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Summary

Summary

The activity of pyramidal cells in the hippocampmas be spatially modulated. Numerous
studies have been performed examining their prigseiike what influences the position of
their firing fields or what effect changes in theveonment have. Most of these studies used
reward to motivate the rat, keeping its activitydehigh, which is important for optimal
recordings.

In order to record single cell activity male Longdas rats were implanted with four tetrodes,
totalling 16 electrodes, in the CA1- region of thppocampus. Three testing apparatuses
were used. The first, a circular one, was usedend were searching for complex spike
activity. The next two were square and identicalept for the content, one was empty but the
rat received a reward during the sessions, the oth@ained four objects and the rat did not
receive a reward. Our aim was to compare the dpuedat and stability of the place fields in
the presence and absence of reward.

Place cell activity was only found in two of thesamplanted. One of these rats was tested in
all three of the enclosures, and manipulations weade to the cues. For the other rat
recordings were made in the circular apparatusratite one containing objects, no cue
manipulations were made.

We found stable place fields in the presence asdrade of reward. The firing fields appeared
to be better defined when objects were presentithtdre empty enclosure where reward was
given.

The presence of objects in a testing enclosuretafiiethe behaviour of the subjects. The
activity level was just as high in reward and nemsrd conditions, however the behaviour
pattern differed.

Rotating the cue card placed on the wall of théasuce showed that other cues than this card
were available to the rat.

Due to our limited amount of data it is difficutt iraw any conclusions. It is however clear
that with the conditions used in this study staidéee fields developed in the presence and

absence of reward.



Samandrag

Samandrag

Aktiviteten til pyramidalceller i hippocampus kaare modulert av spatiale faktorar.
Fleirfaldige studiar er gjennomfgrt der ein studeigenskapane deira, som til dgmes kva
som paverkar plasseringa av fyringsfelta og effekte endringar i omgjevnadane. Dei fleste
av studiane brukar paskjgnning for & motivere natteg dermed halde aktiviteten hag og fa
optimale registreringar.

For a registera enkeltcelleaktivitet vart fire oelar, 16 elektrodar, implantert i CAl-omradet i
hippocampus pa Long Evans- hannrotter.

Tre testapparat vart brukt i denne studien. Eitltuier testsesjonane faregjekk sa lenge vi
leita etter "complex spike” aktivitet og to kvadr&tesse to var identiske med unntak av
innhaldet, da den eine var tom og rottene mottaskjafning undervegs i sesjonane, i den
andre var det plassert fire objekt, men inga paskjm vart gitt. Malet var & samanlikne
utviklinga og stabiliteten til stadfelt med og utadskjgnning.

Det vart berre funne stadcelleaktivitet hos to evihplanterte rottene. Hos den eine av desse
vart det registrert sesjonar i alle tre apparagananipulasjonar vart gjort med dei
tilgjengelege landemerka. Hos den andre rottadetrtegistrert sesjonar i det runde apparatet
og i det som inneheldt objekt. Det vart ikkje gjodkon manipulasjonar.

Hos begge rottene vart det funne stabile fyring$fétie med og utan bruk av paskjanning.
Fyringsfelta sag ut til & vere tydelegare avgrevésadet var objekt til stades enn nar
paskjgnning vart gitt.

Objekt plassert i apparatet hadde ein tydeleg efféloppfarselen til rottene. Aktivitetsnivaet
var om lag like hggt bade i apparatet med paskimnog i det som inneheldt objekt, men
atferdsmgnsteret endra seg.

Ved a rotera arket som var plassert pa innsidaeavethe veggen i apparatet sag vi at andre
landemerke enn arket var tilgjengeleg for rottene.

Grunna den avgrensa datamengda var er det vanskaiekke nokon konklusjonar av
resultata vare. Hovudfunnet er at med dei faresetmasom var i denne studien sa utvikla det

seg stabile fyringsfelt bade med og utan paskjannin
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Introduction

Introduction

For all animals the ability to navigate in an enmiment is extremely important. The degree
of complexity needed depends on where the aniwed liwhat abilities they have and how
much they are depending on migration during theas|, but for any one of them navigation
is crucial for survival. Navigation is importantrfthe animal when searching for food or
water, searching for mates, avoiding dangerousaed finally finding its way back home
after it has done what it set out to do. Humanstewveloped methods of navigation other
than the ones that are part of our biology, likepsy@ompasses, GPS and so forth. These are
invaluable tools when sailing across the oceanywloel are walking in the mountains, or
when trying to find a place you have never beeoreefStill none of these aids are as
impressive as the navigational system of the brain.

For humans, and any other animal, the brain tdiesénsory information of prominent
features of the surroundings, like sounds and sietid transforms it into a multisensory
representation of the environment.

For mammals the part of the brain responsible fakinyg this representation is the

hippocampus and its surrounding structures.

Functions of the hippocampus and studies thereof

The hippocampus is a structure in the brain whidimked to the formation of memory, both
spatial and non-spatial; it is also believed tdipgrate in the linking of non spatial memories,
like episodic memories, to the time and place whteeeremembered event occurred.

The hippocampus does not store the memories parsseres the pattern of activity that arose
within other cortical areas when the event occyraed thereby functions as an index to the
memories stored in the brain. It causes the sae@saf the brain to be reactivated if
something happens that is similar to a previousces.

Different parts of the hippocampus have slightlyedent tasks, for instance there is evidence
that the ventral hippocampus is somewhat less itapbfor the formation of spatial
memories, lesions of the ventral hippocampus a®damaging to spatial memory than

lesions in the dorsal part [2].
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In 1948 E.C. Tolman proposed the theory of a cognihap based on behavioural studies of
rats. He proposed that humans also develop ansugkea map. The theory was strengthened
by John O’Keefe and Lynn Nadel when they in 1978lighed “The Hippocampus as a
cognitive map”. The book postulated the hippocanmpahation as the neuronal basis of the
cognitive map.

In between these two events the hippocampus argltheunding cortical areas became
recognised as crucial for the formation of memoaie®ng others by Scoville and Milner in
1957, when they described their findings from iigehce and memory tests performed on
several patients who had undergone extensive neng&y. In particular the results from a
patient called H.M. were of interest. He had hadrttredial temporal lobe area removed
bilaterally to relieve his symptoms of epilepsyeyHound that he was not able to form new
memories of any events following surgery and otz do recollect memories of events
happening prior to 19 months before. They conclutiatithe hippocampus and surrounding
structures had to be responsible for the formatiomew memories [3]. H.M. was impaired in
spatial memory tasks and in tasks involving detilaganemory, memory that can be verbal
(episodic and semantic memory). He was not impaireein it came to procedural memory,
memory of skills and procedures, but he was unbtemember being taught the task.

That an intact hippocampus is necessary for legruirsolve spatial navigation tasks have
been shown in numerous studies (among others O&aed Nadel, 1978 [4] and Jarrard,
1983 [5]), many other studies have shown thatitiregfof the hippocampal neurons relates to
the position of the animal in space (among mangrstd’Keefe and Dostrovsky in 1971 [6],
Muller et al. in 1987 [7], Wiener et al. 1989 [8])hese studies were all performed using rats;
however the study including H. M. shows that timeliings seem to apply to humans as well.
This has later been confirmed using modern teclasiglike PET or fMRI. Maguire et al
asked taxi drivers to describe the routes they /talte to get around the streets of London.
While describing the route they would take the @rfvunderwent a PET scan. The scan
showed a significant increase in activity in sel/brain areas, including the right
hippocampus. In contrast to the other activatethtaeeas the hippocampus was not active
when the subject was visualizing famous landmaekshe did not know the location of. This
indicates a specific activation of the right hippogus in navigating a complex environment
[9].

The importance of the hippocampus in humans in mgmeneration and consolidation

becomes apparent in patients with Alzheimer’s diseln this neurodegenerative disease the
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neurons of the hippocampus and the surroundingcabereas are among the first to become
affected.

The first symptoms of this disease are memory defimainly in recollecting newly learnt
facts, and disorientation. The memory deficits vdliring the progression of the disease
become more pronounced and often cause inabiligatm new facts. However, older
memories might be unaffected. This is explainethieyhippocampus’ involvement in

creating new memories, but not necessarily in fecohg old ones.

By now the fact that the hippocampus and surrounsiructures are involved in memory
formation and also recollection is no longer a sabpf debate, however what specific areas
are responsible for the different aspects of memaad/what mechanisms are involved is still
not clear.

The hippocampus helps bind together the perceptbtige surrounding world provided by
our senses. It is the joint impressions from atlgenses that give us our perception of the

world.

The anatomy of the rat hippocampus

The rat hippocampus is a part of the hippocampatdtion, which includes the

hippocampus, the dentate gyrus, the subiculumupreslum, parasubiculum and the
entorhinal cortex [10].

The anterior hippocampus is positioned right nexhe septal nuclei in the basal forebrain,
and it continues backwards in the shape of a @nebihg over and behind the diencephalon
[11]. The dentate gyrus is also C-shaped, andpleaing of this C surrounds the lower tip of
the hippocampal cortex, the CA4.

The rat hippocampus is quite large in proportiotherest of the brain and it is a large part of

the forebrain. As can be seen in figure 1 it lokiksl of like two bananas, joined at the stem.

10
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Figure 1. The hippocampus and its three dimensionglosition in the rat brain. Bottom half; three coronal
sections showing the organisation of the cell layar different distances to bregma. (Modified fraime rat

nervous syster'?ed.[12]).

The hippocampus proper was subdivided by Raphaeinte de No into four distinct regions,
CA1l, CA2 CA3 and CA4, with CA standing for Cornumnis, which means the horn of
Ammon. These regions are distinct from one andtheeveral ways, for instance in cell body
size; the cell bodies become larger as one goes @Al to CA3. There is also a difference in
the size and distribution pattern of the cells‘capidendrites [13]. Synaptic connections also
differ, for instance CAS3 receives input via mos#kefs from dentate gyrus, whereas CAl
does not [11].

The area called CA4 consists of the scattered icettse hilus, the hilus being the area
surrounded by the blades of the dentate gyrus. €A% continuation of CA4, it starts where

the blades of the dentate gyrus end and ends imatttewing of the cell layers (see Figure 2).

11
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This narrowing is designated CA2, a small area¢banects CA3 to CAl [14]. The end of
the CAL cell layer marks the beginning of the sulim.

Figure 2. A drawing of the cell layers of the hippoampus, the most prominent projections within it arl
the most important afferents and efferents.Abbreviations: DG- dentate gyrus, mf- mossy fibresmm.-
commissural fibres, Sch- Schaffer’s collaterals, pgrforant path and fim- fimbria fornix.

Fromhttp://www.graulab.tamu.edu/J-Grau/Psyc340/Outli@emplexStim-Neurobio.html

The cell types in the hippocampus

In contrast to the multiple cell types of the netew the hippocampus proper consist of one
type of principal cell, and several kinds of intennons [14].

The principal neurons in the hippocampus are thmarpigal cells. These cells have a
pyramidal shape with apical and basal dendrites [tsgure 3). Depending on which region of
the hippocampus the cell is located in the siz#hefcell body varies from 20-40 um at the
base and 40-60 um in height. The apical dendrigii® long and can be seen quite easily
under the microscope, it is 5- 10 um at the begmaind gives off side branches. The
dendrite can reach lengths of 500-1000 pm in thé-G#ea, slightly shorter in CA3 [13]. The
axon of the pyramidal cell originates in the basat of the soma, and can be difficult to
distinguish from the basal dendrites. An impor{amiperty of the pyramidal cells of the
hippocampus is that in any given environment orfiaation of them are active [15]. In other
words the majority of them are silent at any gitiere.

12
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Figure 3. A pyramidal cell located in the CAl-area.
Golgi stained. The A indicates the position of tedl
soma. The apical dendrite is marked by the B. Tdsab
dendrites can also be seen. Modified from

http://www.neurostructural.org/home.a§f]).

Interneurons exist in all parts of the hippocampusyever they might differ depending on
what region and which cell layer they are located-or instance some interneurons are
located close to the pyramidal cell layer of thepeicampus (and along the deep surface of
the granule cell layer of the dentate gyrus), tleedls are called basket cells [10].
Interneurons might differ in among other thingsesidendritic length or dendritic
organization. The vast majority uses GABA as thmary neurotransmitter [11].

A large number of the interneurons are so callethtbells (se@heta cell}.

Circuitry and connectivity

The connections between the hippocampal formatahtlae entorhinal cortex have been
described as a trisynaptic loop by Andersen e®@ll1They described it as consisting of
entorhinal cortex, dentate gyrus, CA3 and CA1 [Tl main flow of information is from

entorhinal cortex through the dentate gyrus tdiippocampus.

Entorhinal cortex O BS"0"CPET . dentategyrus O Y9°®) "FIFf . CA3 O B EY"#9P - CAL

Figure 4. The trisynaptic loop.The main flow of information is indicated by theaws.

Later studies have shown associational fibres withe respective CA-area, especially in
CA3. There are synaptic connections in the oppalsitetion of the trisynaptic loop, for
instance CA1 neurons project back to cells in titerdinal cortex, and the entorhinal cortex
projects directly to CA3 and CA1 as well as thetdengyrus [10, 11].

13
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There are also some commissural fibres projectrtge contra lateral hippocampal

formation. These fibres, like the associationalr@mtions, mainly exist in CA3. The amount

of commissural fibres varies from species to spefdé].

All of these facts emphasises that the trisyndpbp is a simplification of the complex
information flow. Nevertheless is still a usefuhcept for understanding how inputs are
distributed in the hippocampal formation [17].

A more detailed view on projections targeting tigpbcampus was proposed by Lavenex and

Amaral in 2000 [18].

Hippacampus

Olfactory cix I

I

Entorhinal cortex

Other direct
| projections
_____ [ Pemnrhinal

Citan i
Perichinal cortex Farahippocampal —
cortes
-
[ I >

Unimodal agsocation amaas Polymaodal association areas

cortex

‘ Unirnpdal association areas Polymodal association angas

Figure 5. A schematic presentation of the hierarclaial order of the projections within the medial tempral
lobe. A. A simple presentation of the projections frone tbortex to the hippocampus. B. A more detailed
diagram which in addition to the hierarchical ordiso shows the associational connections on dgeey of the

hierarchy. From Lavenex and Amaral 2000 [18].

They defined the cortices into a hierarchy wheeedbmplexity of the information increases

when moving from the neocortex to the hippocampus.

14
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The hippocampal formation receives direct inpubfra limited number of neocortical areas;
many of these areas are convergence sites foeaffefrom a large number of other
neocortical regions. The information received by hippocampus is very different from the
sensory information received by these neocorticzdsa This is due to the information being
processed on its way from the neocortex to thedapmpus. The transitional areas that
convey information from the neocortex to the hipgmopus probably do not do this passively,
but participate actively in the information prodess Intrinsic associational connections on
every level of the information transfer from theonertex to the hippocampus are an
important part of this information processing [18].

A good example of the processing of informatiortwrita hierarchical level is the afferents to
CA3. The CA3 receives the majority of its inputrfrawo sources, the perforant path and the
mossy fibres, originating in the entorhinal corgexd dentate gyrus, respectively. The granule
cells of the dentate gyrus receive their input fitin perforant path as well. This means that
the input from the dentate gyrus to the CA3 arearnsodified version of the information this
area also receives directly from the entorhinatecof19].

Within the hippocampus the received informatiofuisher processed until the different kinds
of sensory stimuli are combined into a represemrtadi the current situation and
environment.

The output from the hippocampus is widely distrdzlin the brain, either via the fornix-
fimbria system or directly to numerous parts of bina@in, thalamus, hypothalamus, motor and
sensory areas in the brain stem and entorhinadxarnong others [14]. In terms of long term
memory returning the processed information to tvéi@al areas it originated from can be a
part of memory consolidation in the neocortex [18].

Whitlock et al. suggest that the output from thgpleicampal formation is also sent to, and
utilised by, the posterior parietal cortex, wherns believed to be translated together with

information from other cortical areas into coordesain reference to the body [20].

The functional cells of the hippocampal region

Many cells in the hippocampal region are spatialtydulated. This means that their activity is
depending on spatial parameters like the animalsstion in the environment or the way it is
headed.

15



Introduction

There have been done extensive studies on cel& ihippocampal formation and entorhinal
cortex, and several different types of spatiallydeiated cells have been identified and their

properties examined.

There are four main types of functional cells ia thppocampus; the place cells, theta cells,
head direction cells and grid cells.

The place cells were discovered first, by O’'Keefd Bostrovsky in 1971 [6] and were
defined as complex spike cells by Ranck in 1973.[Rilhis study he also defined the theta
cells. He went on to discover the head directidls @f the postsubiculum in 1984 [22].

The newest discovery was that of the grid cellghefmedial entorhinal cortex, they were
described by Fyhn et al. in 2004 [23].

Theta cells

Theta cells are interneurons whose firing is ingehaith the theta rhythm. This rhythm has
been shown to be generated in the medial septunt apckads to many structures, among
other the hippocampus [15]. The theta rhythm ipantaneous rhythm that can be recorded in
the hippocampus in particular behavioural statesniy arousal, attention or movement [24].
Even if it is most prominent in the hippocampusa also be recorded in other parts of the
brain [25]. Theta cells’ action potentials are parer than the ones of the complex spike cells
and they only fire single action potentials [15].

Theta cells are generally assumed not to haveadpatiperties; however some modulation
has been reported. Still their modulation in firmage by location is much smaller than their
modulation by movement [26].

The theta rhythm is postulated to have one or tutabthree possible functions: 1) Binding
together the activity of the entire hippocampahfation and possibly coordinating it with the
activity in other parts of the nervous system. @viling control over plasticity changes,
making the development of LTP more likely when lhfoees in a specific phase of theta, and
LTD more likely in a different phase. 3) Represegtan ideal clocking system for single
spikes in the pyramidal cells of the hippocampusahee of its rhythmicity [15].

The complex spike cells in the CA1 or CA3- areaehbgen shown to fire in accordance with

the theta rhythm (se@hase precessign
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Place cells

Place cells are spatially modulated cells. Theyehaen found in both the CAl1 and the CA3
area of the hippocampus as well as in the dentatesgThe place cells in the dentate gyrus
are granule cells while the place cells in the bggmpus are pyramidal cells with the ability
to fire so called complex spikes. Complex spikesdafined as multiple spikes with short
inter spike intervals [21]. The later spikes typlichave smaller amplitude and a longer
duration than the first. The inter spike interval wiso become gradually longer as more
spikes are fired. Place cells have low backgroinmtifrate, firing selectively in their place
fields [2, 7].

The most striking feature of the place cells isrthbility to be active in only a specific part of
an environment, coding for the animal’s positiorspace.

The properties of place cells will be describednat

Figure 6. The firing pattern of a complex

spike cell registered using tetrodes lowered
into the CAl area of the hippocampus.
This registration was done during an acute

experiment where the rat was anesthetised

using urethane. The picture is taken of the
oscilloscope connected to the recording
equipment. Note the decrease in spike
amplitude and the increase in inter spike

interval.

Grid cells

Grid cells are located in layer Il and 1l of theechal entorhinal cortex (MEC), and like place
cells they are spatially modulated, however unfikece cells they do not signal for one
specific location. A grid cell’s firing fields makeregular, triangular pattern that
encompasses the entire environment explored bartimeal. These grids are most likely the

metric basis of the place cells’ firing fields [23]
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The firing fields of the most dorsolateral gridlsdlave the smallest and best defined firing
fields. It is the cells in the dorsal parts of MEC that project to the place cells in the dorsal
hippocampus, which are the place cells with the tefned firing fields [27].

Grid cells realign when they are introduced to & eravironment. When grid cells realign,
place cells undergo global remapping. In contaglidace cells grid cells co-localised in an
environment shift their fields in concert; it seetiat cells that are coactive in one
environment will be active in another environmesigll [28]. When changes are made to an
environment the orientation of the grids changadcordance to the changes in the
environment, but their intrinsic spatial structueenains unchanged. Based on the fact that
place cells remap when grid cells realign it isgilole that these two occurrences are initiated
by a single process triggered by the same sensfoymation [28]. This information is
probably passed on from the entorhinal cortex égptlace cells of the hippocampus [18].

Still, during rate remapping or partial remappirigplace cells (sed?lace cell remappingthe
grid cell activity stays the same. This indicatest the hippocampus needs input from other

sources in addition to the MEC.

Head direction cells

Head direction cells are cells that fire selecyrwghen the rat’s head points in a specific
direction within an environment.

They are mainly located in the presubiculum anermt thalamus [29]. Head directions cells
use landmarks to maintain their orientation, howekey may also rely on path integration if
the cues are removed [30]. Head direction cells atsy respond do non-spatial parameters.
For instance Taube et al found that some cellsdctind robustly in one pass of the head in
the preferred direction, but on the next pass fiiegl sparsely. This implies that head
direction is not the only input to these cells [3lHe MEC contains cells that show both grid
cell properties and are modulated by head directleese have been named conjunctive cells
[32].

Connectivity of the major functional cell types of the hippocampal region

The functional connectivity between the differgrgds of cells in the hippocampal formation
seems simplistically to be that the head directielits provide input to the grid cells in

entorhinal cortex which in turn give input to thage cells in the hippocampus [15].
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How the symmetrical pattern of the grid cells giige to the focal, non repetitive patterns of
the place cells remains unclear. Likewise how muafibhence the place cells have on the head

direction cells or the grid cells.

The properties of place cells

Place fields

The part of an environment in which a complex si&k fires significantly more than in the
rest of the environment is defined as the celtiand- or place field. It has been shown that the
cells located in the dorsal hippocampus have tredlest and best defined place fields as
compared to the fields of the cells located invtbetral part [27].

Within its firing field the place cell exhibits s@istinct activity, in particular a significant
higher firing rate inside the firing field than side, and also a decrease in firing intensity
with the increasing distance to the centre of thegfield [7, 33]. Some cells may also have
directional firing tendencies, the firing rate iaasing when the animal makes a turn for
instance to the right [33]. Breese et al. 1987 &smd that the place cells showed a slight
preference for firing on the way into a place fiedther than moving out of the field [8], on
average the number of spikes within a burst inegé@wvards the middle of the field, and
decreases on the way out [34]. In a polarised enwmient, like a track or a maze, place cells
may also develop firing fields that are only preésghen the rat is traversing the field in a
specific direction [35] or have a decreased fimatg if the rat traverses the field in a
nonoptimal direction [8].

Place cells are not restricted to having placel$i@h only one environment, most place cells
seem to have place fields in multiple environm¢ni85]. Typically about 50% of place cells
active in one environment will also be active ise@ond environment [36].

Two place cells located close to each other irhthpocampus may have place fields close to
each other in one environment and far apart interoBased on this observation place cells
are not thought to make a topographically organmagd of the environment [35, 37].

In a relatively stable environment place fields aamstable over long periods of time,
Thompson et al. recorded stable place fields oxemeled periods of time, up to 153 days
[38].
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Non spatial properties of place cells

Place cells are known to be spatially selective tihey do not only encode the animal’s
position in space. Their activity may also helpaaeother parameters, like speed, direction,
turning, and they can also reflect on non spatishmeters, like the specific behaviours of the
animal [8]. The categories of stimuli that affdue thippocampal principal cells can be divided
into spatial and non-spatial. Non-spatial stimalndor instance be odours, objects, visual
cues, sounds, or, at least for primates and hunferes and pictures of scenes. Spatial stimuli
entails information like speed, directionality gmukition [15].

Goal cells have also been described, they cantbe as the rat runs from start to the goal
arm [35], and stop firing after the reward placedhe goal arm is retrieved [39]. These goal
cells may also shift their firing fields if the ddacation is changed [33].

The idea that there are two distinct classesadetells, one responding to spatial orientation
and one to non-spatial stimuli, has been showretim¢orrect. A place cell may very well
respond to spatial stimuli in one environment aad spatial stimuli in another [8, 40].

Motivation and previous experience

In addition to code for the environment surroundimg rat, place cells may also represent the
rat's perception of its surroundings.

The firing properties of place cells implies tha¢ animal is able to identify separate places in
the environment, probably based on multiple senstnyuli [41]. When other kinds of

stimuli than spatial stimuli can modulate a cediiivity, the cells’ representation of the
environment will not only reflect on positions ipaxe, but also the significance of the
location. This was shown by Hélscher et al, amathgrs. They found that a significant
amount of place cells recorded in an eight armegenshowed increased firing when the rat
was entering a baited arm compared to when thenasrevisited after the bait had been
eaten [39]. This tells us something about the @tjserience in the maze; the rat assumes no
new food is being placed in the arm once the pressame has been eaten.

If the rat’s access to food is based upon a nawvigalttask, like finding a specific unmarked
localisation on an arena, then the likelihood aebk place fields emerging that are dependent
on both the extra maze and intra maze cues in@¢42k This was shown by Zinyuk et al.
when they taught one group of rats to find an ukezhspot on a rotating arena and another

group to forage for food randomly scattered ondtemna when it was stationary. The rats
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taught the spatial task were more likely to havks atowing spatially modulated firing in
reference to the intra-maze frame, the extra-maaed or both. The control group had cells
with clear firing fields when the arena was stadign but they did not have any clearly
defined place fields when the arena was rotatihgsé findings indicate that they had
developed no place fields in reference to the intezze frameThese findingshow that
previous experience in an environment as welhaskind of information needed to solve a

task influence the place field development [42].

Distal and proximal cues

At first spatial localization was thought to be éasolely on distal cues, any proximal cues
having no significance, as shown by Morris in 1§83]. Results from later studies
strengthened his theory. They showed that changiogymal cues, but not distal, caused no
change in place field position and stability. Wldkstal cues were changed, but not proximal
ones, place fields would move or disappear [7, 35].

When rotating the distal cues, for instance a eud,the place fields will rotate accordingly
[33, 35]. However distal cues might loose theirtcolnover place field positioning if the
subject learns that the cue is not reliable e thdfrat sees the cue card being moved [44].
Rotating proximal cues (objects in the test arelogs not cause any shift in place field
positioning, the only exceptions are place fielusated close to the proximal cues. They may
partially follow a shuffling of objects and not pesd to relocation of distal cues [45].

The findings of place fields located close to arsunding objects which responded to
manipulations of these proximal cues has led s@searchers to define a new group of
spatially modulated neurons. In one for their stadRivard et al. placed a barrier in the
enclosure. When rotating the barrier or removirthety noticed that the cells with firing
fields close to the barrier was affected whilesellth firing fields away from the barrier
were not [46]. These studies, and others, implyttadistance between the firing field and
the cue controlling it affects the amount of infige the cue has on the place field’s
properties. It has been shown to be the case tbrdigects [45, 46] and visual cues [47].
Rivard et al. [46] defined the cells that responttethe relocation of an object by shifting
their firing field accordingly as object cells. @bj cells’ firing fields are attached to an
object, not distal cues, and follow the positiornhat object irrespective of the object’s
position in the environment. Like goal cells or match-cells they are place cells that

represent parts of the environment that are natsseeily defined by their position in space,
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but by their significance in a non-spatial cont@tte existence of objects cells makes sense;
an efficient way of navigating is by using the kmodistance relationship that exists between
two objects. By having a subpopulation of cellsidatgd to map out the positions of salient
objects their location can be used efficiently whitoving about in an environment.

When assuming that distal cues are responsibliéodevelopment of stable place fields one
would expect it to be impossible for place fieldgémain stable if the distal cues were
removed. This was shown by O’Keefe and Conway [Bb¢ontrast Muller and Kubie [48]
performed a study where removal of the cue caradhdtccause place field disruption, in stead
the firing field rotated in a random fashion. Tleenoval of the cue card did cause the field to

become slightly less defined.

Spatial frames

Within a complex environment place cells may fimeaccordance to different reference
frames. Gothard et al. showed this in a study witiexeat was taught to walk out of a box

and to a goal location [49]. When the box, the doedtion or both were moved in reference
to the surroundings or each other three separafgspulations of cells were found. One goal
or landmark related population, one box- relateputetion and finally location related cells
(classic place cells). Subpopulations represenetivdconment in reference to different
frames. The finding of these subpopulations migigoest that the hippocampus gives several
representations of a single environment. The com@ptiep of an environment is probably the
sum of the representations given by the subpojpulsti

Path integration

It is assumed that both external and internal coesribute to navigation. There are two main
strategies for navigation; the use of landmarkstaednternal registration of direction, speed
etc. Path integration is the process in whichititesrnally registered information derived
through for instance the proprioceptive and theilbekar systems is used to calculate the
position of the animal [50]. This kind of informati is known as idiothetic information.

Place field location can be based on external qadh,integration or a combination of both.
For shorter periods of time path integration camiai stable place fields, nevertheless, for
longer time periods without access to other cussh as olfactory cues, the place fields will

become progressively more unstable and startrayifd1]. This is partly due to the
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accumulation of errors in the calculations madthepath integration. This effect is
especially apparent in open environments, wherg@asra complex environment, like a radial
maze may give enough information to maintain te&l§ longer [51].

In real life the exteroceptive cues, like landmarkidl be used to navigate. Path integration
will be available, but not consciously. Using idlietic cues the brain can calculate, to a
certain degree, how far the animal has moved, iichwtiirection and at what speed. An
important difference between idiothetic and exteptive cues is that exteroceptive cues can
be used to generate a path from the current latéi@an unvisited location while idiothetic
cues can only be used in previously visited ar€as.path integration alternative is always
available while the exteroceptive “mode” requiresking for landmarks and calculating the

best path. In moments of danger the path integrati@rnative will be the most efficient one.

Place cell remapping

Place cells have plastic properties and are thexefole to develop new place fields when
introduced to a new environment or when a changienvironment occurs. When this
phenomenon takes place it indicates that the hgoppas, and therefore most likely the rat,
considers its surroundings to be different fromvpesly.

Remapping can be expressed in two ways, rate ranappd field remapping. Field
remapping can be divided into partial and globalapping.

Remapping may occur when entering a novel enviroimeas a result of changing or
rearranging the spatial cues. It may also takeepilacesponse toon spatial changes, like
changes in context.

Muller et al. [48] were the first to define remapgi by manipulating single aspects of the
environment and registering the change in pladé &etivity. They found that changing the
shape of the testing enclosure caused activetoedisher stop firing or establish a place field
at a different location. This was defined as a glabmapping. When they increased the size
of the enclosure some cells remapped, and thosghwiid not increased the size of their
firing fields stayed in the same position. This wlaéined as a partial remapping [48].

Partial remapping may also occur as a result ofspatial changes, for instance when the
goal location in a familiar environment is moveithiere are water wells available on several
locations in an environment, changing the setupne®where water is only available in one

well can make a place cell’s firing field move keetwell containing water or to cover the path
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towards the it [33]. Here the remapping is not thuehanges in the spatial cues, but to
changes in context.

Non spatial changes may also cause a rate remapfngistance when changing the colour
or shape of the testing enclosure [52]. Such agdancontext is usually followed by a rate
remapping, where there is no change in locatidiriafy fields, but a significant increase or
decrease in the firing rate [27]. The degree ofagping depends on how big the change is.
Some changes might elicit both rate and field repimap

When remapping globally the CA3 neurons seem te laawmore significant change in both
field and rate remapping than CA1 [52].

One theory on the importance of both types of rgymapis that partial or rate remapping
allows for representation of different experienicethe same spatial frame whereas global
remapping makes it possible to distinguish two sinepisodes in different spatial contexts
[52].

The fact that remapping occurs as a result of absibgth in reference to the spatial frame or
to the context makes remapping important for bpttial and episodic memory. It allows us
to remember both the place of importance and whwag important. It also reduces

interference between similar memories [53].

Functions of and mechanisms for remapping

The process of remapping is a plastic processeRlalts can be active in multiple
environments and “silent” in others [7, 41, 54]isTbombined with the fact that no subgroups
of place cells that are always active together hmen found, allows the hippocampus to
represent a very large number of environments aredeach environment a unique
representation. Partial remapping and rate remgpgire the hippocampus the ability to
discriminate between two slightly different verssasf the same environment.

Global remapping in the CA3 comes about togeth#ér giid realignment in the MEC. The
grid cells in the entorhinal cortex will shift tindiring fields according to spatial changes that
also cause place cells in the CA3 to remap globHibyvever when the cells in CA3 undergo
a rate remapping the grids of the cells in the damal cortex remains unchanged [28]. The
same can be seen when the cell of the CA-fieldergo a partial remapping [36].

Different theories try to explain how the structifging pattern of the grid cells can give rise

to the seemingly random firing patterns in the bggampus. Several theories postulate that a
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place cell will fire when its grid cell inputs ovap. The transition from the symmetrical
pattern of the grids to the seemingly random diatron of place fields is explained by the
fact that the scale of the grids increase frondibrsal to the ventral part of MEC. If a place
cell receives input from grid cells with differespatial scales this would cause the cell’s place
fields to appear in an unsymmetrical pattern [bfjwever this theory does not explain partial
remapping since there is no evidence that gric @ah partially remap, while place cells do.
This has been taken into account in the contexfaiithg theory presented by Hayman and
Jeffery [36]. Their theory is based on the progessif information in the dentate gyrus. As
previously mentioned CA3 received the input from ®éirectly as well as through the
granule cells of the dentate gyrus [19]. The gatiregpry proposes that the signal from MEC
to CA3 that goes through the dentate gyrus is da#ésed on contextual conditions. This will
cause parts of the signal to reach the cells in @AiBe other parts will disappear. Changes in
context will cause other parts of the signal tachethe CA3 than previously [36]. Rate
remapping is apparent in the dentate gyrus an@#areas [19]. This suggests that the rate
remapping in the dentate gyrus might cause thegeaptace cells of the hippocampus to
change firing rate.

Wills et al. used a so called morphing experimerégxamine the mechanisms of remapping.
First they introduced the animals to a square hed & circular testing apparatus to establish
the place fields. Next they recoded cell activityaitesting apparatus that could be morphed
from a square to a circle. The rats were testédanntermediate shapes in a random order.
They showed that there was no gradual remappivgeleet the circular and the square shapes.
There was a point in which all the place cells thegyistered in CA1 remapped
simultaneously, indicating that pattern separagind completion mechanisms might be
involved [56] (seePattern completion/pattern separatjon

A similar study was conducted by Leutgeb et al.chtalso morphed between a square and a
circular enclosure; however they registered platks a both CA1 and CA3. The rats were
tested in the intermediate shapes from circulaqteare and from square to circular, making
the change gradual. They found that a rate remgpmourred in the intermediate shapes
[57].

These studies show that the plasticity of the ptatls does not cause permanent changes in
their properties. A remapping, of firing rate alél, might be readily undone by reintroducing

the rat to the previous environment [56, 57].
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Phase precession

Phase precession is a progressive advance ofiting time of a place cell or grid cell in
relation to the theta rhythm when the animal tragerthe cell’s firing field [58].

Phase precession was first recorded by O’KeefeRaude in CAL place cells in 1993 [34].
When traversing its place field the complex spi&k fires at a frequency related to that of the
theta rhythm in the hippocampus. When the rat sribex cell’s firing field the place cell starts
firing in bursts and it continues to fire as lorgthe animal remains in the cell’s place field.
The cell fires the bursts with a slightly highezdquency than the theta rhythm, which results
in the spikes being fired on a slightly earlierrgon the theta cycle for each burst as the rat
traverses the firing field [15, 34].

A cell will always fire its first burst at approxetely the same phase of the theta cycle, but
the starting point varies from cell to cell [34hd3e precession makes it possible to determine
more accurately where the animal is located. Wingrsidering the place cell firing it is
possible to conclude that the animal is standimgesghere in the cell’s firing field, but when
considering the cell’s firing in relation to theeth rhythm it is possible to determine in which

part of the place field the animal is located.

Pattern completion/pattern separation

The notion that the hippocampus functions as aexridr memories stored in other parts of
the brain leads to the theory of pattern completind pattern separation. When a room
closely resembles a previously visited room thereds to be a system for recognizing if the
room is in fact the same room that was visitedieaol a different room. This is believed to
be possible because the massive amount of infasm&thm the neocortex is converged on a
smaller number of neurons in the hippocampus. Patimpletion is dependent on the
information from the neocortex to activate the sam@earons in the hippocampus as the
previously recorded memory did. Pattern separasidhe opposite process, the input from the
neocortex activates a different group of neurond,anew activation pattern is established
[59].

Evidence for pattern separation is that place eg#sable to undergo global remapping when
only parts of the sensory input are changed, wisezemence for pattern completion is that
place fields can maintain their firing fields aftemoval of some of the landmarks that

defined the environment originally [58].
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One theory on the mechanisms for pattern separgtithrat the modification of information
from the MEC to the CA3 in the dentate gyrus coratliwith the strong synapses and sparse
firing in the granule cells makes a strong enoughad to CA3 that might help separate

similar patterns of activity received by the CA8rfr the entorhinal cortex [60]. This is
consistent with the gating hypothesis of Hayman Jefttey [36] described earlier.

Pattern separation occurs throughout the brainngrothers in the sensory systems, it is not a

mechanism specific to the hippocampus [53].

Aim of the thesis

Memory is an abstract concept, it can not be dyediserved. However, one can observe the
effects of certain types of memory as a changesirabiour. The behavioural change can be
monitored by giving the test subject a task toqent like Breese et al.[33] , teaching a rat
that approaching a specific water cup in the tesst avould fill the water cup with water,

giving the rat access to water. It can be alsodeel o look at the formation of memory at a
neuronal level. The development of a firing fieldam alteration of the firing pattern of a
place cell is a change in the cell's “behavioutiisTis of course a simplification of the very
complex neuronal network of the hippocampus, otlkds, in addition to place cells, are
needed to maintain a spatial memory. Still it showshat the neuronal network has somehow
formed a memory of that specific place, makingdékfire every time the test subject enters
the place field.

By recording single cell activity extracellularlye can register the cell activity over a longer
period of time, also in awake and freely movingmaais. This makes it possible to register
both the cell activity and linking it to its behaural correlates.

Motivation is an important factor in learning, aasldescribed previously motivation is one of
the factors that might influence place field getieraand stability.

Several studies have shown that place cell actoatybe modulated by reward; cells may for
instance fire selectively as the rat runs intogbal arm of a maze [35, 39] or a firing field
might move in reference to the location of a rew&aj.

Most studies done concerning place cells, studyggly moving rats, have used a reward as
a motivational factor. This has been done mainiyntoease the rat’s activity level in the
environment and make sure it traverses the emsteng apparatus, which is important for

optimal recordings. This approach has helped pemdch of the current insight into the
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properties of place cells, among others what thgyhtrencode for, what makes them remap
and their stability. What have not been studieangtgreat length is if place fields can be
stable in the absence of reward as a motivati@wbdf. Furthermore, if the place field would
respond to changes in the environment in an expentaner compared to previous studies.
The aim of this study was to see if stable plaekl$§ would develop in freely exploring rats
when no reward was given to encourage this actifFtlythermore, would the place fields that
developed show the expected place field properliestcrease the rats’ activity level in the

no-reward condition objects were placed in the egtpa.
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Materials and method

Parts of the procedures described here can betqué#econsuming and difficult to do with

only one pair of hands. Therefore the practicajgmtownas a corroboration between me and
another master student, Brita S. Fiska. Therefugadsults presented in our master theses are
identical. The writing of the master thesis waselowividually.

The procedures for the making of tetrodes, loatlegmicrodrive, implantation of the
microdrive and lowering of tetrodes is briefly delsed in this section. The complete
procedures can be found in the lab protocol writhgdelena Mrdalj as a part of her master
thesis in 2006.

Pilot project

It is known that place cell activity can becomelgménted, and therefore the cells may for
instance become active when a rat walks into theaira maze which contains a reward [35].
We wanted to see if this goal orientation wouldesppf the goal was something abstract and
movable, like a beam of light. We therefore triedink the beam of light to a reward. Would
a place field develop that became active whendhesached the lighted area, and would the
place field remap when the lighted area was moved?

Rats without implanted tetrodes were placed iretidosure and a piece of a chocolate cereal
ring was dropped on the floor in the enclosuremfal flashlight was then used to light up a
limited area surrounding the reward. We starteth Wie area being lighted till the rat found
the reward, then we limited the period the arealghsed for, the aim being to teach the rat
that a flash of light lasting a second of two meanéward was placed in the spot where the
light had been. We soon discovered that due toatse good hearing and night vision they
could hear, or see, where the reward was beingmpttie floor. This made it virtually
impossible to define if any remapping was due &light beam or the sound, or sight, of the

reward being put on the floor. The project was doaed.
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Main project

Subjects and housing

For implantation of electrodes and recording otelaells: Male Long Evans rats from

Harlan Animal Research Laboratory, UK.

All the rats used in this study arrived at theitagt of Biomedicine animal housing facility
the 9" of July 2008.

Their weight at the time of surgery varied betwapproximately 400 and 600 g.

Before implantation, while they were being handlamgl trained the rats were housed in the
Department of Biomedicine animal facility wherethveere kept in groups of four rats. The
cages were kept in standardised conditions, terhperd1°C at a 12 hour light/dark cycle.
The rats were given free access to food and willtéray reached the minimum required
weight for implantation. After the minimum weightw/reached their food access was
restricted.

After implantation and during the testing periodythwere kept in cages measuring 60x40x30
cm. Two rats were kept in each cage separatediaysparent plastic wall on which their
water bottles were located. This wall allowed this to see and smell each other but
prevented them from gaining access to the othevhath might cause their implants to get
damaged.

The cages were kept in a Scantairgganbur AS, Denmarkvith a humidity of 60-65% and a
temperature of 22 °C.

Their bedding was changed once a week and theiveecod on a daily basis. One a week

they were weighed to make sure their weight wasleta

Handling and training

When the rats arrived they were not used to beamglled, and for approximately three weeks
after arrival their cages were moved once a dayrtwom in proximity to the housing room.
Here each rat was handled for a couple of minutdgl@en put in a circular enclosure
containing bedding and a range of different objethey were also given reward in the form
of chocolate flavoured cereal. The goal was talgath comfortable with being handled and

to be relaxed while sitting still on a person’s arm
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Making tetrodes

Tetrodes were made from platinum wire containin@gd didium (California Fine Wire,

USA). The wire used was either 17 or 25 um in diameter

A roughly 25 cm long piece of platinum wire is fettlinto a long loop with the ends stuck
together with adhesive tape. The loop is then feestever a magnetic stirrer in such a way
that two loops are formed. In the lower end oftthie loops a magnet was fastened. By using

the magnetic stirrer the loops were twined togethaking a tetrode consisting of four
electrodes. The tetrode was then heated, with tegueaat 230° C to make the electrodes
stick together. Afterwards the tetrode was cutéomsd was ready to be loaded into a
microdrive.

For further details see lab protocol.

Loading the microdrive

Each microdrive was loaded with 4 tetrodes, 16tedes. The untwined end of the tetrode
was burned to remove the insulation, and eachretietvas fastened to the microdrive by
carefully winding them around contact pins on theradrive.

Silver paint was used to secure good contact betweeelectrodes and the contact pins on
the microdrive. The area of the microdrive wheme ¢bnnections between the electrodes and
the contact pins were made was covered with néiglpto prevent it from getting damaged.
The resistance in the electrodes was measuredf iimeas too high the electrode received a
layer of platinum by lowering the tetrodes intolatimum solution and administering a brief
current. The aim was to obtain a resistance bet@86rand 500R. The strategy applied

was that any electrode with a resistance < @0Qvias platinised, aiming to get the resistance
to approximately 400Q. This was due to the fact that we only platinisade and the effect
of the platinising varied.

The microdrive was also checked for any short disdoetween the electrodes using a Flute
multimeter John Fluke mfg. co, inc, U$A

Most of the microdrives used for implantation wkraded with 25um diameter electrodes.
For further details see lab protocol.
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Implantation of the microdrive

Figure 7. A dorsal view of the skull of a male Wistr rat. Bregma and Lambda are indicated by arrows.

Adapted from Paxinos et al. [61]

At least one day prior to surgery the rat was fpaned from the animal housing facility to
the laboratory, located in gray zone. Here theyawmused in the Scantainer for at least one
night to allow them to acclimatise and were alsptkbere during the testing period after
implantation.

For implantation surgery the rat was first anessietin an Induction Chamber
(SurgiVet/USAusing Isofluoranléoba vet., Schering-Plough Animal Health, England
mixed with oxygen and NO. When the rat had fallsleep it was removed from the chamber
and EquithesinApotek 1 Svanen, Berge®,4 ml/100g) was injected intraperitoneally. The
first injection was usually approximately 80% oétimaximal dose. Before surgery began the
back foot reflex was checked to make sure the astdeeply anesthetised. If the reflex was
still present the rat was given an additional duflSéquthesin, between 0,2 and 0,5 ml
depending on how strong the reflex was and the veight.

The top of the head was shaved to prevent fur gataring the wound causing an infection,
and the exposed skin was disinfected using loddhgien Haukeland Sykehusapotek,
Berger). The eyes of the rat were covered with Viscotegegyel Novartis Healthcare AS,
DenmarR to prevent them from drying out or any piecebafie or cement to damage them.
The rat was placed in the stereotactic apparatteamrally. An incision was made medially
on the skin of the skull and the bone sutures efstull were exposed. A hole for
implantation of the tetrodes was drilled in thelskurelation to bregma, 3,8 mm posterior
and +2/-2 mm lateral. The exposed part of the oubst of the meninges, the dura was
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removed carefully, using a bent syringe needle,ingagure to cause minimal damage to the
underlying cortex or cause a bleeding.

Three screws were fastened into the skull, twdéftontal bone, and one in the occipital
bone. One of the anterior screws was used as @nefeand connected with a short wire to
the microdrive, the others screws helped fastemticeodrive to the skull. The screws were
covered with a thin layer of dental ceme@tip Cement, Dentsply Inc, URA

The tetrodes were lowered into the brain, usudQt 1800um, and the hole in the skull
covered with Spongostan Coagulating gel fo&eri(osan, Denmark The outer cannula was
lowered onto the gelfoam, and the lower % of thenoéas was coated with heated, sterile
Vaseline Nycomed Pharma, Oslo, Noig® prevent the cement from sticking to the caasul
which could restrict the lowering of the tetrodemally the microdrive was securely
cemented onto the skull using acrylic dental maté8webond, USAThe rat was removed
from the stereotactic apparatus and the front ok lb&the incision was stitched up if needed.
Because rats tend to have laboured breathingEdpeithesin anaesthesia the rat was put in
the Induction Chamber again immediately after siy,ga the flow of oxygen.

After the rats woke up from anaesthesia they warengwater in a bowl and fed soft food.

A anti bacterial cream, Fucidibh€o Pharma AS, Osj@and local pain relief Xylocain cream
(AstraZeneca AS, Oglavas applied to the operation wound twice a dayfittst one to three
days after surgery. After this Bacimycin powd&ctavis, Icelanyiwas sprinkled on once or
twice a day until the wound had started healings dry and no signs of infection were seen.

For standard implantation procedure see lab pratoco

Lowering of the tetrodes into the brain

The tetrodes were lowered in small steps once ioeta day, starting three to four days after
the implantation. Sessions were initially perfornmethe circular apparatus to search for
complex spike activity. These sessions were algmrtant because they allowed the rat to get
used to being connected to the headstage. Depeaoditige initial depth of the tetrodes, and
the signal seen in the session performed thattHayetrodes were lowered betwéfg or V4

of a rotation, i.e. between 12, 5 and 50 um. Tlas done by turning a little screw on the
microdrive counter-clock wise (see lab protocol).

To reach CAL1 the tetrodes needed to be loweredt@&@umm down from the surface of the
cortex according to the Rat brain atlas [61]. Binddhe lowering of the tetrodes gradually

you minimise the damage done to the brain tissue.
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Testing room and equipment

Testing and recording room

The same room was used for the testing during liogeaf the tetrodes and recording
sessions.

The room measured approximately 4x 4 m.

The apparatus was placed in the middle of the randhwas elevated 70 cm above the floor.
It was surrounded on all four sides by textile aums. The curtains were placed approximately
1 m away from the testing apparatus. The curtagtosnre measured approximately 3 x3 m.
The lights were located outside the curtains, &eddom was kept semi dark during
recording sessions.

A black plastic disk was suspended in the ceilingva the apparatus. A camera was placed
on a modified camera holder inside the disk, a mbramme cameraiinion CCD camera,
Bosch, Germanywith a wide angle lengComputar, Japan The camera was connected to
the tracking unit, providing the tracking of th&'sgosition. The camera was focused and

adjusted to show the entire apparatus below.

o oe— O

—

Figure 8. A schematic drawing of the testing andecording room.The A on the figure indicates the black
Plexiglas disk; B the testing apparatus; C videmera; D recording system preamplifier; E curtaihBghts; G
recording equipment, computer, monitors etc.
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Recording equipment

All data recordings, as well as position trackingsvdone using Axona Dacq Recoding
System.

The technical details in this section and a motailbel description of the system can be
found in the Axona Dacq Recording System User Mausana Ltd., UK. For a schematic
overview of the system, see Figure 9.

A headstageHS-116 is fastened to the microdrive implanted on tlieThe headstage is
connected to the connector pins on the microdkiere the signal is processed by FET
transistors with a gain of 1; the signal is not &figal, but the noise level is reduced. Via a
light, elastic cable the signal is then transfetcethe preamplifierRR-116 located on the
disk suspended over the testing apparatus. Thie vas suspended a counter weight system
made in the lab. This system ensured that theordtianove freely in the testing apparatus
without the cable becoming too short, restrictimg tat’'s movements or too long, allowing
the rat to reach the cable.

In the preamplifier the signal is amplified x10Q@ahen each signal is divided into a
differential pair, to minimise the risk of noisdenference. Finally the signal reaches the main
recording system, consisting of the system unitdock a Pentium PC.

The system unit box can process signals from wg2tohannels, it contains amplifier/ filter
units S§C-104, and each of these units processes the sigmalffsar channels. The type of
filter and the gain is set via the software ondbmputer. The signal is then digitalised,
displayed on the computer screen and stored asyputer file if wanted. The signal from
single channels may also be transferred to a spaalaking it possible to assess the spike
activity converted to sounds, or the signal maydoketo a digital oscilloscopd €ktronix TDS
224, Textronix, USAOn the oscilloscope the trigger level can beistéd, making it possible
to inspect the recorded spikes to see if theyrafaat action potentials, and if they originate
from complex spike cells.
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Figure 9. A schematic drawing of the data recordingystem.The signal registered on the tetrodes, and the
picture captured by the camera is processed atribdied by the system unit box through variougpatit
channels in the form of computer files, picture andnd.

Position tracking

The technical details in this section and a motaitdel description of the system can be
found in the Axona Dacq Recording System User Mafuana Ltd, UK.

The position tracking was done using the Axonakiragsystem.

Position tracking system consists of several paits.light that is to be tracked is located on
the headstage, which is connected to the microdfikrere is also the video camera, a video

monitor and the video tracking unit, which is lagivithin the system unit box.
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The light used in this study was a LED which enditgfrared light. The camera was as
previously mentioned positioned in the plastic datated in above the testing apparatus. The
signal was led through a separate wire than theakigom the tetrodes to the video tracking
system located in the system unit box. In the vidlacking system the X, y coordinates of the
tracked light is recorded and relayed to the reogrdystem PC.

The tracking system operated in a monochrome meklieh means the tracker locates either
a dark spot on a bright background or a bright spat dark background. In this study the
tracker was set to look for a bright spot on a dm&kground, the bright spot being the
infrared light emitted from the LED.

The input from the camera to the video tracker alas displayed on a video monitdti{ron
Systems inc., KorgaThis enabled us to assess the quality of thukitng, which could vary
depending on the enclosure and the light conditiortise testing room. Adjustments could
then be made to optimise the tracking by dimmirglidhts in the room or adjusting the
brightness or contrast settings of the cameraha@abmputer software. Via the software the
size of the area captured by the camera couldoa&saljusted.

Finally the position tracking was saved as a compiiie. In addition to the digital file of the
tracking, a VHS video recordeG(undig, Germanywas connected to the monitor, and the

some of the sessions were video taped.

Testing apparatuses

While the tetrodes were being lowered a grey cacfibre glass apparatus was used (90 cm
in diameter, 50 cm in height).

Next two square boxes made of plywood were use@d ¢h®x 100 cm, 50 cm in height). The
sides of the boxes were painted with transparequier. The bottoms of the boxes were
painted with mat, black paint.

All the test apparatuses had a cardboard (50x7attaghed to the wall. This acted as a cue
card polarizing the enclosure, ensuring that thé@ad the ability to orientate itself, which is

crucial for the formation of lasting place fields.
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Recording protocols

Test procedure

During the lowering of the tetrodes towards the &éa the recordings were performed in
the circular apparatus. Here small pieces of cladealereal were randomly scattered to
encourage the rat to explore. The north wall ofgbparatus was marked with a white cue
card.

Recordings were made when cells appeared, eactdescsession lasted 120 or 180 seconds.
When multiple spike cells were discovered the ti#sowere not lowered further and a session
was recorded the following day to confirm that tedl activity and place fields were stable.
After two consecutive days with stable complex spikll activity in the circular container,

the rat was tested in a square enclosure.

The search for cells with place fields was mairdyel in the square apparatuses. The first
square apparatus contained a combination of fo@ctsout of five: a glass sphere, a paper
box, a small can of paint, a metal block or a spath metal wire. The objects were
equidistantly spaced. The north wall was marketh wiblack cue card.

No reward was given in this apparatus.

The other square apparatus contained no objedtseward was given. Chocolate cereal was
sprinkled randomly in the area during sessions.Adréh wall was marked using a grey cue

card. The sessions recorded in both these appasdasted 300 seconds.

Overview of the recording procedure
1. Lowering of tetrodes and localization of compleiksgcells in the circular apparatus.
2. Recording sessions in the square apparatus camgasbjects, making several changes
concerning objects and object placement.
3. Recording sessions in the empty square apparateeweward was given.
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ol

Figure 10. The three testing enclosuresTop picture shows the circular apparatus. The Idefépicture
shows the enclosure containing four objects andotiver right picture shows the empty enclosure wtibe

rat received reward.

For one rat sessions in the circular apparatus stiary high activity on multiple tetrodes,
and the data analysis showed that the cells warspadially modulated. Sessions were then

recorded in the square apparatus while the tetraees lowered further.

At least two sessions were recorded when changée ienvironment were made. An
exception was made concerning sessions recordaditar environments before or after

sessions in novel environments.

Data recording

The first time the rat was connected to the recgydiystem a setup file was made.
Depending on the amplitude of the signal, the gais set between 20 000-30 000. Each
tetrode was designated a reference electrode.efaence electrode was preferably one with
little noise and spikes to ensure the least passifriount of interference from spikes and
noise recorded on the reference electrode.

Filter mode was set to high pass (500-10 000 Hz).

The recording mode was set to B-A, with B beingréference electrode, and A the spike

recording electrode. The signal from A, where thespmed spike was seen was subtracted
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from the signal in the reference electrode, B. Taduces the background noise and inverts
the action potential, recorded extracellularlythte positive signal shown on the screen.
Usually reference electrode and gain were sehitdtrodes; however it was possible to alter
these parameters for a single electrode.

Before recording the session the trigger level seasThe trigger level is an amplitude
threshold, which allows all spikes with amplitudewae the set value to be recorded. The
value is set using the signal from the channelstefest. The optimal trigger level is a level
that allows for the spikes to be registered, bimiekbtes most of the background noise.

The tracking window was set to approximately therumtaries of the test enclosure, and
contrast and brightness was set to ensure thebssible LED tracking. These parameters
were also saved in the setup file.

Reference electrode and gain were adjusted dummptvering of the tetrodes if needed, and

the tracking window was changed between sessiotieinircular and square enclosures.

Saving data

Registered results were saved using a filenameastorgsof the name of the rat and the
session number. In addition sessions in a squateseme were marked with an f, the sessions
in the circular enclosure with a t.

The data was stored on a network server, and datgsss was performed offline using a
different computer from the one used to do theneiogs.

Data analysis

To perform the data analysis Tint Cluster Cuttind Analysis Software Version 4.8Xona
Ltd, UK) was used.

Isolation of single units

Using tetrodes allows for registering of severdiiscemultaneously. It also makes isolating
spikes from single cells easier, because forciegethctrodes together in tetrodes makes sure
they are located in close proximity to each othel might register the same signals, only at a
slightly different angle and distance.
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The single units are isolated by spike sortinghBnTint cluster cutting window the spikes
recorded from a tetrode can be viewed as poirdssicatter plot, see Figure 11.

Each tetrode is analysed separately. Amplitudedasstandard parameter in the scatter plots,
and the spikes are separated based on this paraff@teach tetrode six scatter plots are
made using the data from the four electrodes basedis parameter. In the two dimensional
scatter plots spikes originating from a particuelt will gather to form a cluster. Other
parameters can also be used; for instance heigiga¥f, height at time T or time of peak.
Amplitude is usually the most suitable parameteidentifying a cluster while the others can
be used to deselect spikes not belonging to treeriuUsing these different parameters a
cluster is located, enclosed with a boundary alutated a cluster number and colour. The
program also shows the waveforms of the spikesinvélcluster found on an electrode of the
selected tetrode, as shown on the right side oFitpere 11. This is essential to confirm that
the spikes enclosed in the chosen cluster arerteaiets and that they do indeed originate
from one cell. It is also possible to superimpdmewaveforms of spikes from two clusters
simultaneously. This allows one to compare and loolecif the two clusters are in fact spikes
originating from the same cell. Artefacts can galsé recognised due to their shape and
amplitude being registered as identical on alltebeles, which spikes originating from a

neuron do not.

Autocorrelation

After defining a cluster the spike waveforms araleated. If they look similar the
assumption is made that the spikes originate framgle cell. This assumption can be
confirmed by means of autocorrelation.

Autocorrelation shows the inter spike intervalghlé cluster contains spikes with an inter
spike interval shorter than 2 ms, the cluster rmksly contains spikes from more than one
cell. This conclusion is based on the fact thagtlscrefractory period is approximately 2 ms,
and within this period a new action potential carimogenerated within the same cell. A

second spike occurring within this period must ¢fi@re have originated in another cell.
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Figure 11. Tint Cluster cutting window. The left window shows the six electrode scattetgptath clusters
colour marked. The lower panel shows the colouigiesed each cell. The right panel shows the spike
waveforms of cluster 1. The left part of that pastedws the spike waveforms of 100 spikes in clukténe right
part shows the average waveforms of the spikess@teen shot originates from the analysis of data &a

session registered after the end of this study fr@nR3. The data analysed originates from tet@de

Viewing spatial properties of cells

To examine the spatial properties of a cell the field window was used. Here the spikes of

a cell found in the Tint cluster cutting window édie viewed together with the tracking

data registered in the same session. By superimpdse rat's movements in the apparatus
with the spike activity of a cell of interest itpessible to see if the cell becomes more active
in a certain part of the environment, see leftyietin Figure 12. To account for the variation

in dwell time in the different parts of the envimant a rate map is constructed, as seen in the
right picture in Figure 12.

Rate maps are made by dividing the testing areabimts and summating the number of

spikes occurring within each bin. The firing ragecalculated by dividing the number of

spikes within the bin by the dwell time for this\bihis corrects for any uneven distribution of
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spikes that is due to the rat not spending equaliats of time in every part of the

environment.
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Figure 12. Tint field window for cell 1 shown clustred in Figure 11.The left picture shows the rat’s
trajectory, superimposed by the spikes originatingh cell 1. The right picture shows cell 1's figimate map.
The bar below the firing rate map shows the scaéslio show the firing rate, the red areas havieditghest
firing rate, the dark blue areas the lowest. Thieest shot originates from the analysis of data faosession

registered after the end of this study from rat R& cell was found on tetrode 3.

Criteria for spikes recorded in different sessiondeing from the same cell

- The tetrodes must not have been moved betwesioees
- The cluster and the shape of the spikes mustdoular in the analysis program.
- The spikes must be recorded with the same eletwbda given tetrode.

A problem that might arise when using these categithat after longer periods of time the
tetrodes might shift their position relative to tedls. This will cause a change in the shape of

the spikes, and the cell might appear on anotkeetrelde than previously.

Firing rate
To try to evaluate the overall activity level o§pecific place cell the overall firing rate was

calculated.

Numberof spikesn cluster
Durationof session

Overall firing rate=
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Perfusion and histology

When the experiments were completed a histologicalysis was performed on the brains of
most of the rats in order to localise the tetrogsition in the hippocampus.

The rat was anesthetised using an overdose oflegint or UrethaneS{gma-Aldrich Chemie
GmbH, Germany The urethane was prepared for use in the laker\ithe rat was deeply
anesthetised it was perfused transcardially wilinsanixed with heparin to remove the blood
from the circulatory system followed by a perfusieith ca. 200 ml of either 4%
formaldehyde or 4% paraformaldehyde. The braintivas removed from the skull and
placed in the formaldehyde solution for at leash@drs. It was then transferred to a 15% and
20% sucrose solution for saturation of the braaue.

The brain was then frozen using compressed &1 cut in a Cryostat.¢ica CM 3050s,

Leica Microsystems, Germanyy 30um sections. The sections were transferred to adhesi
microscope slidesSuperfrost Plus, Menzel GmbH& Co, Germany

The sections were stained using Cresyl Violetamstg method which highlights the cell
bodies. The staining procedure can be found iah@rotocol. The sections were then
dehydrated and covered with cover gld&sittelglaser, Germanyusing Histokitt Assistent-
Histokitt, Germany

Microphotographies were taken using a microscopgpegd with a digital camerd{kon
Eclipse 80).

After dissection of the brain from the skull thepilent and the surface of the brain were
inspected to determine if there were any signsifection. The tetrodes protruding from the
hole in the rat skull were examined to determirtbefy had been bent or damaged during
implantation and lowering, and if they still formadight bundle.

We also tried, using a microscope, to measure appetely how far they were protruding

from the skull and compared this to our calculagiohthe depth of the tetrodes in the brain.
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Results

In this section the results obtained in this stwili/be presented. First the testing procedures
for the individual rats will be described and tlifeet changes in the environment had on the
rats’ behaviour. Next the place cells registereltlbve described, first their firing fields and
how these reacted to changes in the environmeart,dhtocorrelation and the overall firing
rates of the recorded cells during the sessiomsllifithe results from the histology will be

reported.

Subjects

A total of 15 rats were implanted with microdriv@ie amount of data obtained from each
rat varied; in some rats no cell activity was fouimdothers only a few cells were found and
some had many. We found spatially modulated cellsery few rats, only 2.

All rats recovered from surgery. One rat losttplant before neuronal activity had been
recorded; this rat was put to sleep by giving ibaardose of Equithesin.

The results from sessions recorded with the 3whtse we isolated cells that will be

presented here.

Table 1 The number of sessions recorded with eachtrin the different testing apparatuses.

Circular apparatus Square apparatus
Rat] received reward containing no objects,
4 objects received reward
B2 20 19 7
R3 23 16 16
G2 12 6 -

In general sessions were recorded in the circylpamtus when cell activity was found. If the
cell activity seemed to be spatially modulatedltveering of the tetrodes were stopped and

the experimental recordings in the square appasatstsirted.
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Rat G2

Sessions were recorded in the circular apparalase gpecific activity was found and
sessions in the square apparatus containing objectsinitiated. In session 8 place fields
were discovered in the apparatus containing objé@ete cells with place specific activity
were found.

The place specific cell activity disappeared conghjeafter session 11. We tried raising the
tetrodes, but did not relocate the signal. Nextaweered the tetrodes further; the signal was

however not relocated.

Rat B2

Figure 13 shows the order in which the recordimgmfthis rat were done.

The first place field recorded from the rat B2 wasorded in session 11 in the circular
apparatus. In order to investigate if the cue @aad a key feature in the rat’s spatial
orientation the cue card was rotated 180 °.

After that experiment the rat was tested in theasgiapparatus containing objects, and no
place fields were detected.

The tetrodes were lowered further and in sessioa @ace field was detected in the square
apparatus containing objects.

The initial arrangement of the objects in the squaparatus was: the metal block, the glass
sphere, the paper box and the small can of paimg.nietal block was located at the upper
left, the can of paint at the upper right, the pdpex at the lower left and the glass sphere at
the lower right.

The testing enclosure was changed between sessitnesfollowing pattern (also see Figure
13): After the initial sessions the can of paind #éime paper box were swapped, meaning the
can of paint was positioned in the lower left corrie the next session the rat was once more
tested in the original object configuration, andrthihe can of paint was removed and replaced
by the spool of metal wire. The rat was testedragathe original configuration before the
recordings in the empty apparatus where rewardgivaes started. The enclosure was
polarised by a cue card located on the north wallr@ward was sprinkled randomly across
the area during the sessions. After the initiat®es the cue card was rotated 90 ° to the

right, moving it to the east wall. The floor of thaclosure was wiped to remove any olfactory
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cues. During the next recording the cue card wided back to the original position, and the

final session was recorded using the apparatusicamg objects in their initial configuration.
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Figure 13. The order in which the recording of sessns for rat B2 were done The altered configurations
between sessions are also shown. The objectsesented by different symbols. The R shows appseatin
which reward was given. The thick black line shakes position of the cue card. Symbols: The gremriggon
represents the can of paint, the red circle thelspith metal wire, the star the glass sphere stiare the paper

box and the rectangle the metal block.

Each of the configurations was used in at leastdatsecutive sessions. This was done to
make it possible for place fields to develop ancolbee stable. The exceptions were the
sessions recorded in the square apparatus witbrifieal object configuration before and
after sessions where changes were made. HoweVeasathree sessions were recorded in
these enclosures, before any changes were make anvironment, to confirm that the cells
and their firing fields were stable. The reasontésting in the same apparatus between

sessions with different configurations was to $e the place field recorded previously was

a7



Results

still present and at the expected location. Thisld/i@onfirm that we had the same recoding
conditions as far as tetrode positioning and reéogrdquipment was concerned.

The reason the can of paint was used for our métipns was that we saw a place field
forming at its site. Therefore the following manguions involved this object, to see what
effect that had on the positioning and stabilityref place field.

Rat R3

R3 had very high cell activity, most of the timeahfour tetrodes. At times so many spikes
were recorded that clustering became difficult.s®es were recorded in the circular
apparatus, but no place specific activity was fodrtte rat was then tested in the square
apparatus containing objects. No spatially moddlatdls were found in this enclosure either.
The rat was then tested in the square enclosureavitreceived reward to see if the presence
of objects was necessary for the formation of grirelds.

Behaviour

Rats are individuals, and some rats have an ovagiler activity level and quickly become
familiar with its new surroundings. Others are moaeeful and use a lot of time getting to
know new surroundings, and some are more pronsotingng activity and spend a lot of
time sitting still. Some general observations allmyw their surroundings influence their
behaviour can still be made.

The rats had been handled and trained to explangea area. Since they were used to being
handled and being in unfamiliar environments thetivity level in the first session in either
apparatus was high. Objects present did howeven se&eep the rats level of activity high

for a longer period than in the empty apparatuses.

Circular apparatus

The rats’ first recording sessions were done ig dpiparatus. In the initial sessions they
showed a pronounced tendency to keep close todheis behaviour is called
thigmotaxis. Reward was randomly dispersed in thheduring the sessions, and the rats
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quickly started traversing the area to collectfta. In the first session the food was often
bought back to the wall before it was eaten; howéwe rats soon started eating the food
where they found it.

The level of activity in this apparatus droppedcifly and in the following sessions the level
of activity became more dependent on food pelleisdgiven to encourage the rat to traverse

the area.

Square apparatus containing objects

In the first session in this enclosure the ratsaaligkept close to the walls at the beginning of
the session, but soon made detours to where tleetshyere placed. In the following sessions
it is apparent from the trajectory that the majodt the time was spent exploring the objects
and less time was spent walking along the wallg [East amount of time was spent in the
middle of the enclosure. The rats’ movements is #paratus, compared to the empty test
apparatuses, cover more of the area. The trajestehiow that the rats spent most of the time
along the wall and close to the objects.

Some objects seemed to be subject to more intexpbaration than others; this seemed to be
the case for the can of paint. There was also@eased activity around the metal block.
These two objects were also quite frequently ueidatn by the rats.

After multiple sessions with the same objects,ativity level of the rat abated. The decrease
in activity was most pronounced in the empty apjses. The substitution of the can of paint
with the spool with metal wire caused a markedaase in the activity surrounding the new
object in the first session containing this objsetssion 33. In session 34 the activity was only
slightly higher in the area around the spool, whigans the novel object was subject to
exploration in the first session, though by theoselcsession the activity level had returned to

normal. The activity level also increased whendhe of paint was returned to the enclosure.

Square apparatus with reward

In the beginning the rats showed thigmotactic bahay After the first session they would
start to leave the wall, particularly when food widaspped into the apparatus. Some rats
would collect the food and then bring it back tosgathe wall before they ate it, like they did
in the circular apparatus. This behaviour sooneahand after a while the rats ate the food

where they found it.
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The trajectories show that the rats preferred gpldose to the wall, but during the course of
a session the activity is quite evenly distributethe apparatus. This is most likely due to the
dispersing of food pellets. Thigmotaxis seemedetanore pronounced in the circular

apparatus than in this square.

The data figures

All the figures showing the recoded cell activitgmlay three panels. The left panel in Figure
14, 15, 16, 17 and 20 and the second row fromadpeént Figure 18, 19 and 21 show the spike
waveforms, with the shape of the first 100 spikested on the left and the average spike
waveform on the right. For the spike waveformsxttexis is time (2 ms) and the y-axis spike
amplitude (1V). The maximum spike amplitude is 28V. The middle panel in Figure 14, 15,
16, 17 and 20 and the third row in Figure 18, 1@ 2h show the cell’s firing rate. The firing
rate is indicated by a colour scale containing pgween, yellow and red, blue signifying the
lowest firing rate and red the highest. The rigimgl in Figure 14, 15, 16, 17 and 20 and the
bottom row in Figure 18, 19 and 21 show the ratgettories (the rat's movement in space)
superimposed by the firing of the selected spikes.

In the figures showing the results from the sessiecorded in the apparatus containing
objects there is also a schematic presentatiomeoblbjects’ position in the apparatus (Figure
18, 19 and 20).

The cue card is indicated by a black line. In tineutar apparatus the direction is indicated by
clock hours, in the square ones N, S, E and W atdinorth, south east and west.

In each figure the rows or columns are marked Wighcorresponding session.

Place cell activity

Rat G2

Rat G2 was tested in the circular apparatus atigeiisquare apparatus containing objects.
After a couple of sessions in the square appath&usells that we had previously recorded
disappeared. We raised the tetrodes, trying tcatdothe signal. We then lowered the

tetrodes further. The signal was however not re@me
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Circular apparatus

In total 12 sessions were recorded in the circagoraratus. In session 6 a cell with spatially
modulated firing was found. This cell was locatedtetrode 1. Figure 14 shows the cell in
session 6 and 7. In session 6 it has a firing fitdted at roughly 2 o’clock, in session 7 it
has shifted slightly to 3 o’clock.

The spike waveforms suggest that the spikes otigjifnam the same cell.

Square apparatus containing objects

In total 6 sessions were recorded in this apparadtue cells with place specific activity were
located in session 8.

The placement of the objects were the same agistéimdard setup for rat B2, the metal
object was located at the upper left side, the pape at the lower left, the can of paint at the
upper right and the glass sphere at the lower.right

The detected cells’ place specific activity wabktan 3 sessions. Both figures (Figure 15
and 16) show results from session 8, 9 and 11 c&éhectivity was stable in session 10 as
well, however session 9 and 10 were recorded with minutes apart so we chose to omit
the results recorded in session 9.

Cell #1 had a place field located in the uppertrigitner and cell #2 was active around the
lower left object, the paper box.

Cell #1 was recorded on electrodes 1 and 3 ofdetdo(see Figure 15). In session 8 its firing
field was found in the upper right corner. In ses® and 11 the firing field had shifted
slightly, and now seemed to have its focus clogbdowvall on the left side of the corner. The
field stayed clearly defined during all three foliag sessions. The spike waveforms indicate
that the spikes recorded in the three sessionslikelst originate from the same cell.

Cell #2 was recorded by electrodes 1 and 3 ofdetfoand had a quite diffuse firing field in
the first session, s8 (see Figure 16). It seemée tactive in two distinct areas, one
surrounding the lower left object and one nexti®middle of the upper wall. In the
following two sessions (session 9 and 11) thedifield by the upper wall disappeared and
the one by of the paper box became larger and mhstiact.

The spike waveforms indicate that the spikes deseghcell #1 and cell #2 originated from

single cells.
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Rat B2

Rat B2 was the subject from which we got the mestits. This rat was tested in all three
enclosures, and changes in the environment were madll three of them.

The tetrodes were not moved at any time durindgdbtng period.

Circular apparatus

In this apparatus the rat received reward duriegoriod of gradual lowering of the tetrodes.
20 sessions were recorded in this apparatus. #mose$l a place field was detected and the
lowering of the tetrodes stopped. The cell wastkat@n all four electrodes of tetrode 2.
Figure 17 shows the results from session 11, 1218rid which a place field was located in
the apparatus at a direction of approximately Hock. This field was stable in three
consecutive sessions which are not shown heressian 20 the cue card was rotated 180 °.
The firing field did not follow to the cue card abion; it remained in almost the same place,
slightly more towards 12 o’clock than the previsessions. The number of spikes recorded
in this session compared to the previous sessiemuech lower. It is difficult to determine
whether the shape or size of the field changedhduhiese sessions. This is mostly due to the
fact that the rat did not traverse the entire enaie.

The spike waveforms indicate that all the recorsj@éles originated from the same cell.

Square apparatus containing objects

A total of 19 sessions were recoded in the squaparatus containing objects.

In session 27 a cell with a place field was dete¢see Figure 18). The cell was not the same
cell that had been present in the circular apparale new cell was located on a different
tetrode. The activity here was recorded on all flactrodes of tetrode 3.

The cell that was active was numbered cell #1plise field was located in the upper right
corner, close to the can of paint.

It had a stable place field in a total of threesg®ss before the object manipulations were

done.

Relocating an object
Previous to recording session 29 the positionk@tan of paint and the paper box were
exchanged, causing the can of paint to be locatéuki lower left corner. The cell’s firing

field also moved to the lower left corner, followithe can of paint (see Figure 18), this
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was also observed in session 30 and 31. In se32itme can of paint was again returned to
its original position, and the firing field also nexl back. The firing field has the same shape
and size in all the sessions. The shape of thesjidicates that the spikes originate from the
same cell.

The activity of the rat is not uniformly distribut@cross the apparatus. In session 27 and 29
the trajectory shows considerably higher activityhie parts of the environment containing
objects. In session 27 the activity mainly surrceohthe left side objects. In contrast it
surrounded the upper objects in session 29, asedssion 32 the rat’s activity was mostly
centred on the can of paint.

The cell with the firing field attached to the aafrpaint was active in a total of 10 sessions. It
seemed to fire more frequently in the earlier sgssithe number of spikes and the size of the

firing field decreasing throughout the testing pdri

Replacement of an object

In session 33 the can of paint was replaced byal s wire, the can of paint being the
object cell #1 was attached to. Figure 19 showsdkelt of the replacement of the can of
paint. The cell’s firing field did not seem to clggnwhen the object was replaced. The size
and shape of the firing field was approximately shene.

Two sessions were recorded with this object reptece, but only one is shown in the figure.
From the recorded trajectories it is evident thatrat tended to spend most of the time in the
area surrounding the can of paint, and when thiscolwas removed the dwell time in this

area seemed to be higher than in other areas apiperatus.

Empty square apparatus with reward

In session 37 the rat was moved to the empty sqgraratus, where reward was dropped
randomly during the session. 7 sessions were redord

Figure 20 shows the cells located in sessions@¥% ¥ and 42 recorded in this enclosure. One
cell with a firing field close to the west wall wisund. The firing field was a bit diffuse. This
cell was numbered cell #2.

In session 40 and 41 the cue card was rotated®€he right. The firing field shifted to a
position close to the south wall. When the cue gaad rotated back to its original position

the firing field also returned, however it seemedhave moved slightly towards the south. It

was also far less distinct, and the cell seemdx: tiess active.
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After the last session in the square apparatusevtasvard was given the rat was retested in
this apparatus containing objects. Three sessi@ns vecorded. One of these sessions,
session 46 is shown in Figure 21.

Figure 21 shows cell #1 recorded in session 27 avitkearly defined firing field attached to
the can of paint. It also shows the cell recordeskession 46 found to have a firing field in the
upper left corner, by the metal block placed hBsecomparing the spike waveforms shown
in this figure it is seems unlikely that the spikesorded in session 27 and session 46

originated from the same cell.

Differentiating the registered cells

Figure 22 shows the spike waveforms for 9 sessiermrded during the testing period for rat
B2. It shows that from session 27 to 36 the signatlectrode 2 decreased slightly, whereas
the signal on electrode 3 and 4 increased. Thakanelectrode 1 remained the same.
Between sessions 36 and 39 the signal changedocaibstmost strikingly the spikes on
electrode 1 and 2 disappeared. The recordingisdbhare apparatus containing objects
stopped after session 36, in session 39 the emypgrs apparatus was used.

These observations suggest that the change fromotheward to the reward condition caused
a remapping. Cell #1, which was active in the agjper containing objects, became inactive
in the empty apparatus, and cell #2, which wadowtd in the sessions recorded in the
apparatus containing objects, became active.

The spike waveforms originating from the sessid@ did not vary much. The implication
of this might be that the spikes in these sessoiginated from the same cell (cell #2). Since
session 39-43 were carried out in the empty appsuatd session 46 in the apparatus
containing objects the uniform waveforms are irgéng. The observations suggest that the
cell active in session 46 is the same cell thatactise in the empty apparatus (cell #2), not
the one previously active in the apparatus comigiobjects (cell #1).

This means that cell #2, remapped when the ratmea®d from the empty apparatus to the
one containing objects. In session 39-42 its fifielyls were placed close to the walls of the
enclosure (Figure 20), in session 46 it had a lslekafined firing field surrounding the upper
left object (Figure 21).
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Rat R3
R3 had a large number of active cells with higm§rfrequencies and high amplitude. These

cells appeared a few testing sessions followindamtation. Analysing the results was

difficult due to the large amount of spikes recakda the circular apparatus (23 sessions), in
the empty square apparatus (16 sessions) and apgaatus containing objects (16 sessions)
a high level of cell activity was recorded. Sp&yiahodulated cells were found in neither of
the apparatuses.

Since no spatially modulated cells were found #tetes were lowered between sessions.
Figure 23 shows the clusters cut from a sessiont#iéh was recorded in this apparatus.

It shows the high number of spikes recorded andpiiee waveforms of cluster 1, 3 and 5.
Cluster 1 contains 7369 spikes, cluster 3 6588chumster 5 235.

The waveforms of the spikes have shapes chardatexisieuronal firing, which means the

spikes probably do originate from a neuron.

Autocorrelation results

To confirm that the isolated spikes do originatefrsingle cells autocorrelation was
performed.

For the two cells isolated from rat B2 and the tedls isolated from rat G2 autocorrelation
was performed to confirm that the spikes origindteth single cells. Figure 24 shows the
graphic representation of autocorrelations from s&ssions with rat B2 and one with rat G2.
The clusters that have been correlated stems fmng2, session 9, and for B2 from sessions
28 and 40 where cell #1 and #2 were found, respyti

From the figure it is apparent that for all foutle¢he inter spike interval is more than 2 ms

between the majority of the spikes, thus suggestiagthey are derived from the same cell.
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Spike waveforms Firing rate map Trajectory
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Figure 14. The cell activity in the circular appardus with reward in session 6 and 7 for rat G2 The black
line in firing rate map and the trajectory indicateie card position. Spike waveforms from tetrotiexaxis 2

ms and y-axis 280 pV. The numbers in the trajectoap indicates position in hours.
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Spike waveforms Firing rate map Trajectory
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Figure 15. The activity of cell #1 recorded in thesquare apparatus containing objects in sessions 8and
11 for rat G2. Black line in firing rate map and the trajectamgicates cue card position. Spike waveforms from

tetrode #4; x-axis 2 ms and y-axis 280 uV. Thetstin the firing rate map indicates direction.
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Spike waveforms Firing rate map Trajectory
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Figure 16. The activity of cell #2 recorded in thesquare apparatus containing objects in sessions 8and
11 for rat G2. Black line in firing rate map and the trajectordiicates cue card position. Spike waveforms from

tetrode #1; x-axis 2 ms and y-axis 280 pV. Thetstin the firing rate map indicates direction.
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Spike waveforms Firing rate map Trajectory
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Figure 17. The cell activity in the circular apparaus with reward in sessions 11, 12, 19 and 20 foatr B2.

T ool 1 231 28 20 Demd L3 1291

Black line in firing rate map and the trajectorgicates cue card position. In session 20 the atekwas rotated
180 °. Note the decrease in spike number appareheispike waveform panel for session 20. Spikesfeams

from tetrode #2; x-axis 2 ms and y-axis 280 uV. mhmbers in the firing rate map indicates positiohours.
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Figure 18. The cell activity in the square apparata containing objects in sessions 27, 29 and 32 fat B2.
The upper row shows the object placement, the tbfeging: X- can of paint, W- metal block, Z- papex and
Y- glass sphere. In session 29 the positions ofémeof paint (X) and the paper box (Z) were exgleain The
black line in the Object placement, Firing rate raap Trajectory indicates the cue card placem8ptke

waveforms for tetrode #3; x-axis 2 ms, y-axis 280 U

60



Results

S32 S34 S36

Object
placement

Spike waveforms

Firing rate map

Ve

<

/=R
A

Trajectory

o
N
AN

Figure 19. The cell activity in the square apparata containing objects in session 32, 34 and 36 fatrB2.
The upper row shows the object placement, the tbfexing: X- can of paint, W- metal block, Z- papex, Y-
glass sphere and A- spool with metal wire. In #8844 the can of paint (X) was replaced by a spdthl metal

wire (A). The black line in the Object placemeritjitg rate map and Trajectory indicates the cue car

placement. Spike waveforms for tetrode #3; x-axis2 y-axis 280 uV.
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Spike waveforms Firing rate map Trajectory
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Figure 20. The cell activity in the empty square agparatus where the rat received reward in session 340,
41 and 42 for rat B2.The black line in the Firing rate map and Trajegiadicates the cue card placement. In
session 41 the cue card was rotated 90 °. In sed8iand 41 the cue card was rotated 90° to tihe. ri§pike

waveforms for tetrode #3; x-axis 2 ms, y-axis 280 U
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Figure 21. The cell activity in the square box comiining objects in sessions 27 and 48ession 27 was the
first session in which spatially modulated actiwitgs found in the square apparatus containing tshjsession
46 was the last session recorded in this appardatb&tween these sessions the sessions in they soure
apparatus was performed. The black line in the @lglacement, Firing rate map and Trajectory ingisahe
cue card placement. Note the change in spike wawvefimm session 27 to 46. Spike waveforms fronotir

#3; x-axis 2 ms, y-axis 280 pV.
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S27

S34

Figure 22. The spike waveforms for the cells recortl with tetrode #3 in sessions 27, 29, 32, 34, 38, 40,
42 and 46 for rat B2.Sessions 27, 29, 34, 36 and 46 were recorded tlesgox containing objects. Sessions
39, 40 and 42 were recorded in the empty squarenbexe the rat received reward. The cells’ firirds can
be seen in previous figures. Notice the shiftiape of the waveforms between session 36 and 3%is<2 ms

and y-axis 280 pV.
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Fiéufe 23. Thé cell activity in a éession registedefrom rat R3.Thé activity Was registered in session 28 from
tetrode 4 in the empty square apparatus whereathreceived a reward. The upper part of the fighi@wvs the
cluster cutting window in Tint Cluster Cutting aAdalysis Software. Five clusters have been fourtictour
marked. The bottom part shows the spike waveforftisree of the clusters found in the upper pictaiaster 1,

3 and 5. Cluster 1 contained 7369 spikes, clus&58B and cluster 5 235 spikes. Spike waveforrasig 2 ms,
y-axis 280 uV.
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Figure 24. Autocorrelograms for the firing frequencgy of the cells recorded in rat G2 and B2 in the scare

apparatuses.The autocorrelations of G2 cell #1 cell #2 werealtmom session 9, for B2 the autocorrelation of
cell #1 was done from session 28, and cell #2 fsession 40. The difference in shape of the figines rat G2
and B2 is caused by the higher number of spikesrdec from cell #1 and #2 in rat B2 than in thesgass with
rat G2. The spike number for G2 in session 9 wlstte 184 and cell #2: 55. For B2 the spike numhber
session 28 for cell #1 was 432 and for cell #2ess8®n 40 it was 361.

X-axis time (ms) ranging from -50 ms to + 50mseference to the time of spike occurrence, y-ax@qudency
(H2).
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The firing rates of the isolated complex spike cells

A way for place cells to encode for changes inrteevironment is by rate remapping. In this
study we calculated the overall firing rate whiolicates the average activity level of the cell
throughout the session.

For all the sessions where cells with stable fifielfls were found the overall firing rate of
the cell was calculated by dividing the numberpkss recorded presumed to originate from

the cell in question by the duration of the ses$iorseconds).

Rat B2 Cell #1 | Session Firing rate Table 2. The overall firing rate for cell #1

: number (Hz) recorded from rat B2 during the sessions
Square w/objects 27 1.25 _ .
Standard 58 5 05 the square testing apparatus containing
Square w/objects 29 1.96 objects. The firing rate was found by
Paint can swapped 30 0.63 dividing the number of spikes isolated as cell
place 31 0.49 #1 by the length of the session.
Objects Standard 32 0.44
Square w/objects 33 0.46
Paint can replaced 34 0.27
Objects Standard 35 0.27

36 0.27

Cell #£1 in rat B2 shows a gradual decrease ingirate during the testing period.

Rat B2 Cell #2 Session Firing rate| Taple 3. The overall firing rate for cell #2
number (Hz) recorded from rat B2 during sessions

Empty square, 37 0.56
reward given 33 0.46 recorded in the square apparatuses The

39 0.53 firing rate was found by dividing the number
Empty square, cue 40 1.2 of spikes isolated as cell #2 by the length of
card rotated 90 41 1.05 the session. Note the increase in firing rate in
Empty square 42 0.63 :

k ’ 40, 41 and 45.

reward given 43 0.24 session an
Square w/objects 44 0.45
Standard 45 1.46

46 0.49

Cell #2 in rat B2 shows an increase in firing nateen the cue card was rotated. The firing

rate overall in the other sessions is relativedpk, the exception being session 45.
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Rat G2 Cell #1 Session Firing rate Tabell 4. The overall firing rate for cell #1
number (Hz) recorded from rat G2 during the sessions
Square apparatus 8 0.55 recorded in the square apparatus containing
w/objects 9 0.96 objects. The firing rate was found by dividing
Standard 11 0.70
. the number of spikes isolated as cell #1 by the
length of the session.
- — Tabell 5. The overall firing rate for cell #2 recoded
Rat G2 Cell #2 Session Firing rate J
number (Hz) from rat G2 during the sessions recorded in the
Square apparatus 8 0.82 square apparatus containing objects.The firing rate
w/objects 9 0.29 was found by dividing the number of spikes isoledsd
Standard 11 0.12 _
: cell #2 by the length of the session.

Cell #£1 found in rat G2 seemed to have a relatig&yple firing rate. Cell #2 showed a rapidly
decreasing firing rate. It is difficult to say Ifdre is an actual decrease in firing rate variation

due to the fact that only three sessions were decbbefore the cell activity disappeared.

Histology results

After the experiments were ended most rats werégusieep and prefused with formaldehyde
or performaldehyde. The brain was dissected otheskull and the brain put in
formaldehyde and later sucrose- solution. Slicegweade and stained using Cresyl Violet.

The underside of the skull where the tetrodes pdetl was examined.

Rat B2

The implant was examined and the tetrodes protguilom the base of the skull found to in a
tight bundle. The tetrodes seemed to be angledizads. The approximate lengths of the
tetrodes were measured to be 2.8-2.9 mm. The eddchitlepth was 2.15 mm.

Figure 25 shows the microdrive cemented on top@fkull and the prefused rat brain. The T
indicates the tetrodes protruding from the baséetkull, and the G the ground screw. On
the cortex of the brain the C marks the indentatiaue by the outer cannula of the tetrodes.
Indentations caused by the ground screw and tlegvsansed to secure the implant to the

skull can also be seen on the surface of the cortex
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Figure 25. The brain and implant of rat B2after

dissection.The arrow marked T indicates the

tetrodes protruding from the base of the skull. G
indicates the ground screw and the C indicates the
indentation made in the skull by the cannulas where
the tetrodes were lowered into the brain. The other
indentations seen on the surface of the cortex are
made by the ground screw and screws used to fasten

the implant to the skull.

Figure 26. Histology slides of the hippocampus, stng the path of the tetrodes in rat B2's hippocamps.
Picture A shows a frontal section of the hippocasgplie CA1, CA3 and dentate gyrus (DG) is indicalde
slide was made from the brain of rat R2. The niepdd pictures show slides from the hippocampusioB2
with increasing magnification. Picture B shows etie® of the cortex above the right hippocampushilie
tetrode track encircled. Picture C and D show thAd-@rea where the tetrodes hit the CAl- cell lajate how
the cell layer of CA1 has been disrupted by thetkts.
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Figure 26 shows the frontal sections of the rassBfppocampus with an increasing
magnification. In the upper right section the td&drack is visible and in the two lower
sections the end of the tetrode track can be seenlisruption of the CA1 layer by the
tetrodes is clearly visible.

The position of the tetrodes indicates that thésteged cell activity originated in the CA1l-

layer of the hippocampus.

Rat G2

When this rat had completed testing it was putdes but it was not perfused, and no
histology was obtained from the brain. Visual ingpn of the brain showed that the tetrodes
were in a tight bundle, but were slightly bent tosigathe back of the brain. The lengths of the

tetrodes were measured to approximately 2.6 mmcalwalated depth was 2.35 mm.

Summary of the results

Rat G2

- One spatially modulated cell was found in the dacapparatus, with a distinct firing
field located in the direction 2- 3 o’clock, shownFigure 14.

- Two cells with distinct firing fields were presdntthe square apparatus containing
objects. Figure 15 and 16. Cell #1 had a firinggdflecated in the upper right corner,
and cell #2’s field was located around the lowérdéject, the paper box.

- For unknown reasons all the cell activity disappddrom the recordings.

Rat B2

- A cell with spatially modulated firing was locatetdthe circular apparatus. This cell’'s
firing field did not follow the rotation of the cuzrd, it stayed in place. See Figure 17.
- A spatially modulated cell was found in the appasatontaining objects. Cell #1 had
a firing field that was located around the canahp This firing field followed the
can of paint when it was moved to a new locatiat, dbayed in place when the can of

paint was replaced by another object. See FigueniidL9.
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Another spatially modulated cell was found in thepéy square apparatus. Cell #2 had
a firing field located by the west wall. This fiediid not follow the rotation of the cue
card, in stead a new firing field developed. Segifa 20.

By histological analysis the tetrode track was lisea going from the cortex to the
CAl-area. The track stopped in the CAl-area cauwsangage to the cell layer, see
Figure 26. This indicates that the cells recordex lwere located in the CAl-area of

the hippocampus.

Rat R3

Cell activity was found in the circular apparatusl doth the square apparatuses.
Many cells fired with a high frequency, howeverspatial modulation was found.
The number of high frequency cells made it diffidolisolate cells with a lower firing

frequency and possible spatial modulation difficult
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Discussion

The first part of this section contains the disaus®f the results, both behaviour and place
field development and the effects of changes iraegips and manipulations of its contents.

| will then try to highlight some issues concernmg results and finally the implications of
our findings.

This study reports results that were obtained fremof the 15 implanted rats. The second
part of this section presents possible explanafimnsur low success rate in finding complex

spike activity.

Experimental subjects

The rat brain has been thoroughly mapped out tveyears, the anatomy of the brain and
many specific structures are therefore known. Mairtyre brain structures, including the
hippocampus, have been described extensively. &eviour as well as its relation to the
function of specific structures has also been stlidi

The rat hippocampus is a quite large structure ivmekes it, as well as the different areas of
it, easy to locate. This makes it a good researatiein

The basic hippocampal architecture is similar et and human brain, there are some
differences, but the basic structure of the cetta and the connectivity is comparable.
Animal studies of the hippocampus have therefoenlwaluable to understanding the human
brain [10].

We used male Long Evans rats in this study bedhissstrain has good hearing, good

eyesight and is easy to handle.

Discussion of results

Behaviour

Thigmotactic behaviour was observed in all thregaag@tuses. Thigmotaxis describes the
movement pattern in which the rat prefers to wabki@ the solid parts of an environment, in
our case the walls or the objects. In this studyentent along the walls seemed to be more
pronounced in the circular apparatus than in theratvo. That less movement along the
walls was observed in the apparatus containingcblyjas most likely explained by the
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presence of objects and the rats’ exploration efrthit was less expected that there should be
a difference in thigmotactic behaviour betweenttin@ square apparatuses. There can be
several possible reasons for this difference inenoent pattern. One possible explanation
might that the first sessions were recorded irctrailar apparatus, and that the rats had
become more accustomed to the testing procedure gédssions in the square apparatus were
recorded. Difference in behaviour could also betdueariation in the amount of food that

was given during the sessions. The unsystematitesicay of food pellets were not done after
any predetermined pattern and it might be thaeperimenter distributing the pellets in the
empty square apparatus provided the rat with nmwd than in the circular apparatus. If more
food was available in a session than in anotheatheunt of time the rat spent away from the

walls of the enclosure would increase.

In the apparatus containing objects the rats’ margmatterns were evenly distributed
between walking along the walls and exploring thgcts. The activity was however not as
evenly distributed among the separate objects. Mbligects the activity centred around
differed between sessions. The overall activiteleseemed to be higher around certain
objects, particularly the metal block and the chpaint. The fact that these two were the only
metal objects is probably insignificant.

For rat B2 exchanging the can of paint with a namlgéct caused a marked increase in the
activity level, particularly surrounding the noadject in the very first session this object was
present in. The activity pattern returned to normahe following session.

Similar results were reported by Lenck-Santiniletreey found that substituting an object
with a novel one causes a significant increaseiivity level, particularly surrounding the

novel object [45].

The firing patterns of the place cells

Both for rat G2 and B2 stable place fields werenfbin the circular apparatus and in the
apparatus containing objects. In addition rat B& &aell with a place field located in the
empty square apparatus.

The stability of these place fields was confirmietigh several sessions, conducted in the

course of at least two consecutive days.
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For rat B2 cell #1 was located in the apparatusainimg objects, and cell #2 was located in
the empty square apparatus. In addition cell #2agéige in 3 sessions with objects recorded
at the end of the experiment, after the sessiorierpeed in the empty apparatus.

An observation made while analysing data was th#te place fields found in this study
were located close to a wall or close to an objetexplanation for this might be that the
walls and the objects are parts of the environrttaithave significance. The walls mark the
boundaries and the objects are positioned insilemivironment. Keeping track of where the
borders are and what the environment containspsitant.

Many studies have shown place fields located agtheswalls of the recording apparatus,
e.g. Muller et al. [7], Breese et al. [33] and Hathgton et al. [62]. These observations
suggest that a cognitive map made by the hippocampes not consist of an even

distribution of place fields in an environment.

Intra-maze objects and place fields

Cell #1 in rat B2 and cell #2 in rat G2 both haagel! fields at the location of an object placed
in the apparatus (Figure 18 and 16).

The cell located in rat G2 was lost before anyheirtobservations could be done. Cell #1 in
B2 was stable, and responded to manipulations wimglthe object to which its firing field
was attached. Firing fields attached to objectelaso been reported in previous studies [46,
49]. Rivard et al. placed a barrier in an encloswWben this barrier was rotated the firing
fields of the cells located close to it moved adaugly. They named these cells object cells
[46].

According to Rivard et al.’s study the closer thim§ field is to the object it is attached to,
the more likely it is that the field will disappeahen the object is removed [46]. Our results
do not correspond to their findings. Rat B2’s obptached cell was attached to the can of
paint, and when the can of paint was replaced ¢heontinued firing in the same place as
previously, despite a new object being placed th@rethe other hand, our results are in
accordance with a study by Lenck-Santini et al.yT$tfeowed that substituting an object with
a novel one had no influence on place fields, dtatose to or far from the object [45].

Cell #2 found in rat G2 was also present in theaggpis containing objects (Figure 15). It
had a place field which was located close to thmaegius wall. Unfortunately the cell activity

in rat G2 disappeared before further observationtdcbe done.
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Reward and place fields

In most studies of the properties of place celigarel has been given in order to maintain a
high activity level, ensuring that the subject #eses as much of the test area as possible.
Both rats B2 and G2 had stable place fields irctreilar apparatus where reward was given
(Figure 14 and 17). B2 also had a stable placd frethe square apparatus containing reward
(Figure 20).

When the rat was tested in this square apparathsr@ward, after the sessions in the
apparatus containing objects were recorded, a neimgpccurred. Our data analysis has
shown that thee cell present the apparatus contpobjects was not the same as the cell
present in the empty square apparatus. The differenthe spike waveforms can be seen in
Figure 22. It is apparent that the waveforms cedrgetween session 36 and 39 to such an
extent that it is unlikely that the spikes origedtfrom the same cell. It seems that cell #1
ceased being active, and in stead cell #2 appeadeveloped a stable place field in the
empty square apparatus.

From these observations we can conclude that gbédude fields developed in both the reward

and the no-reward version of the apparatus.

Rotation of cue cards

Rotating local and distal cues is a common procetiudetermine what factors influence the
properties of a firing field. In our study we radtthe cue card to determine whether the place
fields were based on the position of the cue caral distal landmark.

For rat B2 sessions were recorded in the circydpaeatus with the cue card relocated 180 °.
Also sessions were recorded in the empty squararaiys with the cue card rotated 90° to
the right.

The sessions recorded while the cue card was do1&8@ ° showed that the cue card was
probably not significant for the placement of thace field (Figure 17). The place field
remained in the same place when the cue card wasdnwhich means some other cue, most
likely located outside the enclosure controlled flace field.

When the cue card was rotated 90 ° in the emptgregapparatus the position of the firing
field changed (Figure 20). However it did not shittording to the cue card rotation. The cue
card was rotated 90° to the right; the field shifits position 90° to the left, resulting in a new

position in relation to the rotated cue card.
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This implicates that the cue card was probablytim®icue to which the firing field was tied If
that was the case the firing field would shift acliog to the cue card rotation, neither is it
consistent with the cue card being insignificahthé rat only relied on extra maze cues the
rotation of the cue card would not affect the posibf the firing field (as seen in the cue card
rotation in the circular apparatus). Still, as evitifrom Figure 20 the firing fields, both in the
original scenario and when the cue card was raotaredocated in proximity to the cue card.
However, since the testing enclosure is only 1xiemie continued proximity to the cue
card might be incidental. Based on our observatiossems unlikely that the firing field is
completely independent of or based solely on tleecaud position. Most likely the position

of the firing field is based on the cue card’s posias well as the location of some other cues
(most likely extra-maze cues). If that is the cidwie remapping corresponds to what is called
partial remapping. In partial remapping only soraktlscrespond to the induced change [36],
making the new place field distribution dependeartiplly on the same set of cues as
previously. In contrast a complete remapping iskmby the firing fields’ new positions
being completely independent of their previous fiass, and the firing fields can be
controlled by a completely different set of cueeltl we rotated the cue card 90° the firing
field moved, but not according to the cue cardtrote It seemed to move from one location
next to a salient cue to another location in pratyirto the same cue. If this is the case, then
the remapping is partial. However, if the contirguposition of the firing field next to the cue

card is incidental the remapping might be a glaied.

Extra maze cues that might have been of significance

The test apparatus was surrounded on all four figesirtains. This should prevent the rat
from seeing irrelevant cues. The curtain by therdoonetimes remained open; which might
lead to the rat being able to discern that walinfitbe other three. It is possible that the rat
remembered which direction it came from seeing ithaas allowed to look around when
carried into the room and it was held for a whilkésotde the apparatus while preparations for
the session were made.

Other cues that definitely were available to ths veere auditory cues. The rats would have
been able to hear the background noise made brgtbeding equipment and sounds made by
the experimenters. The experimenters were alwasept next to the recording equipment
and together with this they would probably act aksséal cue.
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Theories and mechanisms that might explain our findings

One would expect that cells found in sessions perdd by the same rat reacted similarly to
change. Particularly since the sessions were redardthe same testing room and the access
to extra maze cues should therefore be the santbdoat in both apparatuses. Dissimilar
distance to the cue card could according to Rieai. [46] account for the different
responses by the two cells. Their theory suggbstsfiting fields located close to the change
would react more to it than more distant firingde We found that both firing fields were
located close to the cue card, and their distamtieet cue card is therefore most likely
irrelevant.

In addition different theories on how stimuli casitplace cell activity have been proposed.
The two main theories describing this is the rigigp scheme or the combinatorial scheme. In
the rigid map scheme every cell is thought to b&trotled by many types of stimuli which
together make up the entire spatial reference frémthe combinatorial scheme each cell is
controlled by a subset of the stimuli received friti@d environment [47]. Assuming that the
cue card is the only salient cue, according to bimtlories rotating the cue card would cause
the cells’ firing fields to rotate accordingly.

If the cue card is not the only salient cue, andething else is also important, the rigid map
scheme entails that the firing field is based @ombination of the position of available cues,
and complete remapping or partial remapping shoatdir. The combinatorial scheme entails
that a remapping will occur if the field is conteal by the stimulus that is relocated (for
instance the cue card), it will also remap if icatrolled by more than one stimulus and at
least one of them is relocated and finally thedfiglll stay in place if it is controlled by a
stimulus which is not moved or altered.

When viewing our results in the light of these the®it becomes apparent that an explanation
of us having dissimilar results from the same raghtbe that the two firing fields were
controlled by different cues. The cell presenthia tircular apparatus was most likely tied to
extra maze cues, while the cell active in the sgjagparatus was probably controlled by a
combination of the intra-maze cue card and extraencaes. When we relocated the cue card
90° the firing field did not simply follow the cuerd rotation because the rotation put the
salient stimuli in conflict with each other. Theyed it seems the relocation of the firing field
was a partial remapping.

When the cue card was rotated back to its oridoeation (see Figure 20) the cell’s activity
became lower and the firing field was less defitieth previously. In addition the firing field
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seems to have divided in two, one half moving ackpproximately where the cell’s firing
field was located previous to the rotation, theeothmalf staying where the place field was
located when the cue card was rotated. This migbt@oint in the direction of there being at
least two salient cues, and that rotating the emeé put these cues in conflict with each other,
making the field less distinct.

This kind of conflict between stimuli was exploreg Tanila et al. In their study they
recorded place cell activity in the CA1 and CA3 l@hmoving separate distal cues in
reference to each other. The cells recorded duhisgstudy showed a whole range of
reactions to the cue manipulations. Some cellpstfiring, some cells’ firing fields moved,
some cells became active after cue manipulatiorsantk cells’ firing fields remained in
place [63]. From these results they argue thagdhifit cells within a subset might be
controlled by different cues and therefore respdiffdrently to cue manipulations. Their
interpretation of their findings is that the notitat the hippocampus forms a single cognitive
map is not quite right, it seems like the map cstssdf submaps, each submap mapping the
environment in accordance to one reference framen®e set of cues. Studies performed by

Gothard et al. and Zinyuk et al. supports thisoaasy (SeeSpatial framep[42, 49].

The firing rates of the isolated complex spike cedl

To be able to draw any conclusions from the catedlaverall firing rates one would need to
know if the change in firing rate was significabue to the low number of sessions it is not
possible to perform statistical analysis to astiessignificance of any increase or decrease in
overall firing rate.

The overall firing rate does not necessarily reéflety changes in the properties of the cell,
changes in overall firing rate might be due to ofhetors.

The main problem with using overall firing ratedontrast to for instance in field firing rate is
that the calculation of overall firing rate doeg aocount for variations in the rat’s activity
level. If the rat spends its time outside the @rfreld most of the session the overall firing
rate will be lower than if the rat spends a lotiofe inside the cell’s firing field. Any
observations made on the variations in overaldnate are therefore based on the
assumption that the rat’s activity in the testinggawas evenly distributed and remained so
throughout all the sessions.

Both Rivard et al. and Fenton et al. argue thatnwdieanges are introduced into an

environment, causing a discrepancy between theceegb@and the actual appearance of the
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surroundings, a rate remapping will occur. The rateapping will consist of a decrease in
firing rate [46, 47]. They also report that therfg rate will not be altered between standard
sessions. In their studies the decrease in fiiitg) is mostly apparent in the in field firing rate
and the firing rate at the field centre, the deseda overall firing rate was a trend [46, 47].
They also argue that the in-field firing rate does vary much between standard sessions.
In our study we found a steady decrease in oviraly rate for cell #1 for rat B2, from 1, 25
Hz in the initial standard session to 0,27 Hz i st one (Table 2) . The decrease in firing
rate was also apparent between the standard ses$hua finding is at variance with the
previously mentioned findings of Rivard et al. &wehton et al. [46, 47].

A major difference between the study by Fentorl.gd@] and our study was that their rats
were trained in the same apparatus that was ugée iexperiment. The standard setup was
used for the postoperative training, which condiste15-30 minute long sessions four to five
times a day for a week. It can be speculated Hiainight lead to the rat being very familiar
with its surroundings, and comparing all changehi®standard setup. In our study the rat
was not introduced to the square apparatus contpobjects before the recording period, and
only two 5 minute long sessions were performed teetbanges were made. This might lead
to our rat not considering the cues any more ridiabthe standard sessions than in the
others, and as more changes were made, the le=s siaé cues became and the firing rate
abated.

For cell #2 in rat B2 there seemed to be an inereathe firing rate when the cue card was
rotated, it seems that a rate remapping occurtedost likely occurred in combination with a

partial remapping (discussed earlier).

Issues/ considerations

Recording a high number of spikes

R3's clustering was difficult because of the laageount of spikes registered. As shown in
Figure 23 the number of spikes within a clustevas difficult to isolate spikes fired from a
cell with a lower firing frequency than the spilagstered here, particularly if the spikes had
a similar waveform. This was unfortunate since igigtmodulated cells fire with a lower
frequency than the cells isolated here.
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Identification of place cell activity over a periodof several days

A criterion for defining spikes recorded in two aegite sessions as action potentials
originating the same cell is that the cluster dregpike waveforms on the same electrode
look similar. As Figure 22 shows the waveforms seeithe different electrodes within a
tetrode can change between sessions. This mighé @me to doubt whether or not the spikes
recorded in two separate sessions originated frensame cell.

As can be seen in Figure 22 the waveforms from@es27 and 36 are not identical, with the
signal on electrode 2 and 3 showing the most vanaf he similarities are however also
apparent, and when taking into account the sigrealsrded in the sessions between 27 and 36
the transition from the waveforms seen in sessibto2he ones seen in session 36 become
apparent. This makes highly probable that the $sgmaginate from the same cell. In addition
the cell’s firing field remained at the same locatin the apparatus in all the standard
sessions.

It is extremely difficult to keep the tetrodes cdetply stationary; they might be moved when
the microdrive is being connected to the headstagehen the rat bumps its head into for
instance the cage wall. This could cause the siggdtered on the tetrodes to change.

For rat B2 the first session and last session dezbim the apparatus containing objects,
session 27 and session 46, respectively, werededaight days apart. This does not explain
the discrepancy between the waveforms registerddsnast session compared to the first
one (see Figure 21). As the figure shows it is egamtathat the waveforms of the spikes
recorded on tetrode 3 in session 46 are simildragreviously recorded spikes in the empty
apparatus originating, which originated from céll(for instance session 39). This makes it
likely that the spikes recorded in session 46 atgginate from cell #2.

For rat G2 three sessions were recorded in thes@ygparatus containing objects before the
cell activity disappeared. Assuming that tetrodag hifted their position in the brain slightly
we raised the tetrodes, trying to relocate theadigRaising the tetrodes did not recover the
signal, and neither did lowering them further.

The most likely reason for the signal disappeaisripat the position of the tetrodes shifted.
In that case the tetrodes would, in all likelihoshlift sideways, explaining why we did not
relocate the signal by moving the tetrodes up evrdd his assumption is supported by the
fact that cell activity was located by lowering signal further, meaning that there was

nothing wrong with the connection between the tiggoand the recording system.
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The use of reward

It is a known fact that stable place fields wilvap in the presence of sufficient cues when
the rat receives reward as a motivational factbrs Was first shown by O’Keefe and
Dostrovsky when they first recorded place cell§971 [6], and has been shown in numerous
studies afterwards.

In this study our goal was to explore place fiebdelopment and stability in the absence of
food as a reward. We introduced objects into tertg apparatus to maintain high activity
levels. The apparatus containing objects was deéfasethe no-reward condition. A possible
problem with our testing procedure might be thatrnb-reward condition could have been
influenced by the use of reward prior to and atersession. Reward was used to encourage
the rat to sit still while preparing it for a redarg session, and to disconnect the headstage
from the microdrive at the end of a session. Intamidreward was used in sessions during
lowering of the tetrodes. This extensive use ofarelimight have led to the reward having a
motivational effect in the sessions where we ditimtend it to. Whether this had any effect
on development of place fields is uncertain, theeward sessions were still without reward
given directly.

It would most likely be possible to eliminate thi@mory of being given a reward after
repeated sessions without reward, providing thaemard was used to prepare the rat for the

session.

Histology- Are the cells we registered the activityf CAl-neurons?

The brain was dissected out of the skull on botlaand B2. The measured length of the
tetrodes did not correspond to the calculated defpithe tetrodes for neither of them.

For rat B2 the calculated depth was 2.1375 mm hedrteasured depth was 2.9-3.0 mm. This
was one of the largest discrepancies measuredslities made from the brain of this rat
shows the tetrodes’ track ending in the CA1 ofttiocampus (see fig.26), which is located
at an approximate depth of 2.2 mm [61]. This cqroesls reasonably well with our calculated
depth, especially when taking into account thegngeacy present in the lowering of the
tetrodes.

For rat G2 the brain was dissected out of the skull no histological preparations were
made. This decision was based on the fact thaethedes were moved after the cells we

recorded disappeared, and the position of thedetravhen the search for complex spike
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activity ceased were considered irrelevant. This wEortunate; it would have been
interesting to see where the tetrodes’ track wieet) we would at least have known where
the recorded cells might have been.

From the histology results it is possible to codelthat the cells found in rat B2 were indeed
spatially modulated complex spike cells locatethenCAl-region of the hippocampus. The
cells registered in rat G2 were recorded at a &atied depth of 1.95 mm, which according to
the Rat brain atlas [61] is above the CA1L, whiclocated at approximately 2.2 mm. There
are however no known areas of the cortex abovddh&al CAl-region that contains place
cells, and since the complex spike cells we reabtde activity of were the first complex
spike cells we registered while lowering the teé®dhey were most likely located in the
CALl- area of the dorsal hippocampus.

For rat B2 and most likely rat G2 the spatially miaded cells we found were located in the
CALl- area of the dorsal hippocampus.

Test apparatus and procedures

When rat B2 was moved from the apparatus contaiolmects to the empty one a remapping
occurred. Since the square testing apparatusesidesrical in form the remapping could be
due to the change in content. Another factor tloasjbly contributed to the remapping was
the change in olfactory stimuli. The rat got to wnone enclosure, for instance the one
containing objects, and then this was replacedbympty one, which lacked all the familiar
smells.

Most likely the remapping was caused by a comhlonadif several factors, mainly the change
of apparatus and the change in content. The aps&watvere of the same shape, material and
colour, but they were most likely still discerniliter the rats. This was as we intended, the rat
needed to recognise the enclosures as separatteinfor us to conclude that stable place
fields developed in both the reward and no-rewarttdion.

To further insure that the square apparatuses swaritar but not identical the cue cards
placed in them were of different colours. To makeeghe cards did not influence the
development of place fields differently they welletze same size and positioned towards the

same side of the testing room.
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Interpretations of the results

Our main finding is that stable place fields depeld in both rats that were tested in the
reward and no-reward condition. Changes in positiaine object to which the object cell
was attached caused its firing fields to move atiogty. The exception being when the
object was replaced, this did not cause any chamthe firing field’s position.

Changes in the orientation of the cue card hadingmffects on the place fields’ positions
leading us to think that other cues than the cué was available to the rat.

Unfortunately our results were obtained from ombp rats and our results therefore limited.
Our preliminary conclusion from our findings is thth the circular apparatus the square
apparatus containing objects and the empty squip&ratus have significant enough cues for
stable place fields to develop and the conditioasevdifferent enough that the place cell
population remapped when the rat was moved fromobtige enclosures to the other.

The most interesting result is that stable plaekel$i were found in the no-reward condition,
which might indicate that the presence of foodasmecessary for place fields to develop.

In our study two place cells developed place fighdhe no-reward condition based on object
position. The cell found in B2 showed hallmarkdeing an object cell; when the object it
was attached to was relocated the firing fieldtsdifposition accordingly. Object cells were
described by Rivard et al.[46]. It is not known e these cells are a subgroup of place
cells that are always attached to objects presethiei environment or if they are place cells
that may be attached to an object in one environiuah act as a “normal” place cell in
another.

The object the place field was attached to waoiway connected to a reward. No reward
was ever given in an environment containing thgaband the object had never been kept
together with the reward or used to store the foeltets, which would have caused the object
to smell like food. It therefore seems that thecpléield that developed did so based on the
pure properties of the object.

When rotating the cue cards we found that two ptatis in the same rat were probably
controlled by different sets of cues, or spatiahfes. And it seemed that for the cell
controlled by more than one cue, putting those auesnflict with each other caused a

partial remapping and a rate remapping.
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Finally; our calculated overall firing rates mighdicate that the salience of the cues available
in the apparatus containing objects for rat B2 el@seed as manipulations were done to the

environment. This was evident in the gradual desgéa overall firing rate.

Possible reasons for our problems locating complex spike cells

In descriptions of studies done on place cellhéhippocampus very few if any mention the
actual number of animals that was implanted, thsally only mentions the number of
subjects included in the study. It is however hkidat their success rate was higher than ours.
There can be several reasons for not being alfied@omplex spike activity in an implanted

rat. Some possible reasons will be discussed here.

Unstable tetrodes

Towards the end of the study a small change ircomstruction of the microdrives were made
which might have had some significance. The dianadtéhe inner cannula was changed. The
new cannula had a slightly smaller diameter keethiegetrodes closer together, which
probably made them more immobile.

We suspect that the old cannulas probably alloweddtrodes to move for instance when the
rat bumped its head into the cage wall, which migite caused it to come in contact with
surrounding cells, thereby damaging them. If tHis @dosest to the tetrodes were destroyed
any signal picked up by the tetrodes would haveriginate from cells located further away
from them, causing the signal to be weaker. The ceamula probably kept the tetrodes more
in place and might have prevented them causingdidamage.

Both the rat G2 and R3 were implanted using migvedrcontaining this new cannula, rat B2
was not. Seeing that we got most of our results frat B2 we can conclude that using the old
cannula would not alone have been sufficient tegmecomplex spike activity from being

detected. It might also be that the change in rdrive construction was not critical at all.

The resistance of the electrodes

Measuring of resistance is an important part oparemg microdrives for implantation.
It is done to evaluate the electrodes’ ability dm@uct electrical charges. High resistance

causes low conductance and low resistance highucteutce.
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The optimal range of electrode resistance is bet2€@ 2 and 500 K. This can be difficult
to achieve. Lowering of the resistance was donpléynising. It seemed to us that putting
more than one layer of platinum on the tip of tlezeode tended to make the resistance rise

again. We used a current generator made in thlapply the platinum. Giving one pulse of

current did not cause the same drop in resistana# electrodes. The result in the end was
that some electrodes had a resistance above®@h# some below 20QXk If the majority

of the electrodes had a resistance within the perleange the microdrive was implanted.
Too high resistance in the electrodes might resuhe signal recorded being too weak
alternately too low resistance would cause backgtawise to be recorded. Both the
resistance being too high or too low might caudleac#ivity to not be registered or to be
overlooked while analysing the data.

Some of our implanted rats had electrodes wittach background noise and artefacts.
Others had electrodes that seemed not to be iacionith cells, the signal being very low
and often no (or almost none) artefacts were ptegken the rat groomed or chewed. If
many electrodes registered too much noise or tde signal the chances of finding spikes
originating from a complex spike cell were low. @ bf noise or almost no signal recorded
corresponds with electrodes having too low or tigh lnesistance, respectively. Still the
electrodes showing signs of having too low or tahhesistance during testing were not the
same as the ones having the highest or lowest mezhsesistance prior to implantation. This
might be due to the resistance changing duringantgtion or during the days the tetrodes

were being lowered into the brain.

The larger area to conduct a current, the lowerglistance is. To minimise the resistance
the tips of the tetrodes were carefully cut to givem the largest possible contact area. The
tetrodes were also cut to the same length to madeetkey reached the CA1- cell layer at the
same time. Tetrodes with differing lengths mighismone tetrode to reach the cell layer
before the others, causing us to stop the loweiribe tetrodes and preventing us from
registering the surrounding cells that might hagerbrecorded by the other tetrodes had they

reached the cell layer simultaneously.
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Implantation

A reason for not finding any complex spike cellghtihave been that the tetrodes missed the
target area. This does seem unlikely since the i#ld-of the dorsal hippocampus is a quite
large area. When we calculated where to implantdtredes we aimed for the middle of the
dorsal hippocampus, and there is ample room ftight®rror due to imprecise measuring or
variable size of the skull of the rats.

In a couple of rats we found, after dissectionhef brain, that the tetrodes were slightly bent.
In one rat they were bent to almost a right anggeely entering the cortex. The reason for
this error is not clear. The tetrodes are delicaté, it was easy to accidentally come in
contact with them during the implantation, caudimgm to become bent. Slightly bent
tetrodes might still reach the hippocampus, bwilitmake it difficult for us to calculate their

real depth.

Lowering the tetrodes into the brain

A problem we detected after having performed soisi®logy was that the tetrodes were not
lowered to the depth we had calculated them to be.

The lowering of the tetrodes after implantation wase gradually, and a depth protocol was
made to keep track of the depth of the tetrodegiposat any given time. The tetrodes were
lowered slowly to minimise the damage done to tlanktissue and to reduce the risk of
going past the CAl-area if our calculations shquit’e to be wrong. Notes were made of
how much the screw on the microdrive was rotatsdally ¥ or'/g of a circle, 50 or 25 pm,
respectively.

A problem that became apparent after having peddreome histology was that our
calculated tetrode depth did not correspond tartbasured length of the tetrodes protruding
from the skull, which was measured after disseabiotine brain. This might be caused by the
cumulative error arising from the rotation of thecradrive screw. When turning it ¥4 the
error would be small, due to the fact that ¥s wasniaximum distance one can turn the screw
without needing to readjust the devise used toituthis when the tetrodes are lowergs

(or in a very few case'¢) of a circle that the problem arise. This is dbgeurning the

screw halfway to % of a rotation, and it reliesgdyion visual estimation, and this leaves
room for an error. Rotating the scréyof a circle gives only a slight error, but afteultiple

rotations'/s of a circle, the accumulated error might becorgaifitant.
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In addition driving screws on some of the microds\are worn out, the spring that tensions
the screw and prevents it from moving spontaneggsigms to become looser after the
microdrive has been used several times. As a restliis it can be difficult to know if the
wings of the screw are actually engaged and thdesuling the tetrodes into the brain or if
the screw is just rotating without moving the tees.

For the rats where the tetrodes were measureddstsrction and discovered to be shorter
than calculated this might explain the absenceufiple spike activity. This accounts for
half of the rats. The other half of the rats hdcbties that were measured to be longer than
calculated, or approximately the length expected.

One possible explanation for the discrepancy tameasured length is slightly longer than
the calculated length can be that the zero-poirtnndalculating the depth of the tetrodes is
the brain’s outermost meninx, the dura mater. Wiheasuring the length of the tetrodes
protruding from the skull, the base of the skulliefined as zero. There is normally a slight
gap between the skull and the surface of the datanmnand this gap might cause the
measured length to be slightly longer than theadangth of the tetrode that was inside the
brain.

On the other hand, the post dissection measureohéme tetrodes protruding from the skull
were also inaccurate, most likely more so thardikerepancy caused by the gap between the

skull and the dura mater.

Acute experiments

Due to our problems with recording complex spikivay we performed acute experiments
to try to improve our success rate.

Both misplacement of tetrodes and unsatisfactdrgde resistance should become apparent
during acute experiments. We performed four acxpements at different times throughout
the study, and in all of them we found complex smktivity in the CAl-area. The same
procedures for tetrode and microdrive preparatihimplantation were used as for the
animals that were part of the chronic experimehis,only exception being the fastening of
the microdrives to the skull. This was not donéhie acute experiment.

The pyramidal cells of the hippocampus have aivelgtlow activity level in awake animals.
After anesthetizing a rat using urethane and lavgetetrodes into the CA1L the activity level
was higher than would be seen in an awake aninmad.i$ thought to be due to urethane’s

ability to inhibit the interneurons inhibiting thpgyramidal cells.
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Discussion

The results from the acute experiments indicatedbaimplantation procedure was
satisfactory and that the tetrode resistance weaiim get was acceptable. The tetrodes
implanted in these acute experiments were on ooc&samn used in a chronic implantation

afterwards. This was the case for the tetrodesamgt on rat B2.

To sum up: The absence of complex spike activitylmexplained by the tetrodes missing
the hippocampus, not reaching the CAl-area, thstaese being too high or to low or the
tetrodes destroying the cells surrounding them e af their movement.

It is difficult to explain why we found complex $@i activity in so few of our subjects. The
fact that our implantation protocol remained ungehduring the study and that acute
experiments performed yielded such good resultsesdldifficult to pinpoint exactly what

the cause of our problems finding complex spikevagtmight have been

Future perspectives

Our main finding was that stable place fields se®toedevelop both in the presence and
absence of reward. In addition the cells seemeéact to manipulations of objects in a
manner that is characteristic of postulated platis.c

More results are needed to confirm our findingguFaistudies should eliminate some of the
sources of error present in this study, for instathe fact that we used reward in the circular
apparatus while searching for spatially modulattactivity, and that the rat was given food
to sit still while preparing it for the session.iJleould possibly be achieved by restrict use of
food in the experimental setting, thereby preventiny confusion between the reward and
no-reward condition.

It would be interesting to see if introducing faatb the testing apparatus containing objects
would have any effect on established place fiadtternatively introducing objects to an
empty testing apparatus where food has been usstablish stable place fields to see
whether that would cause a change in the placeactllity.

Likewise it would be interesting to study placddidevelopment in an empty apparatus
where no reward or objects are present. This nglet some insight into the place field
dynamics in the absence of any apparent motivdtfantor. In such experimental conditions

there is of course the problem of making sure #lhéraverses the area sufficiently.
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Discussion
The success rate of the implantations should inghlmfore any more studies using chronic

implanted tetrodes are initiated.

There is a lot of interest in how the brain proesdhe information it receives about the
outside world via the senses, and how it gathessriformation into a representation of the
world surrounding it. The hippocampus seems to laakey function in this process.

The functions of the hippocampus in humans cartuzéies] through functional studies, like
PET or fMRI. The functions of the different celpigs, their connectivity and their reaction to
different stimuli can however not be studied to grngat length in humans.

Seeing that the human and rat hippocampus is guitdar one can study these factors in the
rat brain and thereby get an insight into how thean hippocampus works at a cellular level.
Studies on place cell remapping may also be impbktacause they show how the brain can
make separate representations of similar envirotsnanrmechanism which also might be

used to separate non-spatial memories.
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Appendix

Appendix

Experimental subjects

Table 6. The arrival date for the subjects, surgendate, testing period, recording period and date of
euthanasia (and perfusion if this was performell The recording period is only listed for thesrat which we

found place cell activity.

Rat Arrival date  Surgery date  Testing Recording of Euthanasia
period place cells  (perfusion)

R1 09.07.08 08.01.09 12.01.09- 04.03.09
03.03.09

R2 09.07.08 13.01.09 15.01.09- 20.03.09
18.03.09

R3 09.07.08 19.02.09 23.02-09- 08.05.09
02.04.09

R4 09.07.08 07.01.09 12.01.09- 04.03.09
03.03.09

Bl 09.07.08 09.10.08 16.10.08- 01.12.08
28.11.08

B2 09.07.08 18.02.09 19.02.09- 07.03.09- 03.04.09
03.04.09 03.04.09

B3 09.07.08 14.01.09 20.01.09- 11.02.09
11.02.09

B4 09.07.08 04.11.08 12.11.08- 15.12.08
15.12.08

Gl 09.07.08 11.02.09 Acute
experiment

G2 09.07.08 25.02.09 27.02.09- 05.03.09- 30.03.09
30.03.09 06.03.09

G3 09.07.08 29.09.08 03.10.08- 04.12.08
04.12.08

G4 09.07.08 14.10.08 24.10.08- 11.12.08
11.12.08

S1 09.07.08 23.09.08 30.09.08- 04.12.08
04.12.08

S2 09.07.08 10.11.08 13.11.08- 30.01.09
30.01.09

S3 09.07.08 02.02.09 05.02.09- 30.03.09
27.03.09

S 09.07.08 28.01.09 02.02.09- 20.02.09
20.02.09
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