferentsto the lateral and intermediate bands of tHdECcome from the POR which is
broadlyinvolved in visuespatial processing.

To conclude, anatomical as well as electrophysiological studies convincingly support
the notion that two large entorhinal sulegions, termed medial and lateral, can be
identified and parallel processing, subsequgmnteaching the HF through the PP, occurs
within the EC. While th®ECis mostly involved in spatial processing, ttiEeCGonveys non
spatial information. It should be pointed out though that: a) spatial and -syetial
encoding is still combined within tha@ssociational bands before entering the HF and the
nature of this integration is not yet understood; BYEC and LECare mutually
interconnected, withMEClayers I, lll, V and VI sending projections to superfi¢i@layers
while layers 1l and V frorhECproject onto MECsuperficial layers, and layers Il and VI

project to both superficial and ded@dEClayers(Dolorfo and Amaral, 1998)
2.3 Summary

The aim of this chapter was to briefly review the anatomy of a large network of brain
areascentredon the hippocampal system, which is believed to support spatial navigation.
A wealth of anatomical studies helped to build a theoretical framework in which the
circuitry involved can be simplified as the following loopu&&eia>DG>CA3>CA1>SUB
>EGeep With the flow of information being unidirectional and integrated in a msatgp
fashion. The EC thus acts asgateway to the HF, and its highly organized structure
reveals two subregions carrying parallel computations, one for spatial encodigd and
one for nonspatial and probably contextual/emotional valendeEQ. In addition, three
associational bands have been found within the EC with a mixture of medial and lateral
subregions ceexisting with same associational bands. Noteworthy, topogragbhic
projections from EC bands target the DG as well as the HP possibly explaining the
remarkable correlation between the increase of the firing field sizgriy cellsalong the
D-V axis in theMECand byplace cellsalong the septedemporal axis of the HAn the next

chapter, the properties of the place and grid cell system willliseussed.
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3 Physiology of the spatial cognitive
system

In this chapter, the physiology of the spatial cognitive system will be overviewed in
order to make comprehension of thegults section possible for the reader. Firstly, the
prominent oscillation (711 Hz) termeditheta¢ recorded with the local field potential (LFP)
throughout the hippocampal formation will be described. Secondly, the main properties of
the socalled dspatidly-modulatecE neurons will be overviewed, with particular attention

to those celitypes investigated in this thesis.
3.1 Theta oscillation

The extracellular current generated by the pgghaptic activation emitted by a
large ensemble of neurons cée recoded with the LFRPAndersen et al., 2006 ompared
to singleunit activity, where the firing of a single cell can be examined, LFP reveals the sum
of the population activity occurring in a small volume of tissue centred on the recording
electrode(Buzsaki2002) In other words, recordings of the extracellular LFP can be used as
an estimate for the efficacy of postsynaptic activation due to both excitatory and inhibitory
synaptic activity from a large ensemble of neuronk QY SSTSS Hnnc o

Extracellular LFP recordings in HF reveal rhythmical activity, which is thought to arise

from the synchronised firing of the neural ensemble geniagathe LFP signéBland, 1986;
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Figure 3-1 Theta oscillation in the hippocampus.

Theta oscillation is the most prominent oscillation recorded withthe LFP in the hippocampus ar
surrounding brain areas. @) Theta oscillation (black trace) shows a regular sinusoidal pattern which can
filtered (red trace) with the Hilbert transform. (B) Power spectrum analysis shows a clear peak in theta ba
(7-11 Hz, blue dashed line) and the mean frequency oscillation (9.1 Hz) as the frequency at which the pc
maxima is detected. €) The frequency of theta oscillation correlates with running speed and the analysis
the fitted regression line reveals the intecept and slope of the correlation as modeled by Burgess (200
Data collected and analyzed by the author.
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Green and Arduini, 1954; Vanderwolf, 196Bhis phenomenon is most evident in cortical
structures, where the rhythmical firing, coupled with the parallel organization of the
dendrites and the axons causes large amplitude extracellular potential fluctuations
(Buzsaki, 2002)rhe periodicity of the recorded signal has been thoroughly analysed, and
based on itsfrequency, different patterns have been described. The most prominent
rhythm in the HP is a regular sinusoidal oscillation termed theta with a clear peak in the
power spectrum between 7 to 11 HRigure3-1). Although theta oscillation is typical of the

HP and ioften used asa hippocampal landmark for in vivo recordings, iaisorecorded
across several PHR areas including EC, PAR, PRBuUB$agi, 20023nd outside the PHR
such as the olfactory bulb. Moreover, theta has been identified in many species but since
the frequencies can vary across mammals it is hard toemekable comparative studies
(Buzséki, 2002)

3.1.1 Functional dissection of theta oscillation

Thefirst report of a neural oscillationin the HFwas made by Jungand Kornmiiller

(2938)in the rabbit (Jungand Kornmriiller, 1938)but the work by Greenand Arduini (1954)

provideddeeperinsightsinto the matter (Greenand Arduini,1954) Theoscillatorypattern
exhibited by theta has been linked to a variety of hippocampal functions, from
anxiety/anxiolytiedrug action (Gordonet al., 2005; Grayet al., 1975; Seidenbecheet al.,
2003; Shinet al., 2009)to memory processingHasselmaet al., 2002; Leveret al., 2010)

and spatal cognition (Brandonet al., 2011; Koeniget al., 2011; OKeefe,2006) Indeed,

theta frequencyhasbeen shownto be modulated by a number of variablesof all kinds,
from navigatioral ones, suchas running speed(Jeewajeeet al., 2008a; McFarlandet al.,
1975) to psychologicaktates,suchas attention and arousalof the animal (Kramiset al.,
1975; Sainsburyet al., 1987) and physicalfactors such as temperature (Whishawand
Vanderwolf, 1971) and age (Wills et al., 2010) Initial observatiors that theta shows

different frequenciesduring navigationand immobility statesled researcherso classify

theta into two subgroups:type I, or movement/related, occurring during locomotion

(walking,running, swimming)and type Il, or alert immobility-related , whichis linked to

attention, anxiety and arousal state (Vanderwolf,1969) Importantly, this classification
refleds pharmacologicakensitivity and therefore is basedon different neurobiological

substrates:type | theta is resistantto atropine, a cholinergicantagonistof muscarinic
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receptors,while type Il is modulatedby it.
3.1.1.1 Theoretical dissection

As mentionedbefore, the frequency of theta oscillation has been shown to correlate
with the anima& running speedMcFarland et al., 197%9nd computational studies have
linked this phenomenon to path integration mechanisms (Burgess et al., 2@&efé and
Recce, 1993). Burgess (2008) proposed the following model for theta frequendinasra

function of speed

Mo Q 4o

In such termsf Qrepresenting the slope of the correlation, modulates the increase
of frequency depending on speed. This factor simulates the firinyelbcity-controlled
oscillatorg hypothesised to be located ithe septum, MECand thalamug(Welday et al.,
2011)as well asn place cell{Geisler et al., 20079nd grid cell{Jeewajee et al., 2008a)
Such a signak linked with theta type I, and is thought to be dependent M&C The
second factor, termed, corresponds to the baseline frequency, and represents the
intercept of the speedheta correlation on the frequency axis during immobility. This

frequency igherefore linked to theta type Il
3.1.1.2 Experimental validation of the model

The hypothesis that theta oscillation is supported by two parallel systems
corresponding to theta type | and Il has been experimentally validated by a comprehensive
study by Wells andcolleagues (2013) whoetghonstrated the dissociation @ Orom"Q
Following anxiolytic administratiofQwas reduced whil@ O was not affected by the
anxiolytic druggWells et al., 2013)n contrast, environmental novelty caused the opposite
effect: it did not affectQ, but decreased Q'though it recovered over repeated exposures
(Wells et al., 2013)These results are consistent with previous findings showing reduced
theta frequency during noveltyJeewajee et al., 2008band provide a numberof
theoretical implications for amputational models of grid cefiring (Barry et al., 2012a;
Brandon et al., 2011; Burgess, 2008; Koenig et al., 2011; McNaughton et al., 2006)

As mentioned above, the type | spedteta correlation has been linked tpath
integration mechanisms, and the reduction of its slope suggests an underestimation@f rats

physical displacement in space (i.e. speed). Intuitively, the underestimation of speed causes
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the underestimation of distance. Indeed, all models for grid fitlg require an invariant
speed input, and if this input is dowmegulated, as observed during novelty, then the
neural metrics for distance should reflect this impairment. Consistent with this theoretical
framework, grid cells during novelty have begimown to expand their gridcale (Barry et
al., 2012a) suggesting that they underestimate distances in a unfamiliar environment.
Importantly, similar to speedheta slope recovery over repeated exposures, grid cells
metrics oshrank back to their regular scale withxperience (Barry et al., 2012a)
Therefore, this and other findings suggest that at least the type | component of theta
oscillation, might be involved in path integratiBrandon et al 2011; Geisler et al., 2007;
Hafting et al., 2008; Jeewajee et al., 2008a; Koenig et al., 2011; McNaughton et al., 2006)
The features of theta type Il are still not well characterized. It is known to occur
during alert immobility and it is dependemin arousal and anxiet{Green and Arduini,
1954) Indeed, anaesthetised animals show low theta frequene§y Hiz)(Klausberger et al.,
2003; Kramis et al., 1978)hereas immobile animals engaged in avoidance téBkand et
al., 2006, 2007)pr fixation in a nosgoking task(Takahashi et al.,, 200%how theta

frequency consistent with the values reported by Wells and colleagues (2013).
3.1.2 Circuits underlyingheta oscillation

Since the early reports of regular rhythms in the HF, unravelling the anatomy of the
circuits generating theta has been the goal of a number of studies. Decades of investigation
revealed a complex network of brain areas, including cortical as well asrtahtauclei,
involved in theta oscillation. A large body of evidence collected in the last few decades
suggested that the medial septum and diagonal band of Brocal(BEare fundamental
for theta generation(Buzsaki, 2002; Vertes and Kocsis, 198ideed, large ensembles of
neurons from MSDBB show typical theta modulated firiftewart and Fox, 1989a, 1989b,
1989c)and lesions of the M®BB dramatically ingr theta in the HRGreen and Arduini,

1954; Lee et al., 1994; Petsche et al., 1962; Yoder and Pang, B00®\ver, recent studies

have challenged this model showing in vitro intrirtieta oscillation in CA&nd reversal of

theta rhythm from SUB to CA1 and CA3 (Jackson et al., 2014), demonstrating a bidirectional
flow of information within the HP (se2.1.3.2for back projections in the HP anatomy).
Nonetheless, the MG . . A& 3ISySNrffeée (K2dAKG G2 I Od
temporal synchronisation for the whole hippocampal and paigocampal network.
Several studies havamed to characterise the local circuits within the d8B as well as

the reciprocalconnections with the HF. In particular, the identification of -tgtes,
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morphology, connectivity, and neurotransmission has been thoroughly assessed, and a
complicated picture of the network has started to emerge. There is now a general
consensus regarding the central role played by the interconnected inhibitory GABAergic
neurons throughout the HF for generation of theBuzsaki, 2002However, while these
neurons could functionally serve asscaffold for the emergence of theta oscillation, other
celkltypes have been shown to deeply influence theta frequency such as cholinergic and
glutamatergic neurons (discussed below) as well as noradreng@gjés et al., 2003nd
histaminereleasing neurongHajos et al., 2008)In the following paragraphs, a brief
overview of three ets of celitypes, grouped om neurotransmitter basis, will be provided.
However, for a deeper comprehension of the matter, the followanticles aresuggested
(Freund, 2003; Freund and Buzséaki, 1996; Stoiljkovic et al.,.2015)

3.1.2.1 GABAergic projections

Projections from the M®BB to HP are well documented, and a large proportion of
them depend on long projecting GABAergic neurons which have beemdoaarget local
GABAergic interneurons in the HPreund ad Antal, 1988; Klausberger and Somogyi,
2008) Many in vitro studies have shown that long projecting GABAergic neurons of the
septal area express parvalbumin (PV+) and their firing in vivo is lockéa jgeak and
trough of the on-going theta oscillatbon (Borhegyi et al., 2004; Varga et al., 2008)
Subsequent studies proved that septal PV+ nealtfiring precedes hippocampal dynamics
and act as pacemakersupporting the hypothesis of septal control on hippocampal theta
(Hangya et al., 2009Which class of neurons in the hippocampus projecting@GABAergic
neurons target is still not completely elucidated. Indeed, as mentioned -earlier,
hippocampal interneurons form darge and heterogeneous population, differing in
morphology, connectivity and neurotransmitter (Freund and Bkizs1996; Klausberger
and Somogyi, 2008). In addition, their firing has been shown to respond differently to theta
phase (Klausberger et al., 2003; Somogyi and Klausber@@05s) reflecting differential
connections from septal GABAergic infljre et al., 2007)

While the MSDBB connections to the HP are well established, less investigated is the
pathway to the EC. Recent studies shed light on this matter showing a strong innervation
from septal GABAergic neurons onto local GABAergic interneurons acrd4gGlhyers
(Fuchs et al., 2016; Gonzalgalser et al., 2014)mportantly, PV longrange projeding
neurons target both fast and neiast spiking interneurong¢Fuchs et al., 20160 thata

very similar scheme of connectivity is found between-IWEB and HFFreund and Antal,
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1988) and it has been hypothesized that these temporal dynamics play a relevant

functional role in synchronizing the HP av&C(Buzsaki, 2002)

3.1.2.2 Cholinergic projections

The cholinergic innervation @he HP from MS$BB is well documented, along with
its putative role in modulating theta oscillatiofBuzséki, 2002; Frotscher and Léranth,
1985; Kramis et al., 1975; Lawrence, 2008) anaesthetized animals, levels é\ch
correlate with hippocampal theta power but does not modulate the frequefikinney et
al., 1999; Lee et al.,, 1994; Monmaur et al., 1991Me study by Vandecasteele and
colleagues (2014) using optogenetic stimulation of septal cholinergic projections to the HP
confirmed the lack of frequenc modulation of theta(Vandecasteele et al., 2014)
However, cholinergic projections have beemown to suppress sharpave ripples and
generally reduce the power of other competing oscillatigiiandecasteele et al., 2014)
These findings corroborate the view of two-going mechanisms generating theta, one
dependent on cholinergic system and one independ@riamis et al., 1975)The lack of
frequency modulation following stimulation of cholinergic fibres is consistent with the slow
action of the second messenger via metabotrapigscarinic receptors, resultirgstead in
an enhanced theta power by increasing the discharge rabésseptal neurons
(Vandecasteele et al., 2014)

Further insights on the contribution of MSBB cholinergic neurons for theta
oscillation comes from the recent work of Dannenberg and colleagues (2015). Consistent
with the study by Vandecasteele et al (2014), optogenetic stimulation oDBB ACh
neurons have been shown to induce theta oscillationHiR and inhibit CA3 pyramidal
neurons where sharwave ripples are thought to originat@®annenberg et al., 2015)n
addition, two distinct MSDBB ACh pathways have beegpbthesized and partially
validated(Dannenberg et al., 2015ne depending on local interneurons inside of the-MS
DBB, and one depending on neurons projecting outside®MSDBB. The former consists
of MSDBB neurons targeting BFGABAergic neurons (see above), which in turn target
inhibitory hippocampal interneuronfDannenberg et al.,@5) Mnsistent with the study
by Vandecasteele et al (2014), cholinergic trasmission is mediated via muscarinic signaling,
explaining the lack of theta frequency modulation by ADannenberg et al., 2015The
longprojecting pathway consists of ACh fibres targeting a variety of hippocampal

interneurons(Nagode et al., 2011, 2014jut they arenot thoroughly documented.

3.1.2.3 Glutamatergic neurons
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Recent description of the whole MSDBB population reveatl a large number of
glutamatergic excitatory neurongDanik et al., 2005with very heterogeneous firing
patterns and possynaptic targetfHuh et al., 2010; Robinson et al., 2Qli6¢luding both
local cholinergic and GABAergic neurons withinBB and yramidal cells in CAZolom
et al., 2005; Huh et al.,, 2010The recent observation that most of the glutamatergic
neurons displaytheta-modulated firing suggestthey play an importantcontribution to
theta oscillation(Huh et al., 2010and a proposed mechanism is to synchronize GABAergic
as well as cholinergic population within the N8B (Robinson et al., 2016)urther
evidence suggesting a pivotal role of glutamatergic transimisfor theta oscillation come
from two recent studies The first study is fronfFuhrmann and colleagues (201&hich
showed that glutamatergigprojections fromMS-DBBto the hippocampus drive locomotion
onset,entrain theta frequency in the hippocampasd their firingcorrelates with running
speed By targeting (mostly) orienlacunosum moleculare interneurons, glutamatergic
projections in the hippocampus have been shown to modulate the overall network activity
in concert with the SC and PP input to pyramidal cells in CALl. In such a theoretical
framework, place cell speed modulation is consistent with feedforward disinhibition
mechanisms caused by glutamatergic-MIBB afferents to the hippocamp@Buhrmannet
al., 2015)

The second study is byustus and colleagues (201®ho show that MSDBB
glutamatergic projections enteringjlIECand target several celtypes includingpyramidal,
stellate and interneurons of layer ll/dbnveyspeedmodulatedsignas which are likely to
be integrated within MEC circuits for path integratiorbased mechanisms. Moreover,
computational modellingsuggeststhat due to their membrane electrophysiological
properties, pyramidal cells are the most suitable class of a&mble of integrating
glutamatergioMiS-DBBprojectionsand generate ratecoded speed signalln contrast fast
spiking interneurons may be that class of cells which thanks to glutamatst§iDBB
projections generates a speed modulated thetgthmic signa{Justus et al., 2017)

Together, these results are consistent with the observation that speedodulated
signas have been found across several cortical and subcortical brain gidgsnan et al.,
2016; King et al., 1998; Kropff et al., 2015; Saleem et al., 218)eans of a rateoded
signal as well as theta modulation. Moreover, it is also possible that spatial firf&E@
results from the integration of these two independent speed inp{@®nzalesSulser and

Nolan, 2017; Hinman et al., 2016; Justus et al., 2017)

3.1.3 Summary
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Together, the findings at our disposal support the notion that many brain areas
produce local oscillations within the theta rang@outagny et al., 2009; Jackson et al.,
2014; Manseau et al., 200&ut the MSDBB is the structure where theta oscillation is
thought to be primarily generated and transmitted throughout the (BRannenberg et al.,
2015; Fuhrmann et al., 2015)n particular, septdippocampal projections, foned by
GABAergic, cholinergic and glutamatergic neurons, mostly target local interneurons and
such connections enhance theta locking and synchronization among brain areas. In this
simple model, back projections from the HF to the -DIBB further enhance the

synchronization within the networklakacs et al., 2008; Téth et al., 1993)

3.2 Spatially modulated neurons

Eversincethe discoveryof place cells(OKeefeand Dostrovsky1971) hippocampal

function has been linked to the cognitive map as postulated by Tolman(Tolman,1948)
Thiswasmade possiblethanksto in vivorecordingsin freely-movinganimals which allows
investigators to couple singleunit activity to behaviour. Further investigatiors then
revealed a number of neurons encoding unique (or the conjunction of) information

relevantfor spatial navigationsuchas position, distances direction, geometryand speed

A B C D
Baorder cell

Place cell Head direction cell

g

ik = Spikes = Path of rat

Figure 3-2 Spatially modulated neurons.

Across the HF and PHRhere is a variety of neurons whose firing is shown to convey information relevant fi
navigation and for this reason they are called spatially modulated neuronsA) Example of the spatial activit
exhibited by hippocampal place cell during 10 minutes exXpratory session (red dots represent spikes discharge
black line the cumulative path). Note the spatial clustering of the spikes in the top right corner of the box formin
unique place in space where the cell fires termetlace fieldd @B) Differently from place cells encoding positior
head direction cells convey heading direction as shown by the directional tuning curve representing the firing ri
of the cell across allocentric directions faced by the animal during explorationC( Similarly to place cells, grid cell
also form place fields but rather than being a single one, each cell produces a number of equidistant place 1
arranged in an hexagonal array termedgrid dtessellating the whole available space)) Border cells from MEC als
form spatial place field but they are located along boundaries of the environment and are therefore thought
provide information about the geometry of the environment. From Marozzi and Jeffery, 2012.
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(Figure3-2). Therefore,the evidencecollectedin the last few decadeshashelpedbuild a
coherenttheoretical framework supportingthe notion that the hippocampalsystem,asa
whole, forms, updatesand retrievesa map-like representationof spacewhich is believed
to supportnavigation.Giventhe relevancefor the resultssection,in the next paragraphs
the generalpropertiesof placecells,grid cellsand the most recently characterizedspeed
cellswill be overviewed,with headdirection cellsand border cellsbriefly mentioned.lt is
worth mentioningat this stagethough that giventhe largeinterest that the field received
in the last decade,a thorough description of the spatial cognitive system cannot be
provided here as it goesbeyondthe scopeof this thesis- but the following reviewsare
recommendedor a more generaldescriptionof the field (Hartleyet al.,2014;Moseret al.,
2008) Moreover,recenttechnologiesuchasthe useof 1- or 2-photon microscops, intra-
cellular and/or juxta-cellular recordings, virtual reality and optogenetics have enabled
scientiststo revealnew fundamentalaspectsof the systemsof interestand greatly helped
to understand functioning of the neural circuits involved However, given that the
technologyusedto collect data presentedin this thesisis basedon electrophysiol@ical

recordingsit ismostlythesefindingsthat will be focusedon.
3.2.1 Place cells

The existenceof a population of neuronsin the rat hippocampuswhich fire with

respedc to the position of the animalwhile movingin a box representsthe greatdiscovery

made by OKeefeand Dostrovsky(1971) Theseneurons,located in CA1/CA3pyramidal

layer,showseveralkeyfeatures:a) they dischargecomplexspikes- i.e. intermittent bursts
of spikesof decreasingamplitude (Ranck1973)they fire when the animalis in a discrete
portion of space- termed the cell receptiveplacefield or simply placefield - and fire
almostno spikesoutsideof it (Figure3-2A and Figure3-3). Becausef the spatialresponse,
these neuronswere aptly named place cells. Sin@ then, hippocampalplace cells have
alsobeenidentified in mice (Cacuccet al., 2008; Tonegaweet al., 1996) (Tonegaweet al.,
1996;Cacuccet al., 2008),monkeys(Rollset al., 1989) bats (Rubinet al., 2014;Ulanovsky
and Moss,2007,2011;Yartsev2013) pigeons(Bingmaret al., 1996)and humans(Ekstrom
et al.,2003) After more than 4 decadesof intenseinvestigation,a numberof characteristic

featuresare now at our disposalto describeplace cell firing. Below s brief summaryof

placecellpropertiesand hypothesisedunctioning.
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3.2.1.1 Firing properties

Place cells exhibit a number of features for which they differ from other neurons in
the hippocampal formation. First, place cells show relatively long periods of low rates of
ALATAYI FEOGSNYIFGSR gAGK Ay dSNNMA GG Soertialsd 6 dzNA § 2
are discharged wittdecreasing amplitudéMuller and Kubie, 1987; Mullest al., 1987;
{LISF1YlFY | YR .esyspikng Datternvie deferved to as compmiking
(Ranck, 1973)This and other evidence allowed researchers to identify place cells as
pyramidal neurons in the principal layer of the hippocamfldDembeck et al., 2010; Harris

et al., 2001; Harvey et al., 2009 oreover, as shown by temporal autocorrelation, place

Figure 3-3 Place cells
from the hippocampus.

Example of 4 place ce
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during a 10 minute
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cell firing shows theta modulion but at a slightly higher frequency than ongoing theta
(see3.2.1.3.

3.2.1.2 Spatial properties

The most striking feature of place cells is the peculiar propensifyréaowhen the
FYAYFEE A& Ay | RAAGONBGS NB3IA2Yy 2F (GKS Sy @i N
FASERéEDP CIFNI FNRY (GKA&a LI OST GKS FANRY3I NI
animal approaches this area, reaching a peakdirrate which varies between cells.
Consistently, place fields exhibit a concentric increase of firing rate towardaxsmum
(Figure3-3). Accordindy, place fields have a unique maximum whose peak usually ranges
from 5 to 30 Hz and their firing can be approximated as a-dimeensional Gaussian
0hQYSSTS 4 ¥9B6) HoweMds Stashould be said that firing rate tgpically
representedas simply the number of spikexcuringin a given spatial bin divided by the
dwell timein it. Indeed, finescale analysis of individual traversals within place fieldsaisve
that the firing rate ofa cell is not always consistent but rather variafffeenton and Muller,
1996 ¢ KAAa FSIFGdzNE KIFa 06SSy GSN¥SR a2@FSNRA ALY

animalis theproposed explanatiofor this variation(Fenton et al., 2010)
3.2.1.3 Temporal properties
As mentioned before, place cell firing follows a rigid temporal organization: action

B running direction

NN, 0 L
50 60 70

200 ms position (cm)

Figure 3-4 Phase precession by hippocampal place cells.

(A) During locomotion (top), hippocampal place cells exhibit typical spatial activity revealed as a rate r
(middle) showing the firing rate of cell across space as heat map. During running, theta oscillation (bott
blue trace) is the most prominent signal recorded with LFP and temporal analysis of place cell spik
(bottom, black line) reveals phase precession.

(B) Scatter plot showing the position of where the action potentials were fired on the trackA) against the
phase of LFP theta. The negative slope reveals that as the animal ran through the field, the spikes
discharged at earlier phases of the ongointipeta. Adapted from Hartley et al., 2014.
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potentials are discharged in intermittent bursts but their occurrence is theta modulated.
Interestingly the frequency awhich bursts are released is slightly higher than that of the
ongoing theta oscillation. This apparent desynchronisation between two oscillators causes
action potentials by place cells to be discharged in bursts at progressively earlier phases of
the theta cycle (Figure 3-4). This phenomenon, termed phase precess{@®&eefe and
Recce, 1993has been hypothesised to seras a mechanism faspatial decoding within

the place field, and has inspired many computational models for place cell [Burgess
YR hQYSSFS wnmmT [Sy3desSts {TFGYtNEZ YR ; NR

3.2.1.4 Representation in stable environments

Standard recordings oplace cells are usually made in open field environments
where animals are free to move in two dimensions. In such circumstances, place cells have
been shown to be omriirectional, meaning that they fire as the animal approatie
centre ofa field regadless of the direction the anima facing. However, in constrained
environments where the animal runs in one direction only, sucbralinear tracks, place
fields are usuallgirectional(McNaughton et al., 1983)n general, place fields are widely
distributed around the available spag@Muller et al., 1987)although a tendency to
represent areas near thevalls and barrier is documentefHetherington and Shapiro,
1997) Even though place cells are detected from the unique locus of activity, well
described in the literature are examples of double fields, i.e. the same place cell exhibiting
distinct place fields within the same environment. The frequency of place cellgraltwo
fields ranges from 8.0% in apparatus such as cylindrical open fi¢Maller and Kubie,
1987; Muller et al., 1987and the properties of two place fields of one cell (size, shape,
peak firing rate) are not consistent, indicating that even if exhibited by the same cell, the
representation is independent.

When multple cells are simultaneously recorded, properties of the population
ensemble can be examined. Firstly, the anatomical position of the cells does not correlate
with place field location, meaning that there is no topographical representgidme et
al., 2014; Dombeck et al., 2010; Wilson and McNaughton, 198@)eover, it has been
estimated that about 130 place cells are sufficient to determaneanimal? location with
an accuracy of Icm in a 60 x 60 cm sqte box(Wilson and McNaughton, 199&yven
though it has been calculated that about one third of €3Adlace cells actively contribute
to spatial representation, with the majority simply staying silddime et al., 2014;

Guzowski et al., 1999; Leutgeb et al., 2004; Thompson ast B989) Taken together,
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these results support that notion that individual place cells form neural maps of space and
the ensemble as a whole encodes animal-efation during navigation. Further evidence

in favour of this hypothesis comes from tbbservation that these spatial maps stay stable
across time. Thompson and Bédate)recorded the activity ofensembles oplace cell in a
familiar and unchanged environment across weeks in rats, and neural maps were found to
persist for up to 153 dayéThompson and Best, 1989; Ziv et al., 20I3)is evidence
supporisthe view that place cell firing contributes to the formation of episodic memory by
providing spatial information istable environments.

Since their discovery in early 70s, place cell firing was largely investigated to explain
mechanisms driving spatial response. Greatest insights were achieved by testing spatial
firing following environmental manipulations of a variety modalities such as visual,
olfactory, tactile andauditory (Muller et al., 1987; Pa¥illagran et al., 2002; Save et al.,
1998) Early studieshowed that place cell firing response is strongly inftesl by distal
landmarks the rotation of cue cards drives place fields to rotate accordifiglyller and
Kubie, 1987h QYSS TS I y R [/ Sinylasly, én>ratswlipdey after birth, tactile
information functions as prominent landmagland is able t@ontrol place cell firingSave
et al., 1998) However, significant changes in the environment dplaee cells to alter their
firing response. This phenomenon is broadySrisfNB R 2 | ¥BosiobkBeYdl. LILIA y 3T €
1991; Muller and Kubie, 198@hd it may include:

i) changes in rate coding with no change in the location of place fields (i.e. rate
remapping);

ii) changes in location of some but not all place fields (i.e. partial remapping);

iii) re-arrangenent of the whole place cell ensemble with changes in location of

place fields as well as the switching on/off of some cells (i.e. global

remapping).
The functional meaning of remapping is not clear yet although it has been proposed
that having two completly independent representations following changes in the
environment may help distinguish between the two conditions, a computation
NEFSNNBER G2 Fa (LedtgeblaBdNieutdd SO0T) Whedl Subtié £
changes take place, usually rate remapping is likely to ogautgeb et al., 2005)
whereas when prominent features of the enviroent are changed, global
remapping seems to take place. For instance, the combination of olfactoryianal

cues generates differeriicontext€ which modulate place cells resporsd@nderson
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and Jeffery, 2003)Similarly, when the animal is exposed to a completely different

environment, place cell representation is-oeganized, with a large portion of cells

simply staying silent and a new ensemble becoming adtMeller, 1996) The
capacity for hippocampal encoding has been regewthallenged in 11 recording
rooms and CA3 place cells showed independent representation with almost no

overlapping between comparisoti8ime etal., 2014)

Strong modulation bplace celffiring iscausedby the environmental boundaries as
shown by @eefe and Burgess (1996). Indeed, geometrical deformatican@hclosure,
such as the stretching or squashing the g/alduces parametric defaration of the place
field demonstrating direct control of the boundaries on plaedlso h QYSS¥S | yR
1996) This and other findings led to the formulatiarf the boundaryvector cell model
proposed by Barry and colleagues to expthmgeneration of place cellspatial response
(Barry et al., 2006)

3.2.1.5 Relevance for path integration

The experiments mentioned above largely istigated the effects of a variety of
allothetic cues onto place cells firing. Firstly, place cell firing is stable in condplddeess
O0hQYSSTSs wmMdT c Tandvadzhrbldblinded rats &sESawehap al.|) 1998)
Moreover, if a andmark is perceived as unstable, their influence onto place cells is
degraded(Jeffery et al., 1997)Consistently place cell firing is robust to the removal of
prominent landmarks(Muller and Kubie, 1987)Convincing evidence for place cell
computation of seHimotion cuescomes from Gothard et al. (1996) where rats were trained
to run along a linear track with moveable start box and fixed goal at the end to create a
mismatch between allothetic and idiothetic cu@Sothard et al., 1996)The results showed
that for a significant portion of the track, place cell firing was modulated by the integration
of selfmotion cues rather than external landmarks, demonstrating that internal sense of

position is updatedby pathintegration mechanisméGothard et al., 1996)
3.2.1.6  Summary

In conclusion, a large body of evidence has shown that a combination of allothetic
and idiotheticcues modulate place cell firing. Taken together, overall these results show
that, consistent with thedhippocampus as a cognitive map the@rthe place cell system

acts like an internal signal encoding the allocentric representation of space.

3.2.2 Grid cells
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Investigations driven by the interest in place cédld to the discovery of another

celttype implicated in seHocalisation and.J- G K Ay G SANF GA2y GSNI¥YSR aF
(Ranck, 1984; Taube, 2007; Taube et al., 1990a, 19%0b}e neurongippear toencode

Yy YAYlFfQad RANEBOIU kodrdinastees.2. Xlfoyabriefdgscriptiori 2 OS y i
of head direction cells Therefore, the theoretical framework in which place cells encode

location and head direction cellsncodethe direction of travelling was hypothesized to

support pathintegration during navigatio@vicNaughton et al., 2006 However, a number

of gquestions required answers. In particular, outstanding questions were: how do place

cells determine current location? How are selbtion cues integrated with allothetic ones?

How do place cells know about the distances travelled?

The breakthrough discovery of grid cells from the Mos@tab in Trondheim,
Norway, accounts for many of these questioffs/hn et al., 2004; Hafting et al., 2005;
Sargolini et al.,, 2006)These studies explored the medial entorhinal cort®¥eQ and
described a new class of neurons which, similarly to platis, show clear spatial activity.
However, differently from place cells, these neurons revealed several equidisteiraf
firing organizedas a regular hexagonal lattic&he striking regularity of the firing pattern
tessellating the whole available spaled the authors to coin the terragrid cellg (see
Figure3-2 andFigure3-5).

Ever since their discovery, grid cdilsvereceiveda large amount ofattention and
their firing properties have been deeply investigated across species. They have been
identified in the homologue areas of mi¢Eyhn et al., 2008pats (Yartsev et al., 2011)
monkeys(Kilian et al., 2012and humangDoeller et al., 2010Below is ashort overview
of their main properties but the following readings are stronglgommendedor a deeper
understanding of the matteBuzséki and Moser, 2013; Derdikman and Moser, 2010;
Jeffery and Burgess, 2006; Malgaton et al., 2006; Moser and Moser, 2008; Moser et al.,
2008; Rowland et al., 2016)

3.2.2.1 Firing properties

Similarto placecells,grid cellsmostly show low firing rate intermingledwith short
epochsof highfiring displayingburstsof spikesduringfield crossing(Figure3-5). Grid cells
were initially discoveredin layer Il of the MEC(Fyhnet al., 2004; Hafting et al., 2005) but
they havebeenfound acrossdifferent layersin MECeventhoughthey are most abundant
in layer Il (Sargdhi et al., 2006) Furtherstudiesrevealedthe presenceof grid cellsalsoin

surroundingbrain areassuchasPREand PAR(Boccareet al., 2010) Giventhat stellatecells
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are most abundantin layer Il, they were hypothesizedto be grid cells (Burgalossket al.,
2011) Howeve pyramidalneuronsfrom superficiallayerswith grid-like firing hasbeenalso
demonstratedand it now appearshat grid cellsdo not correspondto a singlecelltype but

they are both stellate and pyramidal cells (Domnisoruet al., 2013; Ray et al., 2014;
SchmidtHieberand Hausser,2013; Tanget al., 2014) Identifyingthe characteristicsand

differencesbetweenthe two classe®f neuronsis matter of future investigation.
3.2.2.2 Temporal properties

dmilar to place cells, grid cells also show rigid temporal organizatation
potentials are discharged in intermittent bursts during field crossimghereas the firing
rate outside the fields is negligib{&yhn et al., 2004; Hafting et al., 2005; Sargolini et al.,
2006) Most grid cells also show theta modulation amdelevant proportion of them also
displayphase precession, although its ocence differs across laye(®omnisoru et al.,
2013; SchmidHieber and Hausser, 2013Noteworthy, the observation of phase
precession in grid celiClimer et al., 2013; Domnisoru et al., 2013; Hafting et al., 2008;
Jeewajee et al 2014)has led to a number of computational models based on theta
oscillationand designed tsuppot path integrationd . dzZNBS&aX wHnny T . dzZNHSA
2011; Burgess et al., 2007; Jeewajee et al., 2008a)

3.2.2.3 Spatial prerties

The striking feature of grid cells is the periodic firing producing a regular hexagonal
array of fields in horizontal 2D environments. Indeed, similar to place cells, grid cells form
rounded place fieldsareas of space where the cells reliablg fiHowever rather than firig
in a unique place, each cahows a number of fields organized in a hexagonal asray
ogridé (Hafting et al., 2005)For the majority of grid cells, firing occurs during field crosses
regardless of the anim@ speed ordirection but grid cells from layer Ill and V are
directionally modulated and thus display conjunctive gfigectionalfiring (Sargolini et al.,
2006)

A quantitative description of grid cell firing was implemented by Hafting and
colleagues (2005Wwho extracted a number of grid features after computing spatial
autocorrelograns (Hafting et al.,, 2005)Nowadays, this represents a webBtablished
method in the field. Simply, one grid cell rate map (template) is -@otoelated in a loop a
number of times with its own refica (copy) after shifting it by one bin along eithbe ¢x

or -y coordinate. For each shift, a single correlation value (for the overlapping bins only) is
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computed and stored forming a 2D matrix highlighting the periodicity of the template firing
rate mgp (see alsdargolini et al., 200®r a thorough description of the algorithmrom
the spatial autocorrelogram matrixt is then possible to extract a number of features such
as the scaleor wavelength the average distance between surrounding péakbe
orientation of the grid (referenced to the-axis or the south wall of the open field box),
and the phase of the grid (the position of the peaks along the orientation axis). In addition,
an estimate of the regular pattern can be quantified by caldntata grid score index
(method which unfortunately does not unequivocally detects grid cells feorandom
population but is at the moment the best criteria for selecting grid cefiee below for
criteria used in this thesis).

Intense investigation of grid cells revealéde functional importance of these

features. Since their initial discovery, the scale of grid d¢&lls beenshown to increase
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Figure 3-5 Grid cells along the D-V extent of the MEC.

Large ensemble recordings revealed modular organization of grid cells as distinct anatomical clust
with independent spatial properties along the BV extent d the MEC. Q) Sagittal slices of posterio
portion of the rat brain showing different methods used to implant tetrodes for large ensemb
recording of grid cells: tangential (left) and multisite approach allows to sample large areas of |
MEC (red shadearea). B) Scale of grids (cm) recorded across- extent (um) of the MEC. ¢) Four
examples of grid cells belonging to different modules recorded at different depths of the MEGV
extent. Spike plots (top row) with relative spatial autocorrelogram (bottan row) showing spatia
properties exhibited by grid cells of different modules. Note the increasing scale and field size as
as different grid orientation across modules. Adapted from Stensola et al., 2012.
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along the dorsatentral extent of theMEC(Figure3-5). Relevant for this thesis, there is a
strong correlation between the size of grid fields and the scale of the(giadting et al.,
2005) (Barry et al., 200Mypothesizedan incremental increase igrid scalealong the BV
axis and this wasconfirmed by Stensofa study (2012)n whichthe activity ofa large
number of grid celloverall 968 grid cells from 15 ratap to 186 cellsfrom a single
animal)was examined Grid cells were shown to be anatomically clustered into modules
along the DV extent(Figure3-5). Interestingly, within each module grid cells seem tarsh
most of their properties (orientation, theta modulation, field size, response to boundaries)
with just the position of the fields differingelative to each other (different phasg. In
contrast, grid cells across modules behaved very differently, estiggy that grid cell
encoding is supported by local independent networks rather thaglobal homogenous

system(Stensola et al., 2012)
3.2.2.4 Hypothesized function

Sincebeing discoveredthe capacity forgrid cels to measure distancéias meant
they are the ideal candidate to perforin path integraton (Hafting et al., 2005)The idea
mostly comes from the fact that grid fields are equidistant to each other akeiy
omarked 6 equidistant places from each firing fielinportantly, the sixfold symmetry
pattern is a widespread geometrical organization in natgfgeingthe most efficient way
for packing noroverlappingcircles of the same size on a plafeé. Gauss, 1831The
hypothesis that grid cells play a major role in path integration was initially supported by a
number of experiments. For instance, early studies showed that grid cells were anchored to
external landmarks but their regular pattern was stable in darkmesbpersisted following
landmark removalFyhn et al., 2007; Hafting et al., 200%hese observations supported
the hypothesis thagrid cell firing patterns wergenerated by integrating sefhotion cues
Consistent with this viewpassive exploration does not elicit regutaid patterns- action
potentials are discharged but in a disorganized faslfidinter et al., 2015a)In contrast,
more recent studies showed that theidrfiring pattern is disrupted during darkness in
mice (Chen et al., 2016and, in the similar ctumstancesseverely impaired in rats
though weak distance coding waseserved(PérezEscobar et al., 2016 As such, the
extent to which grid firings dependent upon visual cues, and the mechanism by which
such cues might be processed to generate regular firing patterns requires further
investigation

Similarly to place cells, grid cells also shearrangementof their fieldsfollowing
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spatial (Fyhn et al., 2007and nonspatial manipulation (Marozzi et al., 2015&powe\er,
differently from place cells, remappingducing manipulations always produce regular
grids (so grid cells never turn off). Most importantly the remapped grids are oriented along
the same direction and shothe same scale, meaning that grid cells éset to determine

fixed distances across environmeritsa contextinvariant fashion(Marozzi et al., 2015)
Consistently, dd cells recorded on linear tracks exhibit rejpiee firing patterrsin 1D only
(Hafting et al., 2008nd the apparent weaker periodicity is consistent with a slice through
a 2D lattice(Yoon et al., 2016)

Overall these findings can be generalized by sayingtitigagrid cell code is invariant
across environments and this fixed scheme has been hypothesized to act as universal
metric of space. Indeed, ¢éhrigid response to movements exhibited by grid cells may be
functional for the general computation of distance during navigafigeffery and Burgess,
2006; Moser and Moser, 2008rxact mechanisms of how thgsachieved is far from being
clear but theoretical studies have started to tackle the questiBarry and Bush, 2012;
Bush et al., 2015; Erdem and Hasselmo, 2012; Rowland et al., 2016)

3.2.2.5 Dynamicgrid

The claim which accompanidtie discovery ofgrid cellsthat they are theneural
substrate for path integration received gemé consensus considering the Kirig
regularity displayed bygrid fields However, the results from a series of studies chaksng
this notion The first result inconsistent with the model is the one obtained by Barry and
colleaguegBarry et al., 2007)The authors replicated the experimental design conducted
608 hQYSSTS FyR . dz2NEBHSaa O6mppcy aK2gAy3ad GKS
O0hQYSSTS | yoR6) Sidithkl, Sgiich Zells mesponded parametrically to the
geometrical manipulation (they stretched/squashed by the same amount) showing that
they are under similar control of boundarig®arry et al., 2007) Therefore, in this
circumstance, grid cells failed to perform invariant odometry as rémgulting grid map
deformed and noby the same scale. One possible explamatis that maybe grid cell firing
is initially generated by the integration of safiotion cues and once established it becomes
anchored to external cues such as bounda(@&fsdottir and Barry, 2015This hypothesis
is supported by the following study in whitke grid cell firingpattern was produced for
the first time in a novel mvironment (Bary et al., 2012a)Interestingly, at first exposure,
grid cells showed increased field size and scale compareal feaniliar control with a

generally less regular arrangement too, a phenomenon which has been tecgréd
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expansiod. However, with repead exposures, the firing pattern became more regular
and the grid scalshrinksto the standard scale. This result revealed an important feature
of grid cells: they are more dynamic than previously thought, with undergoing plasticity
processes as plausibechanismgBary et al., 2012a)A theoretical study proposed grid
expansion agn optimal response in spatial undamty due to novel conditiongTowse et

al., 2014xignalled byanincreased level of acetylcholine in the gHasselmo, 2006)

Dynamical encoding by grid cells has also been demonstrated in a longitudinal study
in which gid cells where recorded from animals exploring two adjacent square boxes
comected by an external corridofCarpenter et al., 2015)Initially grid cells formed
identical grids in each box (local reference) but over time they differed and formed
coherent grid maps of both enclosures (global reference). This finding again demonstrates
how flexide grid firing can be and also that grid cells are eventually capable of encoding
distances over large spaxzé a coherent fashioras well asacross multicompartments
(Carpenter et al., 2015)This result isomewnhat in disagreement withprevious results
obtained by Derdikman and colleagues (2009) who recorded place and grid cells from
animals running on a highly mutdomparmentalized hairpin maZ®erdikman et al., 2009)
Under such circumstances, grid cells lost their hexagonal symmetry in favour of a mosaic of
fragmented submaps as they showed repeated firing pattern every other lap of the maze
when rats were running along the same directionwéwer, when rats were trained to
perform stereotypic behaviour in a large open field, grid cells showed regular
hexagonal pattern suggesting that the fragmentation in the hairpin maze could be driven
by the geometry of the environmerfDerdikman et al., 2009)n the followup study, head
direction cells were not affected during running in the hairpin maze, even though the
whole grid cell system showed loss ofkagonal symmetryDerdikman et al., 2009Taken

together these two studies suggest that:

i) the head direction system is not affected by grid cell representation
indicatingmaybethey maybe upstreamof grid cellsin the spatialnetwork;
ii) while head direction cells are relatively independent of environmental

geometry,grid cellsare heavilyinfluencedby it.
3.2.2.6 Influence of geometry on grid cell firing

Among many topics in the field of spatial cognition, the exploration of the

relationship between grid cell firing and environmental boundaries has been one of the
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most flourishing ones. Indeed, the rescalif@arry et al., 20073s well as fragmentation of
grids (Derdikman et al., 2009)ighlighs the strong influence of geometry on the spatial
representation system. In addition, further evidence fbe strong role of geometry came
from the discovery oborder cellg§, found inMECwhich fire along boundaries and may
signalthe overallgeometry ofanenvironment(Solstad et al., 2008)

A recent study byHardcastle(2015) showed that wheran animal is far from
boundaries over a long time, grid representation becomes inaccurate probably due to the
accumulation of path integration errordHardcastle et al., 2015However, proximity to
boundaries resets grid cells so that accuratbe hexagonal firing pattern can be -re
established. Computational modelling suggests that the boit cell network could be
responsible grid cell rsetting (Hardcastle et al., 2015 his view suggest that grid firing
may be @pendent on an internallgenerated signal driving grid cells to fire. Sadignal
is probably linked to patintegrator process which is more prone to errors over time
(Winter et al., 2015a)However, whether this is sufficient to produce effective grids or
whether visual information is necessary is still not fully understq@then et al., 2016;
Hafting et al., 2005; Pérdzscobar et al., 2016 Moreover, grid cell firing seems to be
dependent on an external source of information, most likely provided by the
environmentalgeometry encoded by border cel{8arry et al., 2007; Hardcastld al.,
2015) Further investigation on how the integration of external and internal signals is
achieved will help answeéhe many questios remaining regardingrid cell firing.

Two recent studies shed light onto the relationship between boundaries tuad
internally-generate grid. Krupic and colleagues (2015) examined a number of grid cell
features in a trapezoidal enclosure and found that regularity, scale and field size of the
grids was severely altered compared to the square (Gxipic et al., 2015)These results
suggest bhat in a 2Denvironmentwith two non-parallel boundarieg likely to be encoded
by border cells¢ the grid is strongly distortedKrupic et al., 2015)Two alternative
hypotheses can be drawn: either the validity of the grid cella @siversal metric for space
hypothesis is to berejected, or maybe grid cells provide a metric system but the
trapezoidal geometry affects them and thus the perception of space is al{gtrgic et
al., 2015) Deeoer insights on this matter came from the study of Stensola and colleagues
(2015) who analysed the alignment of the grid relative to the boundd@¢snsola et al.,
2015) A theoretical study suggested that grid orientation followed environmental
boundaries(Krupic et al., 2014However, finer analysis showed that grids tend to orient

7.5° either direction from one or more walls of the environment and such rotation occurs
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with elliptic ddormation of the grid(Stensoleet al., 2015) However grid distortion does

not appear in novel environments but develops over repeated exposures, perhaps together
with grid shrinkaggBarry et al., 2012a)The process by which grids rotate and become
more elliptical has been termedshearing and it is likely to be generated by repulsive
forces from boundaries via border cells. The functional role for shearing ahdliggdment

is still not clear but minimizing symmetry between the environmental geometry and the
grid lattice could be optimal foavoiding errors in selbcalization(Stensola et al., 2015)
Future experiments testing such hypothesg#l help to explah the mechanismsehind

grid shearing
3.2.3 Models of grid cell firing

Since their discovery, grid cells were hypothesized to be the neural substrate of path
integration. Moreover, their regular firing attracted the attention of many computational
neuroscientists and a number of models have been proposed to explain hogixfed
symmetry is generatedlhe majority of the models can be grouped into two main clgsses
broadly referred as oscillatory interference models and continuous attractor networks
(Giocomo et al., 2011a; Rowldet al., 2016; Zilli, 2012Additional models have beeaiso
proposed to explain grid cell pattern formation (Kropff and Treves, 2008; Mhatre et al.,
2012). Here, a brief summary of the oscillatory interfereraral continuous attractor

network models will berovided
3.2.3.1 Oscillatory interference models (OIMs)

Since the early report of phase precession in place cells, the putative role of theta
oscillation in path integration was proposed and its involvement for pfexdé generation
postulatedo h QY SS TS | y.RHowed) OlsSposit gedoalio firing by place cells, a
prediction which was never validated until phgsecessing grid cells iIMEC were
reported (Hafting et al., 2008)Since then, a variety of studies proposedttthe repetitive
pattern could be generated due to the interference of two oscillatory signals afferent to
one grid cell. Simply, one oscillator actsadmseline and has a frequency in the theta band
(7-11 Hz) and is modulated by running speed like gadiibited by theta oscillatiom the
LFP(Figure3-6A). The second oscillation also has a frequency in the theta band and in
addition to beng modulated by running speed it is also modulated by preferred firing
direction in cosinduned fashion- i.e. velocitycontrolled oscillatos (VCO)Burgess, 2008;

Burgess et al.,, 2007; Jeewajee et al., 20088urons with such properties have been
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Figure 3-6 Computational models for grid cells firing.

Two classes of models have been proposed to explain the regular firing pattern exhibited by grid cells.
(A) OIMs posit that theta modulated units with speed and directional modulation along with oth
baseline theta frequency units input grid cell soma. B) In the grid cell soma the two out of phas
oscillators generate a regular interference pattern which triggers grid cells to fire periodically. @)
Attractor network -based models rely on the circuit architectee and posit that a Mexican hat connectivil
(top) represented with the strength of the arrows in the sheet of neurons of a 2D version of an attrac
drives grid cells firing. Because neurons at the edge of the sheet connect to those on the opposite i
circuit is hypothesized to follow a toroidal pattern of connections (bottom). D) The bump in the attractol
is moved thanks to the activity of a hidden layer of neurons which reflects both speed and direction of
animal in space. Adapted from Giogno et al., 2011.

found in the hippocampus, medial septum and anterior thalarlday et al., 2011)
When the animal runs along the VQ@referred firing direction, the two oscillators input

at the same timeo the grid cell, though the VCO has a slightly higher frequency than the
baseline oscillator. The interference between these signals is sufficient to produce an
intracellular membrane potential oscillation triggering periodic spikifggure 3-6B).
Computational studies shayd that simulated neurons receiving from 6 VCOs with
preferred firing direction 60apart, together with baseline oscillators, display the typical
firing pattern of grid cell{Burgess, 2008; Burgess et al., 2007; Hasselmo et al., 2007;
Jeewajee et al., 2008a; Welday et al., 2011)

Several piece of evidence support the OIMs. For instance, medial septum
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inactivation, where theta oscillation is thought to be generatet] dransmitted toMEGC
abolishes regular grid cells firif@randon et al., 2011; Koenig et al., 2Q1¥joreover,
passive movements fail to elicit regular firing patteoy grid cells and, consistent with
OIMs, the speed to theta relationship does not pergWinter et al., 2015a)However, the
presence ofgrid cells in crawling bats with no undergoing theta oscillation represents a
major challenge to most OIM¥ artsev et al., 201 1although the low speed of animals has

been suggested aspotential biag(Barry et al., 2012b)
3.2.3.2 Continuous attractor networknodels(CANVS)

Conversely tadDIMs, CANIs rely on the networlbased property of the wholMEC
architecture They posit thatthe regularity ingrid cell firing arises as a result of the
recurrent connectivity othe circuit in which grid ceflring represents the anim& éurrent
location by functioning asontinuousattractors(Fuhs and Touretzky, 2006; McNaughton et
al., 2006; Samsonovich and MaMghton, 1997; Shipste8harman et al., 2016; Zilli, 2012)
Original models hypothesizeal Mexican haté scheme of connections between grid cells
(McNaughton et al., 2006; Samsonovich and McNaught®8y7) according to which grid
cells sharing similar phases strongly excite each other, while those with different phases
are instead reciprocally inhibited=igure 3-6C). Therefore, within theMEC a dbump of
activity€ is formed and stabilized thanks to the recurrent architecture. In order to follow
animal movements in physical space, the bumphypothesied to dmovee around the
neural sheethanks to heading and speed information encoded within the struc{Buarak
and Fiete, 2009; Fuhs and Touretzky, 2006; Guanella et al., 20073 the interaction
between conjunctive directional grid cells from layer Il andSargolini et al., 2006nd
& LJdzNgdsl écells of layer I(Figure 3-6D) (McNaughton et al., 2006; Samsonovich and
McNaughton, 1997; ShipsteBharman et al., 2016)

A number of experimentalesults support CAMNSs for grid cell firing. For instance,
the organized connections in the circuit postulated by ®&Noredict a high degree of
homogeneity across cells in response to external perturbation. This prediction has been
validated by remapping studies showing coherent response by grid cells ens@ybieet
al., 2007; Marozzi et al., 20153imilarly, grid cellmaintained spatial relatiorisp to each
other following geometrical changes in the environmékbon et al., 2013Moreover, the
observation ofconjunctive grid cellén layer Il andV (Sargolini et al., 2006js consistent
with early versions oCANMs(McNaughton et al., 2006; Samsonovich and Maiéon,

1997) It should be mentioned that more recent CANMs do not require conjunctive grid
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cells for moving the bump of activiicross the cells forminttpe attractor (Burak and Fiete,
2009; Fuhs and Touretzky, 2006; Guanella et al., 2007; Pastoll et al., 2013)

Recent studies investigaed stellate cellda @utual connectionsand showed no
excitatory connectior{Couey et al., 2013; Fuchs et al., 2016; Pastoll et al., 20183ANs
only depending on inhibitory connections have beasoproposed(Bonnevie et al., 2013;
Burak and Fiete, 2009; Couey et al., 2013td¥ast al., 2013) Optogenetic dissection of
the MECcircuit revealed that parvalbumin positive (P\GABAergic cellsonsidered the
mostlikely candidate to perform phasspecific inhibition, receive input from grid cells
with all phasegBuetfering et al., 2014h contrastto what dictated bysomeCANVs (Burak
and Fete, 2009)but not all(ShipstoaSharman et al., 2016; Solanka et al., 2015)

3.2.3.3 Hybrid models

Recenttechnologicaladvancements allowedcientiststo perform wholecellin vivo
patch-clamp recording in heafixed animals running in viral reality. SchmidtHieberand
Hausser (2013) found that stellate cells membrane potesitaling field crosses exhibited
sustained intracellular depolarization consistent with CAMM but also display phase
precession as predicted by Ol¢Bchmit-Hieber and Hausser, 2018imilarly, Domnisoru
and colleagues (2013) found intracellular signatures of both thikéaoscillation and slow
depolarization during field crosgy (Domnisoru et al., 2013)Therefore,some relevant
features predicted by loth classes of models seem to be partiaihfidatedexperimentally.
Therefore a new generation of hybrid moddias been recently releasedaking into
account recurrent architecture of the netwarkheta oscillation and phase precession
occuring at the same time(Bush and Buesgs, 2014; Domnisoru et al., 2013; Schmidt
Hieber and Hausser, 2013urther experimerg are therefore needed to elucidate the

precise mechanisms generating grid cell firing pattern

3.2.34 Summary

In conclusion, a number of studies corroborated the origimgpothesis that grid
cells may provide fixed spatial metric for spac&xperimental and theoretical evidence
suggest thatgrid firing can bedriven via path-integrator processegHatfting et al., 2005;
Winter et al., 2015g)although whether allothetic informationis necessar§Chen et al
2016; PéreEscobar et al., 201@)nd howit is integratedare still outstanding questions

In new environments, expanded maps with grids parallel to boundaries are quickly

formed, but shrinking to standard size, shearing and elliptic deformatiothe grid are
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dynamical processeshat progressively occur with experienc@Barry et al., 2012a;
Olafsdéttir and Barry, 2015; Stensola ef 2D15) What functionthis servesand howthis is
that achieved will be matter of futurevestigation

In general, much speculation has been propounded about what spatial metric
provided by grid cells cabe functional for.In contrast toplace cellsthe firing pattern
exhibited by a single grid cell is ambiguous for decoding position due to the multiple fields
homogenously tessellating the available space. However, at least theoretiballgtid cell
population ensemble provides two usefgkts of information for navigation: current
position and distance to or from any point in space. Computational studies have shown
that current position can be determined if the ensemble includes cells from different
moduleswith independent grid features like seabnd orientation(Bush et al., 2015; Fiete
et al., 2008; Mathis et al., 2012Moreover,a distance vector can be extracted from two
sets of cells signallingvb reference points in space. However, whether an actual decoding
process occurs downstreaof the grid cell signal and how this read-out still remains to
be determined(Bush et al., 2015; Fiete et al., 2008)

3.2.4 Speed cells

As mentioned before, most models for path integration requirgable, reliable and
invariant speed signal. This is true for CAN models positing the bump of activity being

translated between grid cells to reflect animal moveme(l4cNaughton et al., 2006)

Spatial HD vs speed Speed
map map tuning curve

Figure 3-7 Speed cells in the
MEC

Three examples of speed ce
(each row) recorded in the
MEC showing no satial
activity  (i.e. they  fire
everywhere, left column) a
well as directional information
(.,e. the firing rate i
modulated by running speet
and not by orientation, middle
column) but encode spee
information as revealed by the
speed lines (i.e. the fing rate
increase with running speec
right column) representing
mean firing rate across spee:
Adapted from Kropff et al.
2015.
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Similarly, OIMs posit speed modulation for both basal and velsoityrolled oscillators
(Burgess, 2008; Burgess et al., 200@yleed, miscomputation of speed would drive grid
cells to flicker in space and/or ultimately to break down the hgwnal symmetry.
Therefore, on one hand, theoreticalodelspredicted the existence of a speed signal useful
for path integration. On the other hand, experimental evidence corroborated this
hypothesis. Indeed, LFP theta frequency was known to correlate wihning speed
(Jeewajee et al., 2008a3uggesting thathe ensemble of neurons could be modulated by
running speed (Figure 3-1). Moreover, many studies reported neurons withpositive
correlation betwesn firing rate and instantaneous spef8luetfering et al., 2014; King et al.,
1998; Welday et al., 201,1as well as placeells and grid cells, which have also been shown
to be modulated by running spedeisler et al., 2007; Sargolini et al., 20@&)wever, the
description of a separate population of neurons encoding instantaneous speed (and
KSYyOST2NIK OFffSR aalLISSR OSttagdos 02YSa
(2015). Based on the results, a brief overview of speed cell featupesvisledhere (Kropff

et al., 2015)

3.2.4.1 Firing properties

Detailed descriptioa of speed cell firing is lacking given the limited available data.
The lite that is known speaks for tonic firing typical of interneuravisich differsfrom the
bursts of spikeseleased byplace and grid cells. A substantial proportion of speed cells
shows typical theta modulation and preliminary evidence suggests that atrteasy of the
speed cells may be inhibitory P¥ells (Cao et al., 2015)ike those investigated by
Buetfering and colleagudgBuetfering et al., 2014)

3.2.4.2 Spatial properties

Speed cellslinearly increase their firing rate with animal running speddis
property is revealedy speedlinesrepresentingmeanfiring rates acrossdifferent speec
(Figure 3-7). There is a large variability across cells with respeciverage firing rate,
strength of the speed modulation, baseline firing and slope of gsheed tuning curve.
Speed cells have been found across many layers oMEEDbut also in the hippocampus.
Importantly, speed cells do not carry additional information (spatial, directional) so they
form a neural population on their own separated fromdgmplace and head direction cells
(Kropff et al., 2015)

3.2.43 Hypothesized function and theoretical considerations
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The speedlines exhibited by speed cells suggest that they may be encoding
instantaneous speed and such signtded irto the MECnetworks for path integration.

Evidence supporting this notion comes from a number of observations:

a) Speed cells are conteitvariant: at the single cell level, the relationship
between speed and firing rate is stable within and across sessions. Moreover,
the relationship persists also across different environments, dimensions (linear
track and open field), and tasks. Consistently, spemddulation is also
preserved in darkness, ruling out the hypothesis that they masidpaallingoptic
flow instead.

b) While speed cells largely diffen a number of features (firing rate, slope,
baseline, theta modulation), at a population ensemble they carryweay
coherent signal which can be used to decddeanimalk) &nning speed.

c) A substantial subset of speed cells showing theta modulation exhibit prospective
encoding, though only in th®IEC Importantly, speed cedl and grid cells share
similar prospedte bias £50-80 ms) and sucla finding is consistent with the

hypothesis that speed cells mhg upstream tagrid cells.

Even though only &ew studies investigated speed cell firing propertienman et
al., 2016; Kropff et al., 2015bhe findings at our disposal strongly argue that that these
neurons may encode instantaneous speed and this information could be used for path
integration. Further experimds are necessary to test this hypothesis, however some
theoretical considerations, relevai the results section of this thesis, can be made at this
point.

The working hypothesis stated by Kropff et al. (2015) posits that speed cellbemay
upstream ofgrid cells such that the speed signal is integralbgdgrid cellto compute the
sense of distancé&ropff et al., 2015)Perhaps one way of testing shirypothesis would be
to analysethe speedlines ofspeed cells during novelty, where the grid firing patteane
known to expandBarry et al. 2012a) The natural prediction is that the firing rate of speed
cells is decreased, namely that the instantaneous speed is underestimated and that drives
grid cells to underestimate distanc#wus driving expansion. Similarly, a second test can be
proposed, which is to examine the firing pattern by speed cells during passive movements
as in the study by Winter et al. (2015). Passive movements cause disruption of the regular

firing pattern by grid cellsuggesting that the system is dependentefferent motor copy
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(Winter et al., 2015a)Two alternative scenarios can be imagined:

a) speed cell tuning curves become flat, suggesting that they are dependent on
selfgenerated movements only and their impaired signal may explain grid cells
firing disruption. Thiginding would unequivocally show that speed cekpend
on the proprioceptive system.

b) speed cells maintain their speed encoding. In which case, the hypothesis that
speed cells integrate seffenerated movements woultheed to be rejected
shifting the focis to other systems such as the vestibular system. In particular,
the otolith organs, comprising the saccule and utricle, are known to encode
linear acceleration alonghe vertical and horizontal axis respectiveingelaki
and Cullen, 2008)Theoretically, te utricle could be the first step of a long
pathway where horizontal linear acceleration is primarily encodéudssignalis
then conveyed to uppelevel stations in the midbrain where this is transformed
into speed detection and ultimately displacement ¢rid cells in theMEC(Jacob
et al., 2014)

Future nvestigation will help test these hypotheses. Moreover, the following

questions remain to be asked:

a) is the speed signal generated locally or outsideMtigCand conveyed from other
brain areas?

b) are speed cells also modulated by allothetic informa®idn which case, how is
that information integrated?

c) what is the source of the speed signal? Which system is required for the
generation of the speed signal? Does it depend tbe vestibular system or

proprioception?

Further investigatios of speed c# features and particularly a detailed
characterization of the upstream pathway will help answering a number of questions on

the nature ofthe grid cell system and the circuits for path integration.
3.2.44 Summary

Takentogether the results obtained by Kropff drcolleagues (2015) argue for the

existence of a distinct population of cells which encode instantaneous speed. The eontext
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invariance of their encoding resembles the fixed spatial metrics carried by grid cells and for
this reason they have been linked path integration mechanism&ropff et al., 2015)As
mentioned before, at least a large fraction of speed cells seem to fall under the category of
PV inhibitory neurongCao et al., 2015which, consistent with previous results, have been
shown to increase their firing rate wittunning speedBuetfering et al., 2014)Based on
experimental evidence showing lack of excitatory connections between stellate cells,
recent CAIMs with recurrent inhibitory connectiomhave been proposedBonnevie et al.,
2013; Couey et al., 2013; Pastoll et al.,, 2013pwever, the study by Btfering and
colleagues (2014) challenge the notion that B#lIs, which are reciprocally interconnected

to stellate cells, mediate the phaspecific inhibitbn that some authors believe are a
necessancomponent ofCANMs (Buetfering et al., 2014 a contrary view is presented by
(Solanka et al., 2015Understanding where and how the speed signal is computehg

with its functional rolewill be pivotal to understanidghow grid cell firing is generated.
3.2.5 Otherspatial cell types

In the results section of these thesis, the spatial activity of place, grid and speed cells
on the vertical wall is describeds sucha large section of this chapter has been dedicated
to descibing their main properties relevant for the undesding of the results presented
in this thesis However, in addition to thee cell types there are otherfunctionally
identified celks falling under the category of spatiallgodulated neurons. A brief mention
of thesewill be provided in the next paragphs along with the main literature for a deeper

comprehension of the matter.
3.2.5.1 Head direction cells

The ability to integrate seliotion, as described above, is clearly an important
information source for freely moving animafSince the discovery of ma cells, the neural
mechanism supporting path integratidmas beenwidely soughtin the brain resulting in
the discovery of aew celitype in the postsubiculum (POS) by Ran&anck, 1984)These
YySdZNPyaz (SNYSR 4 K&, ShowRalobstdrieacading Bt £ YA Y f &4 Q
headingdirection and became the broad research theme investigated by J. Taube since
S| NI &Taubeie®al., 1990a, 1990urtherstudies revealed the presence of HD cells in
a number of other brain areas including anterior dorsal thalamicleiu(ADN)(Taube,
1995) lateral mammillary nucldiStackman and Taube, 1998trosplenial corteXChen et

al., 1994; Cho and Sharp, 2001; Jacob et al., 20dBYIEC(Giocomo et al., 2014; Sargolini
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et al., 2006 among others

The properties of HOshave been widely investigateshd a thorough description of
them goes beyond the scope tifis thesis.A large body of evidence sheuhat they rely
on allothetic as well as idiothetic information to encode direct{@oodridge and Taube,
1995) In the absence of external sensogpes HOGs maintain relativelystable preferred
firing directiors, drifting only slowly For a thorough reviewof HD cells and their
contribution to path integration sedicNaughton et al., (2006) and Tauf#007) Taken
together, theresults suggest that HOs encode allocentric directioand for this reason
they are hypothesizedo act asan internal compass fundamental for efficient navigation
(Taube, 2007)However,it must be said that HDC firing has been shown to best correlate
with the direction of thehead of theanimal rather that the heading direction which
instead corresponds to the direction tdie movemens (Raudies et al., 20157 herefore,
whether and how the brain encodéeading directiorare still outstanding questiosin the
field.

3.2.5.2 Border cells and boundary vector cells

Followingthe discoveryof grid cells in the ME@nany experimentbaveinvestigated
this brain areaand along withthe report of HOCs in this structurgGiocomo et al., 2014;
Sargolini et al., 2006anotherfunctionally identifiedcelkté LIS G SNXY SR & 2 NRS NJ
alsobeen described in thMEC(Solstad et al., 2008 hese cells increase their firing rate
when an animal approaches or is located near the borderanfenvironment. They are
predominantly located in the middle and deep layers of M&Cand are thought to
provide information about the geometry of the environment. However their actigityl
their influence on grid cell firingg poorly characterizebtut they are likely to mediate the
effects of environmental geometry previously descriljs€e3.2.2.9.

Another functionalcelktype with borderrelated activity, termed boundary vector
cells, hae been reported in rat SUBever et al., 2009and ha been hypothesized to
represent an important inputo place cell{Barry et al., 2006)These cells fire at specific
distances from boundaries and at specific directioakhough their firing canalso be
elicited by edgesand by theabsence of walls. Future experimemnwill help understand
their cortribution to place celfiring and how border/directiomnformation isintegrated to

form place fields in the hippocamp(Barry et al., 2006)

In this chapter, a short introduction to the nalrsystens encoding space has been
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provided to give the reader the essential information to broadly understand the topic. In

the next chapter, the literature addressing the neural encodintpef3D world
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4 Towards3Dencoding of space

The way the brain represents space is owé the key questios in systems
neuroscience. However, as the genematture of the neural encoding in flat (2D)
environments is becoming clearer, an issue that still remains fairly unexplored is the way
that the bran encodes 3D (and thus more realistic) spadee am of this chapter igo
review the evidence collected ithe last decade addressing the question of hoke
mammalian brain encodeandnavigaatesin 3D spacdJeffery et al., 2013a, 201Firstly,
the scientific terminology used to describe movements intBidughout this thesisill be
introduced. Secondlyfindings collected from two animal modelqrats and baty will be
summarisedFinally a crossspecies summary will be proposed in order toyide a global
theoretical framework for understanding the scientific questisninvestigated and

presented in this thesis.
4.1 Terminology for 3D movements

In order toreviewthe experimental evidence collected in the last decadethe 3D
encoding of spacef is necessary to firstly accurately describe the terminology used to
determine position, movements and orientation in.30b begin with, two related variables

need to be defined and are:

1. dimensionwhich refers todthe number of parameters needed toesjify a point
in a space (Jeffery et al., 2015)
2. the frame of referencewhich referstol KS 02t f SOUG A @8d pardeyY 2 F |

of the space from which the parameters are measé(ddffery et al., 2015)

For instance, when a rat runs back and forth on a linear track, the position can be
assessedby excluding lateral movementnd using one dimension onlyi.e. the position
along the axis specified by the traciMovements can only be linear (translation) and
categorizedike left-right or NorthSouth Accordingly, in this context the reference frame
can beset as the linear track itself.

Slightly nore complicated beomes describing planar navigation, for instance during
a standard fredoraging task carried in larganvironments such as 100 gquare boxesn

sucha configuration,movements happen in two dimensianso two numbers {x and -y
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coordinates) are needetb describe position in spac®ovements can be linear or angular
(also termed rotations)and theorientation of theseis determined by using the angle the
animal is facing(termed azimuth) referenced to an arbitrary axigin rectilinear
environmensthe edgesare generally usedor the x-reference axis In sucha scenario, the
surfaceof the environmenis defined ashe reference framdJeffery et al., 2015)

When an animal exploreslumetric spacemovementsoccurin 3D andit is evident
that three coordinateq-x, -y and -z) are needed to describehe position Furthermore
rather than a unique angular rotatiorthree rotations can occuin 3D and each one is
specified by a single plane. The rotation on thg glane is theazimuth, whilerotation
along the vertical plane is termed pitch, and the angle to define orientation of the animal
along its longitudinal axis termed roll(Figure4-1).

Moreover, as well as the allocentric definitions, it aso worth specifying the
SI20SYGNRO NRUGIGA2YA AY o05® ¢KS NROlI A2y AY

and such rotatios is what determines theazimuth In contrast, the rotatiorin the plane

orthogonal toyawis termed pitch, while the ona the coronal plane is termed rdlFigure
4-1).

Roll to left Pitch “up” Yaw to right

p@ =

SEQUENCE 1

Pitch up Yaw to right Roll to left ,«~

SEQUENCE 2

4

Figure 4-1 Non-commutativity of 3D rotations

Roll, pitch and yaw represent the possile rotations an animal can perform in 3D. An important feature is tt
non-commutativity of those rotations, meaning that depending on the order they computed, different outcom
would be generated. For instance compare sequence 1 (top row) [Roll to LeftPitch up z Yaw to right] with
sequence 2 (bottom row) [Pitch upz Yaw to right z Roll to Left] where the duck in the example turns out in tw
different positions and facing different angles. Adapted from Jeffery et al., 2015.
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It should be noted that imotating ona singleplane- which isa 2D entityq requires
two dimensionsand given thatthere arealtogetherthree dimensions, rotations occurring
in perpendO dzf | NJ LJ | ySa &aKLl NE én otBey Bordedifereintly §dmNJ RA Y Sy
linear motion,rotations in 3Dcannot be completely independerats therotation in one
plane alters the axis of rotation in anothérhis property has two natural consequencess f

rotations in 3D:

a)they are noncommutative, i.e. they are ordedependent
b) two following rotations in the orthogonal planes result in a rotataso on the

third plane Figure4-1).

Therefore, the complexity generated byovementsin 3D space poses several
challengedor brain in orderto perform effective navigation. In particular, maintaining a
stable compass signal, measuring travelled distancetermining seHposition and
ultimately performing routeplanning is aomplexcognitive skill that the neural circuits for
gpatial coding must compute.h& next paragraphsvill briefly introduceand discuss the

experimental evidencef spatial activityn 3D from rats and bats.
4.2 Spatial representation in rodents

Since the dawrof experimental psychology, ratmave beenintensively tested in a
variety of cognitive tasks including spatmvigation Furthermore, since the discovery of
place cells in rathippocampusd h QY SSFS | y R 5r@danis N&&@Bedomethem T M 0
model species for electrophysiolo@y viva Accordingly, initial attempts t@lucidate 3D
representation of space in mammals were carried out in ratshis chapter, the activity of
spatially modulated neurons rodentsin 3D space will bdt should be noted however,
that given that rats are surfaedwelling animals, all the @eriments presented in this
chapter do not precisely test 3D movements given thatyttmannot fly. Instead, the
experiments presentetiere shortly focus on spatial coding on the vertical plane, therefore

still on a 2D map but with the@ordinate (heightjested.
4.2.1 Place and grid cells on the pegboard

One pioneering study aimed to elucidate the 3D representabigrplace cellsvas
carried out by Knierim an#icNaughton(2001) who recorded place cellsfrom animals

running on a flat rectangular linear track acoimpared the firing patterns observed on it to
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the ones displayed by the same cells after tilting portions of the track byk4bérim and

McNaughton, 2001)The results showed thatiace celldroadly responded to movements
in 3D but with no evidence for metric encoding probably doethe saliency of the

available cues on the flat portions of the track.

Thestudy by Hayman and colleagues (20ktdressedhe neural representation of
verticalspacein rodents(Hayman etl., 2011) These authors recorded bofitaceandgrid
cells from rats trained to navigate on a pegboard, a vertical board with embedded
projectingpegsonto which animals were trained to climb while foragifog food (Figure
4-2A-B). By comparing the neural maps between the pegboard and a flat aremaarol,
grid cellson the pegboard produakvertical stripes spanning along the entire height of the
apparatus (Figure 4-2C) suggesting adramatic drop in the ability to perform path
integration in the vertical dimensionMoreover, grid cells on the pegboard showed a
significart increase in the length of the major but not the minor axes of the fields, as well
as an increase in the aspect ratio (major/minor axis) and preferential orientation of the

stripes along the vertical axis compared to the horizontal con8whilar resuls werealso

Figure 4-2 Vertical stripes of
fiing by grid cells on the
pegboard.

Grid cells during navigation oi
" the pegboard produced vertical
stripes of firing. (A) Photo taker
by R. Hayman showing a ri
walking across the horizonta
pegs embedded onto th
pegboard apparatus. B)
Schematic drawing representin
the rat cumulative path on the
pegboard. (€ The vertical
stripes of firing by 8 grid cells
recorded on the pegboard ar
represented as spike plots (lef
columns) and rate maps (righ
columns). Adapted fron
Hayman et al., 2011.
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shown byplace cellswhich produced columnar firing on the pegboard, suggesting that the
gridandplace celbystensresponded coherently to vertical locomotion.

Overall this studyshowed an impaired capacity lgyrid and place cellso perform
accurate spatial representatioim the vertical dimension anthus that they encodehe
horizontal and vertical dimensigrdifferently (Hayman et al., 2011Theseresults led the

authors toformulate a number ohypothess(see alsat.5.1):

a) the lackof experienceof navigating irthe verticaldimensionby lalbhoused rats
prevens them from encodng vertical movements (referred to as the
experiencedependent hypothesis, see5.1.7);

b) there is ageneral insensitivity to vertical movementseferred to asthe
anisotropic hypothesjssee4.5.1.9.

c) the topology of the environment orienting the rats body parallel to the
horizontal earthreference acts asan explanation for the horizontal but not

vertical spatial firingréferred to ashe reference frame hypothesis, sde5.1.3;

Among thesethree hypotheses, Hayman et al. 2011 opted for tecondone and
thus proposed that the mammalian cagime map is insensitive to height and thus
anisotropic(Hayman et al., 2011suggesting that the general representation of space is

two-dimensional rather than volumetrideffery et al., 2013b)
4.2.2 Gridcellson thetilted plane

Onestep forward towards a deepamnderstanding of 3D encoding comes frohe
follow-up experimentby Hayman and colleaguéslayman et al., 2015)n this studythe
activity of grid cells warecorded while animals freely navigated between a horizontal and
40¢tilted slope joined togetherms a continuous surfad&igure4-3). This was done to test:
a) wheher the odometry signal carried byrid cellswas impaired for movements on the
slope; b) whether the firing pattern bgrid cellson the slope was consistent with the 3D
optimal packng predicted by a number of computational modglsloriuchi and Moss,
2015; Mathis et al., 20155tella and Treves, 2015)he results showed thagrid cells
maintained the capacity of formingdiscrete firing fields on the slopesurfaceand they
displayed nadifferences(field size, scale orientatiomyhen compared to theones on the
horizontal planeexcept for aweakbut significantredudion in the hexagonal arrangement

(cgridness). This finding shows that on the slope local maps quantitatively similar to
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Figure 4-3 Grid cells representation on the tilted plane.

(A) Schematic drawing representing the experimental apparatus formed by two continuo
surfaces, one horizontal (right) and one tilted 40 upwards (left). (B) One example of grid ce
recorded on both surfaces (top) shouwng characteristic grid arrangement on both surface
(bottom). Adapted from Hayman et al., 2015.

the ones on the flat horizontal plan€urther analyses addresw) whether the speedo-
theta relationship was altered on the tilted plarghowed thatboth the slope and the
intercept of thespeedto-theta correlationdisplayedno differences betweenthe titled and
horizontal plang(Hayman et al., 2015 herefore,similarly to the encoding of distandsy
single grid cellsthe encoding of instantaneous speky thetawas unaffected on the tilted
plane

Overall these resultsshow that on the slope grid cellsmostly maintaired their
quantitative firing properties and the speesignal encoded by the LFP theta oscillation
stayed stableon both planes (Hayman et al., 2015However, the decreased regularity in
the grid arrangemenbbserved on the slopkd the authors to hypothesizéat the firing
pattern on the tilted plane wasomsistent withany 3D optimal pacikgs (Horiuchi and
Moss, 2015; Mathis et al2015; Stella and Treves, 20t8)her than a local grid magro
test this hypothesis, Hayman et al. 204ilnulatedboth the face centred cubic (FCand
hexagonal close pacKICR lattice of spherical fieldsh 3D(see alsat.3.3for a description
of them) and slicedthese volumesoth at 0°and 40{Hayman et al., 2015 his was done
to respectively visualize théring pattern of an idealgrid on the floor and slope and
compare these to theexperimentalresuts. The comparisons showed that none of the
parameters observed atched the predicted firing othe slope, neither for the HCP nor for
the FCC latticeTherefore the results returned by simulations ruled out the hypothesis that
at least on the slopethe field organization followed the arrangemenf optimal packng.
Accordingly although indirectly, theseesultsspeak against the hypothesis thgtid cells
could produce 3D optimal paiclg (Hayman et al., 2015)
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4.2.3 The mosaic hypothesis

As shown by Hayman at. (2015)grid cellson thetilted planeexhibitedlocal maps
which maintained the samepatial metrics as on the horizontal plangiayman et al.,
2015) Importantly, the pattern on the slope not only was qualitatively the same as on the
horizontal plane, but also showed radically different patefrom what expectedor 3D
optimal pacling. Jefferyand colleagueproposed aifferent wayfor the brain to represent
3D space(Jeffery et al., 2013b, 2015) Rather than being a continuouslumetric
representation,the authorshypothesized thatthe mammalianbrain, at least in surface
dwelling animals such as rat¢ | & A ycoristButt R mdsaic of maps that are locally
planar but related to each other by their relative distances and directi@leffery et al.,
2015) Accordinglythe encoding of a volumetric distance could be achieveddstjtching
together the local maps. What remains to be elucidated though is if eatchesk local
maps shares the same reference frame or not. If the answer is yespdsisibleto think of
the earththorizontal plane(detected bythe gravity vectoy as crucialto determinesucha
referenceplane (i.e. the earth-reference hypothesis)in contrast, if each map had a local
reference,then it has to beable toflexibly dorienté to the surface angle and hence tioe
orientation of the animabody. It follows thata likely candidatefor the local reference
frame would bethe one parallel to the locomotion plane (bodyientation hypothesis)
Unfortunately,the experiment conductethy Hayman and colleagu@idayman et al., 2015)
was not suitable taddressthis question: the40°angle used in the study madhe plane
for the animals to walk omery steepbut it wasnot enough fortest the earth-reference vs
body-orientation hypotheses. Future experiments aimed to teshese hypothess are
therefore needed andg as discussed beloysee 4.5), this thesis aims to elucidate this

matter.
1.1.1 Head direction cells on the vertical plane

It has been previously mentioned that tHéDCsystem is thought tgrovide the
sense of heading direction acting as an internal compass for navigatior3.&é&e). This
notion has been well supported by a variety of experiments and it seems to be valid also on
the vertical plane. The first study to investigate this topas carried ouby Stackmarand
colleagueg2000)in whichhead direction ceifrom ADN and PoS in rats were recorded
a cylindrical enclosure with high walls covered with mesh which animals could climb on
The results showed that head direction cells showed regular preferred firing directions on

the horizontal floor as well asuding climbingn the verticalplane(Figure4-4). Importantly,
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head directioncells fired during upwards climbing only on the wall the preferrechdiri
direction on the floor was oriented t@as well asduring downwards climbing on the
opposite side (180° apart). This result sisalat the head direction cell network translated
the sense of directioriound on the flooronto the cylindrical walls and tinefore kept a
stable and consistent reference frame throughout the m#3tackman et al., 2000}t
should be said that in this studynly linear acceleration was truly tested in this apparatus
as no yaw rotation was involved during climbing.

A study byTaube et al. (2013) addressed this matter and showed ith#tte vertical
plane head direction cellsalso responded to yaw rotations(Taube et al., 2013)
Interestingly the preferred firing directionof head direction celldn the vertical was
consistent with the horizontal oneg finding which corroborates the hypothesis that the
horizontal reference frame was maintained throughdhe maze(Stackman et al., 2000)
However, further egeriments revealed that while head direction cells responded on the
vertical plane, they did not do so while animals walked upsion. Calton and Taube
(2005) reported that 47% of the head direction cells lost directional information, while the
remaining ones produced much noisier turning curv@Salton and Taube, 2005Yhe
dramatic impairment observed by head direction cells under inverted navigatiopn ma
explain the behavioural deficits exhibited by rats on a simple spatial task while inverted
(Gibson et al., 2013; Vale et al., 2010)

In conclusions, head direction cgith rodentshaveshown to function on the vertical
plane as good as on horizontal and its functioning is equally robust during linear as well as

angular movementsRelevant for this thesisthe consistency between horizontal and

Figure 4-4 Head direction cells on the vertical plane.

Schematic representation of a rat climbing downwards (left) and upwards (right) on two opposed climbir
walls after crossing cetral arena on the floor. The arrows represent the preferred firing direction of a sing
HD cell pointing 270° (downwards on the left wall) and 90° (upwards on the right wall) showing that the H
system translated the horizontal sense of direction onto th vertical plane. Adapted from Stackman et al., 2001
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vertical movements suggest a shared reference frame which may underlie a fully 3D system

to encode direction undertaken in volumetric space.
4.3 Spatial representationn bats

Since the earlypioneers, neuroscientisthave taken advantage of several animal
models to understand neural circuits underpinnioghavious. Among many, rodents have
been the most successful group for a number of reasons and especially in the spatial
cognitionfield, mice and rats had beeimtensely used since the dawof this discipline In
particular, since the pioneering studies by Tolm@ielman, 1948)rats were testedin a
number of spatial tasks and such investigasiantimately led to many fundamental
discoveries inthe rat hippocampus. In parallel, the recent developing of transgenic
technologies associatedwith neural circuits in mice has greatly enhanced our
understanding of the neuraubtratesof navigation However, wer the last decadehats
havereceiveda great deal of interesthanks to a series of studiesmductedin Ulanosky a
lab based at the Weizman Institute in Tel Aviv, Israel. Indeed, neurons actintptikecplls
(Ulanovsky and Moss, 2007, 2011; Yartsev and Ulapp26 3) grid cells(Yartsev et al.,
2011)and head direction cellgFinkelstein et al., 2015yere reported in the homologous
brain strudures of bats(GevaSagiv et al., 2015 aken together, these findingshowed
that the neural circuits releva for spatial cognition aremostly conserved across
mammalan phyla Moreover, although the majority of studies in the hippocamfiald are
still conductedin rodents, bats represent auitable species forinvestigating spatial
cognition In particular, addressingwhether and how 3D representationof spaceis
achieved in bats is appropriate given that:

a) they fly and thus spontaneously perform 3D navigation;

b) in the wild they cover long diances so must have evolved efficient navigational
strategiesrequiringpath integration (GevaSagiv et al., 2015)

In the following pamagraphs, the findings obtaineid bats will be briefly reviewed
with the aim to show that:

a) the neural circuits for navigation are mostly conserved aqrbgks

b) the highlighted differences betwegrhyla could helpimprove our knowledge of

these neuraktircuits.

4.3.1 Place and grid cells in crawling bats
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The firststudy addressing neural circuits for spatial navigatiobats was conducted
by Ulanogky and Moss (2007). The authors reported units inghacipallayer ofecho
locating big brown bats Eptesicus fusclisshowing clear place field&igure4-5A) while
they were freely crawling onto a tilted surfagellanovsky and Moss, 2007, 201This
initial finding thus showed that place cells in the hippocampus vaéseconserved in bats.
Importantly, LFP theta oscillation differed from the rat counterpart. Indebe,oscillation
detected in theta band did not occur during locomotion (when this is most prominent in
rodent LFP) but during echolocation epochs. Moreovemheaatthan being a continuous
signal it appeared to be rdter intermittent during short boutgUlanovsky and Moss, 2007,
2011)

The study ofYartsevand colleagues2011) provided further evidence on bat
hippocampal functioningrirstly, the authors replicated previous findings by showing place
cell activity in the hippocampus of the crawlirfggyptian fruit megabat Rousettus
aegyptiacuy Importantly, like the big brown batstheta oscillation appeared not to be
continuous but rather ritermittent in short bouts(Yartsev et al., 2011)Secondly, the
authors addressed whether gritke firing could exist without contimus theta. Similar to
the rodent, bat MECwas demonstrated to host gariety of spatially modulated neurons

including grid cells, head direction cells and

0.5Hz
border cells Figure 4-5B). In addition,
A further anatomical investigation showed
high degree of fidelity acrosMEC layers
too, suggesting that both the anatomy and
st 2 physiology of the structure is highly
g Fi AN .
B BN 7 conserved across those mammaliahyla
. 3 v ’..' F
. '#if (Yartsev et al., 2011)However, if on one
‘.*;* 4 :,; hand these results indicated great

similariies between rats and bats, key

Figure 4-5 Place and grid cells from crawling  differences between them vere also found.
bats.

Example of one place cell A) and grid cell B) Indeed, the temporal analysis @rid cell

represented as spike plot (left) and rate ma  fiiing jn bats showed that although the
(right). Adapted from Ulanovsky and Moss, (2007

and Yartsev et al., (2011). spatial sixfold symmetry wasvident, none
of the unitsdisplayed clear theta modulatiamor LFP thetapscillation(Yartsev et al., 2011)
Therefore, consistent with previous studi€sllanovsky and Moss, 2007, 2011hese

observationschallengethose computational models linkintheta oscillationwith path-
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integration mechanismgé . dzZNHS &4 wWwnnyT . dz2ZNAS&da FyR hQvYSS

and it hasoften beenused asargumentto disprovng them (Barry et al., 2012b; Yartsev et
al., 2011) Thediscussioron the critgques addressed othis controversial mattewill not be
reviewedhereas it goes beyond the scopes of thispter.

To conclude,overall these results show that even in bats, a maniamagroup
phylogenetically distant from rodents, the representation ofasp is conserved and
encoded within the hippocampal formation thanks to a numbeiffusfctionallyidentified

cell typeswhich arelikely to contribute to the formation of the spatial cognitive map.

4.3.2 Place and head direction cells during flight

It has been mentioned before that the initial attempts tassess spatial
representationin batswere carried while animals crawled on a horizontal or tilted plane

(Ulanovsky and Moss, 2007, 2011; Yartsev et al., 201Bse studies revealad batsthe

presence of a number of spatially modulated neurons in the homologue brain areas of rats.

However, the lack ofontinuoustheta modulation reported during crawlg wasproposed
to be due to the slow speed of the animgBarry et al., 2012bMoreover, itshould be
pointed out that crawlingis not the appropride behaviourto investigae navigationasthe
bats natural locomotion pattern is flightAccordingly,addressing spatial codinig free-
flyingbats remained as natural question to be asked.

The followup study byYartsevand Ulanovsky(2013)shed light on this matter as

A Z

_I1oo uv

Figure 4-6 Place cell in free flying bats.

Example of place cell recorded during flight in a large cuboid is represented as spike plot (le
rate map (right) and volume (bottom). Adapted fromYartsevand Ulanovsky (2013).
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they recordedthe activity of hippocampalplace cellsin freely flying bats Similar to
NE RSy (i & Q otdhelhGridont@@ane the majority (75%) of hippocampal neurons
from bats fired every time the animal flewhrough a restricted volume of the whole
available space (i.e 3D place fieldFigure4-6). Moreover, consistent with the literature
on rodents, bats volumetric fids showeda high degree of spatial tuning, different sizes
and stability throughout the experimental sessioif¥artsev and Ulanovsky, 2013)
However,differently from the vertical elongatiodisplayed by place celts the pegboard
in rats (Hayman et al., 2011)place cell representation was isotropic, i.esymmetrical
across all dimensions. Indeed, 3D place fields did not display any significant elongation in
the x,y-,and z axes and more than 90% of them were not significantly different from that
expected from an underlgg sphere used tachancelevel (Yartsev and Ulanovsky, 2013)
Therefore, these results showed that even in bats, a manamaroup phylogenetically
distant from rodents, the representation of space is conserved and encoded within the
hippocampus thaks to the presence gilace cellencoding seHocation Importantly, the
resolution by whiclplace fields are formed is the sameadt possible directions, showing
that the bat representationof space is symmetrical across dimensions and is therefore
volumetric (Yartsev and Ulanovsky, 2018)oreover, consistent withprevious reports in
crawling bats(Ulanovsky and Moss, 2007, 2011; Yartsev et al., 2@bh)plete lack of
spiketrain theta modulation was again observed rihg flight and the role of theta
oscillation for spatial coding questionédartsev and Ulanovsky, 2013)

The 3D firing by hippocampal placellsled authors to hypothesize thexistence of
a 3D head directiorsignal in bats tooFinkelstein and colleagu¢2015)reported HD cells
in the PREof bats (a brain area where H[Zells have been reported previously in rat
(Boccara et al., 201Q)}yrained in a variety of tasks including 3D free flifffinkelsteiret al.,
2015) Interestingly,someneurons showed tuning curves with respeotyaw (azimuth)
but also to pitch and roll movements (Figure 4-7). Moreover, some units displayed
conjunctiveencoding of 2 and Eulerangles and seeed to follow an anatomical gradient
along the AP axis of thePRE Interestinglyand differently from rat (Calton and Taube,
2005) yawresponsive HD cells in inverted bats shoveeti80° flip in the preferred firing
direction. This resulted the authors topropose a toroidal model of head direction coding
formed bytwo 360%ranged andndependentcycles representingzimuthand pitchat the

same time(Finkelstein et al., 2015)

In summaryrecent investigation of the bdtippocampal formation revealed that:
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the neural circuits for navigation are conserved across mammals;

2. the spatially modulated neurons found in rodents are also present in bats and
shae most of their properties

3. the lackof intrinsic theta rhythm in bats is not spe@gpendent and challerag
oscillatorybased mechanisms for pathtegration

4. those studies addressing volumetric encoding in bats suggest that the

representation can be truly 3D and not plares suggestetbr rodents

It appears clear thatin this theoretical frameworkthe missing link is to unveil the
3D encoding bygrid cellsduring flight. Initialattempts have beenmade already and
preliminary data speak for a relatively regular organization ofi8bg by grid cellsduring
free flight (Ginosar et al., 2014, 2015)herefore, itis only a matter of time beforethese
and others studies will shelight orto this fascinating questiarin the next paragraph, a
brief overview of theoreticatonsiderations and computati@al studies focused on the 3D

encoding bygrid cellswill be presented.

4.3.3 Grid cells in flying bats: speculations and theoretical predictions.
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As mentioned above, the hexagonal array exhibited by grid cells supports the notion
that grid cells providepatial metrics by determiningavelled distances. Indeed, as a result
of the hexagonal arrangement, the distance between each of the six surrounding peaks
from an arbitrary central field defines the cell scale (or wavelength). dstergly,
mathematical studie¢C. Gauss, 183%howed that the hexagonal pattern represents the
optimal lattice, i.e. the most efficient way for packing roverlappingcirclesof the same
size on a plane. Therefore, given that grid fields are usually circular, the hexagonal lattice
exhibited by gridcells is the optimal neural mechanism for representing 2D space most
accurately. However, real environments are 3D and even sutfaetler animals, such as
rodents, are known to navigate not only along horizontal planes (eaférence frame)
but also dmb and/or move through underground tunnels abdrrows. Moreover, many
mammal phyla, such as cetaceans, seals, otters, and bats navigate in 3D environments,
raising one important question: did evolution shape the neural circuits responsible for
representdion of space for the encoding of volumetric navigation? The recent reports of
purely volumetric place cellgrartsev and Ulanovsky, 2018 well as3D head direction
cells(Finkelstein et al., 2019¢d to an increasing interest focus®n 3D encoding by grid
cells in free flying bats.

This topic has been addressed by theoretical stu¢lidathis et al., 2015; Stella and

Treves, 2015)vhich linked grid cell firing pattesto mathematics, where the problem of

Figure 4-8 Optimal packing of

spheres in 3D space.

(A) Schematic representation of 1
CP FCC equidistant spheres forming an optima

3D packings termed HCP (left) or FC
(right). The difference between HCP ar
FCC is highlighted in B) where the
B lattice organization is described: HCP

. . formed by two layers (L-Lu)n as showr

b6 Foron by the identical position of the rec
spheres at the top and bottom layer. |
contrast, FCC is formed by three laye
(Li-Lu-Lin)n with top and bottom spheres
placed in different positions and
highlighted with different colors (red

- o @0
and green). Adapted from Jeffery et
- P P

H

Lun
HCP
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sphere packing in a volume represem challenging questiorit isknownsince the time of
Gauss that only two arrangementspresent regular solutions to the sphepacking
problem (C. Gauss, 1838nd they are termedhe facecenteredcubic (FCC) lattice, and

the hexagonatlose packedarrangement (HCP).Indeed, conceptually similar to the
hexagonal lattice being optimal for tiling 2D spades ECC and HCAticesare the densest
packings for filling a volume with naverlapping sphere@~igure4-8A). In other words, in
order to maximize the packing ratio of spheres in 3D, several layers of hexagonally
arranged spheres laid on a plane need to be stacked up as tightly as possibleofEheref
both FCC and the HCP are based on a series of layers of spheres arranged in a hexagonal
pattern, with each layer being offset and thus being stacked upon the other with a given
phase.Importantly, FCC and HCP differ for the sequence of the phaseacim layer of
spheres: for instance, if we arbitrarily define one of these layerstagie will be only two
possible arrangements (land L) on the layer above, which sets all the spheres at the
same distance from theineighbairs (Jeffery et al., 2015)The maximum packing of

spheres is thewbtained by stacking layers following two rul@sgure4-8B).

a) FCC =-Ly-LurL-Li-Lun-Li-Li-Lui; FCC = L )n
b) HCP =L-L-L -L-Ly; HCP = {L)n;

Simply, the FCCand HCP jlegkR A F FSNJ F2 NJ 1 KS SE ADégy OS
offset (different coordinates on the-y plane) to the ones underneath, so that whereas the
HCP only exhibita sequence of twdayers (l-Li),, the FCC has sequences of three layers
(L-Li-L ). It seemsthat these two ways of placing the spheres in a volume are actually
very similar; simply by taking into account a set of 13 spheigs one central field + 12
surrounding spheres they differ for the positionin only 3 sphereqStella and Treves,
2015) However, given that an HCP canrmg simply described by three vectors (it is
formed by two instead of three layers), mathematically it is not defined as a lattice even
thoughit is packed as tightly as a FCC, which instead is a proper packing lattice. Therefore,
the firing pattern recorded bygrid cells in animals moving on a flat surface strongly
resembles the hexagonal array known to be the optimal planar packing. However, while
there is only one arrangement that represents space most accuratelp, two patterns
are known to return the lghest packing score: these are the HCP and the FCC, and as
hypothesized by Mathis and colleagu@915)both these structures are the most likely

candidates for metric representation of volumetric space by grid cells in free Bgiisg
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It must be pointel out that this theoretical prediction, i.e. grid cells in 3D exhibit
either a HCP or FCC patternjiee on a model where grid cditing emerges from an
isotropic representation, meaning that the computation of odometry is computed with
equal resolutionalong all possible directions of movementSonsistent with this view
place cells form isotropic field¥artsev and Ulanovsky, 201anhd HD cells in bats can be
responsive to yaw (rotation along the horizontal plane), pitch (rotation along sagittal plane)
as well as conjunctiveayv + pitchrotations (Finkelstein et al., 2015Accordingly,tiis fair
to saythat, in bats at least, thanks to an adapted head direction system providing
information along all the allocentric directions 8D, grid cells are very likely to receive
spatial inputdetectingdisplacement in all directions with substantially equal resolution.

Thestudy by Stella and Trev€&015)corroborates the hypothesis that both FCC and
HCP could be valid firing patterre fgrid cellactivity in a volumetric spac®revious works
by these authors suggested that the typical hexagonal grid pattern could emerge
spontaneously over time as a result of an adaptation process involving synaptic plasticity
(Kropff and Treves, 2008; Rowland et al., 201&yersion of hismodelwasimplemented
and resultsshowed that both HCP and F&GSult in grid cell firing patterns thatloser to
the ones predicted by the model, with no apparent structure dominating the ofB&ella
and Treves, 2015Moreover, additional evidence suggedhat the FCC coulthdeed be
the 3D pattern formed bygrid cellsin bats.Horiuchiand Moss(date) haveimplemented
the grid cellCANM(McNaughtonet al., 2006)with an additional fourth ringintegrator for
movements alonghe z-axis(Horiuchi and Moss, 2018)nd obtained an FCC lattice bsid
cellsin 3D.Therefore, given the convergence of the theoreticabdictions provided by
these studiegHoriuchi and Moss, 2015; Mathis et al., 2015; Stella and Treves,,201k5)
sensible toarguethat grid cells in free flying bats are likely to exhibit a type of spatial firing
which strongly resembles either the FCC or the HCP pattern. Time wilhteli of thetwo

predictions turrs out to becorrect
4.4 Synthesis and conclusions

In the last paragraphshe main studies addressing theeural representationof 3D
spacein rats and batshave been separatelyoverviewedand comparedput a synthetic
approach has noyet been provided. In this final paragraph, a general discussion of the
overall findings from both groups will be attempted.

As previouslypointed out, 3D experiments in rats aleehavioually challengingas

they neitherfly nor swim in @éep waters. However, ithe wild they dig underground
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tunnels as well as climb onto trees. Therefore, it is reasonable to say thahtbeg along
the gravity vector tocasthey do notjust move onhorizontal plans. Addressing 3Bpatial
coding in ratshas been possible by recording cdlism animalsmoving onto a variety of
non-horizontal planegHayman et al., 2011, 20193ven though this approachd not fully
answer the question, it still gided important results. In contrast, bats naturally perform
3D movements as the fly during both light and darknesand also make use of
echolocation to orient themselved hey alsocrawl onto horizontal or tilted surfaces so
occasionally perform 2D navition too. Therefore, a comparison dtie findingsfrom both
animalscan be attemptecbearing in mind that one assumption has to be made, which is
that the rat encoding alongaxis on the vertical plane would be quantitatively the saase

if the animal coald movein an ideal 3D space. Therefore, for a rigorous comparison
between ratsand bats, that assumption should be first verifietb do that, the ultimate
experiment would be to assess spatial coding from rats moving on the latize a 3D
lattice where rats have been already tested feehavioual experiments For now, the

following considerations can be made:

- It appears evident that, at least from a histological and physiological point of
view, rats and bats share the same neural substrates of space. Indeed, place,
head direction, grid amh border cells ve been found in the homologugrain
areas of both groups; suggesting that perhaps those circuits are widely
conserved across all mammals.

- Onecrucial difference between rat and bapatial coding depends on the lack of
theta rhythm (both at LFP and single cell leval)bats. Such findirggargue
against models linking oscillations to periodic firing of grid cells and poses
several questions about the role dlie theta oscillationitself in rodents. As
stated before, this matter is beyond the purpose of this thesis and it wilbeo
discussedurther. However, the lack of theta itself can be simply mentioned as
an important key difference in the physiology of the local circuit addressed.

- While the studies in crawling baff/lanovsky and Moss, 2007, 2011; Yartsev et
al., 2011)essentiallyreplicatethe findingsof the spatially modulated neurons in
2D in rats, the recordings of place and head direction cells in 3D substantially
increased our understandg of navigation in volumetric spa¢€inkelstein et al.,
2015; Yartsev and Ulanovsky, 2018Jith respect to place cells, the anisotropic

encoding byplace cellson the pegboard(Hayman et al., 2011seemed
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inconsistentwith the globular firig emitted by freeflying bats However, several
hypotheses were raiseid explain the insensitivitjor the vertical dimensiomnd

this thesis too aimed to investigate this matter

Similar considerations made for place cells apply for the head direcitin
system. Indeed, data from bats revealed 3D head direction cells along with a
sub-population of pitch and rolldependent neurons sometimes showing
conjunctive encoding as welFinkelstein et al., 2015}t is likely that cells with
similar responses aralso¥2dzy R Ay NI} aQ K2Y2f 23dzS
future experimentation will help answering the question.

What is the nature of 3D grid cell encoding? Thigestion still remains
unanswered given théack ofavailabledata and only theoretical considerations

can be made at this point. The findings so far collectiedhe pegboardsuggest
anisotropic encodingHayman et al., 2011)ut no bat counterpartis currently
known Themain goal of thé thesis was to unvegrid cellencoding while rats
climb on a vertical wall (see below), so the results presgritere will be
discussed laterHowever, as repetitively mentioned beforeggardless ohow

grid cellslook n the vertical plane, it is nougranteed that it wouldalso be the
same during volumetric movements. Investigationgafl cellsin in rats moving

on the lattice maze as well as in free flying bats aviBwerseveral questionsfor
instance is the grid cell system anisotropic or syntrieacross dimensions? If
GKS fFTG0SNE Aa GKS o5 | NNIy3ISYSyd |y
regular, is it 8Doptimal paclng - as predicted by several computational models

- or not? These and other questions regarding the functiorttofta oscillation

andtemporal encoding will béhe object of the further studies to come.

In conclusion, a brief introduction to the available literature on the 3D
representation of space in mammals has been provileck. In the nextparagraphshe
general goals of the present study are highlighted, along with the hypotheses formulated,

the experiments designed to test them and predictions drawn.

4.5 Aims of the project

The specific question that this thesis aimed to answer was to reveal the naittine
firing pattern by place and grid cells when rats climbed on a vertical wall. The most

influential work which originally motivated this studyas the study byHayman et al.,
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(2011)where both place cellsand grid cellsshowed a severe impairment iromputing
odometry along the vertical dimension. This result therefore showed that the
representation of space is not symmetrical across dimensions, and that at least in rodents
the representation of 3D space is not supported. In order to explain thistréiselauthors
provided a number of valid and testable hypotheses. The vexjtored in this thesis
conceptually follows the study from Hayman and colleag@€41) and Taube and Shinder
(2013) In the followingsectionsthese hypotheses will beeviewed together witha brief

overview of the experiments that will be carried out
45.1 Hypotheses

The results reported by Hayman et al., 2011 providetbvant insightsfor the
building of a complex theoretical framework which will be briefly describede and
followed throughout this section. Two main sets of hypotheses were formulated and are
categorized as:
a) experiencalependent hypothesis, i.e. the representation of space changes
RSLISYRAY3I 2y GKS FEYAEtAINRGEkSELISNASYOS
b) experienceindependent hypotheses, which are here termed as:
i) anisotropicencodinghypothesis, i.e. intrinsic and irreversible lack of encoding
along height;
ii) reference frame hypothesis, i.e. the locomotioraq¢ orients the reference

frame.
45.1.1 Experiencadeperdent

A sensible observation proposed in the study of Hayman and colleagues (2011)
postulated that thelimited amount of experience with 3D navigatigiven torats housed
in laboratory cages negatively bésthe spatial encodingn vertical space. Consistently,
the following hypothesis termed experiencalependent, was formulated according to
which the spatial representation &sfunction of the experience. In particular, as stated by
Hayman et al., (2011) the authors could not ralg the possibility that the lack of vertical
odometry on the pegboard was due to a general unfamiliarity with the vertical dimension,
because rats normally used in laboratories are born in small cagesraativays housed in
environments with no chancef experiencing navigatiom the vertical dimension. The
hypothesis positshat due to the poor experience of vertical navigation, the capacity to

measure vertical distances is dramatically reduced, causing the continuous stripes of firing
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seen on the pelgoard. In contrast, animals with extensive experience of 3D navigation can

represent vertical space more accurately or the samim #ise horizontal one.
4.5.1.2 Anisotropic encoding

The original hypothesis proposed by Hayman and colleag2@%l) was termed
G FEANRLIAO SyO2RAY3IE YR Al Litadehnddrid celsforA y i NR y 2
movements alonghe vertical dimension. In other words, the circuits underpinning spatial
representation are insensitive to movemerits the vertical plane, so no odtetry along
height is computed bylaceand grid cells It follows that the spatial maps are therefore
constitutively both planar (2D) and horizontatlsferenced. Consistently, on the pegboard
which is a 2D surface, the planar map is reduced to 1D asdtiical movements are not
integrated and the reference frame is set along the horizontal eestarence. Under
these theoretical constraints, the vertical stripes of firing on the pegboard should be
viewed as a vertical extension of multiple lingeack-like laps alonghe horizontal axis on
the pegboard. One distinctivepiece of evidence supporting this hypothesis is the
consistency with the other result from Hayman and colleagues (2011) on the helical maze:
grid and place cellsseemed to intrinsicalljack vertical encoding on this apparatus too so
both results could be generalized into a single theoretical framework. Howi&rould
be said that the helical maze displays major topological differences (it is 1D track) and the

repetitive firing displsgted across the coils could be instead due to visual cues.
4.5.1.3 Reference frame

As firstly mentioned by Hayman et al. (2011) and then pointed outdaybe and
Shinder(2013) the columns of firing observed byid cellson the pegboard could aldoe
explainedby a4SO2yR KelLRiKSaArAa GSNX¥SR aNBFSNByOS
equally valid view, in each given environment the navigational reference frame is set
parallel to the locomotion plane, i.éody orientation. During regular navigation the
horizontal plane, the body of the animal is parallel to the plane the animal movesoon
the reference frame and the locomotion plane coinci@fégure4-9). In contrast, on the
pegboard despite animals mioyg in both horizontal and vertical directions, the body
orientation was mostly kept horizontal given the rats were moving across the piotud
pegs. Therefore, according to this hypothesis, during navigation on the pegboard the
reference frame was sab horizontal causing the emergence of the vertical strifBsube
and Shinder, 2013)
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To summarize, th three hypotheses mentioned above take into account either the
intrinsic lack of encoding for movements the vertical plane regardless of body
orientation or experience (i.e. anisotropic encoding) or ptsit the locomotion plane (i.e.
reference framé or experience (experienadependent hypothesisjre key modulatorsof
place and grid cellsresponsesduring vertical navigation. In the next paragraph the

expeaiments designed for testing tlse hypothesesvill be put forward
4.5.2 Tests and predictions

In order to test the hypotheses previously mentioned (see above), sets of
experimentsg SNB 02y OSAOSR® ¢KS FANRG aSdz GSNX¥YSR
were mostly designed to test thexperiencedependenthypothesis 4.5.1.). The second
set, termed & T f-v2al édperiment was designedo test the anisotrofc encodingvs.

reference frame hypotheses

Wa | |

Body Gravity

\

Figure 4-9 Body axis and gravity vector on the vertical plane

Schematic representation of the body axis (green arrow) and the gravity (red arrow) durir
locomotion on the pegboard and climbing wall. Note the two vector being orthogonal on t
pegboard in contrast to the wall where they are parallel.

4.5.2.1 Thedexperienced pegboargexperiment

While reviewing all the hypotheses formulated explaining the lack of vertical
encoding byplace and grid cells Hayman et al. (2011proposed that the spatial
representationmight be function of experience. In particular, as stated by Hayman et al.,

(2011)the experiencedependent hypothesis posits that the lack of vertical odometry on
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the pegboard could have been due to a general unfamiliarity with the vertical dimension
given that tested rats were born and raised in flat small cages with no chance gatieni
along the vertical dimensiorin order to test thishypothesis,t would thus be necessary to
record cellsfrom different groups of animabne raised in standard lab cages anmtkan a
3D enriched environmentand comparetheir respectivefiring paterns on the vertical

plane.Totest this hypothesisanimalswere raisedn two different environments:

1. standard laboratory cages where animaigin little experience ofvertical
locomotion ¢hey will be termed naive animals throughout this thesis);

2. a large verticallyenriched environment (seeFigure 51) where animals
spontaneously developed efficient climbing skills and experienced vertical

navigation(they will be called experienced animals throughout this thesis)

After electrodeimplantation, aninals withgrid cellswould then be recorded while
moving onthe pegboardapparatusas in the study by Hayman and colleagues (20Tt
experiencedependent hypothesis posits that animals raisethi& 3D environment encode
space differently from the ones raised in fladrizontal cages. Therefora gridlike firing
pattern bygrid cellsrecorded from animals housed in thertically enriched environment
(i.e. experienced animals) ipredicted by the experiencedependent hypothesisin
contrast,the vertical stripes reported by Hayman et 2011) is predicted to be displayed
in the naive animals.

In addition to replicate previous findings on the pegboard, one furthgreriment
was conceived. In thetudy by Hayman et al(2011), the pegs on the pegboard were
placedin a manner such that promoted mostly horizontal movement3o testwhether
the vertical stripes of firing displayed by grid cells could emerge aisnginorthorizontal
movements, another arrangement of pegs on the pegboard which enhanced diagonal
traversals across peggs designedy(2.2). Remarkablythis experiment was notesigned
to test the experiencalependent hypothesis but rather to test the anisotrogiocoding
hypothesis Indeed,the anisotropic hypothesis only refers to the lack of vertical encoding
along height, regardless of theehaviourdisplayed by the animalherefore it predicts
vertical column of firing similar to the ones obtained by Hayman et(2011). Any

different result from the vertical stripes would be evidence against its validity.

4522 ¢ K foortwall¢ experiment
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As previously described, thanisotropic encoding hypothesis posits the lack of
encoding for movements along gravity in contrast to the reference fragmothesiswhich
LRaArda GKFG GKS 2NASYdlFGA2Yy 2F (pkcBandgyidh YI f Q&
cellfiring.

Accordingto the reference frame hypothesis, the locomotion plane of the animal
setsthe grid cellreference frame and tht could explain the vertical stripes observed on
the pegboard. Therefore, we needed an experiment that allowed us to tease apart the
effect of gravityfrom body orientation oncell firing responseTherefore, a experiment
where the activity ofplace andgrid cellswas recorded from animals climbing on the
vertical plane was designed.Importantly, during climbing animalglisplay the body
orientation parallel to gravity rather than orthogonal astorthe pegboard.Therefore, the
relationship between the locomotor and experimental plane stays the same on both the
horizontal and vertical surfaces (unlike on the pegboard where the locomotor plane
remained horizontal while the animal moved over the vertical surface). In order to
rigorously compare the firing response piace cellandgrid cellsbetween horizontal and
vertical navigation, amad hoc experimental apparatus was built, made out of two
perpendicular and samsize surfaces joined together at 90° where animals could move
continuously betweenthe horizontal and vertical plan€s.2.3 by running and climbing
respectively Under the constraints that the floewall experiment dictates,he anisotropic
encoding and reference framwypotheses yield two different and mutual predictins: the
anisotropic hypothesis posits an impaired encoding of space along the vertical dimension

regardless of the degree of experience or locomotion patterndudédnerefore it predicts

Strip Gri d:

Figure 4-10 Theoretical predictions on the wall.

The anisotropic encoding and reference frame hypotheses predict two mutually exclus
results during climbing on the wall. While the former predics vertical stripes on the wall, th
reference frame hypothesis predicts gridlike firing on the wall similar to the horizontal plane.
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the emergence of vertical stripes Ipyace and grid cellsom animals climbing on the wall
with their body oriented along gravityin other wordsthe result predicted by the
anisotropic hypothesis is the same as on the pegbpdrdcontrast, the reference frame
hypothesis posits that when the animal climbs on the wall, the locomotor plane is relevant
for orienting the reference frame parallel to the climbing wall. Therefoihe reference
frame hypothesis predicts no major diftarces between horizontal and vertical maps for
both place cellsand grid cellsand ultimately the emergence of rounded fields on the wall
along with a hexagonal arra§rigure4-10). Accordingly this hypothesis predicts a result
opposite to the one reported by Hayman et 42011 given that no stripes should appear

on the vertical wall.

Table 1 Summary of the tested hypotheses.

Pegboard Wall
Configuration
Horizontal| Diagonal
Naive Stripe Stripe Stripe
Experiencedependent | Group
Experienceq  Grid Grid Grid
Anisotropic Stripe Stripe Stripe
Reference frame Stripe Grid

In conclusion, a summary of the main scientific questithiat this thesis aimed to
answerwas described and discussegjetherwith the working hypotheses and predictions
generated In the following chaptethe generalmaterials along with the analyseused will

be thoroughly described before reporting the réisuwbtained following experimentation.
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5 Materials and methods

5.1 Subjects

Overall 37 maléd.ister Hooded rats provided by CharRRwer, UK, have been used in
this thesis. After one week of habituation in standard Perspex cagesrtsobf 410
animals from 5 weeks after weaning were then moved to the parrot cage set in a
different room (5.1.2 representing the cohort of rats termed SELISNA Sy OSR | yA Y
contrast, only one animal (r621) was kept in standard Perspex cages throughout the whole
experimentation and it represents the animal used to replicate findings on the pegboard
which was then added to the cohort of animals termied/ | O3S | y AéHdymandza SR A
et al., (2011) studyiNo power analysis to estimate the minimum number of observations
(i.e. animals, cells efowas performedoefore conducting the experiments.

Throughout the entire time prior to surgery, animalgere housed undem 12-hour
light-darkness cycle at 223 degree Celsius witld libitumaccess to food and water. One
week after surgery animals were put on a faastriction regime (90% of initial weight),
and weighed and monitoredaily. All the proceduresvere carried out according to the
restrictions contained in the Animals (Scientific Procedures) Act of 1986 and licensed by the
UK Home Office.

5.1.1 Experimental groups

Out of the overall number of 37 animals used in this study, 6 rats were implanted in
the HPC and 31 in tHRdEC Out of the 6 rats implanted in the HPC, 4 passed criteria

for place cell detection56.8 and were then used in the floavall experiment. Out of the

Table 2 Summary of the 15 rats implanted in the

MECincluded in this study. Rats Group
Naive Experienced
Experienced N Horizontal R621 R654
Conditions
Experiment | Pegboard :
Diagonal R604 R605
Floorwall | Conditions Large wall RE1T
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R553 R563 R589
R604 R605 R631
R633 R634 R644
R647 R654 R655

31 rats implanted in thMEC 15 passed criteria for either grid or speed cell detection and

so were then used in the experienceedgboard or floowall experimentTabk 2).
5.1.2 Parrot cage

A parrot cage was used to create tlagge vertically enriched environmeneeded
to house animals in the experienced animals grote parrot cagevasa large cage (160 x
260 x 220 cm) degigd for housing birds, whose surfaces such as walls and the roof on top

were covered with chickewire mesh ¢eeFigure5-1). Ths was done in order to prevent

I

com i

Figure 5-1 Photo of the parrot cage.

Animals from the cohort of rats termedOA DA OEAT AAA Al Ei Al 06 xAOA 0O,
housing birds. All the surfaces forming walls and ceiling were covered with chickemire mesh and the
floor with sawdust sand. Additional objects, such as barriers, beams and ropes were ggd into the cage i
order to promote spontaneous exploration.
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animals from escaping through the bars. During housing in the parrot cage, the animals
were monitoreddaily but their behaviour was neither recorded nor quantifidduring the

first week of habituationsteamed ricewas scatteredoften (23 times a weekpn to the

walls of the cage in order to encourage climbing. The rats spontaneously developed
efficient climbing skills and learned to reach the top of the walfeom two weeks after
introduction to the cage, ricevasonly placedat the junction between thavall and roof of

the cage.Putative differences in rat climbing skills, as well as the time spent climbing

during housing in the parrot cage, was not quantified
5.2 Experimentalapparatus

In the present study, HPC andECin vivo electrophysiological recordgs were
conducted inrats foraging irfour different environmentgopen field, pegboard, floewall,
large wall)which differed in sizecolour, texture andorientation relative tothe earth-
horizontal reference Recordings in the open fiel®.2.1) were mostly used for screening
purposes (see below) and were conducted for both the experienced dependent experiment
(Chapter6) and the floor-wall experiment (Chaptei). In contrast, recordings on the
pegboard apparatus5(2.2 were used only for the experienced dsment experiment

To mouse tracker (Chapter6), whilst those on the floewall

>

To spike discriminator apparatus(5.2.3 were usedonly for the

TV
Camera

floor-wall experiment (Chapte?). A pilot

study termed largevall experiment 7.2.4

was also conducted on a large vertical

ddzNFIF OS GSNXYSR af I NBS ¢4l
5.2.1 Openfield

The open field apparatu§igures.2)
was used for screening purpose and placed
in the centre of one room with no
surrounding curtains so that distal cues
such as the desk, chair and shelves were

Figure 5.2 Schematic representation of the open field ) . } R R
arena. visible f2 Y UKS NI U Qahe LIS NA LIS

The open field boxwas used in this study to conduct screenir
recordings. It was made out of a 120 cm wooden surfa

surrounded by 80 cm high walls, painted in black and placed piece of wood surrounded by walls (80 cm

the centre of the experimental room with no curtains.
KAIKO NBaAaGNIAyAy3a GKS |y

arena wasmade out ofa 120 cmsquare
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the horizontal surface and the walls were painted black and a white cue card was placed on

top of one wallasa polarizing cue.
5.2.2 Pegboard

The pegboard apparatuwas made out of a singlel20 x 120cm square piece of
wood, painted in white and attached onto one wall of the open field room dedicated for
screening. On itsurface,a number of rounded holes (1 cm diametevgre madewhere
cylindrical wooden pegs (15 cm lengtguld be insertedKigure5-3A). In this thesis, two
arrangements of the pegs have been usedhorizontal configuration anda diagonal
configuration Figure5-3B-C). In the horizontal configuration, pairs of pegs were located at
the same height of the pegboard alternated with other pairs at different heights (below
and above them). This arrangement of the pegs was the one mostly used in thebstudy
Hayman and colleagues (2011) and, thanks to the pairs of pegs being located at the same
height, animals could then walk across them displaying horizontal movemEigsré€ 5-
3B). In contrast, in the diagonal configuration, pegse not arranged in horizontal pairs
but in a diagonal fashion with an angle of 48ferenced to the horontal axis Figure5-
3C). Given that rats from one peg could not reach another peg at the same height, rats

could not perform horizontal movementnd instead perforrad mostly diagonal runs.

Pegboard Horizontalconfiguration Diagonalconfiguration

z-axis

——————— >

Figure 5-3 The pegboard apparatus.

Schematic representation of thgpegboard apparatus and peg configurations used in this study.
(A) The pegboard apparatus is a vertical wooden surface with embedded pegs allowing animal
walk across them. An example of path exhibited by animal (black lineverlaid) on the horizontal
configuration. (B) The arrangements of the pegs (brown circles) in the horizontal configuratic
along with the path of the animal (black line) is shown. Note the horizontal pair of pegs (highlight
in the red box) thanks to which animals could walk acrossral display horizontal movements. €) In
contrast, in the diagonal configuration, there were no longer horizontal pairs so animals had
perform diagonal movements (highlighted in the red box) rather than horizontal passes.
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5.2.3 Floorwall

Thefloor-wall apparatuswas made out of two retangular pieces of wood (120 x 80
cm), painted in black and joined together @©0° angle forminga horizontal (floor) and
vertical (wall)surface (Figure 5-4). On the wall, a number of thin beams were hung
horizontally on which chickewire mesh identical to that used in the parrot cage was

stapled. Due to thermall gaps between the wall and the mesdts could grip onto this

Figure 5-4 The floor -wall apparatus.

The floor-wall apparatus is an kshaped constructior
formed by two orthogonal wooden surfaces of the san
size aligned horizontally (floor) and vertically (wall) and
joined together with 90° angle. Both planes wet
completely covered with chicken wire and surrounded b
lateral boundaries (not shown).

.= 80-120 cm

apparatusrelatively easilyand was effectivefor the experienced animals to climb on the
wall. Moreover, additional wooden panels (80 cm high) weleeced at the edges djoth
FE22NJ FyR glff 02dzyRFNASaA Ay 2NRSNJ G2 NBaidN

5.2.4 Large wall

Similar to the vertical surface of the flewmall apparatus, the large wall apparatus
consisted ofa large square piece of wood (260200cm) that wason the wall of the
experimental room and covered with the same chicken wire mesh used in thewitalbr
apparatus Figure5-5). Different from the floowall apparatus, therevas no horizontal
counterpart butinsteada narrow corridor (2@m wide) at the bottom of the whwith
lateral pieces of plastic sheets (8@ high) to restrain the anim@lpath. At the lateral
edges of the wall, two metal stripes were screwed in the wall of the room so that four small

wooden platforms (5¢10cm) could be easily attached/detachédyy inserting the magnets
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200 cm

R

Figure 5-5 The large wall apparatus.

Schematic representation of the large wall apparatus.

The large wall apparatus is a large verticadquare surface covered with chicken wire mesh similar to tt
one used for the floorwall apparatus and. At the bottom of the wall there was a narrow corridor where tt
animal could rest in between climbing phases. At the edge of the wall moveable platfornvere placed tc
encourage the animal to rest instead of reaching the bottom corridor.

onto two embedded metal brackets. This was done to encourage the animal to rest on the
lateral platforms instead of moving downwards to the bottom of the wall so that a new
climbing phase would begin. The position of the lateraltfprm was randomly changed

during the recordings.
5.3 Surgcal procedures

Overall37 animals underwent surgical implantatioBanimals were implanted in the
left hippocampus an@®1 animals in the IefMEC Throughout surgry, animals were kept
under anaesthesia with afluoraned O, (Abbott, UK). The anaesthetic induction took place
in a chamber set in a separate room where animals were subsequently injected with pain
killer (0.1ml/100g/rat weight of 1/10 diluted Vetergesic® buprenorphine 0.3mg/ml, Alstoe
UK) and then placed into a stereotaxic frame. For hippocampal implants, bregma was used
as a reference landmark on the skull and the implant sietermined by using the
following coordnates: A.P. (anterposterior) = 4.0 mm; M.L (mediateral) = 2.5 mm; D.V.
(dorsaventral) = 1.5 mm. In contrast, f&MECimplants lambda was used as a reference

landmark on the skull and the implant sieterminedby using the following coordinates:
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AP =1.2mm; M.L. =4.5 mm; D.V. = 1.5 namgle = 8.0 . The transverse sinus was used

asa further landmark for A.P. tetrode implantation f&ECsurgeries. Once the tetrodes
were implanted in the targeted area, the microdrive was attached to the skidpbsading

liquid dental cement (Simplex rapid, Associated Dental Products, LTD, UK) on the bone
around6 screwsthat had beenpreviously inserted. Once dried out, the cement anatbr

the microdrive to the skull permanently, allowing stable recordings.siédberies were
carried out under sterile conditions and 7 days recovery was given to rats after surgery and

prior to food restriction.
5.4 Singleunit electrophysiologyin vivo

5.4.1 Electrodes and microdrive

17-25 pm (diameter) insulated platinum wires (Califeriiine Wire, CA, USA) were
twisted together and manually cutforming 4 strands of electrodes (tetrodes). This
procedure optimizd the separation of units (seb.6.3.]). Sets of either 4 or 8 tetrodes
were then inserted into the microdrive cannula (Axona Ltd, St. Albans, UK) connected to a
moveable screw allowing tetrode advancements in steps of as little as 25 um. Each strand
of the tetrodes was then connected tdé corresponding wires of the microdrive and
covered with nail varnish for electrical insulation and to prevent mechanical damage. In
order to lowerand standardis¢he impedance of the tetrodes, electroplatimg aplatinum
solutionwas carried out by usg a NanoZ devic€Neuralinx USAon the same day of the
surgery (each channel was plated th50kOhms impedancend measured for a 1kHz

signal)
5.4.2 Extracellular recording

Rats were removed from the Perspex cage in the holding room and brought into the
room for the recording (i.e. either screening room or fleaall room). Here the microdrive
AYLX FYGSR 2y GKS NI GQ nftlchaRnel etoding @guipyiedtO i S R
(Axona Ltd., St Albans, UK) by plugging the kstade to 24m lightweight wires (Axona
Ltd, St Albans, UK).

The neural signal (extracellular potential) recorded from the tips of the tetrodes was
firstly passed through a Rébupled, unity gain operationamplifier embedded on the
headstage device (Axona Ltd, St Albans,.W&8ch channel was then amplified (80600

38000 times), bandpass filtered (500Hz to 7kHz) and refereagathstanother channel
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belonging to a different tetrode. Before the recordingsritd, a userdefined voltage
thresholdwas set for each channehction potentialsexceeding this value, along with the
surrounding 1ms of signakere savedfor further analysisSpecifically, the waveform was
sampled at drequencyof 50 kHzand for ead recordedaction potentialthe voltage was
sampled 50 times and saved together with the corresponding timestamps (0.2ms pre
thresholdand 0.8ms afterwards)Before setting the trigger, thectivity on each channel

was visualisedvia a single unit oscillampe display and listened via an audio amplifier
(Axona Ltd, St Albans, URhat was done to ensure that during the recordings, only the
actual spikes were captured and filtered from the electrical noise. This process was
repeated once every day beforedhrecordings in the open field commenced. Once the
settings for each channel were saved, all the experimental recordings (across different
apparatusor rooms) of the same day were conducted using the same settiF@seach

recording, at least one channehs set to record the EEG.
5.4.3 Tracking

¢CKS LRaAGAZ2Y 2F GKS | yAYIl f Qedcanbrathackiag & RS
1 or 2 LEDs placed on the heathge device (Axona Ltd, St Albans, UK) at the sampling
frequency of 50 Hzand posthoc synchronized wh the neural signal 56.1). This
represents a standard method in the field and compared to video tracking it allows
accurate position andorks also in darkness

The majority (42/44) of the recordings were conducted using a single LED
necessitating that head direction be inferred from the translation of the animal between
Al YLX Ay3 LRAydGase | aAy3ItsS [95 gl a LINBFSNNBR
UK), because the larger two LED arrangement was prone to being caught ihickenc
wire mesh.

C2NJ G0N O1Ay3 GKS I y Awdll dpfaatus liddvasincksBayy to2 y (1 K-
record with two cameras placed opposite to both surfaces (i.e. on the ceiling to record the
floor and on another wall to record the wall). To do thatjrag base correctoratavideq
TBC 5000was used. It was set to receive the tracking signal detected from the two
cameras and produce a combined output signal at the same sampling rate with alternated
tracking from the two cameras (floor, wall, floor, \yatc.). In other words, the temporal
resolution for each camera was lowered from 50 tok25 (i.e. the time between two
consecutive points on the same surfaces rises from 20 tmg)0 A custonrtoded MATLAB

script interpolating the missing points on bosurfaces allowed the generation of a
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continuous tracking dataset in the floavall apparatus at the sampling rate of 50 Hz which

could be synchronized with the neural signal as in the open fetdl].
5.5 Histology

Once electrodes were assessechtmlonger berecordngfrom the region of interest,
or when spatiallyy 2 Rdzf 6 SR O0Stfa KIFIRyQd 06SSy NBO2NRSR
anaesthetized with isofluoranéefore an interperitoneal injection with a lethal dose of
sodium pentobarbital (~1.5 ml). Animals were perfused vdttranscardiac injection of
saline (~300 mlfollowed by the same amounts of % paraformaldehyde after breathing
had ceased. Perfused bmnai were removed from the animal and placed in %
paraformaldehyde solution for a minimum of three days at the temperaturd°ofEach
brain was placed in 28 sucrose solution for at least 24 hours prior to sectioning or until it
was shown to sink in sdion. This was done for the coupled purpose of removing water
from the brain tissue via osmosis and cryoprotection of the brain.

Slicing of the brain was conducted using a freeziaigamicrotome setat 40 um
thicknesses either sagitalyviECimplanted iats) or corondy (HPC implanted rats). Brain
slices were then wemounted onto superfrost pluslides(Thermo Scientific) and left to
dehydrate for at least 2 days. Once dried austaining procedure was conducted in either
Cresyl Violet or Thionin sdian. After staining slides were left in histoclear solution for-10
20 minutes before cover slides were secured over the slices EMY mountant (Sigma
Altrich)and left to dehydrate for at least 24 hours. Thiels$ were then examined under an
Olympusmicroscope with an Xli digital camera (XL Imaging Ltd, Gernsanyfat the

electrode tracks within the brain could be determined.
5.6 Analysis

In the following paragraphs, the description of all analyses used in this study will be
provided. All the analyse®garding thebehaviour of the animaf5.6.1), LFP theta.6.2
and single unit activity5(6.3 were conducted in Matlal2015a(Mathworks, Natwick, NA,
USA)

5.6.1 Behaviour
5.6.1.1 Position
The LEDs mounted on the hesthge device allowethe position (raw data) of the
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I YA Yl f @ be dét&tedfueto an infrared camera (sampling rate was 50 Hz) placed
opposite to the surface that the animal was moving on (See3. The raw data in pixels
was firstly converted into cnand then processed by using a 400ms boxcar smoothing

factor which generated the smoothed position used for the all further analyses.
5.6.1.2 Speed

The instantaneous speed of the animal was calculated as the derivative of the
position data and converted in cm/safa points with speed higher than D0 cm/s were

rejected as false data points.
5.6.1.3 Direction

For the majority of the recordings a singleD, as opposédo two, was mounted on
the headstage device (se&.4.3. This was done to prevent the heathge device from
getting entangled in the chickenire mesh covering the wall during climbing in the floor
wall experiment. Therefore, the instantaneous direction was deterchiag the heading or
displacement direction (i.e. angle which defines the direction of the movement between

two contiguous data points) and calculated as follows:
Qw @

Qw W

wheredxanddy are the derivative for thexy coordinates for each time sample

The instantaneous heading directienwas obtained as follows:

JR— O -
ESw
with —subtracted to one arbitrary -axis aligned to the edge of the apparatus as
reference.
5.6.1.4 iHeading differences othe pegboard

In order to detect putative differences in the heading direction of animals while
moving on the horizontaland diagonal configuration of the pegboard, the following

analysis was conducted. For eagssionthe dwell time across directionalis (bin size =
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6°) was first computed and then normalized by dividing the dwell time in each bin by the

overall timeof the session.

A directional autocorrelation was then conducted as follows:

wherei 1 is the correlation coefficient between those bins with directional offset
t h_ —is the normalized dwell time in the heading bin defined by argland¢ is the
total number of heading bins. In other word#he heading dwellmap iscopied and
correlated with itself a number of times in a loop after increasing-tengle. Due to the
periodic nature of the heading behaviour on the pegbqdite headingautocorrelogram

displayed peaks of higtorrelation and troughs of low correlatioifgigure5-6).

Autocorrelation
1¢

Horizontal rats
Diagonal rats
Hayman et al., 2011

Correlation
o
o (8]

1
o
(5, ]

0 90 180 270 360
To

Figure 5-6 Directional autocorrelation on the pegboard

Example of heading autocorrelation of a single session across the three groups of rats. Note
different number of peaks between the horizontal configuration (4 peaks, orange and purj
lines) compared to the diagonal configuration (2 peaks, turquoise line).

To quantify whether animals mostly showed a diagasahorizontal heading bias,
for each session a diagonal score and horizontal score was obtained as follows: the

diagonal score was determined as the mean actorelation at 90° and 180° and
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subtraced to the mean autecorrelation at 45° and 135°. The horizontal score was
determined as the mean autoorrelation at 180° subtracted to the mean attorrelation
at 90°.

5.6.2 LFP Theta

5.6.2.1 Spectral analysis

Power spectrum analysis of the LFP theta was conducted following methods
described irHayman et al.(2015 andJeewajee et al(2008b) Briefly, for each surface the
LFPsequence was zefpadded to the next highest power of Zhe power density was
obtained using fast Fourier transform and smoothed with a Gaussian kernel (standard

deviation = 0.375 Hz).

5.6.2.1.1 Power spectrum

The power of theta frequency was determined as the peak in the power density in
the theta band (711 Hz;Figure 3-1B for representative example of power spectrum

analysis).

5.6.2.1.2 Mean theta frequency

The mean theta frequency was determinasl the frequency showing the peak of the
power density in the theta band {¥1 Hz;Figure3-1Bfor representative example of power

spectrum analysis).

5.6.2.1.3 The strength of the theta

The strength of the theta modulation was quantified as the signal to noise ratio
between the power spectrd 1 Hz from the theta frequency and the mean power of the

whole spectrum between 1 and 125 Hz.

5.6.2.2 Theta frequency modulatio by running speed

As shown by a humber of studies befqdeewajee et al., 2008bYells et al., 2013)
the linear relationship between running speed and theta frequency was exploragdeby

following methods useth Hayman et al(2015).

5.6.2.2.1 Theta filtering
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First, the recorded LFP traces were analysed by applying adzssdfilter(0.34125
Hz)and sampled at 250 Hz. Next, the LFP signal was processed by usinga BREtkman
windowed bandpasssinc (sine cardinal) filter in the theta range-{4 Hz). Then, the
analytic signal was obtained by applyiadilbert transform and thenstantaneous theta
frequency (sampling rate 250 Hz) calculated as the difference in phase between
consecutive pointgFigure3-1A for representative ample of the LFP raw data and filtered

data after Hilbert transformation).
5.6.2.2.2 Speeedheta frequencyrelationship

The linear relationship between speed and theta frequency was determined for each
session across all surfaces. In order to compare the frequehtlyeta oscillation to the
FYAYFf Qad NHzyyAy3d &aLISSRI (KSl-safigeBipaadyye al YL
averaging over 5 consecutive values. The instantaneous speed and filtered theta frequency
could then be correlated at 50 Hz and the naturetloé speedfrequency relationship
quantified. This was done for each session of each experiment (open field, pegboard, large
wall) and replicated for the floandwall data in the floowall experiment.

Firstly, the speed data was binned into 2 cm/s Within the 220 cm/s speed range
and the frequencies averaged for each bin, so thatithieS I NA@rglaflén cofficient
between speed bins and corresponding average frequency was determined along with the
correspondingp value. To statistically compatee results of thert S I NAd@rglaign O
coefficients between surfaces, they were transformed into zle®rrelation values by using
the Fisher transformatiofHayman et al., 2015; Jacob et al., 20d)ch was calculated as

follows:

In order to investigate the nature of the relationship, a regression line was then
fitted to the data. For each recording session (and each surface in the-vilabr
experiment), two values were then determined: (a) the intercept of the regressien li
defined as the LFP theta frequency at speed = 0 cm/s; (b) the slope of the regression line,

defined as the gradient of the spedieta linear relationshipKigure3-1C).
5.6.3 Singleunit

Following the recordings, the single unit activity of all the neurons recorded from a

single tetrode was displayedffline using Tinta custombuilt clustercutting programme
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provided byAxona Ltd.(StAlbans, UK)AI the recordedspikes werdfirstly plotted as a
a Of dza G SrNgresentihngh& peakto-peak amplitude of each spike on omhannel

againstthe amplitudeof the same spike on the othehannels Figure5-7A).
5.6.3.1 Spike sorting

The spatial firing of the single cells was examined f64d) after first isolating the
spikes emitted by each neuron (i.e. spike sortirils was done using the clusteutting
software Tint (Axona, Ltd, St Albans, UK). Briefly, the recordédnapotentials were
automatically sorted to different neurons (clustens$ing Klustakwik(Kadir et al., 2014)
This methodemploys an expectatiemaximisation approacto identify spikes discharged
by different neurons recordedn a single tetrode Kigure5-7B). Specifically relying on the

differences in voltage observed, for each action potential, on the four channels that

1A 1A 1A
C
#\eﬂw N A A~ —
24 = 24 = 34 = m N—— m M J\/——-—
s\ —— i i
pRpmee o\ e W Wiy ——
1620 spks 17224 spks 2216 spks 2908 spks 2894 spks
3A A A n i
1A 14 1A
s N\ A o
R i
3 . A m e e
24 24 1415 spks 1671 spks 2316 spks 635 spks

) a - a8

Figure 5-7 Spike-sorting procedure.

Representative example of the spike sorting procedure showing all the action potentials recorc
fromasingeOAOOI AA AT A pi 1T OOAA EI OEA OAI OOOAO O0Ob
A). For each tetrode 6 scatter plots were generated representing the pead-trough amplitude of the
action potentials across pairs of channels (e.g. 1A vs 2A indicates channel 1 vs. channel 2). The ¢
were then assigned to different clusters by using KlustaKwik (Kadir et al., 2014).

B) Similar to A, the same 6 scatter plots now represent the isolated clusters (n=9) followi
KlustaKwik procedure (Kadir et al., 2014). The spikes plotted with the same colouepresent actior
potentials assigned to the same cluster.

©) The waveforms of the corresponding coloucoded 9 clusters identified inB are plotted across tht
channels of the same tetrode. Note the differences across clusters with respect to the shape and s
the corresponding waveforms.
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comprise each tetrode, these in turn being approximately proportional to the distance
between the tetrode tip and neuro(Figure5-7C).

The results from theKlustaKwik(Kadir et al., 20143lgorithm tenddk (2 & 2 @S NI dz
cells (i.e. for a single cell several clusters were identified as different cells). Therefore, for
each preidentified cluster, additional checking was conducted. Two clusters were merged
into a single one if they were overlapping in thestér space, displayed similar waveforms
across 4 channeland showed no spiking in the3ins window of the temporal cross
correlogram. The rationale fahe latter criteria beingthat the temporal autecorrelation
of a single cell shows no spiking in t¥®ms window due to the refractory period of the
cell.

The spikesorting of the recorded spikes was done for each session across the three
surfaces. Using the position of the clusters in the cluster space, as well as the waveform
across the 4 channels, shers were labelled as the same neurons and so they could be

compared across surfaces.
5.6.4 Spatial analysis
In the following paragraphs, the description of the spatial analisg®vided.
5.6.4.1 Rate map

To reveal the spatial activity, for each cell the spatial rate map was prodaged
creating a 2 x 2 cnspatial bins matrix containing in each bin the averadiing rate

calculated by dividing the number océcordedspikes by theeumulativedwell time (Figure

Figure 5-8 Rate map and field detection.

The spatial modulation of a place or grid cell can be revealed with a rate may. The unsmoothed rats

map of a grid cell, obtained by diving the number of spikes in each spatial bin by the diyéime is

shown. B) Smoothed rate map (5 bins boxcar) highlighting spatial firing and regular grid displayed |

asngle grid cellcq &EOET ¢ ZEAT A0 AAOGAAOGAA EOI 1T OGEAZE
5-8A). Additional smoothing was implemented by usifgoins square boxcar smoothing

(Figure5-8B)in order to detect place field§-igure5-8C see5.6.5.)).
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5.6.4.2 Spatial information

As proposed by Skaggs et al., (1993) the extent to which place cell firing predicts

location can bealculatedasfollows:

OYaw n w QwasQT

wherer) @ and™Qw correspond to respectively,the probability of the animal
being in location (spatial biny and the firing rate of cell in locatiow. Fis the overall
firing rate."OY0 corresponds to the amount of spatial information between firing rete
and locationX. The spatial infanation in bits/spike was calculated by dividing tagri
by H(Skaggs et al., 1993)

5.6.4.1 Spatial coverage

The spatial coverage was used as an estimate of the spatial firing extent cirklls
was quantified as the number of the bins with a firing rate greater than 20% of the peak

firing rate, divided by the total number of bins of the rate nikbp.
5.6.4.2 Spatial autocorelogram

To quantify the regularity scale (distance between surrounding fieldsand
orientation of the grid cell firing patternthe spatial rate map of each cell was used to

generate a spatiautocorrelogram(Hafting et al., 2005) which was obtainedfadows:

. gt_cfo_o TR t  t_cfo_d tho T

Et_dm t_dw  Et_o tho t t_o tho f

wherei t At is the correlation coefficient between those bins with spatial offset
t andt ,_ afw is the firing rate in the spatial bin defined by coordimétandwy and¢ is
the total number of spatial bins. In other wordke smoothedrate mapof a cellis copied
and correlated with the original map a number of times in a loop after increasing the
shift t At each time alongwand & (see Figure 5-9 for the generation of the
autocorrelogram). Due to the periodic nature of their firing patterthe spatial

autocorrelogramof a grid cell displays a number of édjstant peaks (red circles iRigure
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5-9) forming a hexagonal grid.
5.6.4.2.1 Grid score

Gridness (or grid score) raeasureof the sixfold symmetrypresent in the spatial
autocorrelogram wascalculatedas follows.The region encompassing the 6 pealtssest
to the origin of the spatial autocorrelogramas rotated in 30° steps; and the correlation
between the rotated and wmotated data found. Gridness was then defined as the highest
correlation at rotatonsat 30°, 90° and 15048nd subtracted from the lowestorrelationat
60° and120° (Figure5-9). Following(Sargolini et al., 2006)rid scale was defineds the
median distanceérom the central gak of the spatial autocorrelograno the six closest
peaks Figure5-9). Similar grid orientation was defineas the angle between the horizontal
x-axis and the lingjoining the centre of the autocorrelogram and the closest peak

anticlockwise from the reference line.

e

Figure 5-9 Spatial autocorrelogram and grid score.

30 60 90 120 150 180

The spatial autocorrelogram (left) is an analytical tool which allows to reveal the periodicity of tt
spatial firing pattern of grid cells. Based on the spatial autocorrelogram it is possible to determine
number of characteristics features of the grid rhiddle) such as the scale measured as the med
distance between the three nearest peaks from the center (black lines), and orientation of the ¢
(angle in red between first peak grid from the xaxis as reference represented in dashed blue line). T
grid score is determined as the lowest peak correlation at 60° and 120° (green dots) minus the higf
peak at 30°, 90° and 150° (red dots).

5.6.4.2.2 Sripe score

I ljdzt yGAGEOGABS YSEF&adaNE 2F GKS GadNARLISySa
necessary to compargrid representations oexperienced vsnaive animals. Due to the
lack of periodicity alongthe vertical dimension on the pegboard, the spatial
autocorrelogram of the stripes returned stripes of high positive correlation values spanning
almost the entire height of the autocorrelation map in cagt to the typical six peaks of a
grid cell onthe horizontal plane FKigue 5-10). Therefore, an index of the vertical.vs

horizontal repetition was calculatl as the ratio between the number of bins witla
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correlation value higher than 0.2 (see alsgue 5-10) of the middle column (vertical axis)

and the central row (horizontal axis).

Open field Pegboard

2 S

Figure 5-10 Stripe score between
horizontal and pegboard.

The spatial autocorrelogram of a grid ce
in the open field (left) reveals the typica
six-fold symmetry pattern on horizontal
plane in contrast to the \ertical stripes on
the pegboard (right). For rounded field:
the stripe score is approximately 1, i
AT 6OA0O6 O61 EECE O
the pegboard.

5.6.4.3 Grid field metrics

In order to desdbe grid field spatial metrics, the properties of the central field of the
spatial autocorrelogram (correlation value higher than 0.2) were examined using the inbuilt
Matlab (Mathworks, Natwick, NA, USA) functiomegionpropos The field size was
determinedas the number of spatial bins forming the central field and then converted into
cn?. The length of the major and minor axis of the grid field was determined as the major
and minor axis of the ellipse fitted onto the central place field and convertedamioThe
orientation was determined as the angle between the major axis of the grid field and an
arbitrary referencedx-axis set parallel to one of the boundaries of the environment. The

shape of the grid field was determined as the aspect ratio of its @magr/minor).
5.6.5 Place field analyses

The analyses on grid cells place fields have been conducted by applying-a local

maxima approach as describedHayman et al.(2015)
5.6.5.1 Place field detection

The peaks in the rate map were firstly detectedidhgntifying alllocal maximan the

rate map (Figure 5-8B). Next, for each peak, the putative place fielmround it was
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determined by including those bins withfiring rate higher tharma threshold defined as
30% ofeachpealkQ firing rate Eigure5-8). Finally, mly those fields with size greater than
60 cnt(see below), peak firing rate greater than 1kdnd a minimum number of spikes

emitted in them (2% Bbthe overall session), were included in the analyses.
5.6.5.2 Place field characteristics

Similar to the grid spatial metric5.6.4.3, the geometrical properties of place fields
were addressed using thregionpropsinbuilt function in Matlab(Mathworks,Natwick, NA,
USA). The field size was computed simply by convertiegririllhe number of bins (bin
size = 2cm) forming each place field. The major axis of the field was determined as the
length of the major axis of the ellipse fitted on the place field map and the minor axis
simply the length of the orthogonal axis. Theeotation of the field was determined as the
angle between the major axis and a fixed arbitrasgxis which was set to be parallel to
one of the boundaries of the environment where the cell was recorded. Finally, to
characterize the shape of the placelfl, the aspect ratio was simply determined as the

ratio of its axes (major/minor).
5.6.6 Speed analyses

The speed modulation of each cell waddressedollowing two methodgeferred to
asthead a LISSR AatEBNBISSIRYRAY S a02NB¢

5.6.6.1 Speed score

Firstly, the instantaneous firing rate of the cell across the entire session was
obtainedby creatinga histogram of the spikethat occurred using the same sampling rate
asthe tracking camera (50 Hz) and then smoothed usi@§Gms wide Gaussian smoothing
curve. Thespeed score of the cell was then obtained simply by computing the Pearson
correlation coefficient between the instantaneous speed of the animal and instantaneous
firing rate of the cell. In order to compare the speed score across surfaces, the speed score

was then transformed in the-zsher coefficient%.6.2.9.
5.6.6.2 Speed line score

In addition, the speednodulation of the cell was also quantified by examining the
mean firing rate of the cell across 2 cm/s wide bins in th202cm/s range Kigure5-11).

Similar to the speedheta correlation, the Pearson correlation coefficient ween speed
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bins and themeanfiring rate was obtained (i.@¢he speed line score) anaregression line
fitted to obtain the slope and intercept of the speed line. Similar to the speed score (see
above), the speed line score was then transformed in #iisher coefficient in order to

compare aooss surfaces.

Speed line score = 0.98

10

Figure 5-11 Speed line score.

An example of speed cell showing line
increase in the average firing rate (black line)
standard error (red area) across speed.

The speedline score is computed as the Pears:
correlation value between the speed bins (
cm/s) and mean firing rate. The speed lin
allows to fit the regression line (blue dashe
line) which also computes the intercept (3.8 H:
and slope (0.3 Hz/cm/s).

0 5 10 15 20
Speed (cm/s)

5.6.7 Temporalanalysis

In the following paragraphs, the methods addressing the spiia rhythmicity will
be provided.

5.6.7.1 Intrinsic firing frequency

The cell oscillatory spiking pattern was addressed by examining the-tspike
RdzNA y 3 & NlagtantaneogsKspédétl was higher than 2 cm/s for at least 0.5s
(Jeewajee et al., 2008a)rhe intrinsic firing frequency of the cells was obtained by
examining the power spectrum of the spik@&in averaged temporal autocorrelogram. This
gl a O02YLIzi SR dzaAy3a dadzyoAl a&Rigs (bjhavdi =R md) I G A 2y
and then averaging the autocorrelogram for each rafter weighting bythe length of the
run (Jeewajee et al., 2008a$econdlyit was truncated in the 800 ms temporal window
and zerepadded to 2° elements. The power density was then computed in th&26 Hz
frequency range and smoothed using Gaussian kernel (sigma = 0.2 Hz).

The intrinsic firing frequency was determined as that frequency in the theta range
(7-11 Hz) withthe highest peak powe(Figure5-12). To quantify the strength of the theta
modulation,a signal to noise ratio was determined as thean power in theange of° 1

Hz of the intrinsic frequency divided the mean power in th€28 Hz range. The signal to
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power density (W/Hz)

noise ratio = 5 was set as eoff threshold for a cell to be theta modulate@Vills et al.,

2012)

LLell power spectrum
m Figure 5-12 Spectral analysis of spike -train.

Power density analysis revealing putative oscillator
pattern. Black line represents power density (yaxis)
across frequency (xaxis) in the 025 Hz range. Th
estimated intrinsic firing frequency was determined a
the frequency (9.1 Hz) where power showed maximui
peak (red line) in the theta range (7?11 Hz, blue dashe
lines).

-

9.1
Frequency (Hz)

5.6.8 Cell categorization

In order to identify putative spatial cells from the whole ensemble of neurars (
1645), each recorded cell undreent spiketrain random shift shuffling procedure to derive

chancelevel criteria in each surface (floor, wall and open field).
5.6.8.1 Shuffling procedure

Briefly, for each shufflen(shuffles = 400), the spikeain was shifted forward by a
random time interval(number between 30 seconds and the length of the entire session
minus 30 seconds) and then wrapped around so that for each iteration the shuffled spike
train had the same number of spikes but not in register with the animal behaviour. For
each iteration all the spatial analysis described previously were carried and the grid score,
speed score, speed tuning score and spatial modulation score determined. Finally, all the
scores obtained fronthe shuffling procedure for each surface (floor, wall and opefdfie
and analysis (grid score, speed score, speed line score and directional score) were pooled
together and the cubff significance threshold identified &9 percentilederived fromthe
shuffled distribution. The spatial scores used for cell detectvere derived from shuffling

procedure in addition to a number of criteria based on minimum firing rate.

5.6.8.2 Cell criteria
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5.6.8.2.1 Place cells

The criteria used to identify place cells were adopted from the study of Grieves and

colleagueq2016)where in order to be classified as place cell, a cell had to satisfy all the

following criteria on at least onef the experimental surfacg&rieves et al., 2016)

1.

2
3.
4

mean firing rate greater than 0.5 Hz and less thatz5
peak fring rate greater than 1 Hz;
Saggs spatial information greater than 0.5.

At least one place field detected.

5.6.8.2.2 Girid cells

A cell was classified agyrid cell oncet satisfied all the following criteria on at least

one of the experimental surfaces:

1. mean firing rate greater than 0.5 ldnd less than 5 Hz;

2. peak firing rate greater than 1 Hz.
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Figure 5-13 Shuffled and observed grid score distributions.

Results of grid score shuffling procedure across surfaces (floor = left, wall = centre, open field = righ8}) For each shiffle
(n=400) the grid score was calculated and pooled across cells returning a Gaussian distribution (top row) representing
grid score null distribution for each surface. The 99 percentile of the shuffled distribution was used to determine the g
score significant thresholds on each surface (red lines) which was 0.27 on the floor, 0.28 on the wall and 0.22 in the «
field. (B) Distributions of the observed grid scores determined for each cell on each surface. The red lines repre
significance gid score thresholds determined from shuffling.
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3. grid score greater than cuff threshold derived from 99t shuffling Figure5-13;
floor = 0.27, wall = 0.28, open field = 0.22);
4. At least one grid field detected.

5.6.8.2.3 Speed cells

A cell was classified as speed detl was not classified as grid cell aindatisfiedall

the three following criteriaon at least one experimental surface (floor, wall, open field)

1. mean firing rate of the speed line at 19 cm/s was greater than 1 Hz;

2. speed score greater than coff threshold derived from 99" shuffling Figure5-14;
floor = 0.035, wall = 0.033; open field = 0.030);

3. speed line score greater than eaff threshold derived from 99%eshuffling Figure
5-14B; floor = 0.88, wall = 0.89, open fietd0.88).

5.6.9 Statistical workflow

The results presented in Chapt&were conducted using a mixed tweay repeated
measure ANOVA between surfaces (within subject factor) and across groups of animals
(between subject factor)A TukeyKramer test was usedosthocto determine significant
effects.

Theresults presented in Chapt&@rcomparing placeell firing betweerthe floor and
wall were cowlucted usingboth a two-tailed paired t-test (when the same cells were
compared between surfaceg)nd an un-paired t-test (when differentensemble of cells
between surfaces were comparedp contrast, althe analyses comparinfpe properties
of grid cells, LFP thed, and speed cellsvere conducted using twailed pairedt-tests. In
addition, to compare the effects of running speed between surfaces on LFP theta power
and speed cell firing ratey two-way repeated measure ANOVA was ugedreover, to
compare categodal responses of cells between surfaces (i.e. marginal homogeneity), the
a Ob S Y| Nus used $héoughout this thesis.
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Figure 5-14 Shuffled and observed speed score and speed line score distributions.

Results of shuffling procedure on the floor (left), wall (centre) and open field (right). For each shuffle (n= 400) the spesecore (A)
and speed line score B) were calculated and pooled across cells returning Gaussian distributions representing the cosponding
null distributions for each surface (top rows). The 99 percentiles of the shuffled distributions were used as significant #ssholds (rec
lines) of each surface to determine cells from the observed distribution (bottom) rows) passing criteria f@peed cell detection.
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6 Experienced pegboard experiment

The experiencegheghboard experiment is to be considered as a pilot study with the
general aim of. a) testing the experiendependent hypothesis4(5.1.1 Experience
deperdent) by replicating previous findings by Hayman et al., 2011; b) exploring whether
different locomotor patterns affect grid cells firing response. To do that, two experimental
conditions in which grid cells were recorded on the pegboard were conducted. Consistent
with the study of Hayman et al(01)x Ay GKS TFANRG O2yRAGAZ2Y
O2yRAGAZ2YéS 3IANAR OSftfta FTNRY M SELSNASYOSR
pegboard with the horizontal configuration. In contrast, in the second condition termed
GRAI 32yt LIS3a O2 yue experienyed animaliNdere reCoRlédfdiet T NP2 Y

pegboard with the diagonal configuration.
6.1 Experimental design

Both conditions took place following the following protocol: on a regular basis,
animals underwent at least one screening session a day2@lfinutes) in a large and
familiar room (see5.2.1 Open field. Preliminary spiksorting of the recordd data was
done immediately after the session, and if at least one grid cell was identified, an
experimental recording on the pegboard would be commenced straight after without
unplugging the headstage device. The recordings on the pegboard took pltdee $ame
room as screening and lastedrariable time amount (between 20 and 30 minutes) until: a)
sufficient spatial coverage on the pegboard was obtained; b) the animal showed
spontaneous exploratory behaviour. Once completed, a second and longer (8@es)in
open field session took place immediately after in the open field box. In order to promote
exploratory behaviour throughout all the recordings, steamed rice mixed with-paeite
(GimCat malt soft extra paste) was randomly placed at the proximal ehdkse pegs
(pegboard recording) or scattered around on the floor (open field). The depth of the

recording sites where grid cells were detected varied between animals.
6.2 Results

6.2.1 Horizontal pegs condition

A total of 9 grid cells were recorded from 1 expaded animal (r654) and 22 grid
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Figure 6-1 Grid cells on the horizontal condition of the pegboard.

Seven examples of grid cells recorded on the horizontal configuration of the pegboard from the th
groups of rats showing vertical stripes as in the study by Hayman et al., 2011. Each row represents
example of cell with the spike plot (left), rate map (middle) and spatial autocorrelogram (right). Tt
numbers in the top left corner of both rate maps and stial autocorrelogram represent respectively thi
peak firing rate of the cell and the stripe score.

(A) One example of grid cell recorded from Hayman et al., 201Bi{i) Three grid cells recorded from the
naive animal (r621) and G.ii) showing three gid cells from the experienced animal (r654).

cells from 1 naive animal (r621). Similar to previous regtlé&yman et al., 2011prid cels
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from the experienced animal produced vertical stripes of firing on the peghoaodt of
which spanned the entire height of the apparatéSgure6-1). To compare wéther grid
cells from the experienced animal differed from the naive one, the stripe sardahe
pegboard and open field of both groups of animakre compared(experienced vsnaive)

with the dataset obtained by Hayman and colleagues (2011) compfigingid cells from 4
animals(Figure6-2). On the pegboard the stripe score was 5.2 + 0.tHernaive animal

4.7 £ 0.5 fothe animas in Hayman et al.(2011) and 4.2 + 0.5 for experienced animdh
contrast, on the open field, the stripe score was 1. £ 0.GHernaive animall.2 + 0.1 for

the animas from Hayman et al., (2Il) and 0.9 £ 0.1 for experienced animaltwo-way
analysis of variance (ANOVA) comparihe stripe score across the three groups of animals
(Hayman et al., (2011), naive and experienced animals) and environment (pegboard vs
open field) revealed a significant effect of the environmdfp{=69,9, p <0.0001) but no
difference across group$(so = 0.51,p =0.60) and no interactionR 9 = 0.56,p = 0.57).
Therefore,these results showed no significant differences between the three groups of
animals Figure6-2). Similarly, the grid score between groups of animals was compared
across the environments. On tigegboard,the grid score was0.37 = 0.05 for the naive
animal,-0.52 + 0.07 fothe animas from Hayman é al., (2011) and0.50 = 0.04 for the
experienced animal. In contrast, in the open field, the grid score was 0.9 + 0.08 for the
naive animal, 0.56 = 0.13 ftlie animas from Hayman et al.(2011) and 0.27 + 0.20 for
experienced animalA two-way ANOVA nrealed a significant effect of the environment
(FLeo = 161,p < 0.0001) along with a significant effect of the experierfeégo(= 7.77,p <
0.001) but no significant interactiorF{g0 = 0.33,p = 0.72). Posthoc multi-comparison
analysis adjusted with Bonferroni correction revealed no differences between the grid
score across groups of animals on the pegboprd @.28) but only a significant difference

in the grid score in the open field between the naive angegienced animalgy(< 0.01).

In addition, the geometrical properties of the stripes were further investigated
(Figure6-2). The major axis on the pegboard was 8®04ctn for the naive animal, 121 + 9
cm forthe animas from Hayman et al., (2001) and 108 + 10 cm for the experienced animal.
In contrast, in the open field, the major axis length was 17 + 1 cm for the naive animal, 26 +
4 cm forthe animas from Hayman efal., 2001 and 46 + 13 for the experienced animal.
two-way ANOVA returned a significant effect of the environmé&nge(= 108,p < 0.0001)
and also a significant effect of experiendegdy = 5.31,p < 0.01) but no significant
interaction &0 = 1.82,p = 0.17). Posthoc multi-comparison analysis adjusted with

Bonferroni correction revealed a weak significant difference between the naive animal and
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the animal fromHayman et al., (2011)p(= 0.023). Similarly the minor axis length was
compared: on the pgboard it was 21 £ 4.7 cm for the naive animal, 24 + 3.8 canforals
from Hayman et al., (2Q1) and 22 + 1.5 cm for the experienced animal and in the open
field it was 14 £ 0.5 cm for the naive animal, 18 £ 2.0 cnthimanimat in Hayman et al.,
(2011) and 30 * 6.8 cm for the experienced animal. This time thewayg ANOVA returned

no significant effect of the environmenk( = 0.27,p =0.76) and no significant effect of
experience 90 = 2.23,p = 0.11) nor interaction E90 = 1.65,p =0.20). Finally, the aspect
ratio (major/minor axes) was compared: on the pegboard it was 5.4 + 0.6 for the naive
animal, 5.8 + 0.5 cm fahe animas from Hayman et al., (2Il) and 4.9 + 0.6 for the
experienced animal, whereas in the open field it was 1.1 #d@.@he naive animal, 1.4 +
0.0 forthe animaé from Hayman et al., (2L) and 1.4 + 0.1 for the experienced anin#al.
two-way ANOVA revealed a significant effect of the environmiénb € 97,p < 0.0001) but

no effect of experienceMH 90= 0.32,p =0.73) and no interactionfg0= 0.37,p =0.69).

Put together, these results, although from a limited number of cells and only from 1
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animal for eachgroup, suggest that grid cell representation is not affected by extensive
experience of vertical locomotioand that the results of Hayman et @011) were not due

to the restricted upbringing of rats.
6.2.2 Diagonal pegs condition

The findings from the horizontal pegs condition suggest that the prior experience
with 3D navigation does not substantially affect grid cells firing on the pegboard.€shis r
is inconsistent with the experienagependent hypothesis and might be interpreted as
additional evidence for the anisotropic encoding hypothesis. However, the columnar firing
pattern of grid cells has been documented, to the best of our knowledgh, om the
horizontal configuration of the pegboard. This observation motivated the following pilot
atdzRe8 GSNINSR aRAL A2 Ih this exjsdnientt@ possolit that the o
stripe-like firing by grid cells would depend on the horizontal locomotor pattern was
addressed. To test this hypothesis, a total of 22 gridscelere recorded from 2
experienced animals (r604 and r605) climbing on the pegboard with the pegs arranged in
the diagonal configuration. Importantly, these animals were never exposed to the

pegboard with the horizontal configuratigurior to experiments
6.2.2.1 Heading direction on the pegboard

First, in order to test whether the heading behaviour differed between rats tested on
the horizontal vs diagonalconfiguration of the pegboard, the normalized heading dwell
map was computed. This highlighted the prefaial diagonal heading on the diagonal
configuration of the pegboard in contrast to the horizontal bias on the horizontal
configuration.

Next, the heading autocorrelation was computed for each session and that was used
to determine both horizontal and diagonal scores which were then compared across
groups of animals. The diagonal score significantly changed across groups of animals
(diagona score mean = SEM: Hayman et @011 = 0.19 £ 0.05, Horizontal rats = 0.30 %
0.04, Diagonal rats = 0.52 + 0.083s = 10.9,p < 0.001).A post-hoc TukeyKramer test
revealed a significant increase in the diagonal score of Diagonal rats comparedhto b
Horizontal rats § < 0.01) and Hayman et a{2011) rats < 0.001) and no differences
between Horizontal rats and Hayman et £011) rats ( =0.24).

The horizontal score also significantly changed across groups of animals (horizontal

score meant SEM: Hayman et al2011) = 0.40 £ 0.06, Horizontal rats = 0.26 £+ 0.04,
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Figure 6-3 Heading direction on horizontal vs diagonal configuration of the pegboard.

(A) Polar plots showing the normaized directional dwell time across groups: Hayman et al., (201:
Horizontal and Diagonal. B) The heading autocorrelogram reveals the different periodic pattern exhibite
by rats: while Horizontal and Hayman et al., 2011 rats showed a peak at 18W@iagonal rats exhibitec
peaks and 90° and 180°.These results suggest that while Hayman et al., 2011 and Horizontal rats m
moved along 2 directions 180° apart, the Diagonal rats moved along 4 directions 90° apar€) (The
diagonal score (left) was sigificantly higher in Diagonal rats compared to both Hayman et al., 2011 a
Horizontal rats. In contrast, the Horizontal score (right) was lower in Diagonal rats compared to bc
Hayman et al., 2011 and Horizontal rats.

Diagonafats = 0.05 + 0.0%, % = 13.1,p < 0.0001) A post-hoc TukeyKramer test revealed
a significant decrease in the horizontal score of Diagonal rats compared to both Hayman et
al., (2011 rats (p < 0.0001) and Horizontal ratp € 0.01) and no differences between
Horizontal ratsand Hayman et al(2011) rats (p =0.18).

Together, these results thus suggest that betwethie horizontal and diagonal

configuration of the pegboard, animals displayed different heading behaviours.
6.2.2.2 Grid cell firing pattern

Unlike grid cells recorded o both naive and experienced animals on the horizontal
configuration, grid cells on the diagonal configuration did not produce vertical stripes of
firing but rather scattered firing across the whole pegbodtidj(re6-4). The stripe score on
the diagonal configuration was compared to the horizontal one by pooling data from

experienced and naive animals (which were previously shown not to differf@ng@ared
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Figure 6-4 Grid cells on the diagonal configuration of the pegboard.

4 examples of grid cells recorded on the diagonal configuration of t
pegboard represented as spike plots (left), rate map and peak firing re
(midle) and spatial autocorrelogram (right) with relative stripe score
calculated. (B) The comparisons revealed a significant decrease in
stripe score of Diagonal rats compared to both Hayman et al., 2011 ¢
Horizontal rats and no differences between them.

with  previous data by
Hayman et al.(2011) which
were also collected on the
horizontal configuration. The
stripe score was 4.7 + 0.5 for
Hayman et al., (201))
animals, 49 = 0.5 for
experienced and naive
animak pooled together and
14 = 0.3 for animals
recorded on the diagonal
configuration. A oneway
ANOVA analysis revealed a
significant difference
between the three groups
(R7o = 16.9, p < 0.0001).
Posthoc analyses adjusted
with Bonferroni correctio
revealed no  significant
difference between
horizontal comparisonsp(=
0.68) but a significant
difference between data
from the Hayman et al.,
(201) study and the
diagonal condition f <
0.001) and horizontal and
diagonal condition f <
0.0001). Therefae, even
though the results on the

diagonal configuration

come from a limited number of animals € 2) and limited number of cella € 22), these

results convincingly suggest that the vertisaipes on the pegboard are not the only rigi

pattern on the pegboard, as it disappearedhen usingthe diagonal configuration.
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Accordingly, these findings suggest that the pattern of locomotion displayed by the animals

substantially affects grid cdlfing response.
6.3 Discussion

The principakhim of this set of experiments was to test the hypothesis that previous
observations of impaired odometry by grid cells on the pegboard resulted from restricted
environmental experience (experiencependent hypothesis). To do that, the activity of
grid cells from one experienced animal moving on the pegboard with the pegs arranged
horizontally (horizontal condition) was recorded. Even though a low number of cells was
recorded, and only from one experienced and one naive animal, grid cells on the hdrizonta
configuration showed strikingly similar striike firing patternwhen compared tothe
study of Hayman et al(2011). The theoretical prediction generated by this hypothesis
yielded a differential firing pattern between naive and experienced animaih mo
columnar pattern by the experienced animal. In contrast, empirical findings show that the
same firing pattern on the pegboard condition is produced by grid cells regardless of prior
experience with 3D locomotion. In fact, the spatial representagzhibited by grid cells in
the horizontal condition from both experienced and naive animal showed no significant
differences from the results obtained by Hayman and colleagues (2011) with effectively
naive animals. This result, although preliminary, denratss that even though different
subjects were used, different experimenter and, most importantly, different levels of
experience with vertical locomotion prior to experiencgrevious findings were
successfully replicated. Therefore, the fact that gradlscfrom experienced animals also
LINE RdZOSR OSNIAOFE &AGNRALISA RdNAYy3a f202Y20A2Y
condition, argues against the experiepgependent hypothesis as an explanation for the
vertical stripes on the pegboard.

The results fom the horizontalpegs condition could be interpreted as further
evidence for the anisotropic encodind spacegiven that, as predicted, vertical stripes also
appeared froman experienced animal. However, findings from the diagonal pegs condition
disagreewith the predictionof the anisotropic encoding hypothesis given that, in contrast
to the horizontal configuration, grid cells did not produce vertical strip@portantly, grid
cell representation not only was not strigike on the diagonal configurath of the
pegboard, but did not even show the typical-8id symmetry which is normally observed
on horizontal plane. In contrast, a clear organization of the firing pattern could not be

identified by eye, an observation that, to the best of our knowksdgnless following
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pharmacological inactivation of afferent brain arg@onnevie et al., 2013; Winter et al.,
2015b)or passive movementéWinter et al., 2015a)has never been reported beforia

grid cells In these citd experiments, grid cell representation was found to be heavily
impaired following temporary inactivation of the hippocamp@onnevie et al., 2013)r
ADN(Winter et al., 2015byvhere place and head direction cells are found anelthought

to interact with the grid celbystem.A similar effect was found during passive transport of

a rat placed in a clear transparent b@inter et al., 2015a)in this situation head direction
cells kept firing in the same way as during active exploration, while agiid showed
disorganized firing with no grid pattern. In our experiment, animals spontaneously learned
how to climb across diagonaliyranged pegs in a standard free foraging task with no
training required. Therefore, the lack of a regularfeixl symmery (as well as stripdike
FTANRY IO Ad& F aylddzNIfé& NBaLRyaS 2F INARR OSft
Why do grid cells neither produce hexagonal grids nor vertical stripes in the diagonal
configuration as in the horizontal one? A reageneral interpretation of these results will

be provided in the overall discussion of this thé€€lhapter9).

To summarise, three considerations can be madigim of the results shown here.
The first consideration is that although with a limited number of data (1 rat, 9 cells), grid
cells from the experienced animal clearly showed the same firing pattern as the naive
animals. Indeed, the naive and experienamals produced firing patternsimilar to
those displayedn Hayman et al., (2011), both from a qualitative (grid cells of all three
groups showed columns on the pegboard but not in the open field) and quantitative point
of view (there was no differenda the stripe score between the three groups). This result
therefore allows us to generalise the findings from the naive animals of Hayman et al.,
(2011) as being the natural spatial response of grid cells during locomotion in the
horizontal condition oftie pegboard regardless of prior experience with 3D navigation.

The second consideration is that the prediction provided by the anisotropic encoding
hypothesis is met only in the horizontal condition and not in the diagonal one. The
anisotropic encoding hygihesis posits an intrinsic lack of encoding for movements along
the vertical dimension regardless of the locomotor pattern used. The fact that the vertical
stripes appear in the horizontal configuration of the pegboard but not in the diagonal one,
allowsus also to reject the anisotropic encoding hypothesis.

Finally, the third consideration provided by results of the experienced pegboard
experiment is that different configurations of the pegs on the pegboard substantially drive

different firing responsesyogrid cells. Indeed, while grid cells from animals with different
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experience with 3D navigation showed columns in the horizontal condition, in the diagonal
condition there was no specific vertical bias in the firing response of grid cells. These results
therefore suggest that the vertical stripes are linked to movements occurring in the
horizontal condition. As postulated by the reference frame hypothesis, the orientation of
the body, along to which locomotion is computed, affects spatial response ofceglisl
Therefore, the vertical stripes observed in the horizontal configuration of the pegboard
support the reference frame hypothesis. According to this view, grid cells do not perform
odometry along height given that the vertical axis is orthogonal ®® ldtomotor plane.

The observation that grid cells in the diagonal configuration of the pegboard no longer
produce vertical stripes is also consistent with the reference frame hypothesis as it shows
that grid cells are modulated by the orientation of locotion (horizontal vsdiagonal
plane). One recent study by Hayman et al., (2015) showed that grid cells on a 2D slope
(tited 45°) maintain the capacity to produce fields and perform odometry as on the
horizontal planeHayman et al.{2015) This result may be interpreted as contradictory
given that grid cells on the dianal configuration did not produce clear firing patterit

should be pointed out though that while rats on the slope of Hayman and colleagues (2015)
navigated maintaining a single body orientation (i.e. parallel to the angle of the slope),

animals on tle pegboard kept two orthogonal, and maybe conflicting, body orientations.

Ly O2yOfdzaA2ys GKS NBadzZ G6a FTNRY GKS LAt
consisting of two experimental conditions (horizontal pegs and diagonal pegs), provided
preliminary evilence for rejecting two hypotheses (experieraependent and anisotropic
encoding) and supported the reference frame hypothesis. According to this sigwid
cells reference frame is modulated by the orientation of the body, so in a situation where
animds move on the weical plane uprightthe grid cellfiring pattern should be similar to
the horizontal. The next experiment, termed floaall experiment, specifically addresses
this question. The activity of grid cells from experienced animals was mtaddring
climbing on a vertical wall and compared to that on a horizontal plane. The results of this

experiment will be described and discussed in the next chapter.
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7 The floorwall experiment

This experiment aimed to test the hypothesis that place gnd cells maintained
their spatial firing responseduring movements on a climbing wall. The results from the
GSELISNASYOSR LIS302F NR SELISNAYSyGé¢ &adza3asai
on the pegboard originally described by Hayman andeaglies (2011) may be linked to
the horizontal orientation of the body. This observation led to the formulation of the
reference frame hypothesis according to which grid cells fail to perform path integration
along the direction orthogonal to the locomotioplane (Hayman et al., 2011; Taube and
Shinder, 2013). In order to test this hypothedise socalledfloor-wall experiment was

conducted.
7.1 Experimental design

The floorwall experiment took place using the following protocol:aregular basis,
animalsunderwent at least one screening session a dayA@0ninutes) in a large and
familiar room (see5.2.1). Preliminary spiksorting of the recorded data was done
immediately afterwards and if at least one place or grid cell was identified, an experimental
recording sessionwould be commenced (usually starting about 2 hours after the last
screening session). The fleaall recording took place in a different room arasted a
variable amount of ranging between 1 and 2.5 hours, until: a) sufficient spatial coverage of
both floor and wall was obtained, and b) the animal showed spontaneous exploratory
behaviour. Once the recordings on the flegall apparatus were complete a second
open field session (30 minutes) took place immediately after in the screening room. In
order to promote foraging behaviour throughout all the recordings, rice mixed with pet

paste was scattered around dhe floor andor attached onto the walimesh
7.2 Results

In this section, all the results including the behaviour of the animal and

electrophysiological resultst singlecell level will be provided.
7.2.1 Behaviour

During the recordings, the animals displayed spontaneous exploratory behaviour on

both floor and wall while searching for foatattered by the experimenter in order to let

130

0 K



min

the rat evenly samptg both surfaces. Thanks to the prior experience in the enriched
environment(5.1.2) animals showed efficient climbing skills on the wall. However, they still
seemed to prefer the horizontal surface compared to the vertical one, and movements
during climbing seemed to be slower. These observations motivated a ewrab
behavioural analyses (see below) aimed to investigate whether the locomotor pattern
substantially changed between surfacésbrief description of the behaviour exhibited by
rats in this protocol will be provided in the following paragraphs. Theseliehave been
obtained by pooling together all thexperimental sessiongn = 53) involving animals
implanted in the hippocampus (4 rats, 11 sessi@rg) medial entorhinal cortex (l&ts,

42 sessions).
7.2.1.1 Dwell time

Ratsspenta significantly greater amaut of time on the floorcompared to the wall
(Figure 7-1A; dwell time: floor = 66 £3 minutes wall =39 £21 minutes ts; = 7.48, p <
0.000). Electrophysiological mailts were robust to this behavioural bias when the floor

data was down sampled to match dwell time on the wall.
7.2.1.2 Speed

The mean spea between floor and wall was compared and it wsignificantly
greater on the floor compared to the wakigure7-1B; dwell time: floor=9.9 + 0.3cm/s,
wall =6.9+0.2 cm/s, ts; = 9.17 p < 0.0001) Importantly, this result wagrue despite the

fact that rats spenta greater percentage of timeesting (speed < 2m/s) on the floor

A B C
Dwell time Mean speed Immobility
210 24 0.9
— 0 -

140 . P 16 ;E 0.6 —
E i = :
H 1) Q .
70 4 : 8 { § Eos i
3 ] ’ : . LI
* . :
4 g

0 0 0
F w F w F w

Figure 7-1 Behavioural differences between surfaces .

Rats on the floorwall apparatus exhibited remarkable differences in their behaviour as shown
coloured bars representing the mear? S.E.M. with superimposed dots for each data point between flc
(F) and wall (W). Dwell time (A), mean speed B) and immohility ( C) were significantly increased on th
floor compared to the wall.
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compared to the wal(Figure7-1C immobility: floor =32 + 1.1 %, wall = 25 1.3 % t41 =
3.46,p< 001).

7.2.1.3 Heading

The hypothesis that rats during climbing showed heading (gae Figure7-2 for
dwell time across heading directionsjps addressed in two different ways. First tinean
resultantvector length of the rat trajectory was comparédtween floor and walandthat
was notsignificantly differen{vector length floor = 0074+ 0.006, wall =0.0& + 0007: ts,
=-0.77, p = 0.44) suggesting that rats did not show substantial heading bias between floor

and wall.

Floor Normalized Wall Normalized

S dwell time e T dwell time

v
p.025
v

Figure 7-2 Dwell time across directional bins.

The directionality of the trajectories between floor and wall did not significantl
differ. Polar plots representing the normalized mean dwell timex standard error
across directional binsbetween floor (left) and wall (right). The comparison of the
mean vector length between floor and wall returned no statistical difference.

7.2.2 Place cells

Overall 100 neurons recorded from 4 experienced animals showed spatially
modulated firingpassinghe criteria for inclusion in the place cell datagetgure7.3). The
analyss detected60 placecellsactive only on the floorG0 %, Figure7.3A, Figure7.3A D),

14 place cells displayinglace fieldson both surfaceg14 % Figure7.3B), 18 place cells
active on he wall but not on the floor18 % Figure7.3C)and 8 silent place cells§ %)
McNemar's test determined that there was a statistically significant difference in the
proportion of active place cells between floor and wplk(©.0001)

In the next paragraphsll the resultsreported between surfacesvere obtained by
pooling place cells recorded from different animats= 4) (seel0.1 for extra analysis

addressing place cell properties between animals).
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7.2.21

Firing rate properties

14%

60%
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Figure 7.3 Place cells on
the floor -wall.

The spatial firing of place
cells substantially differec
between surfaces. Seve
pictorial examples of cell:
are shown here @A-O. The
top row represents the wal
activity while the bottom
one is the floor, bott
represented as spike plot
(left column) and rate may
(right column).

The majority of place cell
(60 %) produced place
fields only on the floor (a:
shown in the two example:
of cells inA and color-codec
in red in D as F/W-). Note
the clear place fields on th
floor in contrast to the
absence of spikes on tt
wall.

Only a small proportion o
cells (14 %) produced plac
fields on both surfaces (a
shown in the two example:
of cells inB and color-codec
in green in D as B/W+). A
comparable proportion of
cells (18 %), formed placi
fields on the wall but nc
place fields on the floor (a
shown in the example of ce
in C and colorcoded ir
turquoise in D as F/W+). A
substantial proportion of
place cells (8%) showe:
place fields in the open fiel
but no spatial firing on
either surface of the floor
wall apparatus (color-codec
in black inD as F/W").
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After describing the ensemble of actieells further analyses addressed the firing
properties of the cells. Consistent with the majority of place cells bgiegt on the wall, a
significant drop in the mean and peak firing rateross all cells was observdegure7-4A,
mean firing rate: floor £.63+ 007 Hz wall =0.33 £ 0.0 Hz tg9 = 3.28, p < 0.(L; peak firing
rate, Figure7-4B; floor = 6.3 + 05 Hz, wall =.3 + 05 Hz,te9 = 3.05, p < 0.L). However,
when only the subset ofactive cells on each surface were compared rgnificant
difference was foundKRigure7-4C, mean firing rate floor = 066 + 008 Hz wall =0.81 +
0.15, two-tailed unpaired:ti0s =-0.97, p = 0.33; Figure7-4D; peak firing rate floor=7.1 +
0.6 Hz wall =9.2 £ 1.1 Hz two-tailed unpairedtios =-1.90, p = 0.06). These results thus
suggest that fewer place cells produced spatial firing on tladl wompared to the floor

(Figure7.3D) but their firing rate properties were not altered during climbing on the wall.
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Figure 7-4 Firing rate properties of place cells between surfaces.

Firing rate properties as shown by coloured bars representing the meah S.E.M. with superimposed do
for each data point between floor (F) and wall (W). The mearA) and peak firing rate B) of all place cells
significantly differed between floor and wall. However, this effect was due to the greater number of c¢
which stayed silent on the wall. The comparisons between only those cells active on each surface retu
instead no significant difference for both the mean C) and peak firing rate ©) between floor and wall.

7.2.2.2 Spatial encoding properties

After describing place cell firing properties, further analyses addressed the spatial
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encodingbetween surfacesFirst, he spatial information5.6.4.2 between floor and wall
wascompared and it wasignificantly increased on the wall compared to the fldéiggre
7-5A left; floor = 12 + 0.07 bit/spike, wall =2.0 £ 0.13 bit/spikefqs =-7.29, p < 0.0001)In
contrast, the spatial coverag®.6.4.]) was signitantly greater on the floor compared to
the wall Figure7-5B left; floor = 0.2 £ 0.01, wall = @0+ 0.01,te9=5.53, p < 0.0001).
Importantly, it should be pointed out that the spatial informatioscore can
sometimes return abnormalltigh values when the firing rate afcell is very lowas for
the majority of place cellon the wall). Thereforepoth the spatial informationand
coverage scores weralso compard between active cells only. This time the spatial
information was not significantly differentigure7-5A right floor = 1.3+ 0.® bit/spike,
wall = 13 + 008 bit/spike, twotailed unpaired:ti04=-0.01, p =0.98). Similarly the spatial
coverage between active cells wast significantly reduced on the wall compared to the
floor (Figure7-5B right; floor = 0.5 + 0.01, wall = 03+ 0.3, two-tailed unpaired:tios =
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Figure 7-5 Spatial encoding by place cells between surfaces.

The spatial activity of place cells as shown by coloured bars representing the me&nS.E.M. witl
superimposed dots for each data point between floor (F) and wall (W).

The spatial encoding of all place cells was compared between surfaces and both the spatial informa
(A) and coverage B) was significantly different between surfaces. However, when only the subsets
active cells on each surface were compared, the spatiaformation (C) and coverage D) were not
significantly different between surfaces.
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0.65, p = 0.51). Therefore, onsistent with the mean and peak firing rate differences
between floor and wall, these results suggest that the spéiti@lg by the subset of active

place cellsvas not affected during climbing on the wall.
7.2.2.3 Place field properties

To rule out the hypothesis that place cell representatidaesween floor and wall
differed in their geometrical rather than spiking featurasjumberof place¥ A St RaQ FSI G d
suchas thefield size, major andninor axes ad the aspect ratiowere compared The
analysesrevealeda significant redation in the size of fields and a mild reduction in the
minor axis of the fields on the wall compared to the fl¢bigure7-6A, area floor = 115+
100 cn?, wall =681 + 103 cn¥, two-tailed unpaired:tios = 2.60, p = 0.010; Figure7-6B,
major axis floor = 54.6 + 3.20 cm, wall =46.5 + 3.49 cm, twotailed unpaireditio =1.51, p
= 0.13; Figure7-6C, minor axis floor =285 + 1.5 cm, wall =22.4 £ 2.1 cm, two-tailed

unpaired:tis = 2.26, p = 0.026; Figure7-6D, aspect ratio floor =2.11 + 015, wall =258+
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Figure 7-6 Place field properties between floor and wall surfaces

Place field properties are represented as coloured bars showing the mearS.E.M. with superimpose
dots for each data point between floor (F) and wal(W). The size of the fields A) was significantly
reduced on the wall compared to the floor while the major axisK) did not show significant difference:
between surfaces. Similarly, the minor axisQ) was reduced on the wall while the aspect ratiod) did
not show significant differences between floor and wall.
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0.32, two-tailed unpairedtios =-1.49, p =0.14). Put together, these results show that place
cells wee generally more silent on theall than on the floorbut the subset of active place

cellsproduced place fields otie wallwhich were mostly similar to those on the floor.

7.2.3 Grid cells

An overall number o£19neurons froml1rats passed criteria for grid ceimdwere
recorded on thefloor and wall apparatus and subsequently in the open field. As expected,
they showed the typical hexagonal firing pattern on the floor as well as in the open field
but, despite the presence of large firindields on the wall, they did not display the
hexagonal gridpatterns on the vertical planeRigure7.8). Importantly, the spatial activity
observed largely differed from the vertical elongation of the fields as pusly reported
by Hayman et al., (2011) and the first experiment on the pegb(faglire6-1).

In the next paragraphs, all the resultetween surfacesvere obtained by pooling
grid cells recorded from different animals € 11) (se€l0.2for extra analyses addressing

grid cell properties between animals).

7.2.3.1 Firing rate properties

First, gridcell firingrate betweensurfaceswas compared and it revealesignificant
decrease®n the wall compared to the floofFigure7-7A, mean firing rate: floor £.13°
0.07 Hzwall =0.80° 0.06,t11s= 6.21,p < 0.0001Figure7-7B, peak firing rate: floor 8.81
° 0.56, wall =6.85° 0.44,t115=4.56, p < 0.0001) Taken together, thesmitial results show
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Figure 7-7 Firing rate properties of grid cells between surfaces.

Firing rate properties represented as coloured bars showing the meaf S.E.M. witl
superimposed dots for each data point between floor (F) and wall (W). Both the mean firing r:
(A) and peak firing rate B) of grid cells were significantly reduced on the wdlcompared to the
floor.
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that the firing activity of grid cellsagsubstantially decreased on the wall.

120 cm

# A1

Figure 7.8 Grid cells on the floor -wall apparatus.

Six representative grid cells from 6 animals recorded

the small (80x120cm, top) and larger (120x120cn
bottom) version of the floor-wall apparatus. Lef
columns show the spike plots of each cell with red dc
representing location of the spikes on the floor (bottor
rows) and turquoise dots the spikes on the wall (to
rows). Note the reduction in the number of fields as we
as the increased size on the wall where the over
regular grid pattern did not emerge.
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